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EXECUTIVE SUMMARY

This report describes the efforts conducted by Arizona Public Service (APS) to address ARC
region Outside Diameter Stréss Corrosion Cracking (ODSCC) in the Unit 2 steam generators .
at the Palo Verde Nuclear Generating Station (PVNGS). Other tubing degradation
mechanisms found in Unit 2, were not considered in this assessment, as comprehensive
eddy current testing (ECT) examinations indicate that these mechanisms exhibit slow growth
and are, therefore, bounded by this report and past analyses. From an analytical perspective,
Cycle 6 operation has been justified for Unit 2 based on the inspection results from plant
outages U2M5-1, U2MS5-2 and U2R5. The assessment contained in this report is structured
to support continued operation of Unit 2 until the next refueling outage. U2R6 is currently
scheduled for mid-March 1996, which represents a 12 month operating run for Cycle 6.

The steam generator structural and leakage integrity analyses are similar to the evaluations
performed and presented to the USNRC Staff for Unit 1 in August of 1994 and Unit 3 in May
of 1995. The analytical framework was validated by recent inspections in Unit 1 in April 1995.
Based on specific issues associated with Unit 2, APS has incorporated improvements to the
inspection techniques and engineering models. These improvements include:

* PVNGS use of the Plus Point probe to conduct eddy current
inspections in Unit 2 during U2R5. The probe design provided field
demonstrated improvements in defect detection and characterization.

* Additional review of PVNGS specific tube pull results and industry data
to support the relevance of characterizing ARC region defects with
MRPC signal response.

* Benchmarking of statistical model predictions with actual Unit 2 ECT
inspection results from U2R4, U2M5-1, U2M5-2 and U2R5.

The report also describes the elements of the PVNGS Degradation Management Program
which provides a defense-in-depth approach to preventing a challenge to nuclear safety.
Program actions include preventative measures such as steam generator secondary
chemistry improvements, primary temperature reductions, diagnostic equipment upgrades
including the addition of N-16 monitors, comprehensive steam generator inspections and
conservative plugging criteria. The PVNGS program is also prescriptive by specifying strict
administrative controls on primary-to-secondary leakage and RCS activity levels, developing
enhanced monitoring and emergency operating procedures, and continued operator training.

Based on the analyses anci actions described in this report, APS concludes that the structural
and leakage integrity of PVNGS Unit 2 steam generators will be maintained, and that Unit 2
can be safely operated until the scheduled refueling at the end of Cycle 6.

PVNGS UNIT 2 STEAM GENERATOR EVALUATION 1
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PROBLEM DESCRIPTION AND SAf‘ETY ASSESSMENT

The purpose of this report is to describe the efforts conducted by APS to address the
presence of ARC region' Outside Diameter Stress Corrosion Cracking (ODSCC) in the Unit 2
steam generators. Other degradation mechanisms found in Unit 2, such as tube support and
loose part fretting wear, circumferential cracking at the tube sheet transition, and secondary
side corrosion outside the ARC region were not considered in this assessment. Based on the
results of comprehensive ECT examinations, these mechanisms exhibit slow growth and are,
therefore, bounded by this report and past analyses performed by APS. From an analytical
perspective, Cycle 6 operation is justified in Unit 2 based on the midcycle and refueling
inspection results during Cycle 5. The assessment contained in this report is structured to
support continued operation in Unit 2 up to 12 months following U2R5 until the next
scheduled refueling outage. The refueling outage is currently scheduled for mid-March 1996
which represents a 12 month operating run for Unit 2 Cycle 6.

PVNGS Steam Generator Description

The PVNGS Nuclear Steam Supply System (NSSS) uses two recirculating steam.
generators which are vertical tube and shell heat exchangers approximately 68 feet in
height with a steam drum diameter of 20 feet. The System80 steam generators were
designed and fabricated by Combustion Engineering (CE), and are the only operating
units of this design. Each steam generator contains 11,012 Alloy 600 tubes which are 3/4
inch OD, and have a nominal wall thickness of 0.042" with an average heated length of
57.75 feet. The tubes were explosively expanded into the tubesheet for the entire
tubesheet thickness. The tubing in Unit 2 was manufactured by Noranda to the
requirements of ASME SB-167 as supplemented by CE specification requirements
restricting carbon content to 0.05 percent and maximum yield strength of 55,000 psi.
These requirements assured a relatively high temperature final anneal of 1806 °F. The
tubes are arranged in rows, with all tubes in a given row having the same length. The
rows are staggered, forming a triangular pitch-arrangement. The shorter tubes, which
have 180° bends, are at the center of the tube bundle in the first 18 rows. All subsequent
rows have double 90° bends. The horizontal supports are of eggcrate design, while the
bend and horizontal regions are supported by batwing and vertical lattice supports
respectively. The supports are manufactured from 4089 ferritic stainless steel. Diagrams of
the steam generators, including flow paths are provided in Figures ll-1, and 1I-2.

PVNGS Unit 2 commenced operation in April 1986, and at the end of Cycle 5, the steam
generators had accumulated approximately 50,500 effective full power hours.

1. For brevity, the axial free’span and support defects found in the upper bundle of the Units 1, 2 and 3 steam
generators at PVNGS are referred to as ARC region ODSCC. The area of interest in the tube bundle has
been previously defined in References | and 2. ’

PVNGS UNIT 2 STEAM GENERATOR EVALUATION







ARC Region ODSCC Description

The ARC region' freespan ODSCC phenomenon was first recognized in PVNGS Unit 2
during the ECT inspections conducted in the Spring of 1993 during the fourth refueling
outage (U2R4). This mechanism had resuited in the rupture of a tube during power
operation at the end of Cycle 4 in Unit 2. This event, and the subsequent root cause of
failure assessment, was discussed in depth in the “Unit 2 Steam Generator Tube Rupture
Analysis Report” submitted to the NRC staff as enclosure (2) to William Conway's letter
102-02569-WFC/JRP dated July 18, 1993. Based on the results of the root cause
evaluation, which included information from laboratory examinations of tubes removed
from the Unit 2 steam generators, APS concluded that a unique free span axial cracking
phenomenon had developed in the upper tube bundle region of the Unit 2 SGs. The
defects were determined to be outside diameter Intergranular Stress Corrosion Cracking
(IGSCC) which formed.due to a combination of contributing factors including: a
susceptible region of high quality and contaminant concentration, tube-to-tube crevice
formation, bridging ridge-like deposits, increased sulfate levels, and a caustic crevice pH.
Additional factors, such as, less than standard metallurgical microstructures for High
Temperature Mill Annealed (HTMA) tubing and cold working at the OD tube surface from
manufacturing scratches, were also observed on some of the tube samples removed from
Unit 2.

Since the Reference 1 submittal, APS has continued to aggressively assess this
phenomenon with 'respect to the affected tube population, crack growth rates, ECT
techniques and defect morphology. Additional tubes were subsequently removed from
Units 2 and 3, and the results are summarized in References 3-6. Thermal-hydraulic
models have been developed and refined in an effort to define an empirical relationship
between steam generator design and inspection results.

However, due to the complex synergy of these causal factors, APS has not determined
the relative weight of each factor to the original tube failure. This issue has required that
APS develop a steam generator degradatlon management program for this mechanism in
all three PVNGS Units. Due to deS|gn and operation similarities in the PVNGS Units, APS
had to consider that this accelerated corrosion mechanism might be transportable to
Units 1 and 3. Consequently, the scope of ECT inspections for U1R4, U3M4 and U3R4
were adjusted to ensure that if the phenomenon was at work in Units 1 and 3, it would be
discovered. As noted in Reference 2, neither bobbin nor MRPC ECT methods discovered
any free span axial cracking in the Unit 1 steam generators at the end of Cycle 4.
Therefore, APS concluded that significant or accelerated ARC region ODSCC was not at
work in Unit 1, and no cycle length restrictions were imposed for Cycle 5.

ECT crack indications exhibiting the same characteristics of bundle location, deposition
and tube-to-tube crevice (bowing) were observed in Unit'3 during the U3R4 inspection.
Upon completion of the U3R4 inspection program, a total of 17 ARC region defects were
identified. The defects were considered to be bounded by the analyses performed for Unit

PVNGS UNIT 2 STEAM GENERATOR EVALUATION . 3






2 in Reference 1, and APS elected to inspect the Unit 3 steam generators after six
months of operation (Reference 7). The results of this inspection are summarized in
Reference 35. In May 1995, APS presented to the USNRC Staff an evaluation justifying
an 11 month operating run in Unit 3 (Reference 38), which when concluded, the unit will
be shutdown for refueling and the steam generators re-inspected.

During inspections conducted in U1R5 in April 1995, ARC region defects were identified
in both the Unit 1 steam generators. The discovery was not unexpected, and now
confirms the presence of this mechanism in all six PVNGS steam generators although
only Unit 2 has exhibited a significant degradation pattern. No defects found in Unit 1
exceeded Regulatory Guide 1.121 structural limits after 15 months of operation. The
inspection findings were consistent with the analyses presented to the USNRC in August
1994 (Reference 2), and no cyéle length restrictions were required for Unit 1 Cycle 6
operation. ,

Safety Assessment

The safety significance associated with the operation of Unit 2 until the scheduled U2R6
refueling outage has been evaluated by APS. The results of comprehensive inspection
programs conducted in U2M5-1, U2M5-2 and U2R5 have been assessed statistically to
determine the impact of leaving undetected ARC region defects through the remainder of
Cycle 6 operation in Unit 2. The analyses concluded with high confidence that the
conservative safety margins established in Regulatory Guide 1.121 are maintained. In
assessing the safety significance of the current conditions in the PVNGS Unit 2 steam
generators, APS has used, as guidance, the standards as defined in 10CFR 50.92 for
determining whether a significant hazards consideration exists. The Code states in part
that a significant hazard is not involved if the condition would not: (1) Involve a significant
increase in the probability or consequences of an accident previously evaluated; or (2)
Create the possibility of a new or different kind of accident from any accident previously
evaluated; or (3) Involve a significant reduction in the margin of safety. A discussion of
these standards as they relate to Unit 2 operation until U2R6 follows:

Standard 1 -- Does the Unit 2 steam generator operation involve a significant
increase in the probability or consequences of an accident previously evaluated?

APS has determined via the analyses presented in this report, that operation of the Unit 2
steam generators does not represent a significant increase in the probability or
consequences of an accident previously evaluated in the PVNGS UFSAR. APS has
determined that there is a low probability (less than 0.01) of generating a defect in excess
of the structural margins specified in Regulatory Guide 1.121. The probability of tube
rupture at normal operating conditions has been calculated to be 2.7E-3. This value is
within the acceptance criteria used by the USNRC for PVNGS Unit 2 in Reference 39.
The conditional probability for tube rupture given a MSLB was calculated to be 1.8E-2

PVNGS UNIT 2 STEAM GENERATOR EVALUATION
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which meets the criteria set forth in NUREG-0844. APS has also assessed leakage
potential, and the impact of operation with ARC region defects on core damage
probability. Tube leakage can occur when the maximum crack depth reaches 100%
through-wall with structural integrity maintained. The analyses contained in this report
indicate that there is low probability that tube leakage and consequential off-site doses,
given a main steam line break (MSLB}), will exceed 10CFR100 limits. Analysis performed

by APS also indicates that the core damage probability (CDP) is negligibly increased by

the propagation of axial cracks predicted for Unit 2. PVNGS PRA results also indicate that
higher core damage risk would be incurred due to midcycle shutdown operations required
to support the steam generator inspections. Based on the low CDP, it is clear that
continued operation of Unit 2 to the end-of-cycle (EOC) is preferable, from a risk
perspective, to performing another midcycle shutdown and inspection.

Since probabilistic models contain a degree of uncertainty associated with the upper tail
of the crack growth rate distribution, additional actions have been taken by APS to assure
safe plant operation. An improved leak rate monitoring program and administrative limits
on primary-to-secondary leakage as described in Section VII provide additional
assurance that an orderly shutdown would be conducted prior to a through-wall leak
propagating to a rupture.

The consequences of accidents previously analyzed are not increased as a result of
operation with existing steam generator tubing conditions. To minimize the consequences
of currently analyzed accidents, APS has taken measures to provide operations
personnel with improved diagnostic tools and training. These measures include: event
specific training of operations personnel for tube rupture events; improvements in leakage
diagnostics via equipment upgrades including the implementation of N-16 monitors; and
protocol upgrades to the Emergency Operating Procedures. These actions permit faster
identification and isolation of the affected steam generator given an SGTR event.

Finally, an analysis was performed by APS in Reference 9 to demonstrate that in the
unlikely event of a main steam line break with consequential multiple tube ruptures, with
the current administrative limits on reactor coolant system dose equivalent iodine, the
resulting offsite doses are less than 10CFR100 limits.

These actions assure that the expected end-of-cycle steam generator condition will not
significantly increase the probability or consequence of a previously analyzed accident.

Standard 2 - Dées the proposed operating interval for the Unit 2 steam generators
create the possibility of a new' or different kind of accident from any accident
previously analyzed?

The analyses contained in this report demonstrate with high probability that steam
generator tubing structural integrity is maintained for the proposed operating interval. An
analysis was performed by APS in Reference 9, which demonstrates that in the unlikely

PVNGS UNIT 2 STEAM GENERATOR EVALUATION 5 ‘






event of a main steam line break with consequential multiple tube ruptures, with current
administrative limits on reactor coolant system dose equivalent iodine, the resulting offsite
doses are less than 10CFR100 limits. The analyses conducted by Packer Engineering
indicate that the probability of multiple tube ruptures either as an initiating event or the
consequence of a MSLB is less than 1E-5. The risk assessment performed in Section VI
indicates that there is a negligible effect (1.2E-7) on the core damage probability (CDP)
associated with operation of the Unit 2 steam generators until U2R6. The baseline core
damage frequency is 4.74E-5 per reactor year, and therefore CDP is negligibly increased
(approximately 0.4%) for consequential single and muitiple tube ruptures due to the
predicted propagation of ARC region axial cracks.

Additionally, APS has conducted event specific training of operations personnel for tube
rupture events, incorporated improvements in diagnostics via equipment and procedure
upgrades (including the implementation of N-16 monitors), and incorporated upgrades to
the Emergency Operating Procedures. These measures permit faster identification and
isolation of the affected steam generator given an SGTR event, and decrease the
likelihood of new or unanticipated concurrent events.

Therefore, APS concludes that the possibility of a new or different kind of ‘accident than
currently analyzed in UFSAR Chapters 6 and 15 is not created for the proposed operating
run. ‘

Standard 3 --Does the proposed run time involve a significant reduction in the
margin of safety?

APS has developed a “defense in-depth” approach to managing steam generator
tubing structural integrity. The analyses contained in this report indicate that the structural
integrity margins specified in Regulatory Guide 1.121 have been satisfied to a high
probability and confidence level. APS has considered that such probabilistic models
contain a degree of uncertainty associated with the selected probability distributions.
Therefore, additional actions have been taken by APS to assure safe plant operation. An
improved leak rate monitoring program and administrative limits of 50 gpd for primary-to-
secondary leakage, add significant margin over limits currently specified in both the
PVNGS Technical Specifications and the recently regulated leakage limits contained in
the voltage based repair criteria in Generic Letter 95-05. These conservative limits
provide additional assurance that an orderly shutdown will be conducted prior to a
through-wall leak propagating to a rupture. '

APS concludes that these measures provide reasonable assurance that there are no
reductions in the required safety margins, and that the PVNGS Unit 2 can be safely
operated until the scheduled U2R6 shutdown.

PVNGS UNIT 2 STEAM GENERATOR EVALUATION







PVNGS DEGRADATION MANAGEMENT PROGRAM

Background

Since the Unit 2 steam generator tube rupture in March 1993, APS has conducted four
extensive ARC region inspections in Unit 2 (U2R4, U2M5-1, U2M5-2 and U2R5), two
inspections in Unit 1 (U1R4 and U1R5) and three inspections in Unit 3 (U3M4, U3R4 and
U3MS5). These inspections have provided considerable information on the behavior of
ARC region ODSCC. Additionally, APS has performed three (3) tube removal and
examination activities of tubes from Units 2 and 3, ultrasonic testing (UT) in Units 1 and 2

~ and in-situ pressure testing in Units 1 and 2. By integrating the information obtained from

activities conducted in all three PVNGS units, APS has the tools to develop the elements
of a Degradation Management Program for ARC region defects. The objective of the
program is reliable and safe steam generator operation. This objective is achieved
through improvements in secondary chemistry, primary temperature reduction, chemical
cleaning, management of ARC region degradation through an aggressive ECT and
plugging program, and continually updated comparisons of inspection results to predictive
models. It is APS’s position, that these actions permit a return to full cycle opefation for
Units 2 and 3 and continued full cycle operation of Unit 1.

Objectives

In Reference 2, APS reviewed the expected cycle and outage durations through 1996.
Figure lll-1 provides an updated outage schedule through 1997. As stated in the earlier
submittal, the purpose of integrating planned outages, analytical evaluations, tube
inspections and remedial/repair activities is to meet the following safety and economic
objectives:

e Establish cycle lengths which are dependent on
demonstrating compliance with the applicable General
Design Criteria- (GDC) in 10CFR50, ASME Code criteria

and the structural integrity margins for steam generator
tubing as defined in Regulatory Guide 1.121.

» Limit the safety issues associated with equipment and
personnel resources, by avoiding the performance of
simultaneous outages of the PVNGS Units.

performing midcycle outages versus proposed operation to

* Perform an assessment of the safety consequences of
PVNGS UNIT 2 STEAM GENERATOR EVALUATION 7






planned refueling outages by assessing core damage risk
as a function of graduated increases in inspection interval.

Program Plan

In order to satisfy these objectives, APS has implemented the following actions which meet
or exceed similar industry and regulatory guidance for such a management program.
These actions include:

* A comprehensive steam generator inspection program which
significantly reduces the risk of leaving a significant defect(s) in
service. Enhanced inspections (MRPC, Plus Point, UT) are
conducted in the region affected by ARC degradation. The
extent of MRPC and bobbin coil inspections performed by
PVNGS, coupled with the use of new state of the art ECT data
acquisition and analysis technology, has a significant impact in
terms of preventing through-wall defects, and significantly
lowers the probability of tube rupture for the specified period of
operation. This position is supported by assessments
performed in this report, and as well as by sensitivity studies
performed by EdF in Reference 23.

¢ Plugging criteria more conservative than current PVNGS
Technical Specifications is employed by APS. Before the steam
generators are returned to service, a review by APS
Engineering of all eddy current indications is conducted.
Regardless of size or depth, all tubes with detected cracks,

*  regardless of size, are removed from service. As demonstrated
in Section V, and supported by data presented in Reference 23,
this action also minimizes the potential for leakage and/or tube
rupture, since no known crack defects are left in the steam
generator at the beginning of the operating cycle.

e APS has implemented an integrated leakage detection and
response program, using equipment and procedure upgrades,
to permit plant operators to detect and respond to changes in
steam generator primary-to-secondary leakage. The threshold
for action is 10 gpd and the maximum allowable leak rate is 50
gpd. The program was established to provide reasonable
assurance that the unit will be shutdown prior to a significant
leak or steam generator tube rupture should tube degradation
exceed expected values.

PVNGS UNIT 2 STEAM GENERATOR EVALUATION 8






State-of-the-art probabilistic models have been developed for
assessing operating cycle lengths and calculating tube
structural margins. Plant specific NDE measured parameters
and unit specific material properties have been incorporated,
and crack initiation and growth predictions benchmarked, to
ensure that the safety margins specified in Regulatory Guide
1.121 are maintained.

Development of a probabilistic leakage model to assess end of
cycle leakage as a result of secondary overpressurization
events. The model ensures that operation with ARC region
degradation will not result in offsite releases in excess of
10CFR100 limits should a MSLB event occur.

Development of a risk model to assess the impact on core
damage probability for plant operation with degraded steam
generator tubing. The calculation ensures that operation with
ARC region degradation represents a negligible impact on core
damage probability.

Primary temperature reductions of 10°F have been '
implemented in all three PVNGS units to take advantage of the
temperature dependence of SCC growth rates. Stress
corrosion cracking is a thermally activated process, and the
effects of temperature reduction can be quantified for SCC
mechanisms in terms of activation energy for an Arrhenius rate
equation. ‘

APS has removed 31 tubes from service, and has conducted
extensive NDE and destructive examination in an effort to
determine causal effects of corrosion damage, and to provide
substantial improvements in field ECT ., acquisition and
interpretation.

APS has implemented the industry recommended secondary
chemistry controls to mitigate the initiation and propagation of
secondary side IGA/SCC. The laboratory evidence from tubes
removed from Unit 2 during U2M5-1 showed a favorable
change in crack crevice chemistry tending towards neutral
conditions. APS has established action levels for sulfate which
are more restrictive than EPRI Guidelines, and require reduced
power operation for sulfate levels exceeding 20 ppb or
shutdown for levels exceeding 100 ppb.

PVNGS UNIT 2 STEAM GENERATOR EVALUATION






* APS has established administrative limits on dose equivalent
iodine levels in the reactor coolant system. The Technical
Specification limits for initial primary system activity are 1.0 pCi/
gm for steady state and 60 nCi/gm for transient or spiked limits.
The PVNGS Administrative limits are 0.6 uCi/gm equilibrium
and 12 pCi/gm transient. Therefore even a non-isolatable main
steam line break with multiple steam generator tube ruptures
results in offsite doses less that 10CFR100 limits.

It is APS’s position that the implementation of these elements, as further
described in this report, constitutes a defense-in-depth approach which ensures
that adequate structural and leakage integrity is maintained for normal operating,
transient and postulated accident conditions, consistent with General Design
Criteria (GDCs) 14, 15, 30, 31, and 32 of 10CFR50 Appendix A.

PVNGS UNIT 2 STEAM GENERATOR EVALUATION ‘ 10






STEAM GENERATOR INSPECTION AND REPAIR

*

Introduction

A contributor to the tube rupture in Unit 2 in March 1993, is considered to be the previouslys
unknown limitations of bobbin coil inspection techniques used in the U2R3 steam
generator inspections during the Fall of 1991. Since 1993, APS has endeavored to
improve these ECT techniques via improved technology, analyst training, industry-leading

use of the Plus Point! MRPC probe, and a large scale tube pull program which provided
ECT-to-actual defect comparisons leading to the development of plant specific probability-
of-detection (POD) curves. Additionally, APS has employed supplemental techniques
such as ultrasonic testing (UT), and in-situ pressure testing when necessary.

The steam generator inspection programs conducted in Unit 2 during Cycle 5 were
performed to assure plant safety, and to assist in understanding the initiation, progression
and scope of the ARC region ODSCC phenomenon. It is recognized by APS and the NSSS
manufacturer, ABB-CE, that the design of the System80 steam generators creates an
environment in the upper region of the tube bundle susceptible to ODSCC if other
contributing factors such as chemistry, crevice formation and material susceptibility are
present. APS has continued to refine the thermal-hydraulic analyses developed and
discussed in Reference 1 to assist as a self-check in defining inspection scope, and to
determine the benefits of possible steam generator design modifications.

As discussed in Section V, in the development of probabilistic models of steam generator
tubing degradation, it is important to incorporate normalized inspection results. During
Cycle 5, three steam generator inspections were conducted with several changes in
scope, technique and technology. In order to understand the impact of these changes, a
summary of the inspection programs and results is provided in the following discussion.
The information presented will focus on the most recent inspections conducted during
U2RS5, with abridged information regarding ECT, UT, in-situ pressure tests and tube pull
results from the midcycle inspections. Detailed information regarding these inspections
has been submitted to the USNRC Staff in References 15 and 40

1. Plus Point MRPC Probes are designed and manufactured by Zetec. The probe configuration combines the
axial and circumferential coils in one gimbal-mounted surface riding coil shoe.
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Cycle 5 Inspection Summaries

1. Unit 2R5 NDE Inspection Program - March 1995

A. Examination Scope

As in the previous midcycle inspections, the Unit 2 examination plan was
developed in response to findings associated with previous eddy current
examinations performed in Unit 2, as well as experience gained from recent
inspections conducted in Units 1 and 3. For example, the purpose for the 100%
full length bobbin coil examinations was to provide general tube condition
screening. This aids in assuring that a widespread pattern of pluggable flaws
including wear and loose parts was not present. If such flaws were detected and
exceeded PVNGS Administrative Plugging Criteria, they would be removed from
service.

MRPC testing was performed in the high risk ARC region of the steam generators
in search of corrosion defects similar to that found in the previous inspections. The
MRPC probe inspected, in most cases, the section of tubing from the 08H
horizontal eggcrate support to the second vertical strap support that the tube is
supported by (See Figure IV-1). The upper bundle MRPC testing also included a
sample program of tubing between columns 40-150 and rows 90 -110 which was
performed in an effort to determine if corrosion damage was occurring outside the
pre-defined 2700 tube high risk ARC region.

MRPC testing at the hot leg tubesheet locations was also performed to identify

any circumferential indications in the expansion transition region similar to those
found in Units 1 and 3 and in other CE units. The inspection scope concentrated in
the known sludge pile region. Studies conducted By APS, as well as industry
information, indicate that the presence of sludge buildup combined with tube
expansion at the tubesheet increases the susceptibility of circumferential cracking.
Finally, based on Unit 3 experience, MRPC testing in the rows 1 and 2 short radius
u-bends was conducted from 07H-07C to determine if axial cracking in this region
was present. In summary, the base scope for the examination included:

e« Examine 100% of Steam Generator 21 L(SG 21) and Steam
Generator 22 (SG 22) using bobbin coil techniques.

e Examine ~2600 tubes in SG 21 and ~2100 tubes in SG 22
from 08H-2nd vertical support (VS) using MRPC techniques.
The MRPC probe included the Plus Point coil for defect
detection and characterization. These tubes were selected in
the area of interest for ARC region axial indications.
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e« Examine ~200 tubes in SG 21 and ~700 tubes in SG 22 from

08H-2nd VS using MRPC. These tubes were selected in areas
. between columns 40 - 150 and rows 90 - 110, and represented
an additional sample based on ATHOS model resuilts.

+« Examine ~2200 tubes in SG 21 and SG 22 at the hot leg
tubesheet (TSH) using MRPC. These tubes were selected in
sludge pile regions where circumferential indications may be
present.

» Examine ~110 tubes in SG 21 and SG 22 from 07H-07C using

MRPC. This examination included all the rows 1 and 2 short
radius U-Bend tubes.

»

The expansion criteria employed in Unit 2 included:

Axial Indications:

- Five (5) tube buffer zone in all directions using MRPC.

- MRPC of any Bobbin indications that exceed Palo Verde
plugging Criteria.

- MRPC of all Bobbin I-codes including ADR's (absolute
drift).

- MRPC of all wear calls above Row 90 from 06H to VS3.

Circumferential Indications: .

- Any circumferential indication - exband to 100% MRPC of
the hot leg tubesheet.

- If >50 circumferential indications in any steam generator
then MRPC 20% cold leg tubesheet of affected steam
generator.

The exam description, the extent examined and the number of tubes analyzed, including
expansions, are identified in Table IV-1. Figures IV-2 to IV-5 depict the scope inspected
with respect to tube location on the tubesheet.
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Table IV-1 - Unit 2RS ECT Inspection Sﬁmmary

EXPANSION 2

SCOPE DESCRIPTION SG21 SG22
Exam Description Extents Analyzed | Analyzed
FULL LENGTH BOBBIN TEC-TEH 10,716 10,115
TUBE SHEET MRPC TSH-TSH 2220 1652
U-BEND MRPC 08H-2nd VS 2629 2065
LOW ROW U-BEND 07C-07H 113 125
MRPC
RANDOM ARC MRPC 08H-2nd VS 184 632
EXPANSION 1 SPECIAL VARIOUS 123 195
INTEREST MRPC
EXPANSION 2 TSH-TSH 8496 2107
TUBE SHEET MRPC
EXPANSION 3 VARIOUS 89 137
WEAR CALLS MRPC
EXPANSION 4 VARIOUS 92 109
SAI BOUNDING MRPC
EXPANSION 5 07H-07H 535 1937
07H MRRC .
EXPANSION 6 07H-07H - 20
07H BOUNDING MRPC _
EXPANSION 7 VARIOUS 480 473
BOBBIN INDICATION :
MRPC
EXPANSION 8 TSC-TSC 10,710 9861
TUBE SHEET MRPC
EXPANSION DESCRIPTION
" EXPANSION 1 This expansion is utilized to track the special interest MRPC

performed to quantify or evaluate bobbin or previously called
indications. This includes NQIl, ADR, DSI, DTI, PLP!, and other
areas.

MRPC top of hot leg tubesheet (TSH) in search of circumferential
indications. 100% of the TSH tubes were examined in Steam
Generator 21 with the addition of this expansion. Approximately
37% of the TSH tubes were examined in Steam Generator 22 with
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EXPANSION 3

EXPANSION 4

EXPANSION §

EXPANSION 6

EXPANSION 7

EXPANSION 8

Notes:

- the addition of this expansion.

MRPC of previous years wear indications >20% located with bobbin
coil. This inspection was conducted to ensure that recorded bobbin
wear calls did not contain axial cracks.

MRPC examinations bounding single axial indications (SAls) to aid
in determinations of additional SAls in general area. This expansion
was triggered by SAls found in original MRPC scope.

MRPC examinations performed at 07H. This expansion was
triggered by indications found in Expansion 3.

MRPC examinations bounding SAls found in Expansion 5.

MRPC all bobbin coil wear indications. This expansion was triggered
by indications found in Expansions 3 and 5.

MRPC 100% top of cold leg tubesheet (TSC). This expansion was
undertaken due to the discovery of mixed mode corrosion found in
sludge pile locations near the stay cylinder. No other locations on
the cold leg tubesheet indicated similar defects

1. Non-Quantifiable Indications (NQI), Absolute Drift (ADR), Distorted Support
Indication (DSI), Distorted Tubesheet Indication (DTI), Possible Loose Part (PLP).

B. Examination Results

A summary of the U2R5 examination results are summarized in Table V-2,
Additionally, ECT summary sheets for corrosion related indications are contained
" in Appendix C. The U2RS5 inspection program resulted in the plugging of 89 tubes
in SG 2-1 and 250 tubes in SG 2-2 as a result of ARC region corrosion. Figure V-
6 depicts the ECT results in the ARC region as a function of MRPC voltage and
length. The treatment of these results in determining the allowable run time in Unit

2 is described in Section V and Appendix A.
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Table IV-2 - U2R5 ECT Results

INDICATION CATEGORY STEAM GENERATOR 21 STEAM GENERATOR 22
Cold Leg Corner Eggcrate
Wear
0% to 19% 5 0
20% 10 29% 0 0
30% to0 39% 0 0
40% to 100% 0 0
Eggcrate Wear
0% 10 19% 512 746
20% 10 29% 197 300
30% to 39% 59 115
40% to 100% 2 6
Flow Dist Plate Wear ’
0% to 19% 0 0
20% to 29% 0 0
30% to 39% 0 0
40% to 100% 0 0
Batwing Wear
0% t0 19% 491 690
20% 10 29% 239 323
30% to 39% 85 149
40% to 100% 4 3
Vertical Strap Wear ,
0% to 19% 372 437
20% to 29% 155 125
30% to 39% 86 55
40% to 100% ) 5 5
Possible Loose Parts
PLI 6 0
PLP 8 3
Axial Indications orig exp2 exp3 ecxpd exp7 orig expl exp2 exp3 exp4 exp5 exp7
TEH/TSH 0 2 0 0 0 2 0 1 0 0 0 0
OIH 0 0 0 0 0 0 6 0 0 0 0 0
04H-07H 1 0 1 0 0 0 0 0 3 0 6 1
08H-2nd VS 8 0 0 2 1 240 0 0 0 1 0 1
Circumferential Indications orig exp2 orig
1 1 2
Mixed Mode Indications expl exp8 exp8
MMI 5 4 15
Volumetric Indications '
SVIMVI 55 59
PVNGS UNIT 2 STEAM GENERATOR EVALUATION 16




C. Examination Techniques and Equipment

'The PVNGS steam generator eddy current program has continued to evolve

through the use of state-of-the-art equipment and technique development which
incorporate lessons, learned from PVNGS exams and tube pulls, as well as
industry experience. The objectives of the APS program are to acquire data in a
timely fashion while maintaining and/or improving the ability to detect and
characterize flaws.

The eddy current examination for U2R5 was performed by Conam Nuclear Inc.
(Rockridge) using Zetec MIZ 30 digital data acquisition and analysis systems. The
following frequencies were used for the tube examination(s):

Examination Frequencies
Bobbin MRPC
20 KHz 20 KHz
100 KHz 100 KHz
300 KHz 300 KHz
500 KHz 400 KHz

For the stated inspection scope, all tubing was examined with Zetec manufactured
bobbin coil and MRPC style probes, either 0.610, 0.600, 0.590 or 0.580 inch
diameter. Multiple configurations of 3-coil MRPC probes and Plus Point MRPC |
probes were used for the detection and characterization of axial and
circumferential indications. Data acquisition was facilitated by using Zetec SM-22
manipulators with quad guide tubes and dual guide tubes in the hot leg and cold
leg respectively in Steam Generators 21 and 22. A BWNT ROGER manipulator
with a quad guide tube was also used in the hot legs of both of steam generators.

Fiber optic cable was used from the MIZ 30 containment location to the data
acquisition room located at the PVNGS North Annex. Primary and Secondary
analyses were performed remotely utilizing T-1 line technology. Primary Analysts
were located in Benicia, California; Issaquah, Washington; and Lynchburg,
Virginia. Secondary Analysts were located in San Clemente, California. The
Primary and Secondary Resolution Analysts were located at PVNGS. Conam
Nuclear Inc. provided the data acquisition and primary data analysis. Anatec
International, Inc. provided the secondary data analysis. '
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Each Level lIA individual from Conam Nuclear Inc. and Anatec International, Inc.
who performed data analysis was required to complete and pass a PVNGS site
specific Eddy Current Data Analysis Course as well as an associated
performance examination with at least a 80% proficiency within the last year.

Plus Point MBPC_

Due to the critical nature and extent of MRPC inspections at PVNGS, the primary
objective in ECT technique and analysis evolution is to improve production speed,
while at the same time maintaining or improving detection capability. In meeting
these objectives the Zetec Plus Point MRPC Probe was utilized for the first time at
PVNGS during the U3M5 inspections and subsequently used in the U2R5 and
U1R5 inspections. The Plus Point Probe was originally developed by Zetec for
surface examinations of reactor vessel welds. The probe was designed to reduce
geometry and permeability effects. The coils are differentially paired within the
same coil shoe and surface riding to reduce the effects of geometry. The probe
design utilized in Unit 2 employed a standard 0.115" diameter pancake coil, and a
separate shoe contained the plus point coil (See Figure IV-7), The reasons for the
use of this coil design include:

* The single Plus Point coil performs the axial/circumferential
classification previously performed by two coils. This feature
permits increased pull speed and longer motor life.

* For bend inspections the single coil eliminates four (4) inches of
scan on each end of every examination length by combining
the axial and circumferential coil in one coil shoe.

* The Plus Point coil significantly reduces the geometrical effects
of the tube bends on ECT signal response.

e The Plus Point coil was designed to provide a large OD field
thereby offering greater sensitivity to shallow OD flaws. The
larger field also permits faster pull speeds without increasing
motor speed and sample rate.

The Plus Point probe, as utilized by PVNGS, was demonstrated to meet the stated
objectives of faster production rates and improved detectability in USM5, U2R5
and U1R5. The probe has a field-demonstrated improvement over the standard
three-coil MRPC, not only at PVNGS, but at other utilities as well which have used
the new probe design. The probe has since been Appendix H qualified via the
process described in the EPRI ISI Guidelines. In order to assess the capabilities
of the Plus Point probe, several PVNGS specific qualification activities have been
conducted by APS. In U3MS, all pluggable indications (all crack indications) found

A
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were reinspected utilizing the standard three coil MRPC, which has been
benchmarked via tube pulls conducted by PVNGS. Figures 1V-8 and IV-9 depict a
side by side comparison of pancake coil signal response to the Plus Point coil for
defects and geometry signal response in the PVNGS steam generators.

APS has also conducted probe comparisons with the PVNGS Bend Mock-up Test
Facility. The bend mock-up as shown in Figure IV-10 has EDM notches of various
depth and location in square bends similar to the PVNGS in-plant condition. The
Plus Point probe was found to provide improved signal response, and less
susceptibility to bend geometry effects. When compared to the 0.115 pancake
coil, a noticeable improvement in detectability was noted. Essentially, all of the
EDM noftches as indicated in Table V-3 were readily evident.

Table 1V-3 Square Bend Mock-up Test Results

Sample EDM Notch Plus Point MRPC Bobbin
SQ75.75 Inner Radius SAI SAI NQI
90 degree SAI SAI 55%
Outer Radius SAI SAI 52%
Straight SAI SAI 49%
$Q50.75 Inner Radius SAI SAI NQI
90 degree SAI SAI NQI
Outer Radius SAI SAI NQI
Straight SAI SAI - NQI
S$Q25.75 Inner Radius SAI SAI NDD
90 degree SAI NDD NDD
Outer Radius SAI SAI NDD
Straight SAI SAI NQI
SQ75.50 Inner Radius SAI SAI NQI
90 degree SAI SAI NQI
Outer Radius SAI SAI 59%
Straight SAI SAI NQI
SQ50.50 Inner Radius SAI SAI NQI
90 degree SAI SAI NQI
Outer Radius SAI SAI NQI
Straight SAI SAI 40%
$Q25.50 Inner Radius SAI SAI NDD
90 degree SAI SAI NDD
Outer Radius SAI SAI NDD
Straight SAI SAI NQI
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Finally, POD modeling, as described in Section V and Appendix A, provides
information regarding statistically validated detection improvements observed with
the Plus Point probe. ’

Data Quality

PVNGS Station Manual Procedure 73TI-9RC01, Steam Generator Eddy Current
Examinations, provides requirements to assure data quality for ECT inspections.
The procedure requires that calibration shall be made and recorded at the
beginning and end of each optical disc or every four hours whichever comes first.
For bobbin coil inspections, if this time is exceeded, all tubes examined after the
four hours shall be re-inspected. For MRPC, the tubes shall be reviewed by a
Level Il analyst to verify the data.

APS recognizes that the useful life of ECT probes has been shown to vary
significantly from probe to probe and cannot be predetermined. Probe life may be
fewer than five (5) tubes or greater than 1000 tubes. As a result, the analysts are
required to note if undesirable variations exist during examinations or calibrations.
If a probe is determined to have become defective prior to post calibration, the
data analysts shall determine which tubes, if any, require re-examination. This
review is documented according to procedure.

2. Unit 2M5-2 NDE Inspection Program - September 1994

A. Examination Scope

The examination plan for U2M5-2 was prepared by APS to address the major
corrosion and detectability issues facing the Unit 2 steam generators. The 100%
MRPC inspection scope for the ARC region was expanded from a 1800 tube ARC
to a 2700 tube ARC based on inspection results from U2M5-1 and U3R4,
indicating that a small number of defects exist outside the smaller ARC region.
APS reviewed the previous inspection results and the ATHOS thermal hydraulic
model, and redefined a larger bounding inspection zone (See Figure IV-11). The
five (5) tube buffer. zone expansion criteria was maintained for the larger ARC
region as well. Since Unit 2 was to be operated for only 3.5 months following this
inspection, APS elected to rely on the bobbin coil probe to inspect the straight
section tubing in the ARC (08H-BW1). This position was based on tube pull and
ultrasonic test (UT) results which indicated that the bobbin detection thresholds
were sufficient to permit the limited run time with no impact on safety.
Consequently, the ARC MRPC inspection extent (tube length) included the
batwing support to the first vertical support. Due to the combination of pilger
noise, tube ovality and bend and bend tangent geometry effects, the bobbin coil
was considered to have an inadequate inspection capability for even the shorter
operating period.
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Although there was no evidence of an accelerated circumferential cracking

mechanism in the Unit 2 steam generators, APS elected to perform an additional
sludge pile MRPC exam at the tubesheet transition. Finally, based on inspection
results from U3R4, APS elected to perform an MRPC inspection of the Row 1 and
2 U-bends from 07H-07C to determine if axial cracking was present. The
inspection scope, including tube number count and expansions, is given in Table
IV-4 and depicted in Figures IV-12 through IV-17.

Table IV-4 - U2M5-2 ECT Inspection Summary

SCOPE DESCRIPTION SG21 SG 22
Exam Description * ECT Extents Analyzed Analyzed

P Method aly ¥
FULL LENGTH BOBBIN Bobbin TEC-TEH 4285 3790
TUBESHEET MRPC MRPC TSH-TSH 996 528
ARC REGION MRPC MRPC BW1-1stVS 2849 2364
U-BEND MRPC MRPC 07C-07H 114 125
EXPANSION 1 MRPC Various 107 206
MRPC (I-codes)
EXPANSION 2 . MRPC BW1-1stVS 64 87
BUFFER ZONE MRPC .

B. Examination Results

The U2M5-2 examination results are summarized in Table IV-5. Additionally, ECT
summary sheets for corrosion related indications are contained in Appendix C.
The U2M5-2 inspection program resulted in the plugging of 60 tubes in SG 2-1
and 144 tubes in SG 2-2 as a result of ARC region corrosion. Figure 1V-18 depicts
the ECT results in the ARC region as a function of MRPC voltage and length. The
treatment of these results in determining the allowable run time in Unit 2 is
described in Section V and Appendix A.
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Table IV-5 - U2M5-2 ECT Results

INDICATION CATEGORY STEAM GENERATOR 21 STEAM GENERATOR 22
Cold Leg Corner Eggcrate
Wear
0% to 19% 0 0
20% to 29% 0 0
30% to 39% 0 0
40% to 100% 0 0
Eggcrate Wear
0% to 19% 356 594
20% to 29% 74 105
30% to 39% 19 29
40% to 100% 0 0
Flow Dist Platec Wear
0% to 19% 1 0
20% to 29% 0 0
30% to 39% 0 0
40% to 100% 0 0
Batwing Wear
0% to 19% 575 661
20% to 29% 193 270
30% to 39% 48 107
40% to 100% 2 1
Vertical Strap Wear
0% to 19% 342 336
20% to 29% 96 59
30% to 39% 18 17
40% to 100% 1 1
Possible Loose Parts
PLI 0 0
PLP 4 0
Axial Indications orig expl exp2 orig expl | exp2
TEH/TSH 0 1 0 0 1 0
Ol1H 0 1 0 0 4 0
08H-1st VS 59 1 2 141 2 1
Circumferential Indications 0 0
Volumetric Indications
SVI/MVI 10 7
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3. Unit 2M5-1 NDE Inspection Program - January 1994

A. Examination Scope

The examination plan for U2M5-1 was prepared and submitted to the USNRC
Staff via Reference 42 to address the base scope and expansion program. The
inspection took place after 4.5 months of operation following restart of Unit 2 after
the U2R4 inspections. The scope included a 100% full length bobbin program of
an upper bound ARC region tube population of 4000 tubes and an additional 400
random tube sample in non-ARC region areas. A 20% MRPC tubesheet transition
region inspection was performed to identify possible circumferential indications
and a 100% MRPC inspection was performed in the ARC region. The scope,
including number count is given in Table IV-6 and depicted in Figures IV-19
through 1V-24.

Table IV-6 - U2MS5-1 ECT Inspection Scope Summary

SCOPE DESCRIPTION SG21 SG 22
Exam Description ECT Extents Analyzed Analyzed

‘ ~ Method ¥ ¥
FULL LENGTH BOBBIN Bobbin TEC-TEH 4018 3869
TUBESHEET MRPC MRPC TSH-TSH | 2270 2245
ARC REGION MRPC MRPC 08H-1stVS 1904 1778
CHECKERBOARD Bobbin TEC -TEH 400 400
EXPANSION 1 MRPC TSH-TSH 0 8391
TUBE SHEET MRPC
EXPANSION 2 - Bobbin TEC-TEH 0 951
EXPANDED ARC BOBBIN ,
EXPANSION 3 - MRPC 08H-1stVS 980 951
EXPANDED ARC MRPC
EXPANSION 4 - MRPC MRPC 08H-1stVS 108 1628
CHEMICAL CLEANING!
EXPANSION 5 - MRPC 08H-1stVS 0 49
BUFFER ZONE MRPC
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Notes

1. An extensive program of re-inspection of the ARC region
with MRPC was conducted to observe changes in ECT
signal response following chemical cleaning. The details of
the scope and basis for each expansion are provided in
Reference 17

. Examination Results

The U2MS-1 examination results are summarized in Table 1V-7. Additionally, ECT
summary sheets for corrosion related indications are contained in Appendix C.
The U2M5-1 inspection program resulted in the plugging of 22 tubes in SG 2-1
and 306 tubes in SG 2-2 as a result of ARC region corrosion. The treatment of
these results in determining the allowable run time in Unit 2 is described in
Section V and Appendix A. ‘ ‘

Ultrasonic Examinations
Ultrasonic testing was employed to augment the eddy current examinations during
U2M5-1. The goal of the examinations was to provide feedback regarding depth,

., length, and origin of the SCC indications. A total of 38 defect locations were tested.

The results of this testing were also used to assess chemical cleaning effects, and
determine candidates for in-situ pressure testing. The test results appeared to
provide consistent information for defects found in the tubesheet transition region.
However, the UT results for defects in the ARC region were less comparative with
ECT results. Table V-5 in Reference 17 provides tube number, defect location and
the applicable ECT and UT results.
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Table IV-7 - U2MS-1 ECT Results

1

INDICATION CATEGORY STEAM GENERATOR 21 STEAM GENERATOR 22
Cold Leg Corner Eggcrate
Wear ‘
0% to 19% 0 0
20% to 29% 1 0
30% to 39% 0 0
40% to 100% 0 0
Eggcrate Wear
0% to 19% 381 711
20% to0 29% 123 241
30% to 39% 29 65
40% to 100% 2 19
Flow Dist Plate Wear
0% to 19% 0 0
20% to 29% 0 0
30% to 39% 0 0
40% to 100% 0 0
Batwing Wear
0% to 19% 412 560
20% to0 29% 139 287
30% to 39% 38 114
40% 10 100% 10 12
Vertical Strap Wear
0% to 19% 247 289
20% 10 29% 80 80
30% to 39% 23 15
40% to 100% 2 1
Possible Loose Parts
PLI 0 0
PLP 1 5
Axial Indications orig expl expd orig expl exp4 exp6 exp8
TEH/TSH 0 . 1 0 0 0 0 0 0
01H 0 0 0 0 2 0 0 0
08H-1st VS 21 1 0 95 0 3 10 198
Circumferential Indications 0 4
Volumetric Indications
SVI/MVI 4 44
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In-situ P Testi
In-situ pressure testing was conducted in U2M5-1 by APS as a means of verifying
that Regulatory Guide 1.121 structural margins were maintained in tubes exhibiting
large MRPC voltage calls. Based on a voltage to depth correlation observed from
U2R4 tube pull results, tubes with greater than a three (3) volt MRPC response, as
measured prior to chemical cleaning, were suspected to exceed Regulatory Guide
1.121 limits. Additionally, two (2) tubes with voltages exceeding two (2) volts were
tested as the MRPC presentation indicated possible through-wall extents. The tube
with the largest bobbin measurable corrosion defect was also tested. All tubes
were pressurized to 4260 psia. The test criteria was’based on three (3) times the
normal operating pressure differential of 1290 psid, adjusted for room temperature
and an additional 50 psi test margin. All tubes as listed in Table IV-8, were
successfully pressurized thereby indicating that the required safety margins
against burst were maintained. All tested tubes were subsequently re-examined

with MRPC, and no change in eddy current presentation was observed. |

Table IV-8 - In-situ Pressure Test Results

SG Row | Column ' Selection Criteria Pass/Fail
2-1 118 95 > 3 VoIt axial indication Pass
2-1 99 38 SVI - 66% through-wall Pass
2-2 149 120 > 3 Volt axial indication Pass
2-2 146 121 > 3 VoIt axial indication Pass
2-2 105 138 > 3 Volt axial indication Pass
2-2 144 105 >2 Volt axial - MRPC Presentations Pass
2-2 130 95 >2 Volt axial - MRPC Presentations Pass
2-2 110 143 SVI - 73% through-wall Pass
2-2 117 44 61% axial indication Pass
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Defect Detection and Characterization

As described in Section V, the Regulatory Guide 1.121 analyses performed by Packer
Engineering use MRPC signal response information to characterize defects and assess
crack growth rate. As reported throughout this report, all crack indications found during
the ECT examinations conducted at PVNGS are reported and removed from service. This
conservative plugging philosophy makes it inherently difficult to determine growth rates
on detected defects from inspection to inspection. Additionally, eddy current technique
changes, probe technology improvements, improved analyst training and reduction in
signal interferences can impact detection and characterization. These factors must be
studied and evaluated to déetermine the effects of these changes, and to normalize the
inspection results.

1. Probability of Detection (POD)

The analyses described in Section V are dependent on the ability to characterize
the undetected defect population remaining in the steam generators upon the
completion of the ECT inspections, since all detected SCC defects are removed
from service. Inspection results, to date, indicate that the bobbin coil technique is
not sufficiently reliable for detection of low volume SCC defects due to tube
pilgering interferences and geometry effects associated with tube ovalization in
the bend region. As a result, APS has relied on the use of MRPC technology to
improve defect detection thresholds. Since the U2R4 inspection, APS has
removed 31 tubes from the Units 2 and 3 steam generators to provide accurate
comparisons of actual defect depth with MRPC detection capability. A PVNGS
specific probability of detection (POD) curve has been constructed from this data
and presented to the USNRC Statf in References 2 and 35. This POD curve was
considered to be reasonable when compared to the typical industry MRPC pre-
1993 database.

Since the U2R4 inspection and tube pulls, APS has observed three distinct
inspection transients or improvements in defect detection. Most notably has been
the inspection improvement observed with the use of the Plus Point MRPC probe.
Similar inspection transients due to the Plus Point have been observed at other
nuclear facilities. APS has characterized the inspection improvements observed
during Cycle 5 by the order of their occurrence.

P ke Coil Size (0,080 0.115)

NRC Information Notice 94-88 Inservice Inspection Deficiencies Result in
Severely Degraded Steam Generator Tubes reported that Maine Yankee Atomic
Power Station had observed improved signal to noise performance through the
use of a larger (0.115 - inch) diameter pancake coil in lieu of the previously used
0.080 diameter coil in their July 1994 steam generator inspections. PVNGS
elected to use the larger coil earlier, in the U2M5-1 inspection conducted in
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January 1994. The smaller pancake coil (0.080 - inch) was primarily used in U2R4
in March 1993. As reported by ZETEC representatives to the USNRC on February
25, 1995, the 0.115 diameter pancake probe was designed to provide an
improved OD field, thereby permitting better detection of shallow OD flaws. Based
on the experience reported in the IEN 94-88, the USNRC Staff also requested that
APS provide information comparing its ECT program with that of recent CE plant
experience. In letter 102-03124-WLS/AKK/JRP dated September 22,1994, APS
reported that the use of 0.115 pancake coils, low loss cables, terrain plotting and
detailed analysts training had been in place since the U1R4 inspections in
November 1993. The industry documented improvement of the 0.115" coil is also
supported by tube pulls performed by PVNGS in U2M5-1, and a comparative
review of the ECT results since U2R4.

Deposit Removal

As reported in Reference 17, APS noted a large change in the number of
observable indications in SG 22 following chemical cleaning. In order to rule out
any direct impact of the chemical cleaning process on either actual crack size or
possible crack face oxndatlon APS elected to conduct testing on tubes removed
from the steam generator after chemical cleaning. The tests indicated that the
process had no impact on the defect itself, and it was concluded that the
improvement in ECT detection was related to the removal of thick deposits from
the tube surface. Since SG 22 had the preponderance of indications, this transient
was more pronounced in this steam generator. However, improved signal to noise
performance was observed in all PVNGS steam generators following chemical
cleaning. APS is continuing to monitor deposit re-formation via eddy current
inspections. Although the effect of deposit interference is believed to be lessened
with the use on the Plus Point MRPC. '

Poi BP ‘

As reported in NRC Generic Letter 95-03, Circumferential Cracking of Steam
Generator Tubes, enhanced ECT techniques resulted in the detection of
significantly more defects at the Maine Yankee Atomic Power Station in January
1995. This inspection transient was largely attributed to the use of the Plus Point
coil. As stated previously, the Plus Point probe was originally developed by ZETEC
for surface examinations of reactor vessel welds. The probe was designed to
reduce geometry and permeability effects. The coils are differentially paired within
the same coil shoe and surface riding to reduce the effects of geometry. The
probe design utilized in Unit 2 employed a standard 0.115” diameter pancake coil,
and a separate shoe contained the plus point coil.

As stated previously, the Plus Point probe has been Appendix H qualified via the
process described in the EPRI ISI Guidelines. In order to further assess the
capabilities of the Plus Point probe, several PVNGS specific qualification activities
have been conducted by APS. In ‘U3MS5, all pluggable indications (all crack
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indications) found were reinspected utilizing the standard three coil MRPC, which
has been benchmarked via tube pulls conducted by PVNGS. APS has also
conducted probe comparisons with the PVNGS Bend Mock-up Test Facility. APS,
Packer Engineering and APTECH have used these one-to-one comparisons to
assess the overall detection improvement of the Plus Point MRPC. A plant specific
POD curve has been developed by Packer Engineering in the analyses presented
in Appendix A.

Assessment
Several means, deterministically and statistically, have been used to characterize

the change in POD resulting from all of these inspection improvements. The
analyses performed by Packer Engineering in Section V have only credited the
effect of the Plus Point probe in shifting the POD function. It should be noted that
the Plus Point probe design contains a 0.115 pancake coil, and therefore an on-
line comparison of the coil differences can be observed and characterized by the
" eddy current analyst. The overall impact of these improvements can be shown
graphically using the life prediction techniques in the APTECH BALIFE Code.
Figure IV-25a provides an outage prediction of actual detection versus a predicted
value had the Plus Point MRPC probe been available since U2R3. Figure 1V-25b
provides additional information regarding the need to account for inspection
transients in predicting future defect rates. Without such accounting for the effects
of improving technology, an absurdly high Weibull shape parameter (f8) would be
estimated. This not only projects unreasonably high future plugging rates, but also
fails benchmarking standards for past inspections.

Section V provides the results of a sensitivity studies performed by APTECH and
APS on the impact of avoiding structural limit exceedances given changes or
improvements in ECT detection. A similar sensitivity analysis was performed by
EdF in Reference 23. EdF established that substantial reduction in tube rupture
risk could be achieved via better inspections.

. Defect Characterization

As stated previously, the conservative plugging philosophy employed by APS
makes it inherently difficult to determine growth rates on detected defects from
inspection to inspection. However, as part of the analysis process of ARC region
crack growth rate, historical information was reviewed by APS and Conam to
determine if certain precursor signals from previous inspection data could be
. identified and sized.

Since analyst variability exists with the selection of peak MRPC voltage, APS has
strived to provide consistent measurements for the purpose of determining the
voltage change for a particular flaw. Upon conclusion of the U2RS inspections, a
select group of resolution analysts were retained to independently rereview the
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‘current inspection results and compare those results to the ECT data from
previous inspections. Special care was taken to assess the effects of geometry,
interfering signals and overall data quality. A lissajous graphic and C-scan
hardcopy of each defect was generated and a final review of critical calls for the
Unit 2 data was conducted by the APS Level Il analyst. Review of critical flaws
was also conducted by Steve Brown of Packer Engineering. The resuits of this
review are summarized in Appendix C. ‘

Metallurgical Examinations

Since the Unit 2 tube rupture event, APS has removed 31 tube sections from both the
Unit 2 and Unit 3 steam generators. Laboratory examinations of these tubes have
been conducted at Combustion Engineering, Babcock and Wilcock (B&W) and
Westinghouse. The purpose of these examinations included: v

o Evaluation of field eddy current testing (ECT) results against
actual defect size and location

* Validation of ECT detectability thresholds

» Characterization of various ECT probe detection capabilities in'
the bend section tubing ‘

e Burst test data correlation for structural integrity analysis
¢ Probability of detection (POD) database development
* |dentification of mode of degradation

The testing conducted on these tubes included:

¢ Receipt Inspections
e Visual Inspection and photography

» NonDestructive testing (Bobbin and MRPC, ultrasonic
(UT).characterization)

» Dimensional Measurements (bend section radius, tube
ovality)

* Deposit chemical analysis

+ Swell testing of tubes without ECT corrosion indications

e Burst testing

» Scanning electron microscopy (SEM) of burst and crack
extension areas

e Low Optical Microscopy of material cross sections

e Radial metallography to characterize surface intergran-
ular corrosion

» Auger electron spectroscopy (AES) to determine crack
tip chemistry

PVNGS UNIT 2 STEAM GENERAT(?R EVALUATION 30







A detailed description of the test results has been provided to the USNRC Staff in
References 1 and 2. The complete results of each exam are documented in

~ * X-Ray photoelectron microscopy to determine crack tip

chemistry

¢ Dual etch metallography to characterize tube micro-
structures

¢ Modified Huey testing to determine degree of tube sen-
~ sitization

¢ Mechanical testing for tensile and yield strength proper-
ties and base metal chemical analysis

.

References 3-6. A summary of the critical resuits are provided below.

1.

U2R4 Tube Pull Program

During U2R4, eight (8) tubes were removed from the Steam Generator 22 after
extensive ECT examinations identified tube candidates deemed most ‘
representative of the ODSCC indications at free span, eggcrate, batwing and flow
distribution plate locations. A portion of the ruptured tube (R117C144) was also
removed. A tubesheet map depicting the location of these tubes is provided in

Figure IV-26,

The examinations conducted by CE and B&W under the "supervision of APS

Metallurgists resulted in the following conclusions/findings:

1.

2.

The examination concluded that the ruptured tube, R117C144, failed as a

"result of IGA/IGSCC attack in an alkaline to caustic with sulfate

environment associated with free span deposits formed at a tube-to-tube
crevice due to tube bowing. The detection of cold working due to scratches
on this tube and on the largest defects suggested that the presence of
deposits combined with long linear scratches led to preferred IGA
corrosion sites and early crack initiation.

The detailed exam led to a further conclusion that the tubing examined
had microstructures which were not consistent with industry expectations
for High Temperature Mill Annealed (HTMA) Alloy 600 tubing. The
requirements of ASME SB-167 were supplemented by CE specification

N requirements restricting carbon content to 0.05 percent and a maximum

yield strength of 55,000 psi. These requirements assured a relatively high
temperature final anneal of 1806 °F. The microstructural characterization
of Tube R117C144 indicated a microstructure absent of intragranular
carbide precipitation, with slight intergranular carbide precipitation. This
microstructure was not expected for HTMA Alloy 600, which would
normally be expected to have a semi-continuous grain boundary, thus
providing more IGSCC resistance in caustic environments. It should be
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noted that a microstructure acceptance criteria, in terms of grain boundary
carbide precipitation requirements,” was not contained in the tubing
specification when it was developed. The tubes did meet specification
requirements with regard to carbon content and maximum yield strength.

3. A critical objective in performing tube pulls in Unit 2 was eddy current
validation and structural margin assessment of freespan IGA/IGSCC.
Difficulties associated with bobbin coil detection of these flaws during
U2R3 contributed to the presence of several cracks which were structurally
deficient at normal operating pressures at the end of Cycle 4. APS found
during U2R4 inspection, that MRPC examination could be used to detect
and characterize ARC region flaws. Table IV-9 provides a summary of the
key results of this evaluation, which was incorporated into the Regulatory
Guide 1.121 assessment described in Section IV and Appendix A.

2. U2M5-1 Tube Pull Program

Based on results of eddy current testing following chemical cleaning the Unit 2
steam generators, APS elected to remove additional tubes for metallurgical
examination. Since many of the ARC defects exist above the batwing support
location at the bend tangents or within the bends, the tube removal effort
consisted of removing bend sections from the secondary side of the steam
generator from above the tube bundle. This technique, also referred to as “tube
harvesting” removed 21 tube sections from the periphery of the tube bundle. Of
the 21 sections, 13 contained eddy current indications, while the eight (8)
remaining sections were removed to provide access to tubes with indications. A
‘sketch of the removed sections is provided in Figure 1V-27.

All tube sections were examined by ABB-Combustion Engineering in accordance
with a detailed APS tube examination plan as described in Reference 6.
Independent laboratory microstructure examinations of all 21 sections and a
corrosion examination of one crack indication were conducted by Westinghouse.
Burst testing procedure review and test oversight was provided by Dr. Jim Begley
of Packer Engineering. All laboratory work was performed under the direction of
APS Metallurgists.

Since the previous tube pull during U2R4 did not remove bend sections, APS was
interested in determining if causal similarities existed for bend region defects. No
evidence of bowing (free span crevice formation) or ridge deposits were identified
during examination of the bend region. The results of the U2MS-1 tube
examinations did support previous conclusions that defects in the ARC region
tubing are due to contaminants present as either general deposits, support
deposits or ridge deposits. Corrosion attack in freespan locations below the
batwing was still associated with long narrow ridge-like deposits, which act as
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prefe?ential crevice sites. Although some differences were identified, APS
concluded that the overall findings were consistent with the 1993 tube pull
metallurgical examinations.

The investigation results indicated a potential favorable change in crack crevice
chemistry tending towards neutral-alkaline and in some places neutral-acidic. This
crevice chemistry was considered to be improved over the more alkaline-caustic
. crevices observed during the 1993 Unit 2 steam generator tube metallurgical
analysis. The increased IGA character of the tube degradation indicated a slower
growth factor which is further supported by the thin oxide thickness layers found
on the crack surfaces. Studies published by EPRI (Reference 13) have shown that
under the same stress IGSCC propagation is approximately 10 times faster than
the IGA propagation rate. , y

The presence of sulfates and reduced sulfide species were again concluded to be
an important factor in the tube degradation. Sulfur was detected in all areas
examined on crack surfaces, and therefore, is still suspected to be aggravating the
IGA and SCC in the tubing. However, the amount of sulfates deposited, and
subsequently detected on the crack faces, may have been influenced by the
chemical cleaning corrosion inhibitor. Sulfur-bearing residues as a result of
chemical cleaning had been observed during EPRI qualification testing
(Reference 14). EPRI has assessed this condition with respect to additional
degradation and concluded that there was no contribution to degradation, that
residues were essentially removed during normal operation, and that the amount
‘of sulfur that remained in the metal oxide layer was negligible compared to the
amount carried into the generator during normal operation.

As was observed in. the U2R4 examination, scratches and wear scars under
‘concentrating ridge deposits were present and were often identified as preferential
sites for IGA and SCC. Additionally, tubing microstructures were found to contain
random carbides with discontinuous or some semi-continuous grain boundary
carbides, indicating less than optimum resistance to stress corrosion cracking.

Tube burst testing was performed on tubing with ECT detected defects per a
quality controlled procedure under supervision by APS and its consultant, A
similar procedure was applied to the swell testing of tubes with no reported field
eddy current signals. Burst opening average and maximum depths were
measured using SEM montages of the burst face with depth measurements every
0.025 inches. The data indicated that all tube burst pressures were significantly
above 3AP (three times normal operating differential pressure) and 1.4 times main
steam line break pressures as required by Regulatory Guide 1.121. The
information from this testing and subsequent examination serves as input to the
plant specific run time analyses performed in Appendlx A. Table IV-9 provndes a
‘summary of the burst test results.
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TABLE IV-9 SUMMARY OF UNIT 2 TUBE PULL RESULTS

Defect Actual Actual Burst MRPC Burst Yield Ultimate
Tube No Location Depth Depth Length Leflgth Pm.f»ure Stren.gth Stren.gth
(max) (Ave) (in) (in) - (psig) (ksi) (ksi)
R105C156 08H+26.5 98% 77% 1.38 1.6 3200 478 102.9
R103C156 08H+21.5 57% 45% 0.325 0.29 6968 48.7 101.6
R127C140 08H 89% 58% 1.0 04 6119 509 2.1
R127C140 07H 100% 40% 0.58 0.3 5330 509 112.1
R117C40 08H+40.89 61% 27% N/A 0.21 N/A 47.8 105.6
R22C13 01H 56% 31% 0.325 0.25 8948 N/A N/A
R29C24 0lH 40% 21% 0.275 0.33 9662 N/A N/A
R133C134 BW1+3.95 3% 51% 1.44 1.38 7320 43.6 1014
R135C134 BW142.79 3% 51% 1.25 N/A 7820 N/A N/A
“RI137C134 BW1+16.0 41% 32% 1.3 2.03 8500 N/A N/A
R140C135 " BWI1+16.4 66% 47% L15 3.73 7540 45.4 106.3
R133C136 09H+16.6 85% 45% 1.5 1.91 6020 N/A N/A
RI137C136 BWI1+17.45 53% 38% 1.3 2.53 8860 53.7 104.6 -
R139C136 BW1+18.03 84% 51% 0.95 2.35 6860 55.3 105.3
R134C137 BW1+16.2 60% 41% 1.3 1.12 8640 46.3 1023
R136C137 BWI1+16.6 45% 32% 1.4 0.94 9180 50.1 106.7
R138C137 BW1+16.3 55% 39% 1.25 2.67 8020 49.4 105.7
R140C137 BWI1+17.37 48% 31% - 136 235 8960 46.4 105.0
RI35C138 BW1+1.51 59% 38% 1.25 1.01 8520 553 105.3







3. Unit 3R4 Tube Pull Program

The scope and process description of the metallurgical examination and
subsequent evaluation of tubes removed from Unit 3, SG 32, ARC region during
U3R4 are discussed in detail in Reference 3. Two (2) Unit 3 tube bend sections,
tubes R152C73 and R154C73, were removed and delivered to ABB-CE for
laboratory examination. Tube R152C73 contained a suspected volumetric
indication (SVI) on the intrados of the tube just above the batwing support contact
area, but below the bend tangent point. Tube R154C73 did not have an eddy
current indication, but was removed to allow access to the tube of interest. As
discussed in Reference 2, the results of the examination found that:

* There was no IGA or IGSCC in tube R152C73 which was
called SVI by field ECT ,

* The SVI was approximately 23/16 inches long and 1/4 inch
wide and had a depth of approximately 26%

* The SVI exhibited a general corrosion process (micro-
pitting) under a ridge-like deposit which concentrated
impurities in the bulk water

* There was no evidence of active wear caused by repeated
tube-to-tube contact ’

* As observed in the Unit 2 tube pull programs, the micro-
structures of the tubes examined were not typical of HTMA
PAIloy 600 with good resistance to stress corrosion cracking

4

. Conclusions

To date, APS has performed extensive steam generator tube removal and
examination work. Data gained from the detailed examinations has provided
valuable input towards assessing eddy current capabilities, structural testing and
analyses, and understanding the challenging ARC region degradation
mechanism. The benefits of this effort have provided APS with a strong database
of plant specific information. When supplemented by industry data and
experience, it permits APS to implement the appropriate steam generator
inspection and mitigation programs aimed at ensuring safe and reliable plant
operation. )
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ATHOS Thermal-Hydraulic Modeling

APS has continued to assess the thérmal-hydraqlic conditions, which are believed to
resulted in a region of increased susceptibility to ODSCC in the PVNGS steam °
generators. As reported in Reference 1, APS has developed empirical relationships for
predicting dryout in the vertical and square bend sections of the tubes in the upper bundle
of the steam generator based on calculated steam quality and mass flux. Using these
relationships, thresholds for dryout in the vertical section of the tubes and in the bend/
horizontal section have been established. For the vertical sections of tubes, the dryout
region represents a departure from nucleate boiling, and has been defined empirically by
APS as a “deposit parameter” with a threshold value of pV/1-X = 180 Ibm/sq ft.s. As part

of an ongoing investigation, APS has found that the deposit parameter does not correlate
for the cracks initiating in the bend or horizontal regions. APS and ABB-CE believe that
contaminant concentration and the corresponding initiation of cracks are related to a
critical quality parameter. By empirically correlating the location of the bend/horizontal
defect, it has been determined that the threshold value for critical steam quality is 65%.
APS and ABB-CE believes that further correlation is provided by reviewing previous
steam generator designs. Other than the System80 design, all other ABB-CE designs
have maximum bundle exit qualities of less than 60% and have not experienced similar
corrosion after longer operating histories than PVNGS.

APS has also performed an additional assessment of an experimental correlation referred
to as the Zuber correlation (Reference 41) which relates the critical heat flux to quality (or
void fraction) for low flow conditions. As shown in Figure 1V-28, the bend and horizontal
defects are located in a region of high void fraction with heat flux values in excess of the
Zuber critical heat flux. This correlation supports the empfrically determined threshold of
65% quality for the upper bundle region of the PVNGS steam generators. Figures IV-29
and 1V-30 provide iso-surface contour plots for both the deposit parameter and critical
quality parameter for the PVNGS steam generators.

With these criteria established, the number of tubes subject to dryout for various
modifications, operational changes, or combinations thereof, can be predicted and
appropriate changes in ECT scope can be assessed. Based on further analyses
performed by APS and ABB-CE, two (2) major modifications have been selected for
implementation in Unit 2 during U2R6. The modifications are described as follows:

Downcomer Feedwater on Hot Leg Side

The System80 steam generators were designed to introduce 10% of the
feedwater flow to the cold side recirculating fluid. This feature maximizes
the temperature difference between the cold leg sides of the primary and
secondary fluids, thereby improving the thermal efficiency of the

generators,
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‘The proposed modification shown in Figure 1V-31, involves replacement of
the existing ring with a new ring designed to deliver the downcomer
feedwater flow to the hot side downcomer annulus. With the modification,
maximum bundle exit quality and deposit parameter decrease and hot side
circulation ratio is increased with a negligible decrease on thermal.
efficiency. The ARC region affected tube population is reduced by
approximately 15%. The new feedring would be constructed of materials
resistant to erosion/corrosion as an added benefit.

D i i Modificati

The System80 steam generators are designed with a flow distribution plate
(FDP) on the hot leg side. The baffle is located 16" above the tubesheet,
and helps to distribute the incoming recirculating fluid more uniformly as it
flows upward in the bundle. The FDP, contributes to the ARC region
phenomena as it produces additional flow resistance in the hot side
recirculating loop, thus reducing recirculation. The new System80+ design
eliminated this feature, however, removal of the FDP at PVNGS would be
an unrealistic field modification. As an alternative option, the FDP could be
bypassed by cutting holes in the downcomer shroud above the flow
distribution plate (See Figure 1V-32).

Once again this modification reduces steam quality and hence the dry-out
region. ATHOS modeling predicts a 39% reduction in affected tube
population. For both modifications the reduction in ARC region size is
estimated at 45%.

These modifications improve the thermal-hydraulics in the tube bundle by reducing
the maximum quality from 73.67% to 56.10%. This quality is more comparable to the
earlier 3410 MWT CE plants and the newer Korean System80-modified steam gener-
ators. The number of tubes in the dry-out region decreases from approximately 2700
tube to 1600 tubes. The analyses performed by APS and ABB-CE also indicate that
the modifications do not have any significant impact on flow induced tube vibration,
the structural integrity of the shroud, tubesheet sludge deposition and feedring water
hammer susceptibility.

An additional measure currently under review and consideration involves the reduc-
tion in feedwater inlet temperature. ATHOS analyses indicate that additional reduc-
tions in ARC region population may be accomplished via this operational change.
Feedwater temperature reduction can be achieved by either isolating flow to the #7
feedwater heaters or by rerouting a portion of the feedwater flow around the #5, 6 and
7 heaters. The method chosen would depend upon an evaluation of the economical
and technical trade-offs associated with each change.
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STRUCTURAL AND LEAKAGE INTEGRITY ANALYSIS

Description of Structural Integrity Model

The PVNGS Degradation Management Program uses two (2) independent methods and
sources to assess structural integrity of steam generator tubing. The primary model for
assessing structural margins, in accordance with the guidance given in Regulatory Guide
1.121, was developed by Packer Engineering with input and review by APS. The method
of analysis, including results, are described in detail in Appendix A. The calculational
framework is essentially the same as that presented to the USNRC Staff in References 2
and 35. The model is considered to be a mechanistic model as it addresses the historical
development of cracks, including, crack initiation, crack growth, detection of cracks and
removal from service. Initiation and growth.of new cracks during a given cycle of
operation is included as is the population of defects which have not been detected by
eddy currentinspections. §

The model framework, as first presented for Unit 1'in Reference 2 in August 1994, has
been validated for Unit 1 in the U1R5 inspections conducted in April 1995. The model
predicted with high confidence that structural margins would not be exceeded for either
circumferential cracks in the tubesheet transition or ARC region axial cracks. The
inspection confirmed this result, and the number of observable defects when adjusted for
the Plus Point MRPC indicated good correlation with model predictions. However, based

on discussions between USNRC, APS, Packer Engineering and an independent .

consultant, refinements to the models have been incorporated to address items identified
in References 8 and 16. The critical features of the model, as well as recent refinements,
include:

1. APS and Packer Engineering have continued to review PVNGS specific
tube pull results and industry data to support the relevance of
characterizing ARC region defects with MRPC signal response. The
length and depth profiles of cracks in tubes pulled from Unit 2 have been
analyzed to identify the critical regions of these profiles relative to burst
pressures. Structurally significant crack lengths and depths have been
defined. The structurally significant crack lengths have been correlated
to crack lengths observed from the eddy current MRPC data. Average
crack depths over the structurally significant crack lengths have been
determined and correlated with MRPC eddy current probe voltage
readings.
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. Computer modeling of the signal response of eddy current pancake coil
probes to cracks in thin plates has shown the-practicality of estimating
crack depths from voltage readings in limited but useful circumstances.

. MRPC voltage changes have been analyzed to estimate crack growth

rate distributions. Variations in the correlation of voltage with structurally
significant depth have been included to reflect the effects of variable
crack morphology.

For Unit 2, crack initiation parameters have been optimized relative to the
observations of eddy current indications throughout the history of Unit 2.
Sensitivity studies have shown that it is possible to determine reasonably
constant crack initiation parameters from the statistics of eddy current
indications.

. Three (3) different statistical procedures have been used to determine

degradation growth rate parameters. Agreement was found to be
excellent. By assessing these approaches, crack morphology effects,
uncertainty in voltage measurements and extreme values in voltage
growth have been included.

. A probability of detection (POD) curve has been calculated for the Plus

Point'MRPC eddy current probe from the observed inspection transient
resulting from its use in the U2R5 steam generator inspections.

Mechanical break-through effects have been specifically treated in the
calculations of through-wall crack lengths for input to the probability of
leakage model.

. The ability to benchmark the model output with past inspections was

presented for Unit 3 in Reference 35. In addition to benchmarking of the
simulation model relative to the Unit 2 history of the number and severity
of eddy current indications, the probability of tube burst during normal
operation at the end of Cycle 4 was examined. In agreement with actual
experience, the model correctly predicts a high probability of tube burst
at normal operating pressures, as well as the presence of several
severely degraded tubes. This correlates well with the actual end of
Cycle 4 inspection results presented in Reference 1.

A complete description of the analysis conducted by Packer Engineering is provided in
Appendix A. The following is a discussion of the fundamental components of the model
including a summary and results. ’
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1. Structural Assessment

The length and depth profiles of all cracks in tubes removed from Unit 2 have been
analyzed and the critical regions of these profiles relative to burst pressures have
been identified. As found in many industry examples, APS utilized MRPC detected
crack length to assess structural margins. However, tube pull results consistently
indicate that actual crack length, whether the defect is axial or circumferential, can
be substantially longer than the MRPC detected length. This difference is not
considered to be of issue since laboratory examination of PVNGS tubing removed
from Unit 2 indicates that the shallow cracking at the ends of the crack profile is
not a consequential factor in burst pressure. The Unit 2 tube pull data show that
the MRPC results provide an excellent indication of structurally significant length.
Although there are individual instances where the MRPC crack length is slightly
less than the directly corresponding structurally significant crack length, Packer
Engineering performed sampling of the MRPC crack length distribution. This
approach provides a conservative estimate of the crack lengths in service. Since
no known cracks are left in service, there is no need to adjust an individual crack
length to cover the possibility that it may be undersized. An additional element of
conservatism, which is to be more significant, is the fact that the crack length
distribution used in the Packer Engineering Monte-Carlo calculations is based on
the crack length distribution obtained from U2R5 eddy current inspection data.
This crack length data is substantially influenced by the detection improvements
expected from the use of the Plus Point probe. Hence, it is biased toward longer
crack lengths.

Through the Unit 2 tube pull results, Packer has also correlated the depth profiles
of the cracks evaluated with a structurally significant crack depth. If a chosen
profile is symmetric, then the minimum burst pressure can be defined as a
function of increasing lengths of the central section of the crack. When crack
profiles are not symmetric relative to their axial midpoint, the selection of a critical
section or even the point to begin calculations is not at all obvious. Packer used
short computer program to find the minimum calculated burst pressure and the
critical section of the crack profile. It was found that when this structural minimum
method is applied to actual crack profiles, the Framatome burst equation is a very
conservative predictor of the burst pressure.

The field determination of structurally significant depth has been more difficult due
to a number of plant specific differences at PVNGS versus more traditional
industry experience. As reported in Reference 1, the PVNGS steam generator
tubing was manufactured via a pilger process. The signal to noise ratio associated
with the PVNGS tubing, combined with an IGA influenced morphology, and
geometry variations associated with the tubing bends, has made the process of
bobbin detectability and depth sizing of these defects virtually nonexistent. As a
result, MRPC techniques have been utilized as the primary defect assessment
technology.
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APS, Conam (Rockridge) and Packer Engineering have considered several
approaches for characterizing MRPC signal response. In principal, the phase
angle of the impedance plane lissajous figure formed as the MRPC probe passes
over the crack should provide a good correlation with crack depth. However,
based on early field experience and tube pull results, significant difficulty had
been encountered in attempting to characterize defect depth via phase angle
measurements. APS and Packer are continuing to develop the ability to
dimensionally profile discontinuities by capturing the in-phase and quadrature
signal components of the MRPC probe. Additional information concerning this
effort is contained in Appendix A, and this work corresponds with recent industry
programs for circumferential crack sizing.

Until this work is completed, an empirical correlation of MRPC voltage with crack
depth has been used to assess significant crack size. This correlation, as reported
in References 2 and 17, has proved to be reasonable in calculating crack depth,
assessing crack propagation and determining structural integrity. However, a
number of questions have been raised by the USNRC Staff regarding the physical
basis of this correlation. The work conducted and presented in Appendix A
attempts to address these issues. Packer Engineering reported that computer
modeling of the response of eddy current pancake probés to cracks in thin Alloy
600 plates supported the practicality of estimating crack depths from voltage
readings in limited but useful circumstances. The data indicated that systematic
impedance changes with crack depth occur in the range of interest, 40-80%
through-wall.

It is important to note that the objective at PVNGS is not to accurately size all
indications, since no detected cracks are left in service either as a function of
measured depth or voltage. Instead, the MRPC voltage correlation was developed
as a vehicle for assessing inspection data to arrive at a reasonable distribution of
crack growth rates. As indicated in Section IV, APS has minimized the variability
associated with field MRPC voltage values by conducting a thorough post
inspection review of all the ECT crack indication data.

«

. Growth Rates

Eddy current records of tubes found to contain MRPC indications during the U2R5
inspection were revisited to determine if precursor signals were present at the
time of the previous U2M5-1 and U2M5-2 inspections. The review indicated that
precursor signals could be found and that a plot of voltage change versus initial
voltage could be generated. The results of the review are summarized in Appendix
" C and Figure 4.1 of Appendix A. The review revealed growth in signal amplitude
combined with significant scatter. The presence of more than a few negative
voltage changes points to a non-trivial uncertainty in voltage measurement
compared to voltage growth. Overall, the voltage growth points to an increase in
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the severity of corrosion degradation relative. to structural requirements. The
challenge is to separate voltage measurement uncertainties from real voltage
growth and then quantitatively relate voltage growth to reduction in structural
margins. As noted previously, the chosen approach is to relate MRPC volitage to
structurally significant depth.

Given the presence of confounding variables and a correlation of MRPC voltage
with structurally significant crack depth with considerable scatter, three different
statistical approaches were developed by Packer Engineering to use the
distribution of voltage changes to arrive at a distribution of degradation growth
rates. These methods are described in detail in Appendix A. As a further check,
. this calculated growth rate distribution was compared to data in the literature. Data
in the literature permitted a check of both the mean and variance of the caiculated
lognormal growth rate distribution. The degradation morphology of Unit 2 pulled
tubes also helped to benchmark the calculated growth rate distribution.

. Probabilistic Model
As indicated previously, the probabilistic model used for Unit 2 is similar to the .
models described in References 2 and 35, and is designed to simulate four basic
processes:

Upper bundle crack initiation

Crack Growth

MRPC Inspection

Removal and repair of degraded tubes

The crack initiation model relies on defining appropriate Weibull parameters for
Unit 2 ARC region degradation rates. Since Unit 2 has experienced much more
extensive upper bundle cracking, the simple time-delay approach to developing an
initiation model as used for Units 1 and 3 in References 2 and 35, proved far too
conservative. The behavior of the initiation model developed in this manner
resulted in consistent under-prediction of early inspection results (U2R4, U2M5-1)
and over-prediction of later inspection resuits(U2M5-2, U2RS5). This behavior sug-
gested a systematic effect caused by an overestimate of the Weibull shape
parameter (N) from the observed data.

A more sophisticated approach to the development of a crack initiation function
was, therefore, developed by Packer Engineering. This methodology used a sim-
plified version of the RG 1.121 simulator in conjunction with an optimization mod-
ule to evaluate the best-fit Weibull initiation model parameters including the time-
delay value. The approach is described in detail in Appendix A. it should be noted
that the Weibull shape and scale parameters were not treated as independent in
the analysis. In the mathematical sense, this can be viewed as forcing the results
through a specific observed point, in this case, the observed U2R5 cumulative
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results. It should also be noted that the Weibull parameters were in excellent
agreement with results generated independently by the APTECH BALIFE model.
As described previously, crack growth rate is determined by assessing voltage
changes as changes in structurally significant crack depth. The Monte Carlo
analysis samples the log-normal crack growth distribution to obtain growth rates
for each crack, and this rate is assumed to be constant throughout the
propagation process. ’

Since the inspection and repair model is dependent on the capabilities of the
inspéction process, an MRPC POD function was developed from PVNGS specific
tube pull data. This POD function, described in Reference 35 was modified to
permit the incorporation of a simulated Plus Point probe POD function for the
U2R5 inspection. As detailed in Section IV, several means of assessing the
benefits of improved detection have been examined. The appropriate POD
function is applied to all of the predicted active cracks. All detected cracks are
removed from service, and are therefore not subjected to the subsequent
inspection. Consequently, only non-detected defects (in essence, MRPC NDD
indications) remain and are projected for the remainder of the operating cycle. As
indicated previously, Figures 5.4 and 5.7 of Appendix A compare simulated
observed cracks with actual observed cracks, and the actual inspection results
compared favorably with the mean values. The overall process is therefore
considered conservative based on the described distribution function.

The model also includes a material property and crack length distributions. The
material property effects are included by obtaining randomized flow stress values
for actual Unit 2 Certified Material Test Reports (CMTR) data. The crack length
effects are simulated by sampling from Unit 2 MRPC measurements. For U2RS5,
these measurements are considered additionally conservative, as the detected
lengths are biased compared to earlier inspections due to the detection
improvements realized by the Plus Point probe. The distributions for flow stress
and crack length are used in defining structural margins in distributional terms for
the implementation of Regulatory Guide 1.121 limits for free span axial cracks.

. Summary .

The Packer Engineering approach, endorsed by APS, characterizes the structural
integrity of steam generator tubing by performing a Monte Carlo simulation of the
physical processes of crack initiation, growth, eddy current detection and removal
of all detected cracks from service. This approach, which is supported by a large
plant specific database of pulled tubes, provides a reasonable physical
characterization of critical cracks and crack growth. This characterization is key to
the overall success of managing ARC region degradation and demonstrates that
the proposed operational run times provide adequate safety margins. Obviously,
other voltage based approaches are available, and for the most part form the
basis of the Generic Letter 95-05. APS and Packer Engineering have reviewed the
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industry data and have determined that either insufficient data exists -for an
adequate comparison due to the nature of ARC region free span defects, or if
similar industry methods are used, one is basically trading less uncertainty in one
area for more uncertainty in another. For example, in correlating structural
margins to MRPC voltage, the past history of EOC voltage observations leads to
confidence in the prediction of future EOC distributions of voltages. While this
process provides a reasonable measure of the physical process of crack initiation
and growth, the benefit is offset by a high degree of uncertainty in the correlation
of voltage with burst pressure. This approach is further confounded by an industry
database which supports the use of a voltage based criteria that is mainly
developed for crack lengths up to 0.75 inches long. Therefore, its applicability is
considered limited to longer freespan crack conditions.

. Restlts

As stated in References 2 and 35, APS established a reasonable probability crite-
ria for meeting Regulatory Guide 1.121 structural margins for Unit 1. This criteria
was:

There must be a 90% probability that one or fewer tubes will
be expected to violate Regulatory Guide 1.121 limits for
axial cracks during the specified operating period.

The model as described above was exercised ,using Monte Carlo simulation
techniques as shown schematically in Figures 5.1, 5.10 and 5.11 of Appendix A.
The probability of exceeding Regulatory Guide 1.121 structural margins has been
computed by Packer Engineering as a function of run time in Cycle 6. After 12
months of operation the probability of more than one exceedance would be less
than 0.01. At this same point in time, the conditional probability of tube burst given
the occurrence of a main steam line break is 0.018. With regard to leakage, there
is less than a 10% chance of wall penetration if a steam line break occurs after 12
months of operation. These results exceed the acceptance criteria established by
APS in Reference 2, and demonstrate with high confidence that steam.generator
tube integrity in Unit 2 can be maintained until end of cycle.

. Benchmarking

As a further measure of assuring that this modeling approach addresses the
issues associated with crack growth and inspection uncertainties, the USNRC
staff has requested during a public meeting, that statistical models for predicting
steam generator tube integrity be benchmarked against previous inspection
findings. The Packer Engineering probabilistic model has a significant amount of
internal benchmarking, particularly with respect to the combined effects of crack
initiation, growth, and detection. The modeling of four previous inspections
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provides a robust basis for the comparison of simulated and actual crack evolution
in the Palo Verde Unit 2 steam generators, giving confidence in the U2R6
projections. As can be seen from Figures 5.4 and 5.7 in Appendix A, the
comparison between simulated numbers of cracks and observed values is nearly
“exact.

Other benchmarks are facilitated by the mechanistic nature of the model in which
critical elements such as crack growth rate, crack length, material property and
probability of detection (POD) distributions are each individually benchmarked
from plant specific tube pull data, NDE results including UT and in-situ pressure
data and industry documented corrosion and burst test data.

Perhaps the most important benchmark for the Unit 2 probabilistic model is
contained in the prediction of tube rupture for normal operating conditions as
described in Appendix A. This case is calculated in support of the Risk model
presented in Section VI. The first inspection modeled for this case is U2R4 which
is coincidentally the inspection immediately following the Unit 2 tube rupture
during normal operation. The model predicts a “best estimate” of between 2 and 3
tubes degraded to the point of burst at normal operating pressure for the U2R4
inspection and greater than 10 Regulatory Guide 1.121 exceedances. As shown
in Figure IV-11, reprinted from Reference 1, this result is in excellent agreement
with actual U2R4 results. This particular benchmark lends credence to the
combined effects of growth rate and initiation models in terms of resulting in
accurate estimates of historical risk. These elements of the Unit 2 probabilistic
model were never calibrated with this benchmark in mind.

It can therefore be concluded that the Unit 2 probabilistic model is thoroughly
benchmarked in terms of:

Individual model components

- crack growth rate

- burst pressure

- crack length

- material properties
Combinational effects

- observable crack evolution

Tube Rupture Risk

, - normal operating conditions
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Independent Assessment

In accordance with the guidance given in 10CFR50 Appendix B, APS has employed the
use of an independent alternative calculational method as a means of performing a check
of the results generated from the primary structural model developed by Packer
Engineering. APTECH Engineering Services has been retained by APS to perform this
independent assessment. These independent assessments have been performed for the
Unit 1 and 3 steam generator evaluations presented in References 2 and 35 with
excellent agreement. This section provides a discussion of the modeling assumptions
and results for the APTECH evaluation.

1. Model Description

Currently, APS utilizes the BALIFE computer code (Reference 29) developed by
APTECH to perform long term statistical analyses for evaluating the effects of repair
and remedial measures on steam generator life. The BALIFE code applies rigorous
Bayesian reliability estimation methods to the prediction of failure frequencies from
life- or age-to-failure data. The code allows the user to develop a “prior” distribution
such as a set of Weibull curves and slopes to establish a baseline for a typical
industry damage mechanism. Plant specific data can then be used to calculate a
“likelihood” function which allows APS to estimate the probability of specific values of
the Weibull slope in light of PVNGS specific failure data. Finally, a “posterior”
distribution is calculated as the product of the “prior” and “likelihood” functions. The
code has been verified by APTECH by comparing the BALIFE and exact solutions for
several “textbook” classical and Bayesian problems, and by constant benchmarking
against service failure and cracking data. )

The BALIFE code has also been utilized by APS for assessing the probability of
Regulatory Guide exceedances (RGEs) as a self-check of more detailed analyses, as
in the case of Units 1 and 3, in References 2 and 35 respectively. The same
calculational framework was employed by APTECH for ARC region ODSCC in Unit 2.
The key assumptions, inputs and model improvements developed for this analysis are
summarized below. ‘

2. BALIFE Model Assumptions and Input

A. The BALIFE Code, Version 5.051 has improved a “Nuclear Inspection
Option” which permits the user to assess varying inspection samples on
the tube population of interest. This is useful when considering random,
subsequent or repeat sample ECT inspections for the specific steam
generators or the input of industry trends where different inspection
samples are routine. This computer program has been benchmarked
against the last five Unit 2 inspections with reasonably accurate results
for the subject ARC region cracks and other tube crack modes.
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0 B. In Reference 35, a separate MRPC probability of detection (POD)
. analysis was performed by APTECH, independent of the  Packer
Engineering POD curve, from the PVNGS plant specific tube pull data.
The best estimate POD curve from Reference 35 is used in the APTECH
baseline analysis. The effects of various possible inspection
improvements were then calculated by altering the best-estimate POD
values.

C. Results from previous BALIFE predictions for Unit 2 show that ARC
region ODSCC has a Weibull slope or 8 value of between three and five.
The most recent BALIFE predictions for PVNGS Unit 2 steam generator
strategic models approximates the Weibull slope to be 3.176. This value
is in excellent agreement with the Packer Engineering Weibull function
which estimates the {3 value to be 3.2. Different scale parameters (8, the
age at which 63.2% of the affected population has failed) were
calculated directly from inspection data. These calibrated 0 values were

- based on damage categories related to ECT detection levels, as defined
below. For example, different categories were established for MRPC,
Bobbin “I” codes and bobbin depth calls as a means for tracking crack

0 growth and 6 values.

3. Inspection Model Assumptions and Input

The BALIFE modeling approach employed by APTECH was supplemented to include
an inspection/repair capability for ARC region defects. The following assumptions
were used in the simulation: ‘

A. Tube Population

e At the start of operation for each steam generator, each of the 2700
unplugged tubes was susceptible to the subject arc region cracks. Only
eventual plugging can immunize a tube against this failure mode.

e The 2700 tubes are assumed to come from the same statistical
population. This is done in spite of much evidence of preferred
cracking sites within the ARC region, especially in SG 22. The use of
only one tube population is very conservative in that it exaggerates the.
calculated probability of an RGE. The single-population model ignores
the fact that all or most tubes in the worst ARC population subsets

0 have already be