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1.0 INTRODUCTION

This report provides the technical basis for tube plugging cnitenia for outside diameter stress
corrosion cracking (ODSCC) at tube support plate (TSP) intersections in the Sequoyah
Units | and 2 steam generators (SGs) The recommended plugging criteria are based upon
bobbin coil inspection voltage amplitude which 1s correlated with tube burst capability and
leakage potential The intenim plugging cnitena (IPC) for a repair limit of 2 0 volts are
defined consistent with NRC-approved IPCs for Farley-1 and D C Cook-1 in the Spring of
1994 The recommended criteria provide sigmificant margins against the guidelines of
Regulatory Guide (RG) 1 121

The proposed IPC for Sequoyah Units 1 and 2 apply the NRC approved criteria to mimimize
the need for review of new material This includes inspection requirements and the 2 0 volit
repair critenna  SLB analyses will utilize methods and data described in the Farley-1 and

D C Cook-1 SERs, unless ongoing NRC reviews of other EPRI and plant specific submittals
lead to changes in the recommended methods or data This report does not propose any new
methods or data changes and 1t 1s proposed to implement the NRC approved methodology at
the ime of IPC appioval For general information, SLB leak rates per indication are provided
for 2 0 and 3 0 volt indications using both draft NUREG-1477 methods and the EPRI leak
rate correlation

The tube plugging criteria are based upon the conservative assnmptions that the tube to TSP
crevices are open (negligible crevice deposits or TSP corrosion) and that the TSPs are
displaced under accident conditions The ODSCC existing within the TSPs 1s thus assumed
to be free span degradation under accident conditions and the principal requirement for tube
plugging considerations 1s to provide margins against tube burst in accordance with

RG 1121 The open crevice assun ption leads to maximum leak rates compared to packed
crevices and also maximizes the potential for TSP displacements under accident conditions
Laboratory testing of incipient denting or dented tube intersections shows no leakage or very
small ieakage, such that leakage even under steam line break (SLB) conditions would be
neghgible

Implementation of the tube plugging criteria 1s supplemented by 100% bobbin coil inspection
requirements at TSP elevations having ODSCC indications, reduced operating leakage
requirements, inspection guidelines to provide consistency in the voltage normalization, and
rotating pancake coil (RPC) inspection requirements for the larger indications left in service to
characterize the principal degradation mechanmism as ODSCC In addition, it 1s required that
potential SLB leakage be calculated for tubes wath indications at TSPs left in service to
demonstrate that the cumulative leakage 1s less than allowable limits

Two hot leg TSP intersections were pulled from SG-13, tube R6-C58 of Sequoyah Unit 1 in
1693  Mon-destructive and destructive examinations were performed on both intersections, to
characterize corrosion at the TSP crevice locations Elevated temperature leak testing and
room temperature burst tesiing were conducted on the TSP regions, to supplement the existing
EPRI database for alternate repair criternia  The crack morphology and test resuits for the



Sequoyah pulled tube indications are consistent with tue EPRI database for ODSCC at TSP
intersections

This report provides the technical bases for intenim repair critenia for tubes with ODSCC at
TSPs, using the database and methodologies developed in EPRI documentation (References |
to 3) and NRC approved SERs The following activities have been performed as documented
in this report

Summary of Sequoyah Umt | pulled tube examinations - Section 3

Discussion of accident condition considerations and determination of the plant specific
allowable leak rate for accident conditions - Section 4

Review of the existing EPRI documentation supporting alternate repair critena (ARC),
including the EPRI ARC database and documentation outhning critena for
inclusion/exclusion of data from the leak/burst correlations, and development of NDE
uncertainties - Secuon §

¢ Development of tube burst and leak rate correlations - Section 6

* Review of past Sequoyah Units | and 2 €G inspection results, and comparison of
Sequoyah bobbin voltage growth rates to the bounding growth distribution of the EPRI
ARC criteria report - Section 7

* Integration of the inspection and leak/burst test results to define the Sequoyah intenim
plugging critena - Section 8

* The eddy current inspection and anaiysis guidelines that will be used upon implementation
of the APC are clearly documented - Appendix A

The overall summary and conclusions for this report are described in Section 2
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20  CONCLUSIONS

This report documents the technical support for intenm plugging criteria (IPC) with a 2.0 volt
repair hmit for ODSCC indications at the steam generator TSPs of Sequoyah Units 1 and 2
The Sequoyah IPC follow the critenia of NRC-1ssued SERs for 2 0 volt repair Limits
implemented at Farley-1 and D C Cook-1 in order to minimize NRC review time

Two pulled tube intersections from Sequoyah-1 support ODSCC as the dominant corrosion
mechanism consistent with the EPRI database The EPRI database, which includes the
Sequoyah pulled tube data, 1s more conservative for SLB leak rate analyses using draft
NUREG-1477 methodology than the data obtained including indications not yet reviewed by
the NRC for outher behavior Therefore, the EPRI database 1s used for all SLB analyses
The database to be used upon implementation of the Sequoyah IPC will be that accepted by
the NRC at the time of NRC approval of the iPC. No new methods or data changes are
proposed for Sequoyah and the Sequoyah IPC would implement the NRC-approved
methodology at the time of IPC approval

The 2 0 volt IPC repair himit provides significant margins against Regulatory Guide 1121
guidelines for structural imits  Since the R G 1.121 guideline for a three times normal
operating pressure differential 1s satisfied by the TSP constraint at normal operating limuts, the
required structural limit 1s to satisfy a margin of 1.43 times the SLB pressure differential For
a lower 95% prediction interval and lower tolerance limit material properties on the burst
pressure versus voltage correlation, the structural limit for 1 43AP;, ., 1s 8.82 volts A full
APC repair limit would then be 5 4 volts based on reducing the 8 82 volt structural limit by
allowances of 20 5% for NDE uncertainties and 43% for voltage growth using the EPRI ARC
critenia. Thus the 2 0 volt repair limit provides a margin of 3 4 volts against the full APC
repair hmit  The Farley-1 and D. C Cook-1 IPCs conservatively applied 3 6 volts for the full
APC repair hmit Since the Sequoyah IPC follows this precedence, the 3 6 volt limit 1s also
applied for the Sequoyah APC repair imit The allowable limit for SLB leakage using
guidelines of the NRC Standard Review Plan with ICRP 30 thyroid dose conversion factors
(see Section 4.2) 15 43 gpm for the faulted ioop. SLB leak rate analyses indicate that 36 and
154 indications at the 2 0 volt repair hmit could be left in service using draft NUREG-1477
methodology and the EPRI SLB leak rate versus voltage correlation, respectively, without
exceeding the allowable leakage limit

The proposed IPC for Sequoyah can be summanzed as follows

* Tube Plugging Critena
Tubes with bobbin flaw indications exceeding the 2 0 volt IPC voltage repair limit and
< 3 6 volts are plugged or repaired if confirmed as flaw indications by RPC inspection
Bobbin flaw indications > 3.6 volts attnhutable to ODSCC are repaired or plugged
independent of RPC confirmation.



ted end of cvecle SLB leak rates from tubes left in service, including a probability
of detection (POD) adjustment and allowances for NDE uncertainties and ODSCC growth
rates. must be less than 4 3 gpm for the SG in the faulted loop. If necessary to satisfy

the allowable leakage limit, additional indications less than the repair limit shall be

plugged or repaired

Tube Burst Probability

The projected end of cycle SLB tube burst provability shall be calculated and compared

with the value of 2.5 x 107 found acceptable in NUREG-0844

Exclusions from Tube Plugging Cntena

Indications excluded from application of the IPC repair limits include: indications found
by inspection (bobbin or RPC) to extend vutside the TSP, indications not attributable to
ODSCC and circumferential indications These indications shall be evaluated to the

1

lechnical Specification himits at 40% depth
pection Requirements

Eddy current analysis guidelines and voltage normalization consistent wath that of
Appendix A shall be implemented for the Sequovah IPC applications

current analysts shall be trained specifically to voltage sizing per the Appendix A
analysis guidelines, and at least lead analysts shall be qualified to the industry standard
Qualified Data Analysis program of the EPRI 1SI guidelines

Use of ASME calibration standards cross-calibrated to the reference laboratory standard
and use of a probe wear standard requiring probe replacement at a voltage change of
15%% from that found for the new probe shall be implemented per Appendix A

100% bobbin coil inspection of all active tubes with a 0.740 or 0.720 inch diameter
bobbin probe, for all hot leg TSP intersections and all cold leg intersections down to the
lowest cold leg TSP where ODSCC indications have been identified

RPC inspection of all bobbin indications greater thar the 1.5 volts shall be inspected to
confirm axial ODSCC as the dominant mechanism for indications at the TSPs

RPC sample inspection of at least 100 TSP intersections with dents or artifact/residual
signals that could potentially mask a 2.0 volt bobbin signal The RPC sample program
shall emphasize dented TSP intersections but include artifact signals that the analysts

<




judge could mask a repairable indication Any RPC flaw indications in this sample will
be plugged or repaired

« The NRC wil! be informed, prior to plant restart from the refueling outage, of any
unexpected inspection findings relative to the assumed characteristics of the flaws at the
TSP intersections This includes any detectable circumferential indications or detectable
OD indications extending outside the thickness of the TSP

The RPC inspection requirements for incications above 1.5 volts and for a minimum 100
intersection sample plan are consistent with the NRC resolution of draft NUREG-1477 1ssues
as presented by the NRC at the NRC/industry meeting of February 8, 1994 on resolution of
industry comments on the draft NUREG These RPC inspection guidelines were presented by
the NRC as part of the 2 0 volt IPC proposal

The IPC evaluations given n this report are based on the Sequoyah SG inspection
implementing the above guidelines and the 2 0 volt IPC repair limit






30 SEQUOYAH UNIT 1 STEAM GENERATOR TUBE EXAMINATIONS

31 Introduction

Two hot leg steam generator TSP intersections from Sequoyah Unit 1 (from tube R6-C58 of
SG 13) were examined at the Westinghouse Science and Technology Center in 1993 The
examination was conducted to characterize corrosion at the tube support plate (TSP) crevice
locations The tube was selected to obtain a range of the indications observed in the 1993
field eddy current inspection. The first and second support plate crevice region (TSP 1 and
TSP 2) of R6-CS8 had OD indications, TSP 1 with a single axial indication (SAI) and TSP 2
with a patch-type indication

The TSP regions were nondestructively examined Subsequently, elevated temperature leak
testing and room temperature burst testing were conducted on the TSP regions The burst
tested specimens were then destructively examined using metallographic and SEM
fractography techniques The following presents a brief summary of the more significant
observations of the OD origin IGSCC

32 Sequoyah Tube Pull Results

NDE Results

Table 3-1 presents a summary of the more important field and laboratory NDE results
relevant to the OD origin indications at TSP crevice locations. Field and laboratory eddy
current inspections produced similar data for the TSP | and TSP 2 regions of Tube R6-C58
which had OD ongin indications that were confined to the crevice regions These indications
had considerable width in the RPC data (and in the laboratory UT data) suggesting the
possibility of intergranular cellular corrosion (ICC) in addition to and in association with axial
cracking

Leak and Busst Testing

The first TSP crevice region of tube R6-C58 was leak tested at elevated temperature and

pressure  No leaks developed at either normal operating or steam line break conditions. The

second TSP indication was not leak tested, as the NDE results indicated maximum depths that

would not result in leakage at accident condition pressure differentials |

Room temperature burst tests were conducted at TSP regions without a restraining suppert |
plate at a pressunization rate of approximately 1000 ps: per second. Results of the burst tests |
for the TSP 1 and SP 2 regions of tube R6-CS8 are presented in Table 3-2 The burst |
specimens developed axial burst openings that were centered within the crevice regions. The

circumferential positions of the support plate crevice region specimens' burst openings were

the same as the location of the deepest UT indications. (The eddy current RPC data does not

provide an absolute circumferential position ) The burst pressures for the TSP crevice regions



were reduced by less than a factor of two from that of free span regions without corrosion.
well above the burst guidelines of the Reg Guide 1121

Table 3-2 also provides room temperature tensile properties obtained from a free span section
of tube R6-C58 The tensile and burst strengths for the free span section showed that tube
R6-CS8 was a moderate strerigth tube

Destructive Examination Results

The burst fracture faces of the TSP crevice region specimens were opened for SEM
fractographic examinations. Tables 3-3 and 3-4 present a summary of the fractographic data
The burst openings occurred in axial macrocracks that were composed of numerous axially
oriented intergranular microcracks of OD origin for the TSP 1 and TSP 2 regions of tube
R6-C58  All intergranular corrosion was confined to the crevice regions The ligaments
between microcracks were all intergranular in the case of the TSP 1 region and were mostly
intergranular in the case of the TSP 2 region (4 ligaments had ductile features indicating that
metal was present at these four locations prior to burst testing)

The burst opening macrocrack length and average depth for the TSP crevice regions was 045
inch and 75% deep for the TSP 1 region of tube R6-C58 and 0.31 inch and 51% deep for the
TSP 2 region. The maximum crack depth for these burst macrocracks was 91% and 65%,
respectively  All corrosion cracking observed within the microcracks had only intergranular
features

Figures 3-1 and 3-2 present sketches of the OD origin crack distributions found by visual
(30X stereoscope) examinations and by subsequent metallography on the OD surface of the
post-burst tested specimens. The sketches show the locations where cracks were found and
their overall appearance, not the exact number of cracks or their detailed morphology

Due to the complexities of the crack networks observed in the TSP regions of tube R6-C58,
radial metallography was utilized to provide an overall understanding of the intergranular
corrosion morphology. In radial metallography, small sections of the tube (typically 0.5 by
0.5 inch) are flattened, mounted with the OD surface facing upwards and then progressively
ground, polished, etched and viewed from the OD surface towards the ID surface

From the metallographic examinations, it was concluded that the dominant OD origin
corrosion morphelogy was axial intergranular stress corrosion cracking (IGSCC). There was
significant intergranular celiular corrosien (ICC) found in association with the axial IGSCC.
With an ICC morphology, a compiex mixture of short axial, circumferential and oblique
angled cracks interact to form cell-like structures. The ICC in the TSP 1 region of tube R6-
C58 occurred in a patch approximately 0.4 inch wide by 0.5 inch high and the ICC in the
TSP 2 region primarily occurred in an patch approximately 0.5 inch wade by 0.5 inch high.
(One additional patch was observed in the TSP 2 region. It was approximately 0.2 inch wide
by 0.1 inch high) The axial macrocracks associated with the burst oneni..gs of tube R6-CS8
occurred within these ICC patches.



Figure 3-3 presents a photographic montage from a radial metallographic section at a depth of
approximately 10% that shows some of the ICC found in the TSP 2 region of tube R6-C58
With progressive radial gninding, 1t was shown that the axial IGSCC was deeper than the
associated ICC. The ICC present disappeared between depths of 30% to 50% throughwall for
the TSP 1 and TSP 2 regions of tube R6-C58, while axial cracking was present to depths
greater than 50%

The OD ongin axial intergranular corrosion observed in TSP crevice regions was similar in
crack densities and in crack morphologies, as measured by D/W ratios (the ratio of crack
depth divided by the width of the crack at a mid-crack depth) The density of IGSCC was
typically high in the local area with ICC  Crack densities were typically 20 cracks in 50
degrees While very few to no cracks were found outside of these patches, if one
extrapolated the results to 360 degrees, crack densities of approximately 140 cracks in 360
degrees would be observed (Crack densities greater than 100 cracks in 360 degrees are
defined as high) Little to no OD surface intergranular attack (IGA) was observed at any
location independent of the IGSCC. IGSCC morphology can be characterized by D/W ratios
where the extent of IGA associated with a given crack 1s measured by the ratio of crack depth
to the width of the crack at its mid-depth D/W ratios for the OD TSP region cracking
indicated only a minor association as ' 'pical D/W ratios ranged from 13 to 50

Deposit Chemistry

Deposit/oxide film data from the TSP crevice regions of tube R6-CS8 was available from
energy dispersive spectrometry (EDS), from wave length dispersive spectrometry (EPMA),
from x-ray diffraction, from Auger electron spectrometry (AES)and from electron
spectrometry for chemical analysis (ESCA) techniques The following observations are
considered the more important from the data obtained 1) the presence of the minerals
kaolinite and chrysotile suggest a recent mildly alkaline local environment as kaolinite is
stable only in neutral to mildly alkaline environments and chrysotile forms only in alkaline
environments, 2) the OD deposits were rich in hematite and maghemite while magnetite was
absent suggesting the presence of a recent oxidizing environment; 3) the tube OD oxide film
had a homogeneous distribution of Cu (1.e, Cu 10ns diffused into the oxide films and may
have acted as an oxidant) (The presence of Cu in oxide films only has been intermittently
observed in past tube examinations), 4) Pb was present in OD deposits suggesting the
possibility the Pb also may have assisted in the corrosion development (However, Pb was not
observed in the OD oxide film decreasing this possibility), 5) the crack face oxide film was
thin (170 nm towards the OD and thinner towards the crack tip) suggesting no unusual
accelerated corrosion occurred, 6) the crack oxide film was depleted in Cr relative to Ni
suggesting a recent alkaline environment, 7) some OD deposit locations were Cr enriched
suggesting that the crevice environment at one time in the past was acidic. (Acidic conditions
will create Cr rich OD oxides which remain stable after a change to neutral or alkaline
conditions )

These observations suggest the presence of a2 mildly alkaline crevice environment during the
later stages of the last cycle



353 Conciusions

The examined TSP regions of tube R6-C58 had combinations of axially onented OD origin
IGSCC and ICC. The axial IGSCC was the dominant form of corrosion The OD corrosion
was confined to the crevice regions

An analysis of deposit data suggested that mildly alkaline conditions existed in the presence
of a local oxidizing environment within the TSP crevice regions. This chemical environment
probably was responsible for the observed OD ongin TSP crevice intergranular corrosion

Field and laboratory eddy current inspections accurately described the presence of axial
cracking They also suggested the presence of ICC in the TSP regions of tube R6-C58, as
RPC volumetric charactenistics were noted Laboratory UT inspection appeared to provide a
more detailed resolution of the cracking distnbution However, UT predicted that any
cracking present in the TSP 1 region was less than 20% deep, although the macrocrack within
the ICC region was 91% deep UT has also been found in other pulled tube exams to
underestimate depths for cellular corrosion, while providing accurate depth estimates for axial
indications in the absence of ICC

The TSP 1 crevice region did not leak dunng leak testing It can be inferred from the TSP 2
crack morphology that leakage would not have occurred at accident condition pressure
differentials The TSP crevice region burst pressures were 6622 psi and 9377 psi for the
TSP 1 and TSP 2 region of tube R6-C58 The burst pressures were above safety limitations
The burst tests were performed simulating free span conditions with no TSP enveloping the
indications.  The corresponding corrosion macrocracks for the burst openings were 75% deep
on average over a length of 045 inch for the TSP ) region (91% maximum depth) and 51%
deep on average over a length of 031 inch for the TSP 2 region (65% maximum depth).

The examination results support the conclusion that the Sequoyali Unit 1 TSP indications are
consistent with the database accumulated from other plants for ODSCC at TSP intersections.
Both burst pressure results for tube R6-C58 are close to the mean of the APC burst pressure
versus bobbin voltage correlation. The crack morphology of OD IGSCC with patches of ICC
15 typical of the pulled tube data for TSP crevice regions



Table 3-1

Comparison of NDE Indications Observed on Sequoyah Unit |
SG Tube Tubesheet Top and Support Plate Crevice Regions

R6-CSR
TSP |

Location

Field E/C

Bobbin 19V, OD ind (in

both ongmal field call &
n review of field data),
79% deep, (05 V noise
level), no dent

RPC OD SAL 22 V (in
review of field data,
calibration different in
orngmal field cali), 05"
long

Lab E/C
Bobbin 20V, OD ind ,
65% deep
RPC SAIL 05" long,
311V, 1% deep ind
1s wider than in field
data

Lab UT

Patch of short, shallow
(< 20% deep) ax:al and
circ inds within
crevice, 0 5" by 100
degrees

Lab X-Ray

Small patch of circ inds
near center of crevice, 0 1
by 005 inch

R6-CS8
TSP 2

Bobbin 067 V, OD ind ,
62% deep, (05 V noise
level), no dent

RPC nowsy data, 0 25"
length by B0 degrees ind

Bobbin 068 V, OD
ind , 55% deep

RPC OD patch ind |
035" b: 90 degrees,
0 85 V, 40% deep

No data

No ind

Legend of Abbreviations
NDD = No Detectable Degradation RPC = Rotating Pancake Coil

TST = Tubesheet Top
V = Voltage

Ind = Indication

MATI = Multiple Axial Inds

Circ = circumferential
SAI = Single Axial Ind
(#C) = number of cracks




Table 3-2

1 eak Test and Room Temperature Rurst and Tensile Test Resuits
for \-‘,‘(]!l”\ﬂh linit 1 SG Tubing
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{inches)

———————— ;
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{ing hes)

{pst)

{delta psi. /hr)

0N GO0

6622

7ero

Z7ero
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et

free span location, leak rates in liters per hour are provided

TSP support plate crevice region locat.on, FS
secondarv pressure in psi) with the results being

iegend
for vartouz differences in pressure {(orimary pressure minus

presented in the chronological order

} are those from the chemical and physical certifications from pre-operational plant data
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Table 3-3

SEM Fractography Data on Corrosion Present on the Burst Fracture Faces

of Sequoyah Unit | Steam Generator Tubes

B e =SS e ——

Location Max Depth Ave Depth Macrocrack Length Ductile Ligaments
(% depth) (% depth) (in) (#/wadth, in )
R6-CS8, TSP | 91 (OD ongin) 75 045 B none
R6-C58, TSP 2 65 {OD ongin) 51 031 4/0025, 0013, 0003 & 0003




Table 3-4

Sequoyah Unit | SG Tube Macrocrack Profiles

Length vs Depth Ductile Ligament Comments
Location (inches/”% throughwall) Location/ Width (inches)

R6-CS8, TSP | 0 00/00 crack bottom all ligaments have

0 04/8C mntergranular teatures
0.09/72

013/72

0 18/80

022/90 (Max depth = 91%)
031/64

0 36/64

0 40/72

0 45/00 crack top
R6-CS8, TSP 2 0 00/00 crack top
0.03/52

G 05,24 Cavss Ligement - §025*
« OR/64
0.11/65
0.14/48
017/52 < Ligement = 0003
020/56 .
0.23/56

026/44 ° Lagament = 0013
0.29/44
031/00 crack bottom

Ligament 0 00%"




Elevation (inches)
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1.0 SP Top
0.2 SP Bottom
0 1 1 1
0° %0° 180° 210° 360°
Circumferential Posiion (degrees)
Figure 3-1 Sketch of the OD origin crack distribution found at the first TSP crevice region

of tube R6-C58 Also shown 1s the location of the burst fracture opening
(While the burst opening extended outside of the TSP crevice region, the
corrosion cracking on the burst fracture was confined to within the crevice

region)
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Figure 3-2 Sketch of the OD ongin crack distribution found at the second TSP crevice

region of tube R6-CS8  Also shown 1s the location of the burst fracture
opening (While the burst opening extended outside cf the TSP crevice region,

the corrosion cracking on the burst fracture was confined to within the crevice

region)




Figure 3-3 Radial Metallography at 10% depth showing ICC morphology
(tube R6-C58, TSP 2)

wd



40 ACCIDENT CONDITION CONSIDERATIONS
41 General Considerations for Accident Condition Analyses

Steam line break and combined accident analyses for Model 51 SGs have been documented 1n
prior APC WCAP reports such as WCAP-1287] (Reference 4) The analyses included TSP
displacements 1in a SLB event, combined LOCA+SSE loadings for potential tube deformation
assessments, and the effects of combined SSE+FLB/SLB stress levels on tube burst capability
The analyses of WCAP-12871 umbrella Sequoyah Units 1 and 2 and are not repeated in this
report.  For tube burst considerations, all indications are assumed to be free span indications
consistent with the EPRI ARC critenia  This assumes that TSP displacements in a SLB event
are large enough to expose most or all of the ODSCC cracks formed within the TSP crevices
at normal operating conditions, which 1s very conservative for most tube locations

The allowable leakage 1in a SLB event is plant specific and 1s developed for Sequoyah
Units | and 2 1n Section 4 2, below

42 Allowable Leak Rate for Accident Conditions

An evaluation has been performed to determ.ne the maximum permissible steam generator
primary to secondary leak rate during a steam line break for the Sequoyah Nuclear Plant
Units | and 2 The evaluaton considered both pre-accident and accident initiated iodine
spikes  The results of the evaluation show that the thyroid dose at the site boundary with an
accident iminiated spike yields the limiting leak rate. This case was based on a 30 rem thyroid
dose at the site boundary and initial pnmary and secondary coolant 10dine activity levels of 1
uCi/gm and approxamately 2x10° uCi/gm DE 1-131, respectively. A leak rate of 4 3 gpm
was determined to be the upper limit for allowable primary to secondary leakage in the SG in
the faulted loop. The SG in each of the three intact loops was assumed to leak at a rate of
150 gpd (approximately 01 gpm), the proposed Technical Specificaton LCO

Thirty rem was selected as the thyroid dose acceptance criteria for a steam line break with an
assumed accident imtiated 10dine spike based on the guidance of the Standard Review Plan
(NUREG-0800) Section 151 5, Appendix A It should be noted that 50% of the 10CFR100
thyroid dose limit, or 150 rem, was selected as the thyroid dose acceptance cnitena for the
case of a pre-accident 10dine spike. The evaluaticn included the determination of thyroid and
whole body doses both offsite and to control room personnel, as well as the skin dose to
control room personnel These doses are given in Table 4-1 The site boundary doses are for
the ininal 2 hour period following the steamline break It 1s assumed the operator takes
action to cooldown and depressurize the plant, and place the RHR System into service for
further RCS heat removal within 8 hours after the accident Once the RHR System 1s placed
into service and the RCS has been depressurized, there are no more steam releases from the
intact steam generators. Thus, the low population zone doses are based on activity release for
the initial 8 hours following the steamline break The contro! room dose calculation 1s
extended bevond 8 hours to 30 days because activity will continue to be in the control room
atmosphere and additional time 1s required to either filter (via recirculation) or purge the

4-1



activity from the control room atmosphere In this case, there 1s no increase in the controlling
thyroid dose after 24 hours  As stated previously, the site boundary thyroid dose with an
accident initiated 1odine spike 1s imiting with respect to the allowable primary to secondary
leak rate following the steamline break

The salient assumptions foilow
®  Imnal pnmary coolant 10dine activity - 1 uCi/gm DE I-131 (Tech Spec. LCO)

®  Initial secondary coolant 10dine activity -  approximately 2x10* uCi/gm DE 1-131
(calculated value based on ANSI 18 1
methodology and adjusted for 1 gpm
primary-to-secondary leakage)

®  Ininal pnmary coolant noble gas activity based on 1% fuel clad defects

L3 Steam released to the environment

- from 3 SG's in the intact loops, 479,000 1b (0-2) hours); 1,030,000 b (2-8 hours)
- from the affected SG, 87,000 Ib (the entire initial SG water mass in 0-10 minutes)

®  lodine partition coefficients for pnmary-secondary leakage

- SG's in intact loops, 1 0 (leakage 1s assumed to be above the mixture level)
= SGin faulted loop, 1 0 (SG 1s assumed to steam dry in ininal 10 minutes following
steamline break)

®  lodine partinon coefficients for activity release due to steaming of SG water

- SG's in intact loops, 0.01
- SG n faulted loop, 1.0 (SG 1s assumed to steam dry in initial 10 minutes following
steamline break)

®  Atmospheric dispersion factors - see Table 4-2

®  Thyroid dose conversion factors per ICRP 30 (Intemational Commission on Radiological
Protection, "Limits for Intakes of Radionuclides by Workers", Publication 30, 1979)
The thyroid dose conversion factors provided in ICRP 30 were issued as the first
revision to the dose conversion factors that were originally provided in ICRP 2 , "Report
of ICRP Commuttee II on Permissible Dose for Internal Radiation", 1959. (ICRP 2 is
the source of the TID-14844 dose conversion factors.)

®  Whole body and skin doses based on average gamma and beta disintegration energies

®  Jodine chemical form - 100% elemental

®  Control room filter efficiency - 95%



s Control room volume - 260,000 ft’

s Control room makeup flow - 1000 cfm

® Control room recirculation flow - 2600 c¢fm
®  Control room unfiltered inleakage - 51 c¢fm

®  Control room occupancy factor - 1.0 from 0 to 1 day, 060 from 1 to 4 days; 0 40 from
4 to 30 days

The 10dine activity released to the environment due to a main steam line oreak can be
separated into two distinct releases the release of the 10dine activity that has been
established in the secondary coolant prior to the accident and the release of the pnimary
coolant 10dine activity that 1s transferred by tube leakage during the accident Based on the
assumptions stated previously, the release of the activity imitially contained in the secondary
coolant (4 SG's) results 1n a site boundary thyroid dose of approximately 10 rem This dose
is independent of the leak location(s) The dose contribution from 1 gpm of pnmary-to-
secondary leakage (4 SG's) 15 6.53 rem. With the thyroid dose limit of 30 rem and with 10
rem from the initial activity contained in the secondary coolant, the total allowable primary-
to-secondary leak rate 1s (30 rem - 10 rem)/6 53 rem per gpm, or 46 gpm Allowing 01
gpm per each of the 3 intact SGs leaves( 46 - 0.3) or 43 gpm for the SG on the faulted loop



Table 4-1

Doses (rem) From Steamline Break’

m
Site Boundary Low Population Control Room
(0-2 hours) ~ Zone (0-30 aays)
(0-8 hours)
Thyroid (Pre- 99 16 <20
Accident
lodine Spike
Thyreid (Accident 66 14 <10
Initiated Iodine
Spike)
Whole Body 23x 10° 35x10° g1x10*
(Gamma)
Skin (Beta) -e- 60x 107
L reren e s semre— pmerdery ey e ermesnrrrEmTnosTs g

thH

Based on 1 gpm primary-to-secondary leakage




TFable 4-2

Accident Atmospheric Dilution Factors (sec/m’)

Low Population
I

Zone

Control Building

96 x

control room presented 1n UFSAR
from the main plant vent
the steam vault For this analysis, 1t 1s assumed

The steamline

that the
sion factors for an activity release from th

¢ steam vauit
greater than the UFSAR values




50 DATABASE SUPPORTING ALTERNATE REPAIR CRITERIA

This section describes the database to be used for the ARC correlations of Section 6 0 and the
SLB analysis of Section 80 The database to be apphied for the Sequoyah IPC is the
database concurred upon by the NRC at the time of IPC approval or the EPRI ARC database
if shown 1o be more conservative than the NRC approved database The differences in the
databases currently approved by the NRC based on Spring 1994 Farlev-1 and D. C. Cook-1
SERs and the EPRI ARC database are described in Section 52, As described in Sections 6
and 8, the EPRI database 1s more conservative for SLB leak rate analysis using draft
NUREG-1477 methodology Thus, the EPRI database can be used for leak rate analyses
based on draft NUREG-1477 The Farley-1 and Catawba-1 SERs specify that th: latest
database 15 to be used for probability of burst analyses, which are provided for information
only since these analyses do not impact the repair limits or the number of tubes to be

repaired For this report, the interpretation 1s made that the EPRI recommended ARC
database 1s the latest database and is to be applied for IPC tube burst probability analyses

The IPC requires a voltage himit, above which tubes require repair independent of
confirmation of the bobbin flaw indication by RPC inspection A repair limit of 3 6 volts (see
Section 8 2), from the Farley-1 and Cook-1 SERs, 1s adopted for the Sequoyah IPC. This 3 6
volt repair limit 1s lower than that developed for the IPC guideline based on a full APC repair
limit independent of the EPRI or NRC recommended database. Thus, based on supplemental
analyses given in Sections 6 0 and 8 2, 1t 1s concluded that the EPRI ARC database can be
used for all Sequoyah IPC applications

51 EPRI ARC Database

The database for 7/8 inch diameter tubing 1s descnibed in EPRI Report NP-7480-L, Volume 1,
Revision 1 (Reference 2) However, at the February 8. 1994 NRC/Industry meeting, the NRC
presented resolution of industry comments on draft NUREG-1477 The NRC identified
guidelines for application of leak rate versus voltage correlations and for removal of data
outliers in the burst and leak rate correlations. The EPRI evaluation applying the NRC
guidance on removal of outliers to update the database for the 7/8 inch tubing correlations has
been submitted 10 the NRC by Reference 3 as a draft Appendix E revision to

Keference 2

In Reference 2, data were removed from the EPRI database based on less explicit criteria than
that of Reference 3 The updated criteria lead to a change in one data point from

Reference 2 Plant D-1 tube R11C60, TSP 1, which was previously deleted for atypical
morphology, 1s added back into the database. No new data for 7/8 inch diameter tubing has
been obtained since the preparation of Reference 2 The data of Reference 2 are updated for
the present application based on the outlier evaluation of Reference 3. Table 5-1 summarizes
the data having burst pressure and leak rate tests Table 5-2 summarizes the data for use in
the probability of leak correlation. These tables are applied to develop correlations for ARC
applicanons in Section 6 0
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At the time of th:s report, the NRC has not yet provided concurrence with the EPRI ARC
database transmitted by Reference 3. The latest NRC documented database acceptance 1s that
provided in the Farley-i and Cook-1 SERs The differences between the current
NRC-accepted database and the EPRI database described above are

* NRC Additions to Burst Pressure versus Voltage Correlation

For the data of Table 5-1, the following data points are revised to be included in the
burst correlation

- Plant D-1: R11C60 - TSP 2, R18C16 - TSP |, R18C21 - TSP 1
- Plant F. RI13C42 - TSPs | & 2, R16C29 - TSP 1, R16C42 - TSPs 1 & 2

These data points were exciuded from the EPRI database per Criterion 2a of
Reference 3 This criterion excludes data from the EPRI correlatuons based on crack
morphology atypical of the ARC database In these cases, the lack of remaining
uncorroded ligaments in the shallow indications resulted in high voltages for the given
degradation levels and associated burst pressures, which led to very high outlier
behavior in the burst pressure versus voltage correlation In principal, these
indications should also be included in the probability of leakage (POL) correlation.
However, since all of these indications are non-leakers, 1t 1s conservative to not
include them as applied for the EPRI ARC database This conservatism 1s applied for
the Sequoyah IPC POL correlation to eliminate the need for multiple POL correlations

* NRC Additions to SLB Leak Rate Database and Correlations

For the data of Table 5-1, the current NRC database would include the following
indications in the SLB leak rate analyses as applied to the draft NUREG-1477
methodology or the EPRI SLB leak rate versus voltage correlation:

- Model boiler specimen 542-4, wath a bobbin voltage of 50 3 volts and a SLB leak
rate of 086 l/hr

Plant J-1 pulled tube R8C74 - TSP 1, wath a bobbin voitage of 30 9 volts and a
SLB leak rate of 013 l/hr

These data points were excluded from the EPRI database per Criterion 3 of
Reference 3 The cniterion excludes data from the EPRI correlations based on SLB
leak rates less than 10% higher than normal operating conditions (Specimen 542-4) or
less than 50 times the leak rate of specimens containing similar through wall
degradation and voltage responses (R8C74) In these cases, 1t i1s expected that the
cracks likely became plugged by deposits during leak testing and the resulting leak
rates are much lower than expected as represented by the rest of the database



52 NDE Uncertainties

For IPC applications, NDE uncertainties are required to support projections of EOC voltage
distributions, SLB leak rates and SLB tube burst probabilities as discussed in Section 8 0.
The database supporting NDE uncertainnes 1s described in Reference 2, and NDE
uncertainties for IPC/APC applications are given in the EPRI repair critena report
(Reference 1) From Reference 1, the NDE uncertainties are compnsed of uncertainties due
to the data acquisition technique, which 1s based on use of the probe wear standard, and due
to analyst interpretation, which 1s sometimes called the analyst vanability uncertainty

The data acquisition (probe wear) uncertainty has a standard deviation of 7 0% about a mean
of zero and has a cutoff at 15% with implementation of the probe wear standard requiring
probe replacement at 15% differences between new and wom probes as descnbed in
Appendix A

The analyst interpretation (analyst vanability) uncertainty has a standard deviation of 10 3%
about a mean of zero. Typically, this uncertainty has a cutoff at 20% based on requiring
resolution of analyst voltage calls differing by more than 20% as descnbed in Appendix A
However, as of the February 8, 1994 meeting, the NRC has not accepted the 20% cutoff on
the analyst interpretation uncertainty Pending a further resolution of this issue with the NRC,
it 1s planned that the analyst interpretation uncertainty would be applied without a cutoff For
EOC voltage projections, separate distributions will be applied for the data acquisition with a
cutoff at 15% and the analyst interpretation with no cutoff
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Table 5-1

7/8-Inch Diameter Pulled and Model Boiler Tube Leak Rate
and Burst Pressure Measurements

Bobbin Coll SLB Lesk Adjusted Correlation
Specimen RPC Destructive Exam Rate (Vhr)™) Burst Application™
No. or =1 Volts 5 Pressure'*’
Piant | Row/Col | TSP Max. | Length (psh) Leak Burst
Volts'' Depth Depth {in.) 2560 AP Rate

(See notes at bottom of last page)
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Table 5-1
7/8-Inch Diameter Pulled and Model Boiler Tube Leak Rate
and Burst Pressure Measurements

Bobbin Coil SLB Leak Adjusted Correlation
Spectmen RPC Destructive Fxam Rate ) Burst Application”™
No. or Valts - Pressure’®’
Plant | Row/Col | TSP - Muax. | Length (psi) Leak Burm
Vaits"’ Depth Depth (in.) 2560 AP Kate

(See notes at bottom of last page)
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Table 8-1
7/8-Inch Diameter Pulled and Mode! Boiler Tube Leak Rate
and Burst Pressure Measurements

Bobbin Coll SLB Leak Adjusted Correistion
Specimen RPC Destructive Exam Rate (Vhr)™’ Burst Appbication™’
Ne. or Volts N Pressure'!!
Plamt | Row/Col | TSP Max. | Length® (psi) Leak | Burs
Valts™ Depth Depth {in.) 2560 AP Rate

(See notes et bottom of last page)
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Table 5-1
7/8-Inch Diameter Pulled and Mode! Boiler Tube Leak Rate
and Burst Pressure Measurements
Bobbin Coil SLB Leak Adjusted Correlation
Spectmen RPC Destructive Exam Rate (Vhr)™’ Burst Application'”’
No. or Volts . Pressure' "
Plant | Row/Col | TSP Max. | Length (psi) ek Burst
Voits™ Depth Depih (in.) 2560 AP Rate
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Table 5-2: Database for Probability of Leak for 7/8" Diameter Tubes

Plant or Mode|
"Boiler Sample
Number

Bobbin
Amplitude
(Volis)

Probability of]
Leak

Plant or Mode|
"Boiler Sample
Number

Bobbin
Amplitude
(Volis)

Probability of
Leak
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60 TUBE BURST AND SLLB LEAK RATE CORRELATIONS
61 EPRI ARC Correlations

As part of the development of alternate repair criteria (ARC), correlations have been developed
for tubes containing ODSCC indications at TSP locations between the bobbin amplitude,
expressed in volts, of those indications and the free-span burst pressure, the probability of leak,
and the free-span leak rate for indications that leak, references (1) and (2) The database used
for the development of the correlations 1s presented and discussed in reference (2) Guidelines
for the 1dentification and exclusion of inappropriate data, termed outliers, are provided in
reference (3) In addition to the aforementioned, an empinical correlation curve for the burst
pressure as a function of crack length has been developed for tubes with free-span, through-
wall, axial cracks In 1993, the NRC 1ssued draft NUREG-1477, reference (5), for public
comment The draft NUREG delineated a set of guidelines for criteria to be met for the
application of Interim Plugging Cnitena (IPC) for ODSCC indications The cntena guidelines
permitted the use of, with adequate justfication, a burst pressure to bobbin amphitude correla-
uon and a probability of leak to bobbin amphtude correlation. The critena guidelines did not
permit the use of a leak rate to bobbin amplitude correlation for the estimation of end of cycle
(EOC) total leak rates In essence, references (1) and (2) provided comments on the reference
(5) guidelines Reference (6) provided an NRC response and position relative to resolving the
differences between references (1) & (2) and reference (5), along with responses to other public
comments Of significance to this report, 1s that reference (6) indicated that a correlation
between leak rate and bobbin amplitude could be employed if the correlation could be
statistically justified at a 95% confidence level, and provided direction for the development of
guidelines, e g, reference (3), that could then be employed for the 1dentification and exclusion
of outlying experimental data Subsequent discussions with NRC personnel have revealed
potential 1ssues associated with the manner in which the leak rate to bobbin amplitude
correlation 1s used, thus, the potential leak rate during a postulated steam line break (SLB) 1s
herein estimated with and without the use of the correlation.

The purpose of this section 1s to provide information and justification for all of the correlations
developed in support of the application of an IPC for the Sequoyah Units 1 & 2 nuclear power
plants Information 1s first presented relative to the correlation of burst pressure to bobbin
amplitude and to through-wall crack length, followed by a discussion of the correlation
between the probability of leak and the bobbin amplitude, and lastly a discussion of the
correlation of leak rate to bobbin amplitude The use of each of the correlations 1s also

documented
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63 Burst Pressure vs Threough-Wall Crack Length Correlation

For a tube with a mean radius of r,, and a thickness ¢, the normalized, 1 e , non-dimensional-
1zed, burst pressure as a function of the actual burst pressure, P, , 1s given by

p
p =___8'" (62)

(S, S )t

Y

Thus, P,,, 1s the ratio of the maximum Tresca stress intensity, taking the average compressive
stress in the tube to be P, /2, to twice the flow strength of the matenial The normalizing
parameter for crack length, a, 1s given by

(63)

a form which anses in theoretical considerations of the burst problem The burst pressure as a
function of axial crack length for a specific tube size is then easily obtained from the non-
dimensionalized relationship

Examination of the normalized burst pressure database indicated that a vaniety of functional
forms would result in similar fit charactenstics. An exponential function, 1 e,

A
i

s 4
'zbo’ble 0' (6 )

P

ba

was finally selected based on the combination of maximizing the goodness of fit, and mimmiz-
ing the number of coefficients in the function. Equation (6 4) was also found to be advanta-
geous in that it can easily be inverted to yield A as a function of P,,,  For the data analyzed,
the coefficients of equation (6 4) were found to be

- (65)

P, =00615+0534¢

bo

The index of determination for the fit was 98 3%, with a standard error of the estimate of
0015 The F distibution statustic for the regression, the ratio of the mean square due to the
regression to the mean square due to the residuals, was 4625 Thus, the fit of the equation 10
the data 1s excellent Note that this does not mean that equation (6 4) 1s the rue form of a
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of freedom used in estimating the probabihity of occurrence of a t-deviate greater than 1 1s
conservatively taken as the lesser of the number of degrees of freedom of P,,, or S, An
alternate estimate of the probability of burst can be obtained by simulating P, and §,
independently In this case, a large number of values of P,,, and S, are independently
calculated using randomly generated independent r-variates and the respective estimated
standard deviations of /,,, about the regression curve and S, about the mean of the database
These are then combined using equation (6 7) to obtain a burst pressure for a single simulation
The number of occurrences of the calculated burst pressure being less than the SLB pressure is
then an estimate of the probability of burst Based on the specific simulation results an upper
bound for the estmate of the probability of burst may then be made using non-parametric
methods The results of the calculatonal and the Monte Carlo simulation determinations are
depicted on Figure 6-3  Also shown are the 99% upper confidence bounds for the Monte Carlo
estimated values The calculational procedure is seen to lead to a conservative estimate of the
probability of burst for a given crack length An examination of the distribution of the of burst
pressures from the Monte Carlo simulations reveals that 1t 1s skewed right Thus the tail of the
distribution 1s shorter for the lower burst pressures, hence the lower probabilities of burst

64  NRC Draft NUREG-1477 SLB Leak Rate POD and Uncertainty Methodology

The NRC methodology of draft NUREG-1477 obtains the number of indications that are to be
considered as being returned to service, N, as

- N
N=N,+N_, ~N, GN"LFC_)PT)QBN‘ -N’gﬁfﬁ =N, (6.9)

where, N, = the number of detected bobbin indications,
N, = the number of repaired indications,
N,s = the number of indications not detected by the bobbin inspection,
POD the probability of detection (0 6 for NRC methodology)

H

The above adjustments for POD have been incorporated in the BOC and EOC voltage
distributions so that no further adjustments are required for the leakage calculation Section 3 3
of draft NUREG-1477 states that the total leak rate, LR, should be determined as

LR =pP +Z\jl o'P +y'P -L(NPY) |, (6.10)
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= the mean of the leak rate data independent of voltage,

= the standard deviation of the leak rate data independent of voltage,

the probability that a tube leaks for the i voltage bin,

= number of indications (after POD adjustment) in the i* voltage bin,

= L,(N,P,) = expected number of indications that leak summed over all voltage
bins,

Z = standard normal distribution deviate (establishes level of confidence on

leakage)

where,

v 2™Ya=x
"

For the total leakage, the first term of the above equaton represents a mean expected leak rate
while the square root term is an effective standard deviation for the total leakage based on the
vaniance of the product of the probability of leak and the predicted leak rate Draft NUREG-
1477 recommends that Z be taken as 2, corresponding to an upper bound confidence of 98%

65 Probability of Leakage Correlations

Historically, the probability of leakage has been evaluated by segregating the model boiler and
field data into two categones, 1.e, specimens that would not leak d. .g a SLB and those that
would leak during a SLB. These data were analyzed to fit a sigmoiu type equation to establish
an algebraic relationship between the bobbin amplitude and the probability of leak The
specific algebraic form used to date has been the logistic function with the common logarithm
of the bobbin amplitude employed as the regressor vanable, 1.e, letting P be the probability of
leak, and considering a loganithmic scale for volts, ¥, the logistic expression 1s

1

P( leak IV) - ~1a, +8,i0g(¥))

(611)

I +e

This 1s then rearranged as:

ln[lfp]-ao*allog(V). (612)

to permut an iterative, linear, least squares regression to be performed to find the maximum
likelthood estimators of the coefficients, a, and a,

Reviews of those evaluations, e g., NUREG-1477, have resulted in the NRC requesting that
alternate sigmoid function forms be investigated, and that the evaluations also consider the
potential dependence to be on the bobbin amplitude instead of the loganthm of the bobbin
amphitude NUREG-1477 specifically mentions that the cumulative normal, or Gaussian,
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and “or the Cauchy distnibution function the model to be fitted 1s

l *—ltam”[ar +a log(l;} (614)
2 n i '

P(leak) =
The link function for the Gaussian function 1s

n =07(p) =a, +a log(). 613)

while for the Cauchy function the link function 1s

-4

To fit the equation forms to the bobbin amplitude rather than log of the amplhitude, V' 1s
substituted for log(¥) Each equation was fitted to the data using an iterative least squares
technique, which results in the maximum likelthood estimates of the parameters

n =tan =a, +a log(V) (616)

The results of all of the regression analyses are summarized in Table 6-2 The coefficients of
the equations are provided along with the elements of the varniance-covanance matnix for the
coefficients In addition, the deviance for each solution is also given One accepted measure
of the goodness of the solution or fit for GLM's is the deviance, D, given by,

l (6.17)

- P
D=2% 1P In o

e

=P ||

+(1-P)In

where P, 1s the probability associated with data pair 1 and P(V) 1s the calculated probability
from I’ The deviance 1s used similar to the residual sum of squares in linear regression
analysis and 1s equal to the error, or residual, sum of squares (SSE) for linear regression For
the probability »f leak evaluation P, 1s either zero or one, so equation (6.17) may be written

D =-2 Z {P,ln[P(v,)]wi =P )|l -P(v,)]}. (6.18)

1®]
Since the deviance 1s similar to the SSE, lower values indicate a better fit, 1 e, the lower the
residual sum of squares the more of the vanation of the data is considered to be explained by

the regression equation The smallest deviance is obtained from the log-normal fit with the
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iog-logistic fit providing the next smallest deviance The difference between the two 1s not

judged to be sign'” The next best fit was obtained with the normal fit The deviance
using either Cav form 1s about 15% to 20% percent higher than for the other functions
inclusion of the iers in the log-logistic evaluation increased the deviance from 25 ] to 252

The results of fiting each of the equations are depicted on Figure 6-4 and Figure 6-5 A
comparison of the results shown on Figure 6-4 with those shown on Figure 6-5 indicates that
the use of the logarithm of the volts results in a spreading of the functions with the probability
of leak at, say, 3 volts being higher for the logarithmic forms In the very low voltage range,
less than | volt, the probabihity of leak 1s lower for the loganthmic forms This 1s due to the
fact that the tails must extend to -ac  In general, the Cauchy cumulative distribution function
has longer tails than either the logistic or normal functions. It also nises much more sharply in
the middle of the data range The regression results on Figure 6-5 illustrate the non-realistic
nature of the Czuchy fit for the non-loganthmic form Examinanon of the figures indicates
that the Cauchy distribution 1s less representative of the data in the regions where the no-leak
and leak test data overlap Figure 6-6 1s provided to compare the results of the log-logistic
correlation with and without the inclusion of outliers in the analysis A discussion of these
results 1s provided later in this section

A lisung of probability of leak results for selected volts 1s provided in Table 6-3  For a
bobbin amplitude of 1 volt, predictions based on the log-normal function are at least an order
of magnitude less than predictions based on the log-logistic function  For very high voltages
the Cauchy distnbution forms rise to a probability of leak of one slower than the other
distibution fun ucns |

Taken in conjunction with the leak rate versus voltage correlation, the choice of a probability
of leak function 1s relatively moot. The final total leak rate values tend to differ by only a few
percent across the spectrum of POL functions

66 SLB Leak Rate Versus Voltage Correlation for 7/8" Tubes

The bobbin coil and leakage data previously reported were used to estimate a correlation
function between the SLB leak rate and the bobbin amplitude voltage Since the bobbin
amplitude and the leak rate would be expected to be functions the crack morphology, 1t is to be
expected that a correlation between these vanables would exist Previous plots of the data on
linear and loganithmic scales indicated that a linear relationship between the logarithm of the
leak rate and the loganithm of the bobbin amplitude would be an appropriate choice for
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establishing a correlaung function via least squares regression analysis Thus, the functional
form of the correlation 1s

log(Q) = b, +b log(V), (619)

where () 1s the leak rate, 1" 1s the bobbin voltage, and b, and b, are coefficients that are
esimated from the data The final selection of the form of the variable scales, 1e, log-log,
was based on performing least squares regression analysis on each possible combination and
examining the index o1 determination, 7, for each case Given the results, it was not obvious
whether the appropriate choice of axes scales should be linear-linear or log-log The index of
determination for the regression of Q on ¥ was about 10% less than that for log(Q) on log(}),
thus indicating some question relative to the choice of scales However, similar analysis of
data for 3/4" diameter tubes yielded an index of determination of 24% for ¢ on V and 58% for
log(() on log(}), clearly indicating the appropriate choice of scales to be log-log

A summary of the results of the regression analysis 1s provided in Table 5-4 The number of
data pairs used for the above evaluations was 24 and the number of degrees of freedom (dof)
22 The obtained value of 7 of 38 6% is significant at a level of 99 88% based on an F
distribution test of the ratio of the mean square of the regression to the mean square of the
error This can also be interpreted as the probability that the log of the leak rate is correlated
to the log of the bobbin amplitude An alternate interpretation 1s that if the variables are really
uncorrelated and the testing was repeated many times, an index of determination equal to or
greater than that obtained from the analyzed data would be expected to occur randomly in only
012% of those tests Similar analysis of the data for 3/4" diameter tubes resulted in a
significance level of >99 999% wath a random probability of occurrence of the leve! of the
observed correlation of only 18:10* If the variables are truly uncorrelated, then the joint
probability of occurrence of the observed correlations would be ~22-10"", with an attendant
probability that the vanables are correlated of ~1 - 22-10""  The conclusion to be drawn from
these results 1s that 1t 1s very likely that the variables are correlated

At the February 8, 1994, meeting between the NRC, EPRI, and NUMARC, informat on was
presented by the NRC that the "use of linear regression is acceptable if shown to be valid at a
5% level with [a] p-value test " It was also noted that the "constant leak rate model in [the]
draft NUREG [-1477] should continue to be used until [the] linear model is shown to be

vahd " The p-value 1s the conditional probability of observing a computed statistic, e g, the F
distribution value reported above, as large or larger than the observed value, under the
condition that there 1s no relationship In this case, a small p-value is evidence against the null
hypothesis that there is no correlation between log((?) and log(¥) The p-values for the
esumated parameters of Equation (6 19) are also given in Table 6-4 For the regression
equation the conditional probability that the slope 1s zero 1s 0 12% The conditional probability
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that the intercept i1s zero i1s 1 93% The validity of the regression 1s judged by the p-value
associated with the slope  Since this 1s significantly less than the 5% vzlue as supulated
above, the regression is concluded to be valid, and the use of lincar regression 1s acceptable
On the basis that the NRC has not completed its review of the use of the conditional leak rate
model in conjunction with the POL model, the NRC has stipulated that a leak rate calculation
be performed per the methodology descnbed in NUREG-1477 (which dces not admit the use
of a regression equation) Thus, EOC leak rate valves under postulated SLB conditions are
reported for both calculational methods

In order to determine if the parameters of the relatonships were being biased by the presence
of unduly influential data points, a least median of squares regression analysis was performed
on the data set for the log(Q) versus log(}) regression. Four points were identified as potential
outhers for a AP of 2 560 ks An examination of the testing programs' information associated
with these data revealed no basis for rejecting the data, thus they were retained for the analysis

The expected, or anthmetic average (AA), leak rate, Q, corresponding to a voltage . .el, V,
was also determined from the above expressions Since the regression was performed as
log(Q) on log(}) the regression line represents the mean of log(Q) as a function of bobbin
amplitude  This 1s not the mean of Q as a function of ¥ The residuals of log(Q) are expected
to be normally distnbuted about the regression line Thus, the median and mode of the log(Q)
residuals are also estmated by the regression line  However, Q is then expected to be
distributed about the regression hine as a log-normal distribution The regression line sull
estimates the median of (), but the mode and mean are displaced The corresponding adjust-
ment to the normal distribution to obtain the AA of Q for a log-normal distribution is

- 8,8, ()« 000 o 0
g =E{Qlvy =10™"™ T T (620}

for a given V', where 0" 1s the estimated variance of log(Q) about the regression line. The
vanance of the expected leak rate about the mean expected leak rate 1s then obtained from

Var(Q) gé:[emr!om‘_l] (6.21)

To complete the analysis for the leak rate, the expected leak rate as a function of log(¥) was
determined by multiplying the anthmetic average leak rate by the probability of leak as a
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function of log(}) The results of this calculation are also depicted on Figure 6-7 for a steam
line break differential pressure of 2560 psi

Analysis of Regression Residuals

As previously noted, the correlation coefficients obtained from the analyses indicate that the
log-log regressions at the vanous SLB AP's are significant at a level greater than 99 8%
Additional verification of the appropriateness of the regression was obtained by analyzing the
regression residuals, 1 e, the actual variable value minus the predicted variable value from the
regression equation A plot of the log(() residuals as a function of the predicted log(Q) was
found to be nondescript, indicating no apparent correlation between the residuals and the
predicted values A cumulative probability plot of the residuals on normal probability paper
approximated a straight line, thus venfying the assumption inherent in the regression analysis
that the residuals are normally distributed Given the results of the residuals scatter plots and
the normal probability plots, it is considered that the regression curve and statistics can be used
for the prediction of leak rate as a function of bobbin amphitude, and for the establishment of
statistical inference bounds

67 SLB Leak Rate Analysis Methodology

The leak rate versus voltage correlation can be simulated in conjunction with the EOC voltage
distributions obtained by Monte Carlo methods, or by applying the POL correlation and leak
rate correlation to the EOC voltage distribution obtained by Monte Carlo methods as applhed
for the draft NUREG methodology. Parallel analyses for another plant venified that the full
Monte Carlo leak rates and the application of the correlations to the EOC voltage distribution
yield essentially the same results. Thus 1t 1s adequate to apply the correlations to the EQOC
voltage distributions

The determination of the end of cycle leak rate estimate proceeds as follows The beginning of
cycle voltages are estimated using the methodology provided in draft NUREG-1477 The
distribution of 1ndications is binned in 0.1V increments. The number of indications in each bin
1s divided by 06 10 account for POD  The resulting number of indications in each bin is
reduced by the number of indications plugged in each bin The final result is the “eginning of
cycle distribuion used for the Monte Carlo simulations The NDE uncertainty 2+.d growth rate
distributions are then independently sampled to estimate an end of cycle distnibution, also
reported 1n bins of 0 1V increment

For each voltage bin the leak rate versus bobbin amplitude correlation is used to estimate an

expected, or average, leak rate for indications in that bin  The probability of leakage correla-
tion 1s then used to estimate the mean probability of leak for the indications in each bin The
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relationships derived in Appendix C of draft NUREG-1477 for the variance of the product of
the probability of leak with the leak rate and for the total leak rate are then used to estimate
the expected total leakage and vaniance for the sum of the indications 1n each bin as a function
of the correlation means and estimated vanances for the leak rate and probability of leak The
expected total leakage for the entire distribution 1s then obtained as the sum of the expected
leak rates for each bin The vanance of the total leak rate for the distribution is obtained as
the sum of the vanances for each bin The standard deviation of the total leak rate is then
taken as the square root of the variance of the total leak rate The upper bound 95% confi-
dence limit on the total leak rate 1s then obtuined as the expected total leak rate plus 1 645
times the standard deviation of the total leak rate As previously noted, the results obtained
with this approach have been compared to results obtained from Monte Carlo simulations
without s:ignificant differences being observed

6 8 Consideraton of Equation Parameter Uncertainties

The estimated, total end of cycle leak rate can also be calculated using Monte Carlo tech-
niques One simulation method 1s documented in the EPRI ODSCC report, reference (1) In
the Monte Carlo analysis the vanation of the parameters, 1 e, coefficients, of the regression
equation are also simulated There are two common approaches to the simulation, both of
which are statistically correct The EPRI approach involves simulation of the vanation of each
parameter individually and the Westinghouse approach simulates the cumulative variation by
using the predictive equation from a Bayesian standpoint, reference (8) For the evaluation of
the potential leak rates from the Sequoyah SG tubes, a Monte Carlo analysis of the leak rates
was not performed As described in the previous section, a deterministic estimate of the leak
rates was made using the Monte Carlo esumated EOC voltage distribution. Each of the
methods 1s discussed heremn in order to provide clanfication relative to their use. In order to
simphify the discussion of the Monte Carlo techniques the nomenclature 1s different from that
of the previous section, 1 e, Q, 1s used to represent tre common loganthm of the leak rate, and
V', 1s used to represent the common logarithm of the bobbin amplitude Thus, the following
mode! 1s used to describe a working relahonship between the logarithm of the leak rate and the
logarnithm of the bobbin amplitude,

Q‘ =a, +a V' +£ (622)

where € 1s the estimated error of the residuals, assumed to be from a population that has a zero
mean, and a vanance that 1s not dependent on the magnitude of ¥, The coefficients, a, and a,
are the esimates from the regression analysis of some true coefficients, a, and «,, representing
the intercept and slope of the equation, respectively The results of the regression analysis
provide estimates of the variance of the coeflicients
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The EPRI approach to the simulations 1s to consider a senies of BOC voltages, typically in |
0 1V increments, and, using postulated conservative growth rates and ECT uncertainties,
calculate an EOC leak rate for one indication at a 95% confidence to exceed 95% of the
population This value is then multiplied by the number or actual indications at that voltage
level 10 obtain an EOC projected leak rate for all indications at that specific BOC bobbin
amphtude For the simulations reported in the EPRI ODSCC report, the siope of the regression
equation is sampled using a random t-vanate The intercept is then sampled (with the
appropriate constraint since the covariance with the slope is not zero) with a random F-varnate
Finally, the regression residual error 1s sampled with a random t-variate (As currently
formulated for reference (1) the prediction formulation for the residual error 1s used, thus
redundantly considering the vanance of the equation parameters ) The selection of random t-
vanates instead of random normal vanates in the simulations is because the actual standard
deviation of the population of residuals 1s eshmated from the regression analysis, 1 e , the true
value 1s not known Thus, algebraically, the methodology being used for the EPRI ODSCC
report 1s basad on the following A two-sided 100(1-a)% confidence band for the true slope
of the regression equation 1s given by

o, (6 23)

=g % 1
I | v

where v is the number of degrees of freedom used for the determination of o,, the calculated
standard deviation of the residuals (note that a and a, are not similar variables) Thus, by
randomly sampling the t-distribution with v degrees of freedom, random values of the slope
can be generated from equation (6 23), where the sign of the random r-vaniate governs the sign
of the second expression, 1 e,

-
-

o

' (624)
Xy

a, =a, +1,

where [§ represents a random cumulative probability  The coefficients of the regression
equation, 1 e, equation (6 22), are not statistcally independent Thus, selecting a random value
for the intercept must account for the already selected slope In this case, a joint 100-(1-a)%
confidence band for the coefficients 1s given by

22 2
2V (@ -ay PO%Fia (629)

n n

(a,-a) +2V{a, ~a,)(a, ~a)+
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where &, and «, are the true, but unknown, coefficients and p 15 the number of coefficients in
the regression equation So, given the random slope from equation (6 24), a random F-distribu-
tion value, F, for p and v degrees of freedom, 1s selected and equation (6 25) 1s solved
(considering the equality) to obtain a random value for &, Since there are multple roots of
equation (6 .25), 1 e,

l__ s 2 g 626
Y V|, 20.F (6.26)

o, =a(,—l_'(a]—a')z'J(a1—a;): V- : n A

U

an additional random selection must be made to account for the sign of the radical in equation
{626) It1s also noted that repeated random values of F may be selected until the term in the
radical 1in equation (6 26) 1s posiive  Having simulated the first two ingredients of the leak
rate versus bobbin amphtude correlation, only the variation about the regression line remains
The standard error, ©,, from the regression analysis has been shown to be approximately
normally distributed with a mean of zero Since the true vanance of the residual population 1s
estimated instead of being known, the distnbution 1s simulated using a random r-vanate, thus,
the final leak rate for each simulaton case 15 given by

o’

¢

|V * 15 o,, (627)
S0,y

i
Q =a,+la *1,

where the superscript on 1 indicates separate random values and not an exponent Thus, the
process involves the selection of two random t-variates, a random F-vanate, and a random
uniform vanate (for the sign of the radical)

Westinghouse has used an alternz:e, but equally mathematically correct, methed of simulating
the leak rate by recognizing that the vanances of the parameters (all assumed to be from a
parent normal distnbution) about the regression line from the regression residuals, 1.e, the
vanance of the estimate of a, and the vanance of the esimate of a,, are additive. That 1s, the
vanance of a predicted value is the sum of the vanance of the residuals, the vaniance of the
mean of O, and the vanance of the slope times the square of the distance from the mean
amplitude to the ¥ amplitude value of interest
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Thus, the effective standard deviation, o, for a future value of log leak rate 1s,

r g
6, =V(Q) =o, |1+l V) (6 33)
¥ n E (,"'l'):

This final result can then be used in the Monte Carlo simulations 1o estmate future leak rates,
1e, given a future value of V', a random log leak rate 1s found as

2

= o ) o ) -
Q, =Q *0]( V,_P’)OI".:JO: 4_'«00; (V, -V)‘ : (6 34)
n i

where 1, ; 1s a random t-distnibution vanate By using equations (6.29) and (6 32) this may be
written as

V «V)
0, =a,+a ¥ +1 0, 141 L0) (6.35)

n o I(V,-Vy
J

which may be used directly for the Monte Carlo simulations Simulation results using
equations (6 34) or (6.35) would be expected to be statistically equivaient to simulations using
the variations in the terms of equation (6 28) directly, which would employ the Monte Carlo
model ’

—

Q, =,Q g A ;’ ] +[(ai *1,20,)(V, -17)] v1) .0, (6.36)
n

.

where the superscripts on 7 only indicate that three separate random t-distribution variates are
to be selected Although the use of equation (6 36) may appear to amount to a summation of
the standard deviations instead of the variances, such is not actually the case. As noted, the
results using equation (6.56) would be expected to be identical to those from Monte Carlo
simulations using equation (6.27), likewise for results obtained using equation (6.35) since it 1s
also mathematically correct
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For the analysis of the leak rate using the EOC predicted voltage distribution as discussed in
Section © 5, equation (6 35) provides an expression for the effective standard deviation for the
predictive distnbution of O, reference (8), see equation (6.33), i e,

(637)

The first term in the radical accounts for the distnbution of the residuals about the regression
line, the second term accounts for the variation in the intercept parameter and the third term
accounts for the vanation in the slope parameter The predictive distribution standard
deviation, equation (6 37), was used in the determination of the predicted leak rate and the
vanance of the predicted leak rate per equations (6 20) and (6 21) to account for the uncertain-
ties in the parameters from the regression analysis

69 Sensinvity of Analyses Inputs to Database Vanations

A companison of seiected inputs to the various analyses as a function of the database emploved
is provided in Table 6-5 For the leak rate analysis methodology described in NUREG-1477,
the use of the EPRI database 1s conservative in that the mean anthmentic average, or expected,
leak rate from the leak rate data is greater than that obtained from the NRC recommended
database (discussed in a previous section of this report) In addition, the standard deviation of
the data greater for the EPRI database The differences are minor and would not be expected
to significantly affect the outcome of the projection of the EOC total ieak rate during a
postulated SLB  Figure 6-6 illustrates a comparison of the log-logistic prediction curves for
the probability of leak with (NRC recommended database) and without (EPRI recommended
database) inclusion of outliers in the regression analysis. It is seen that the inclusion of the
outlying data points has a neghgible effect on the PoL correlation results.
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Table 6-1 Regression Analysis Results -
Burst Pressure vs log(Bobbin Amplitude)
7/8" x 0050 Alloy 600 MA SG Tubes
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Table 6-2 Results of Regression Fits of Loganithmic Forms
of the Probability of Leak Distnnbution Functions to 7/8" OD Tube Data

Log-logistic Log-normal Log-Cauchy

Parameters Parameters Parameters
a, -6 8974 -3 7394 -150653
a, 8 3507 4 5779 17.7301
v, 3 4999 0 7999 67.1114
Vs -3 8459 -0 880! -76 9510
Vs 4 5822 10749 889730

Deviance 2509 24 87 28 68

| e e e T T S T S T
Results of Regression Fits of Non-Loganthmic Forms

of the Probability of Leak Distnbution Functions to 7/8" OD Tube Data
FW

TVAIPC_6 WP$

Logistic Normal Cauchy
Parameters Parameters Parameters

a, -4 999] -2.7359 -10.0508

a, 06565 03582 13877
Vs 1.2530 0 2608 25947)
Vis -0 1597 -0 0337 -3 4945
V,s 0.0261 0 0062 0 4825
Deviance 26 06 25 40 30.50
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Draft NUREG-1477

“Table 6-5 Differences in Correlations Obtained Usingthe
\RC Recommended and the EPRI Recommended Databases

NRC Recommended
Database *’

EPRI Recommended
Database

Mean leak rate, y (lph)
* Standard Devratxon (o} (lph)

Pol. Correlation using Log- logistic Function

a, (.ugu mrercepr parameter)

-6 9940

(Iogn slope parameter) 8 4538 83507
............. b.. T e Lt Y Ay T R
Leak Rate Correlation using Linear log(Q) on log(})) Regression
~a, (intercept paramerer) N/A -15:90
iy (slope paramerer) LRI, RO iy ko i e
e Derermmanon r S a7 e
" Standard Error, 6 | N/A 0 6390
Burst Pressure Correlation using Linear P, on log(})) Regression
a, (mtercept parameter) 8 5679 82290
ma (slope parameter) ........ -2 6689 -2.5291
Wlndex of Determmanon r """"" 73.5% 82 7%
* Standard Error, o 11821 08910

TVAIPC 6 WP3

Notes (1) Differs from the recommended database as described in Section 8 |
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Figure 6-1: Burst Pressure vs Volts for 7/8" OD Alloy 600 5G Tubes

EPRI Recommended Database, Reference o; = 75.0 ksi (@ 650°F



Figure 6-2: Burst Pressure vs. Crack Length
0.875" x 0.050", Alloy 600 MA Steam Generator Tubes @ 650°F, Average Flow Stress
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Figucre 6-3: Probability of Burst vs. Through-Wall Crack Length
7/8" x 0.050" Alloy 600 MA SG Tubes
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Figure 6-4: Probability of Leak for 7/8" SG Tubes
Comparison of Logarithmic Forms of the Logistic, Normal & Cauchy Functions
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Figure 6-5: Probability of Leak for 7/8" SG Tubes
Comparison of Non-Logarithmic Forms of the Logistic, Normal, & Cauchy Functions
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Figure 6-6: Probability of Leak for 7/8" SG Tubes
Comparision of Log-Logistic Function Solutions with & without Outliers
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Figure 6-7: SLB (2560 psi) Leak Rate vs. Bobbin Amplitude
7/8" x 0.050" Alloy 600 SG Tubes, Model Boiler & Field Data
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73 “Voltage Growth Rates

A review of eddy current data from the past five inspections performed at Sequoyah Unit |
from September 1985 to Apnl 1993 was conducted This review was performed to determine
whether a suitable number of indications of ODSCC at TSPs were identified with the bobbin
probe to permit development of plant specific growth rates for use in the IPC analyses for
projecting EOC voltage distnbutions. Typically, at least 100 TSP indications 1s needed for
the plant specific growth rate determination. Rewview of the Sequovah Unit 1 past inspection
data produced a very limited number of tubes for which TSP indications could be tracked to
prior inspections Simular conclusions resulted from a review of existing Sequoyah Uit 2 EC
data

One tube pulled from Sequovah Unit 1 in 1993, R6-CS8 of SG 13, exhibited a 1 94 volt
indication at TSP-1H along with a copper signal, and a 9 63 volt indication at TSP-2H upon
re-analysis of the 1993 bobbin data No bobbin data was available for these intersections
from the 1991, 1990 or 1988 inspections Upon re-analysis of the 1985 bobbin data, R6-C58
of SG 13 exhibit. 1 a 1.3 volt copper signal and a 0 6 volt (low confidence) indication at
TSP-1H, and NDD at TSP-2H On tube R20-C87 of SG 13, a 3 56 volt indication at
TSP-2H in 1993 was traced back to 1991 (3 67 volts) and 1985 (26 volts), due to improper
characterization of the signals in 1985 and 1991, the degradation was not identified until

1993 No additional bobbin voltages attributable to TSP ODSCC could be traced from the
Sequoyah Unit 1 1993 inspection to prior inspections.

To date, Sequoyah Unit 1 has plugged only 2 tubes (in 1993) attributed to TSP ODSCC and
Sequoyah Unit 2 has plugged only 1 tube (in 1992) for TSP ODSCC From the limited data
available, 1t 1s concluded that voltage growth rates for ODSCC at TSPs of the Sequoyah SGs
are progrec.ing at a very slow rate, which can be bounded by the growth distribution
developed in the EPRI ARC criteria report (Reference 1) Therefore, the bounding growth
distribution in the EPRI ARC cnitenia report is used to envelope the Sequoyah Units 1 and 2
growth rate distnbutions for use in projecting EOC voltage distributions for the IPC analyses
in Section 8 The EPRI bounding growth distribution 1s given in Table 7-3

When the IPC is implemented for the Sequoyah SGs, the eddy current data from the prior
outage for indications found for ODSCC at TSPs in the last mspection will be re-evaluated to
develop the plant specific growth rate for use in IPC analyses for projecting EOC voltage
distributions  If less than about 100 TSP indications are found, there may be insufficient data
to adequately develop a growth rate distnbuton In this case, a bouading cumulative
probability distnbution will bs developed 10 envelope both the newly developed Sequoyah
distnbution and the EPRI bounding growth distnbution of Table 7-3



Table 7-]

Sequoyah Umt 1 Cycle 6 - Apnil 1993

Tube Support Plate Eddy Current Inspection Summary

SG 11

Bobbin Probe Inspection
Full Length 1401
Part ._ength 23
RPC Tests 321

Indications Observed

ODSCC 0
PWSCC 0
Tubes Repairec 0

1266

89

SG 14

1710
17

3879



Table 7-2

Sequoyah Unit 2 Cycle § - Apnil 1992
Tube Support Plate Eddy Current Inspection Summary

SG 21 §G 22 $G 23 8G 24

Bobbin Probe Inspection

Full Length 1713 1934 1418 1321
Part Length 92 106 57 65
RPC Tests 311 300 214 216
Indications Observed 2 4 0 1
Tubes Repaired 0 ] 0 0



Table 7-3

EPRI Bounding Growth Distribution

AV (volts/EFPY % Cumulative Probability
00 00 %
00 90 %
01 300 %
02 600 %
03 76 0 %
04 850 %
05 90.0 %
06 925 %
07 945 %
08 96.0 %
09 970 %
10 975 %
11 979 %
1.2 982 %
13 98 5 %
14 98 7 %
1.5 989 %
16 991 %
17 993 %
1 8 994 %
19 995 %
20 996 %
21 997 %
.2 998 %
2.3 999 %

7-5
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* ASME calibration standards cross-calibrated to the reference laboratory standard and
probe wear standards shall be applied in IPC inspections

e 100% bobbin coil inspection of all active subes with a 0 740 cor 0 720 inch diameter
bobbin probe, for all hot leg TSP intersections and all zold leg intersections down to
the lowest cold leg TSP where ODSCC indications have been identified

* RPC inspection of all bobbin indications greater than 1.5 volts shall be performed to
support axial ODSCC as the dominant tube degradation mechanism

* An RPC sample inspection shall be performed on at least 100 TSP intersections with
dents or artifact/residual signals that could potentially mask a 2 0 volt bobbin signal
The RPC sample program shal! emphasize dented TSP intersections but include artifact
signals that the analysts judge could mask a repairable indication Any RPC flaw
indications 1n this sample wall be plugged or repaired

*  The NRC will be informed, prior to plant restart from the refueling outage, of any
unexpected inspection findings relative to the assumed characteristics of the flaws at
the TSP intersections This includes any detectable OD circumferential indications or
detectable indications extending outside the thickness of the TSP

The RPC inspection requirements for indications above 1 5 volts and for a minimum 100
intersection sample plan are consistent with the NRC resolution of draft NUREG-1477 issues
as presented by the NRC at the NRC/industry meeting of February 8, 1994 on resolution of
industry comments un the draft NUREG These RPC inspection guidelines were presented by
the NRC as part of the 2.0 volt IPC proposal

The IPC evaluations given in this report are based on the Sequoyah S/G inspection
implementing the above guidelines and the 2 0 volt IPC repair limit

83 Operating Leakage Limut

Regulatory Guide 1 121 acceptance critena for establishing operating leakage limits are based
on leak-before-break (LBB) considerations such that plant shutdown 1s imitiated if the leakage
associated with the longest permissible crack is exceeded The longest permissible crack
length 15 the length that provides a factor of safety of 143 against bursting at SL.B pressure
differentials  As noted in Section 6.2, a voltage amplitude of 8 82 volts for typical ODSCC
cracks corresponds to meeting this tube burst requirement at the lower 95% prediction interval
on the burst Liirelaton  Alternate crack morphologies could correspond to 8 82 volts so that
a unique crack length 1s not defined by the burst pressure-to-voltage correlation

Consequently, typical burst pressure versus throughwall crack length correlations are used
below to define the "longest permissible crack” for evaluating operating leakage limits

The CRACKFLO leakage model has been developed for single axial cracks and compared
with leak rate test results from pulled tube and laboratory specimens Fatigue crack and SCC
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leakage data have been used to compare predicted and measured leak rates Generally good
agreerent is obtained between calculation and measurement with the spread of the data being
somewhut greater for SCC cracks than for faugue cracks Figure 8-1 shows normal operation
leak rates including unceitainties as = “unction of crack length

The throughwall crack lengths resulting in tube burst at 1 43 t.mes SLB pressure differentials
(3657 psi) and SLB conditions (25€0 ps:) are about 0. 57 and 0 84 inch, respectively, as
shown in Figure 6-2 Nominal leakage at normal operating conditions for these crack lengths
would rangz from about 0.38 to 2.2 gnm while -95% confidence level leak rates would range
from about 006 to 04 gpm Leak rate limits at the lower range near 0 4 gpm would cause
undue restrictions on plant operation and result in unnecessary plant outages, radiation
exposure and cost of repair. In addition, it 15 not feasible to sausfy LBB for all tubes by
reducing the leak rate imit. Crevice deposits, the presence of small ligaments and irregular
fracture faces can, in som: cases, reduce leak rates such that LBB cannot be satisfied for all
tubes by lowering leak rate limits

An operating leak rate of 150 gpd (~0.1 gpm) is implemented in conjunction with application
of the tube plugging criteia  As shown in Figure 8-1 this leakage hmit provides for detection
of 0.4 inch cracks at nominal leak rates and 0 6 inch cracks at the -95% confidence level leak
rates  Thus, the 150 gpd himit provides for plant shutdown prior to reaching cnitical crack
lengths for SLB conditions at ieak rates less than a -95% confidence level and for 3 times
normal operating pressure differentials at less than nominal leak rates

The tube plugging limits coupled with 100% inspection at affected TSP locations provide the
principal protection against tube rupture  Corsistent with a defense-in-depth approach, the
150 gpd leakage limit provides further protection against tube rupture In addition the

150 gpd himut provides the capability for detecting a crack that might grow at greater than
expected rates and thus provides additional margin against exceeding SLB leakage limits.

84  Example SLB Analyses

Upon implementation of the IPC, SLB analyses are required for the projected EOC SLB leak
rate and tube burst probability. The projected EOC SLB leak rate must be less than the
allowable limit (Section 8 2), or additional tubes must be repaired to sausfy the leakage limit
Aiternately, the Technical Specificanon limit on allowable coolant activity can be modified to
reduce the hmit in order to permit higher allowable leakage The reference leakage analysis
for companison with the allowable limit uses the log logistic function of Section 6 for the
POL correlation Based on the Farley-1 and D C. Cook-1 SERs, the SLB leakage analyses
are to be performed for the five alternate POL correlations described in Section 6 The tube
burst probability anclysis i1s provided for information and comparnsons with the guideline of
< 25 x 107 found acceptable in NUREG-0844

The SLB analysis methods are descnbed in Section 6 EOC voltage projections are made by

applying Monte Carlo analyses to the BOC distnbution of voltage indications left in service,
including all RPC NDD indications and including adjustments for probability of detection
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gpm per indicaton for the draft NUREG and EPRI correlation methodologies, respectively
For the allowable leakage limit of 4.3 gpm, this would permit 36 and 154 2 0 volt indications
to be left in service at BOC. These numbers of indications are expected to envelope the
Sequoyah indications left in service such that leakage 1s not expected to lead to any
requirement to plug additional tubes other than as required for the 2 0 volt IPC repair limit
The leak rates are seen from Table 8-1 to only moderately increase for a BOC 3 0 volt
indication such that RPC NDD indications left in service would not substantally influence the
projected EOC SLB leak rates

Table 8-1 also includes the sensitivity resuiis for the alternate POL correlations For draft
NUREG-1477 methodology, the Cauchy POL distribution tends to increase the leak rates
compared to the logistic and normal distributions Because of the unrealistically high low
voltage POL obtained with the Cauchy distribution, this formulation for POL has no technical
basis for IPC applications  The logistic and normal distributions do not result in significant
differences  When the EPRI leak rate correlation 1s applied for the leak rates, the stronger
voltage dependence of the leak rates tends to essentially eliminate the sensitivity to the POL
correlation as shown by the Table 8-1 results



Table 8-1. Example SLB Leak Rate and Tube Burst Probability Results
Projected SLB Leak Rate (gpm) per Indication Burst
BOC EOC Max. Probability
Volts Volts™ POL NUREG- EPRI per Ind.
I Correlation 1477 * orrelltiop
Reference Analyses "
20 48 log logistic 0120 0028 9 90E-05
30 59 log logistic 0158 0 049 2 10E-04
52 R3 log logistic 0213 0113 7 2E-04
POL Sensitivity Analyses
20 48 log normal 0130 0030
log Cauchy 0079 0018
logistic 0.091 0.021
normal 0.097 0022
Cauchy 2074 0017
30 59 log normal 0.165 0051
log Cauchy 0.110 0034
logistic 0124 0038
normal 0130 0 040
Cauchy 0.098 0.030
52 83 log normal 0212 0113
log Cauchy 0.227 0122
logistic 0.201 0106
normal 0198 0105
Cauchy 0231 0124

Notes (1) Based on Monte Carlo resuits wath the high voltage tail of the EOC
distibution evaluated at 99 8% cumulative probability
w
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APPENDIX A
NDE DATA ACQUISITION AND ANALYSIS GUIDELINES

Al INTRODUCTION

This appendix contains guidehines which provide direction in applying the ODSCC alternate
repair critena described in this report The procedures for eddy current testing using bobbin
coil and rotating pancake coil (RPC) techniques are summarized The procedures given apply
to the bobbin coil inspection, except as explicitly noted for RPC inspection. The methods and
techmques detailed in this appendix are requisite for the Sequoyah Uait | and Unit 2
implementation of the alternate repair criteria and are to be incorporated in the applicable
inspection and analysis procedures. The following sections define specific acquisition and
analysis parameters and methods to be used for the inspection of the steam generator tubing

A2 DATA ACQUISITION

The Sequoyah Units 1 and 2 steam generators utilize 7/8" OD x 0.050" wall, Alloy 600 mill-
annealed tubing The carbon steel support plates are designed with drilled holes

A2l Probes

Bobbin Coil Probes

Eddy current equipment used shall be the ERDAU (Echoram Tester), Zetec MIZ-18 or other
equipment with similar specifications. To maximize consistency with laboratory data,
differential bobbin probes with the following parameters shall be used:

The bobbin probe diameter shall be optimized to provide the largest practical fill factor for
the tubes inspected

Nominal Tube ID 0 775"

Primary Probe Size 0 740"

Probe Sizes 0.640" - 0 740"
Fill Factor 68% - %1%



The primary probe size should be used whenever the tube can be inspected with the 0 740"

diameter probe, inspection with a 0 720" diameter probe is also acceptable Alternate probe
sizes can be used when specific tubes cannot be fully inspected with the 0 740" or 0 720"
probe, such as tubes with sleeves at TSP intersections and small radius tubes sleeved in the
tubesheet region (At this time there arz no sleeves installed in the Sequoyah steam
generators ) This larger (0 740") probe diameter (than nominal 0.720") has been demonstrated
to improve the inspection at other regions of the SGs than TSP intersections Probe diameters
ranging from 0 680" to 0 740" have been shown to produce good agreement with the nominal
0.720" probe size, which was used to compile the EPRI ARC databace. see Figure A-1 For
all probe diameters, the centening devices must provide stable positionng within the nominal
tube I D to minimize the vanability of the probe response as meas:uced with the four hole
wear standard Alternate probes must have voltage normalization at the 20% ASME holes in
the same manner as the nominal 0 720" probe and must meet the acceptance cnteria utilizing
the probe wear standard (see Sections A22to A25)

The use of smaller probes 1s contingent upon performance demonstration of the smaller probe
in blind testing which uses the primary probe (0 740") diameter data as ground truth data In
the absence of such performance demonstration data, it is recommended that rotating pancake
probes (or other qualified techniques) be used to inspect support plates that cannot be
accessed with the bobbin probes within the 0 640" to 0.740" diameter range

Each probe shall employ two bobbin coils, each 60 mils long with 60 mils between the coils |
(center to center spacing equal to 120 mils) Either magnetically biased or non-biased coils

may be employed Table A-1 presents the behavior of 0 720" bobbin probes for an ASME

standard, a tube support plate simulation, the 4 hole wear standard and an EDM (electron

discharge machined) notch standard for both coil configurations There is no significant

difference in the amplitudes of the responses from non-biased or magnetically biased probes

for any of the discontinuities tested Similar results were reported on pulled tube specimens

from Plant R as shown as Table A-2

Rotating Pancake Coil Probes

The pancake coil diameter shall be < 0.125". While any number coil (ie, 1, 2 or 3-conl)
probe can be unlized, 1t 1s recommended that if a 3-coil probe 1s used, any voltage
measurements should be made with the probe's pancake coil rather than its circumferential or
axial coil The maximum probe pulling speed shall be =0 2 in /sec for the 1-coil or 3-coil



probe, or 0 4 in/sec for the 2-coil probe. The maximum rotation speed shall be =300 rpm,
this would result in a pitch of 240 muls for the 3 coil probe

.23 Calibration Standards

Bobbin Coil Standards

To provide IPC implementation at Sequoyah Units 1 and 2 consistent with the development
and analyses of the supporting database report and with prior NRC-approved IPC applications,
a probe wear standard (to guide probe replacement) and ASME standards calibrated against
the reference laboratory standard are to be utilized

As shown in Figure A-2, the bobbin coil calibration standard shall contain

* Four 0.033" diameter through wall holes, 90° apart in a single plane around the
tube circumference The hole diameter tolerance shall be +0 001"

* One 0.109" diameter flat bottom hole, 60% through from OD
* One 0.187" diameter flat bottom hole, 40% through from the OD.

* Four 0.187" diameter flat bottom holes, 20% through from the OD, spaced 90°
apart in a single plane around the tube circumference. The tolerance on hole
diameter and depth shall be +0.001".

* A simulated support ring, 0.75" thick, comprised of SA-285 Grade C carbon steel
or equivalent with a hole diameter of 0 890" - 0 895"

¢ A probe wear standard shall be employed for monitoring the degradation of probe
centering devices leading to off-center coil positioning and potential variations in
flaw amplitude responses This standard shall include four through wall holes,
0.067" in diameter, spaced 90° apart around the tube circumference with an axial
spacing such that signals can be clearly distinguished from one another (see
Section A 2 3)



This calibration standard will have been calibrated against the reference standard used for the
APC laboratory work Voltages reported for [IPC/APC applications shall include the cross
calibration differences between the field and laboratory standard

RPC Standard

As shown 1n Figure A-3, the RPC standard shall contain

¢ Two axial EDM notches, located in-line (at the same circumferential onentanon)
but spaced axially on centers 1 0" apart, each 0.006" wide and 0.5" long, one 80%
and one 100% through wail from the OD

* Two axial EDM notches, located at the same axial position but 180° apart
circumferentially, each 0 006" wide and 0.5" long, one 60% and one 40% through
wall from the OD

¢ Two circumferential EDM notches, one 50% throughwall from the OD wath a 75°
(0. 57") arc length, and one 100% throughwall with a 26° (0 20") arc length, with
both notches 0 006" wide

e A 100% throughwall hole, 0.067" in diameter

e A simulated support segment, 270° in circumferential extent, 0.75" thick,
comprised of SA-285 Grade C carbon steel or equivalent with hole diameter of
0 890" - 0 B9S"

The center to center distance between the support plate simulation and the nearest slot shall
be at least 1 25" The EDM slots may be positioned azimuthally such that the overall length
of the standard may be mimmized The center to center distance between the EDM notches
shall be at least 1 0" The tolerance for the widths and depths of the notches shall be

+0 001" The tolerance for the slot lengths shall be 0 010"

A23 Application of Bobbin Coil Probe Wear Standard
A calibration standard r:as been designed to monitor bobbin coil probe wear (see Figure A-4)

During steam generator examination, the bobbin coil probe 1s inserted into the wear
monitoning standard, the ininal (new probe) amplitude response on the 400/100 kHz mix
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Rotation

The signal from the 100% through wall hole at 400 kHz should be set to 40° (£1°), with the
imtial signal excursion down and to the nght during probe withdrawal The signal from the
probe motion for the 400/100 kHz differential mix should be set to honizontal, with the initial
excursion of the 100% through wall hole signal going down and to the nght dunng probe
withdrawal.

Voltage Scale

1) Bobbin - The peak-to-peak signal amplitude of the signal from the four 20% OD flaws
should be set to produce a field voltage equivalent to that obtained for the EPRI lab
standard The EPRI laboratory standard normalization voltages are 4 0 volts at 400
kHz for 20% ASME holes and 2 75 volts at 400/100 kHz mix for 20% ASME holes
The field standard will be calibrated against the laboratory standard using a reference
laboratory probe to establish voltages for the field standard that are equivalent to the
above laboratory standard These equivalent voltages are then set on the field standard
to establish the calibranon voltages Voltage normalization for the specific standard in
the 400/100 mix 1s recommended to minimize analyst variability in establishing the
mix

2) RPC - The RPC amplitude shall be set to 20 volts for the 0.5 inch throughwall notch
at 400 kHz and 300 kHz, i.e, the amplitude shall be set to 20 volts for each channel

Mixes

A bobbin coil differential mix 1s established with 400 kHz as the pnmary frequency and 100
kHz as the secondary frequency, and suppression of the tube support plate simulation should
be performed Complementary information may be obtained from a 200 kHz/100 kHz mix,

e g, influence of dents at TSP's can be inferred from the difference with the

400 kHz/100 kHz mix

Calibration Curve

For the 400 kHz differential channel, establish a curve using measured signal phase angles in
combination with the "as-bwlt" flaw depths for the 100%, 60%, and 20% flaws on the
calibration standard For the 400/100 kHz differential mix channel, establish a curve using
measured signal phase angles in combination with the "as-built" flaw depths for the 100%,
60%, and 20% flaws on the calibration standard
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A 2 ¢ Analy Methodology

Bobbin coil indications attributable to ODSCC at support plates are quantified using the

Mix 1 (400 kHz kHz) data channel This 1s illustrated with the example shown In

Figure A-S The 400/100 kHz mix channel and other channels appropnate for flaw detection

(400 kHz, 2 kHz) can be used to locate the indication of interest within the support plate
gnal The largest amplitude portion of the lissajous signal representing the flaw should be

measured using the 400/100 kHz Mix ! channel to establish the peak-to-peak voitage as

shown 1n Figure A-6 Imitial placement of the dots for 1dentification of the flaw may be

N . ~ L ~ ' 1 B4
performed from the raw frequencies as shown in Figures A-5 to A-7, but the final peak-«
peak measurements must be performed on the Mix 1 lissajous signal 1o include the full flaw

ment the signal It may be necessary to iterate the position of the dots between the
dentifying frequency data (e g, 400 kHz) and the Mix | data to assure proper placement of
the dots As can seen 1n Figures A-6 and A-7, failure to do so can significantly change
the amplitude measurement of Mix 1 due o the interference of the support plate signal in the
raw frequencies The voltage measured from Mix 1 1s then entered as the analysis of record
for comparison with the repair limit voltage

To support the uncertainty allowances maintained for the
Mr
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Additional Reguirements

For each reported indication, the following information should be recorded

Tube 1dentification (row, column)
Signal amplitude (volts)

Signal phase angle (degrees)
Indicated depth (%)’

Test channel (ch#)

Axial position in tube (location)
Extent of test (extent)

RPC reporting requirements should include a minimum of type of degradation (axial,
circumferential or other), maximum voltage, phase angle, crack lengths, and location of the
crack within the TSP The crack axial center may not coincide with the position of maximum
amphitude For IPC applications, locations which do not exhibit flaw-like indications in the
RPC 1sometnic plots may continue in service, except that all intersections exhibiting flaw-like
bobbin behavior and bobbin amplitudes in excess of an upper voltage himit typical of the full
APC repair limit (defined by approved IPC criteria) must be repaired, notwithstanding the
RPC analyses

RPC isometrics should be interpreted by the analyst to characterize the signals observed, only
{eatureless 1sometrics are to be reported as NDD  Signals not interpreted as flaws include
dents, lift off, deposits, copper, magnetite, etc., these represent "non-relevant” conditions
which do not impact tube integrity as reported

A3 DATA EVALUATION

A3l Use of 400/100 Differential Mix for Extracting the Bobbin Flaw Signal

In order to 1dentify a discontinuity in the composite signal as an indication of a flaw in the
tube wall, a simple signal processing algorithm for mixing the data from the two test

It 15 recommended that an indicated depth be reported as much as possible rather than some letter code
While this measurement 15 not required to meet the alternat~ repair limit, this information mught be required
&l & later date and/or otherwise be used to develop enhanced analysis techruques
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frequencies 1s used to reduce the interference from the support plate signal by

about an order of magmitude The test frequencies suggested for this signal processing are
400 kHz and 100 kHz for 50 mil wall Inconel-600 tubing The processed data is referred to
as 400/100 mix channel data This procedure may also reduce the inter{ rence from
magnetite accumulated in the crevices  Any of the differential data channels including the
mix channel may be used for flaw detection (though the 100 kHz channel 1s subject to
influence from many different effects), but the final evaluation of the signal detection,
amplitude and phase will be made fiom the 400/100 differential mix channel Upon detection
of a flaw signal in the differential mix channels, confirmation from other raw channels is not
required The voitage scale for the 400/100 differential channel should be normalized as
described in Section A2 5

With a typical bobbin calibration (Figure A-8), flaw signals reside in the upper half of the
impedance plane (0° to 180°) For phase angles from 0° to the angle corresponding to the
100% hole - typically around 35° in the 400/100 kHz mix, the flaw is assumed to have 1D
origin, phase angles from 35° to 180° are attributed to O.D origin Industry practice provides
10° vaniation about 0° or 180° due to redundancy of shallow flaws and probe wobble or
geometry change, 1 €, ift off signals. Thus, flaw signals are expected to be observed in the
10% - 170° range Examination of the calibration curve shows that the 0% depth intercept
occurs at phase angles below 170°, usually in the 125° - 150° range  Since ODSCC depth 1s
not well represented by the phase angle measurement, especially for small amplitude signals,
some flaw-like signa's may exhibit phase angles at or beyond the 0% intercept but less than
or equal to 170° (Figures A-9 and A-10) Industry practice regards these signals as non-
reportable, and RPC testing of these signals at plants such as Plant D-1 and Plant A-2 has not
confirmed the presence of detectable cracks Nevertheless, inasmuch as these signals may
represent ODSCC, they should be reported as O.D. indications of unmeasurable depth

In some cases it has been observed (Figure A-11) that I D. onented flaw signals, those with
phase angles = 10° but < 35° (100% hole phase angle in the 400/100 mix), are encountered in
non-dented support plate intersections It has been confirmed at Plant A-2 and at Plant L
from tube pull information or from RPC testing (Figure A-12) that these apparent 1 D. origin
bobbin signals correlate well with ODSCC  To assure appropnate disposition of these signals
within the alternate repair framework, these signals will be reported in the same fashion as
those which present clear O D phase information.  For purposes related tc IPC disposition
critena, all potential ODSCC may be classified as possible indications (Pls).
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The Sequoyah Units | and 2 reporting guidelines require that TSP flaw signals with I D
oriented pliase angles be reported as Pls, as is done for the measurable O D onented
indications  For the unmeasurable O D signals (phase angle 2 0% intercept), the designation
appled i1s UOA (unusual O D phase angle) All Pls > the voltage threshold for RPC
nspection, 1.5 volts, will be subject to RPC testing

Indications continued in service in pnior years because of acceptable voltage or RPC NDD
results may upon re-inspection in subsequent outages be evaluated as not exhibiting flaw
charactenistics  These signals will be designated INR (indication not reportable) but the
location, phase angle, and amphtude will be recorded to facilitate year to year compansons
and growth rate determinations

This evaluation procedure requires that there 15 no minimum voltage for flaw detection
purposes and that all recognizable flaw signals, however small, be identified The
intersections with flaw signals greater than 1.5 volts will be inspected with RPC in order to
confirm the presence of ODSCC. Although the bobbin signal voltage is not a measure of the
flaw depth, 1t 1s an indicator of the tube burst pressure when the flaw 1s identified as axial
ODSCC with or without minor IGA. UOA and INR signals will be included in the RPC
sampling plan, with emphasis on sample RPC inspection of indications greater than the
voltage repair limit

This procedure using the 400/100 mix for reducing the influence of support plate and
magnetite does not totally eliminate the interf rence from copper, alloy property change or
dents. These are discussed below

A32 Amplitude Vanability

Figures A-13 and A-14 illustrate how significant amplitude differences between two analysts
measurements might arise: Analyst 1 (Figure A-13) has made a more conservative estimate
by placing his measurement dots where the differential phase in all channels trends out of the
flaw plane, while flaw plane phase angles appear beyond the upper dot placement 1n Analyst
2's graphic (see Figure A-14) Analyst 1's conservative call produces a peak-to-peak voltage
(1.72V) one-third (1/3) greater than Analyst 2's result Figure A-14 represents an example in
which the placement of the max-rate dots which establish the maximum estimated flaw depth
under-estimates the apparent flaw-related peak-to-peak voltage The correct placement
(Figure A-13) also corresponds to the maximum voltage measureiment on the 400 kHz raw

frequency data channel
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In some cases, 1t will be found that hittle if any defimitive heip 1s available from the use of the
raw frequencies Such examples are shown in Figure A-15 and A-16 Consequently, the
placement of the measurement dots must be made completely on the basis of the Mix 1
channel hssajous figure as shown in the lower right of the graphic An even more difficult
example 1s shown in Figure A-17 The logic behind the placeament of the dots on Mix 1 1s
that sharp transitions in the residual support plate signals can be observed at the locations of
both dots. This is a conservative approach and should be taken whenever a degree of doubt
as to the dot placement exists

The source of error becomes more noticeable when the data involves complicating factors or
interferences which make flaw identification more difficult; the contrast between tubes which
exhibit signs of minor denting in the support plates and tubes which are essentially free from
denting present such circumstances How denting affects flaw detection 1s described in
Section A3 5

By employing these techniques, identification of flaws 1s improved and conservative
amplitude measurements are promoted. The Mix | traces which result from this approach
conform to the model of TSP ODSCC which represents the degradation as a series of
microcrack segments axially integrated by the bobbin coil; 1.e, short segments of changing
phase direction represent changes in average depth with changing axial position. This
procedure 1s to be followed for reporting voltages for the plugging critena of this report, even
though 1t may not yield the maximum bobbin depth call If maximum depth is desired for
information purposes, shorter segments of the overail crack may have 1o be evaluated to
obtain the maximum depth esimate. However, the peak-to-peak voltages as described herein
must be reported, even if a different segment 1s used for the depth call

The Sequoyah site guidelines for reporing EC indications require that conflicting results

reported from independent ana'yses will cause the particular location to be resolved If the ‘
largest voltage call exceeds the voltage repair limit and another analysis 1s NDD, whether or
not an indication will be reported will be determined by a resolution analyst If the amplitude
measurements reported from the analyses differ, the larger of the measurements will control
unless the lead analyst (primary vendor Level III) clearly establishes that the higher amplitude '
measurement is erroneous Lead analyst review 1s required on indications exceeding the |
voltage repair limit for which the reported voltages differ by more than 20% Exercise of this ‘
review by the lead analyst will be denoted by use of LAR (Lead Analyst Review) as a |
comment associated with the data base entry for that indication Each analyst's oniginal call

|
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will be preserved on his individual report and stored on the permanent record optical disk for
the inspection  This practice limits the uncertainty attributable to analyst uncertainty to 20%

A33 Copper Interference

In situations where significant copper interference in the eddy current data is noted, the eddy
current technique could become unreliable. This results from the unpredictability of the
amount and morphology of copper deposits on the tubes which may be found in operating
steam generators The above observation is true both for bobbin and RPC or any other eddy
current probe  Although small copper signals have been detected, such as in R6C58 TSP-1H
of SG 13 (see Section 7.3), significant copper interference does not occur in the support plate
crevice regions of the Sequoyah steam generators. This 1s confirmed by destructive
examination of the support plate intersections on tubes pulled from the Sequoyah Unit |
steam generators. No plated copper was found on the tube OD within the support plate
crevice, although some munor plated copper patches outside the crevice region were
sometimes observed

Inspections with RPC and bobbin probes have shown good correlation for flaw amplitudes
exceeding 1.0 volt, 1.e, more than 50% of the bobbin signals identified have been confirmed
to exhibit flaws to the RPC probe This suggests that spurious signals from conductive
deposits do not result in excessively high false call rates. Furthermore, signals judged as
NDD with the bobbin guidelines have been confirmed to be free of RPC detectable flaws
Copper is a concern for NDE only when piated directly on the tube surface in elemental form
Copper particles with the sludge in the crevice do not significantly influence the eddy current
response  To Westinghouse's knowledge, no pulled tubes have been identified with copper
deposits on the tube at the TSP intersections - in contrast with free span tubing. If copper
interference 1s observed at Sequoyah Units 1 or 2, the existing rules and procedures for
complying with the technical specifications plugging limit based on depth of wall penetration
will apply

Al4 Alloy Property Changes

This signal manifests itself as part of the support plate "mix residual” in both the differential
and absolute mix channels It has often been confused with copper deposit as the cause

Such signals are often found at support plate intersections of operating plants, as well as in
the model boiler test samples, and are not necessarily indicative of tube wall degradation Six
support plate intersections from Plant A-2, judged as free of tube wall degradation on the
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basis of the mixed differennal channel using the gurdelines given in Section A2 5 and A26
of this document, were pulled in 1989 Examples of the bobbin coil field data are shown in
Figures A-18 through A-20. The mix residuals for these examples are between 2 and 3 volts
in the differential mix channel and no discontinuity suggestive of a flaw can be found n this
channe! A!l of them do have an offset in the absolute mix channel which could be construed
as a possible indication These signals persisted without any significant change even after
chemically cleaning the OD and the ID of the tubes. The destructive examination of these
intersections showed very minor or no tube wall degradation. Thus, the overall "residuals" of
both the differential and absolute mix channels were not indications of tube wall degradation
Examination of the detailed structure of the "mix residual” (as outlined in Sections A 2 5 and
A 2 6) 15 necessary to assess the possibility that a flaw signal 1s present in the residual
composite Similar offsets in the absolute channels have been observed at the top of the
tubesheet 1n plants with partial length roll expansions, in such cases, destructive examination
of sections pulled from operating plants have shown no indication of tube wall degradation.
Venfication of the integnity of intersections exhibiting alloy property or artifact signals is
accomphshed by RPC tesiing of a representative sample of such signals.

A3S Dent Interference

A fraction of the Sequoyah Unit 1 support plate intersections exhibit corrosion induced dent
signals These locatons, when tested with bobbin probes, produce signals which are a
composite of the dent signal plus other contributing effects such as packed magnetite,
conductive deposits, alloy property change (artifacts) plus flaw signals if present and the
support plate 1tself

The 400/100 kHz (differential) support plate suppression mix reduces the support plate and
the magnetite signals, but the resuiting processed signal may still be a composite of the dent,
artifact, and flaw signals These composite signals represent vectonal combinations of the
constituent effects, and as such they may not conform to the behavior expected from simple
flaw simulations as a function of test frequency

The effect of the dent on the detection and evaluation of a flaw signal depends on both the
relative amplitudes of the flaw and dent signals and the relative spatial relatonship between
them If the flaw is located near the center of the dent signal, interference with flaw detection
may become insignificant, even for relatively large dent to flaw signal amplitude ratios The
flaw signal in a typical support plate dent in this event occurs mid-plane -- away from the
support plate edges where the dent signal has maximum voltage, thus the flaw in the middle

A-l4



For example,

“

wered by examin:

10 degrees) to

It 15 easily shown

associated wat
etrations with dent signals of vanous amplitudes
roximately 5 volts peak-to-

phase angles that fall within the flaw reporting range

All such signals with a flaw indication signal will be
B

11n all cases will excee 5 volts

one-half the dent peak-to-peak voltage

subjected to RPC testing To demonstrate this
phase

can be combined with the 1 5 volt flaw signal at the desired

(entrance :
inspection data shown in Figures A-21 through A-26 illustrates flaw detection an
for flaws situated away from the peak dent voltages The vector combination
hows that for moderate dent voltages where flaws occur coincident with dent
flaw detection at the 1.5 volt as

~ , . 2
'+ My ~ I o . -y e
combined fiaw/dent signals from

o
e




where

R = Resultant Signal Amplitude

A = Flaw Signal Amplitude

D = TSP Dent Amplitude - one edge (Peak to Peak = 2D)

6 = Flaw Signal Phase Angle (100% = 35°, 40% ~ 110°)

¢z = Phase Angle of Resultant Signal = arctan (Asin®/D + AcosB)
and R’ = (D + Acosf)’ + (AsinB)’

For dents without flaws, a nominal phase angle of 180° (0°) is expected The presence of a
flaw results in rotanon of the phase angie to < 180° and into the flaw plane. A phase angle
of 170° (10° away from nominal dent signal) provides a sufficient change to idennfy a flaw
For dents with peak-to-peak amplitudes of 5 volts, D = 2 5V and the minimum phase angle
rotation (¢;) for a 1 SV ODSCC flaw signal greater than 40% throughwall is predicted to be
approximately 13°, sufficiently distingwishable from the 180° (0°) phase angle associated with
a simple dent  Such signals should be reported as possible flaws and subjected to RPC
testing for final disposition

Supplemental information to reinforce this phase discimination basis for flaw identification
can be obtained by examination of a 200 kHz/100 kHz mix channel, the dent response would
be lessened while the OD onginating flaw response 1s increased relative to the

400 kHz/100 kHz mix  RPC testing of indications identified in this fashion will confirm the
dependability of flaw signal detection A sample of intersections with dent voltages

[phase angle 180°(0°) £ 10°] exceeding 5 0 volts will be RPC tested

A3é6 RPC Flaw Characterization

The RPC inspection of the intersections with bobbin coil flaw indications exceeding the
voltage threshold 1s recommended in order to verify the applicability of the alternate repair
limit. This 1s based on establishing the presense of ODSCC with minor IGA as the cause of
the bobbin indications

The signal voltage for the RPC data evaluation will be based on 20 velts for the 100%
throughwall, 0.5" long axial EDM notch at all frequencies The nature of the degradation and
1ts onientation (axial or circumferential) wall be determined from careful examination of the
isometric plots of the RPC data The presence of axial ODSCC at the support plate
intersections has been well documented, but the presence of cellular corrosion which includes
elements of circumferential ODSCC at the support plate intersections has also been
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established by tube pull in several plants Figures A-27 1o A-29 show examples of single and
multiple axial ODSCC  Figure A-30 15 an example of a circumferential indication related to
ODSCC at a tube support plate location from another plant If circumferental involvement
results from circumferential cracks as opposed to multiple axial cracks, discrimination
between axial and circumferential oriented cracking can be generally established for affected
arc lengths greater than about 45 degrees to 60 degrees, well below crack lengths Likely to be
subject to propagation due to flow induced vibration

Pancake coil resolution 1s considered adequate for separation between circumferential and
axial cracks This can be supplemented by careful interpretation of 3-coil results If a well
defined circumferential indication 1s 1dentified at a tube support plate location in the
Sequoyah steam generators (>60 degrees circumferential extent), guidelines for RPC
interpretation will be reviewed and consideration given to supplemental inspection techniques
for resolution of the degradation mode Tubes with circumferential cracks will be repaired 1n
accordance with Tech Spec plugging limuts

The 1sometric graphics which are produced to illustrate the distribution of signals 1n a TSP
may sometimes exhibit distnbuted extents of flaw content not readily idenufied with the
discrete axial indications associated with cracks, this may occur with or without the presence
of crack signals The underlying tubing condition represented by volumetric flaw indications
is interpreted in the context of the relative sensitivity of various flaw types (pits,
wastage/wear, IGA, distributed cracks) potentially present

The response from puits of sigmificant depth 1s expected to produce geometric features readily
identifieble with small ares to amplitude charactenstics When multiple pits become so
numerous as to overlap in the isometnic display, the practical effect is to mimic the response
from wastage or wear at comparable depths In these circumstances the area affected is
generally large relative to the peak amplitudes observed

The presence of IGA as a local effect directly adjacent to crack faces is expected to be
indistinguishable from the crack responses and as such of no structural consequence When
IGA ewsts as a general phenomenon, the EC response 1s proportional to the volume of
material affected, with phase angle corresponding to depth of penetration and amplitude
relatvely larger than that expected for small cracks The presence of distributed cracking,
e g, cellular SCC, may produce responses from microcracks of sufficient individual
dimensions to be detected but not resolved by the RPC, resulting in apparent volumetric
responses similar 10 wastage and 1GA
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For hot leg TSP locations, there is little industry expenence on the basis of tube pulls that
true volumetric degradation, 1 e, actual wall loss or generalized IGA, actually occurs Figure
A-3, illustrates the RPC response from a Plant A pulled tube in which closely spaced axial
cracks (lower portion of the figure) produced an indication suggestive of a circumferential or
volumetnic conditon All cases reviewed for the APC present morphologies representative of
ODSCC with varying density of cracks and penetrations but virtually no ioss of material in
the volumetric sense Appendix C of EPRI Report NP-7480-L, Volume 1, Revision 1
provides a tore detailed discussion of RPC response charactenistics consistent with the APC
database The available data in this report indicate that RPC responses < 150° in azzmuthal
extent and > 0.2 inch axial length are acceptable responses for RPC applications. For cold
leg TSP locations, considerable expenience has . --ued that volumetnic degradation in the
form of wastage has occurred on peripheral tube., favoring the lower TSP elevations

Therefore, hot leg RPC volumetric flaw indications within the TSP intersections will be
presumed to represent ODSCC, while only peripheral tube, lower TSP locations on the cold
leg with RPC volumetric flaw indicatons will not be so characterized

A37 Confinement of ODSCC/IGA Within the Support Plate Region

In order to establish that a bobbin indication is within the support plate, the displacement of
each end of the signal i1s determined relative to the support plate center. The field
measurement 1s then corrected for field spread (look-ahead) to determine the true distance
from the TSP center to the crack tip. If this distance exceeds one-half the support plate axial
length (0.375"), the crack will be considered to have progressed outside the support plate. Per
the repair criteria (Section 10) indications extending outside the support plate require tube
repair or removal from service

A371 Crack Length Determinauon with RPC Probes

The measurement of axial crack lengths from RPC i1so =trics 1s presently a standard portion
of the Sequoyah site EC interpretation practices For the location of interest, the low
frequency channel (e g, 10 kHz) 1s used to set a local scale for measurement By establishing
the midpoint of the support plate response and storing this position in the 300 kHz an’'

400 kHz channels, a reference point for crack location is established Calibration of the
distance scale 1s accomplished by setting the displacement between the 10 kHz absolute,
upper and lower sunport plate transitions, equal to 0.75 inch
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At the analysis frequency, either 300 kHz or 400 kHz, the ends of the crack indication are
located using the slope-intercept method, 1 e, the leading and trailling edges of the signal
pattern are extrapolated to cross the null baseline (see Figure A-32). The difference between
these two positions is the crack length eshmate The slope-intercept method, studied by
Junker and Shannon'", utilizes the tota! impedance data profile to predict the actual crack
length from pancake EC data This technique, which is illustrated in Figure A-33, yields
measurements which are less affected by the shape of the crack than does the amplitude
threshold technique commonly used in field measurements The measurements obtained
consistently oversized the true crack length by approximately one coil diameter Thus, for
calculations using crack lengths, the field measured lengths should be adjusted for pancake
cotl diameter Alternately, the number of scan lines indicating the presence of flaw behavior
time the pitch of the RPC provides an estimate of the crack length which must be corrected
for EC field spread Figures A-34 and A-35 illustrate the identification of the first and last

scan lines of the linear indication from which the length of the underlying flaw can be
determined

A38 RPC Inspection Plan

The RPC inspection plan will include the following upon implementation of the APC repair
limuts

* Bobbin voltage indications greater than 1.5 volts

* A representative sample of 100 TSP intersections, as applicable, based on the
following

1) Dented tubes at TSP intersections with bobbin dent voltages exceeding
S5 volts

2) Arufact signals (alloy property changes) with amplitudes potentially masking
flaw signals greater than 2 0 volts

3) Bobbin indications less than 1 S volts for support of these indications as typical
of ODSCC

" EPRI TR-101104, W R Junker and R E Shannon, August 1992
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4) Non-measurable depth O D indicatons (UOAs) with amplitudes greater than
2 0 volts

5) Indications not reportable (INRs) with amplitudes greater than 1.5 volts

Considerations for expansion of the RPC inspection would be based on identifying unusual or
unexpected indications such as clear circumferential cracks In this case, structural
assessments of the significance of the indications would be used to guide the need for further
RPC inspection

A381 3-Coil RPC Usage

Sequoyah site standard practice allows for use of 3-coil RPC probes, incorporating a pancake
coil, an axial preference coil, and a circumferential preference coil Comparisons for ODSCC
with bobbin amplitudes exceeding 1.5 volts have shown that the pancake coil fulfills the need
for discimination between axial and circumferential indications, when compared against the
outputs of the preferred direction coils. Pancake coils have been the basis for reporting RPC
voltages for model boiler and pulled tube indications in the APC database These data permit
semi-quantitative judgements on the potential significance of RPC indications. The
requirement for a pancake coil 1s satisfied by the single coil, 2-coil, and 3-coil probes in
common use for RPC inspections Supplemental information, if needed. may be obtained
from review of the preference coils on the 3-coil RPC if desired




TABLE A-1

EFFECT OF MAGNETS ON RESPONSE OF ECHORAM BOBBIN PROBES
7/8" TUBING STANDARD 0.720 MIL PROBES
AVERAGE AMPLITUDES @ 400 kHz

With Without Ratio
Magnets Magnets With Magnets/'Without Magnets
ASME
4 x 20% 104 401 1 008
4 x 40% - 42 342 1.000
4 x 60% 373 374 0.993
4 x 80% 392 394 0.995
4 x 100% 597 6.01 0997
Support Plate | 6 60 635 1.040
WEAR STANDARD
100% 587 571 1028
100% 583 584 0998
1-0_0% 568 575 0987
100% 5 86 565 1.032
0.5" EDM STANDARD
20% e - o
40% 078 0.79 0988
60% 1.92 193 0995
80% 261 261 1.000
100% 73 43 74 06 0992




TABLE A-2

MAG BIAS VERSUS NON-MAG BIAS PROBES CO 7 RISON
PLANT R PULLED TUBES (SUPPORT PLATE SUPPRELSION MIX)

e ————————————_—————— - ——————

Mag Bias ' Non-Mag Bias 1 % Change

P—

-

v

PULLED TUBES (B&W): 3/4" TUBING, 550/130 KHZ MIX

| U S—

MACHINED HOLE (B&W): 3/4" TUBING, 550/130 KHZ MIX
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EDDY CURRENT MEASUREMENT (VOLTAGE)

PROBE COMPARISON

INFLUENCE OF DIAMETER (MIX CHANNEL)

. .ﬂ

(o} "k‘ = 1 T T T - |
0 20 40
EDDY CURRENT MEASUREMENT (720 PROBE) - VOLTASE
o 740 + 700 «© 680

Figure A-1. Probe Comparison.
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Probe Wear Calibration Standard

Figure A-4.
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Support Plate (400/100 Mix).
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- 34



v 18 - e O i’

1M N O O ) e

1] e (¥ Ow O § -

X0

=

e ! % L T T

——=

4 119 §17

=

o4 i

53 i

Figure A-13. Placement of Dots Marking Lissajous
Traces for R19C%6 - Analyst 1.
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Figure A-14. Placement of Dots Marking Lissajous
Traces for R19C86 - Analyst 1
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Figure A-15. Bobbin Coil Amplitude Analysis of ODSCC at TSP.
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Figure A-16. Bobbin Coil Amplitude Analysis of ODSCC at TSP.
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Figure A-17. Bobbin Coil Amplitude Analysis of ODSCC at TSP,
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Figure A-18. Example of Bobbin Coil Field Data From Plant A -
Absolute Mix With No ODSCC.
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Figure A-19. Example of Bobbin Coil Field Dats From Plant A -
Absolute Mix With No ODSCC.
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Figure A-20. Example of Bobbin Coil Field Data From Plant A -
Absolute Mix With No ODSCC.
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Figure A-21. Example of Bobbin Coil Field Data - Flaw Signals for ODSCC at
Dented TSP Intersection.
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Figure A-22. Example of Bobbin Coil Field Data - Flaw Signals for ODSCC at
Dented TSP lntersection.
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Figure A-23. Example of Bobbin Coil Field Data - Flaw Signals for QDSCC at

Dented TSP Intersection.




o 0w v | 14

ves 7 37 OKE 186 [
I Y
J
% )
¢
{ | 3
11 6 . Ow O ) 111

L‘vvv‘vvv‘r vvvv‘vvvvlvvaTvYY‘rIvY'vvlvvrvIvvv'rTYvY

]

A

Lot o 1)

Lo - -
Sk e B 3BV

LERRE)
i

ILARALN|
.

& 14
L [

Dented TSP Intersection.

Figure A-24. Example of Bobbin Coil Field Data - Flaw Signals for ODSCC at
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Figure A-25, Example oi Dobbin Coil Field Data - Flaw Signals for ODSCC at
Dented TSP Intersection.
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Figure A-26. Example of Bobbin Coil Field Data - Flaw Signals for ODSCC at
Dented TSP Intersection.
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Figure A-27. Example of Axial ODSCC Indication at TSP 1.
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28, Axial ODSCC Indication st TSP - Plant A-1
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Figure A-29. Axial ODSCC indications (MAI) at TSP - Plant A-1.
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Figure A-31. Plant A-2 RPC and Destructive Exam Results
for Closely Spaced Axial Cracks,
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Figure A-32. Slope Intercept Measurement of Crack Length.
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Figure A-33. Technigues for Measuring Crack Lengths From Eddy Current.



Figure A-34. First Scan Line Flaw Limit.
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Figure A-35. Last Scan Line Flaw Limit.



