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Section 1
INTRODUCTION

This report provides the t.chnical basis for interim tube plugging criteria (IPC) for outside
diameter stress corrosion cracking (ODSCC) at tube support plate (TSP) intersections in the
Catawba Unit-1 steam generators (S/G). The recommended repair limits are based upon bobbin
coll inspection voltage amplitude which is correlated with tube burst capability and leakage
potential, The recommended criteria are demonstrated 1o provide conservative margins relative :
10 the guidelines of Regulatory Guide (R.G.) 1.121.

The tube repair limits are based upon the conservative assumptions that the tube 1o TSP crevices
are open (negligible crevice deposits or TSP corrosion) and that the TSPs are displaced under
accident conditions. The ODSC existing within the TSPs is thus assumed 10 be free span
degradation under accident conditions and the principal requirement for tube plugging
considerations is to provide margins against tuhe burst per R.G. 1 121. The open crevice
assumption leads to maximum leak rates compared * : packed crevicas and alse maximizes the
potential for TSP displacements under accident conditions. However, a TSP displacement
analysis has not been performed for Mode! D steam generators and hence the poteniial for TSP
displacements under SLB conditicns cannot be ruled out. Prevention of tube rupiure by the
reinforcement of the support cannot be assured without further analysis. There‘ore the
requirements for tube burst margins assuming frea span degradation have been applied to
develop the tube repair limits for Catawba-1 S/Gs.

Tha repair limits were developed trom testing of laboratory induced ODSCC specimens, extensive

éxamination of pulled tubes from operating S/Gs including Catawba-1 and field experience for

leakage due to indications at TSPs. The recommended |PC represent very conservative limits

based upon Electric Power Research Institute (EPRI) and industry supporied development %
programs that are continuing toward further refinement of the repair limits. The currently

avallable data base is used to define burst pressures at the lower 5% confidence bound. The IPC

repair limits provide significant margins against the currently recommended ¢ - reelations and

satisty R.G. 1.121 guidelines for alternate correlations reflecting current uncertainties in the

burst pressure correlation,

implementation of the tube repair limits is supplemented by 100% bobbin coil inspection at TSP
elevations having ODSCC indications, reduced operating leakage requirements, inspection
guidelines 1o provide consistency in the voitage normalization and rotating pancake coil (RPC)
inspection requirements for the larger indications left in service to characterize the principal 4
degradaticn mechanism as ODSCC. In agdition, potential SLB leakage has been assessed by both

Monte Carlo and deterministic analyses for tubes with TSP indications left in service 1o

domonstrate that the cumulative leakage !s less than allowable limits.

Nine tube 1o TSP intersections trom five tubes pulied from Catawba Unit-1 in 1991 were burst
testad anc destructively examined 1o provide direct support for the IPC. Five of these burst tests
were either incomplete bursts or burst at laboratory prepared grindmarks outside the TSP and
hence could not be incorporated into the tube burst database. However, three intersections (one
had no flaw indication from either NDE or destructive examination) could be combined with data
from other plants and mode! boil.r specimens. This results in a significant database supporting
the IPC repair limits.



Topfovidolmudanwbamsbrtubop&mimauomODSCCmTSPc,mebaowinaacﬁvmu
have been performed as docume ted in this report:

© Preparation of cracked test specimens, their non-destructive examination ((NDE), leak
rate testing, burst testing, and destructive examination - Section 4

0 NDE cata analysis guidelines, NDE inspection results for the test specimens, voltage trends
for EDM (electrodischarge machining) slots, voltage normalizations and overall NDE
uncertainties - Section §

0 Review of Catawba-1 and other plant pulled tube examinations - Section 6

0 Leak rate and burst correlations 10 rel~'« the NDE parameters 1o burst strength and leak
rate under SLB conditions - Section 7

o Evaluations of combined accident conditions (LOCA + SSE) - Section 8

0 Review of Catawba-1 eddy current inspaction results including historical growth rate data
- Section §

0 Imtegration of the inspection, leak rate and burst test results 1o develop the interim tube
repair limits - Section 10,

The overall summary and conclusions for this repont are described in Section 2.



Section 2
CONCLUSIONS

This report documents the technical support for a Catawba-1 interim plugging criteria (IPC) of

1.0 valt for DDSCC indications at TSPs. The database of pulled tube and model boiler specimens
used in the evaluation of the IPC are described in this report. This database is used to develop
correlations relating burst pressure 1o bubbin voltage and SLB leak rate 1o bobbin voltage. These
correlations, including conservative variations allowing for data uncenaintios at this time, are

used in the tube irtegrity assessment 10 demonstrate Catawba-1 IPC margins against R.G. 1.121
criteria for tube plugging limits.

The overall conclusions of this report are:

0

R.G. 1.121 criteria for tube integrity are conservatively satisfied at EOC 7 for an IPC
repair limit of 1.0 bobbin volt.

ALEOC 7, bure! pressure capability (expressed as margir ratios relative 10 APy and
aPg| g) is expected to have ratios of about 1.25 relative 1o 3APp( at 90% cumulative
probabiiity levels and about 1.35 relative 1o APg| g at 99% cumulative probability
levels. A burst pressure margin ratio of 1.4 relative 1o 3APN( for Catawba-1 at BOC
conditions is comparabile to typical values for plants with 7/8 inch diameter tubing with

an IPC repair imit of 1.0 volt. Thus the two tubing sizes can be considered 1o have
equivalent margins for |PC repair limit of 1.0 volt,

Potental SLB leakage at EOC 7 is expected 1o be negligible (~0.01 gpm) as supported by
both Monte Carlo and deterministic evaluations including sensitivity analyses.

R.G. 1.121 criteria for tube burst are satistied and negligible Si B leakage is expected
even under conservative assumptions for ine voltage burst and voltage/leak r2 e
correlations.

The maximum EQC 7 bobbin voltage resulting from indications left in service beiow the
repair limit is expected to be about 2.53 volts.

The operating leak rate limit of 150 gpd imp.amented with the IPC satisfies R.G. 1.121
guidelines for leak before break. This limit provides for plant shutdown prior 1o
reaching critical crack lengths tor SLB conditions at a -95% confidence level on leak
rates and for 3AP conditions at less than nominal leak rates.

Ingpection requirements for application of IPC repair limits were implemented in the
1992 inspection following Cycle 6 operation. The inspection included 100% bobbin coil
inspaction of TSP Intersactions, RPC inspaction of all bobbin flaw indications »1.0 volt
and an RPC sample inspection of dented TSP intersections. Tube repairs have been
implemented at EOC 6 consistent with the IPC repair limit of 1.0 volt.

The Catawba 1 pulled tubes (1991 outage) show that the crack moarphology for
indications at TSPs can be described as multiple ODSCC axial cracks withii the TSP






Section 3
SUPPORT FLATE REGION PULLED TUBE DATABASE (3/4 INCH TUBING)

3.1 Introduction & I _finitions

The following provides summary inforn.ation regarding OD or'jinated corrosion at support plate
crevice regions of Alloy 600 tubing puiled frown: sta2 = sooerators at various plants including
Catawba Urits 1. The data is presented in suppi: t of the development of tube plugging criteria
for Catawba- 1. First, pulled lube data from the Catawba-1 are reviewed followed by data from
other plants.

The type of intergranular corrosion with regard 1o crack morphology and density (number,
length, depth) ol cracks can influence the structural integrity of the tube and the eddy current
responise of the indicatic 5. To support the tube repair criteria, the emphasis for destructive
examination is placed upon characterizing the morphology (SCC, IGA invoivement), the number
of cracks, and characterization of the largest crack networks with regard 1o length, depth and
remaining ligaments between cracks. hese crack fetails support i terpretation of structural
parameters such as leak rates and burst pressu. e, crack length and depih, and of eddy current
parameters such as measured voltage w'h the goal of enbancing structural and eddy current
evaluations of tube degradation. In selective cases, such as the 1990 Plant A-2 pulled tubes, the
pulled tuoe evaluations included leak rate measurements, in addition to the more standard burst
pressure measurements, for further support of the integrity and plugging limit evaluations.

Before the support plate region corrosion degradation can be adequately described, some key
corrosion morphology terins need to be defined. Intergranular corrosion morphology can vary

from IGA to SCC 1o combiiiations of the two. IGA (Intergranular Attack) is defined as a three
dimensional corrosion degradation which occurs along grain boundaries. The radial dimension

has a relatively constant value when viewed from different axial and circumterential

coordinates. IGA can occur in isolated patches or as extensive networks which may encompass the
entire circumferentia! dimension within the concentrating crevice. Figure 3-1 provides a

sketc of these IGA morphologies. As defined by Westinghouse, the width of the corrosion should
be equal to or greater than the depth of the corrosion for the degradation to be classified as 1GA.
The growth of IGA is relatively stress independent. IGSCC (Intergranular Stress Corrosion
Cracking) is defiiud as a two-dimensional corrosion degradation of grain boundaries that is
strongly stress dependent. IGSCC is typically observed in the axial-radial plane in steam

generator tubing, but can occur in the circumferential-radial plane or in combinations of the

two planes. The IGSCC can occur as a single two dimensional crack, of it can ocour with branches
coming off the main plane. Figure 3-2 provides a sketch of these IGSCC morphologies. Both of
the IGSCC variations can occur with minor to major components of IGA. The IGA componant can
occur simply as an 1GA base with SCC protruding through the IGA base or the SCC plane may have
a semi-three dimensional characteristic. Figure 3-3 provides a sketch of some of the

morphologies possible with combinations of IGSCC and IGA. Based on laboratory corrosion fests,
itis believed that the latter, SCC protrusions with significant IGA aspects, grow at rates similar

to that of SCC, as opposed to the slower rates usually associated with IGA. When IGSCC and IGA
are both present, the IGSCC will penetrate throughwall first and provide the leak path.

To provide a semi-quantitative way of characterizing the amount of IGA associated with a given

crack, the depth of the crack is divided by the widith of the IGA as measured at the mid-depth of
the crack, creating a ratio D/'W. Three arbitrary D/W categories were created: minor (D/W
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3-12. This crazed degradation is now recognized as probably being celiular IGA/SCC.
Previously the crazed pattern was thought 1o represent only shallow IGA type degradation that
completely disappeared a short distance below the surface. Figure 3-13 provides micrographs
of relevant cracks showing the riorphology of axial and circumferential racks. As stated above,
the axial cracks had a morphology of IGSCC with a moderate D/W ratio of 15 while the
circumnferential cracking had a morphology more like that of IGA, with a D/W ratio of 1.

Field eady current bobbin probe inspection (in June 1989, just prior to the tube pull) of the
fifth support plate crevice region produced a 1.9 volt, 74% deep indication in the 550/100 kHz
differential mix.
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Branch SCC

Simple SCC

transverse section
schematic

e

tube 1D
Tongitudinal section
schematic
Figure 5-2  Schematic of simple IGSCC and branch IGSCC. Note that

branch and cimpie IGSCC are not distinguishable from a
longitudinal metallographic section. From a longitudinal
‘action, they also look similar to IGA (See Figure 4.3).
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tube 0D

IGA with I1GA
[GA with IGSCC/IGA fingers
' fingers (O/W « 1)
[GA with [GSCC (O/W = §)
fingers
(O/W > 10)

T e

transverse section
schematic

tube 1D

R "

- tube 1D

longitudinal section
schematic

" Figure 3-2 Schematic of IGA with IGSCC fingers and [GA with [GA
| fingers. Note that neither of the above variations can be
| distinguished from a longitudinal section.
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Macrocrack Length = 0.4 inch
Throughwa!ll Length = 0.01 inch

Number of Microcracks = 7 (a1l ligaments have predominantly
intergranular features)

Morpholegy =  [GSCC with some IGA aspects (circumferential cracking
has more [GA characteristics)
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sketch of Crack Distribution

Figure 3-11 Description of OD origin corrosion at the fith support piate crevice region of
tube R4-CE1, Plam B-1
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The dual consolidated configuration consisted of two sludge regions, in which the outer 1egion
contained chromic oxide, while the inner region contained e'ther simulated plant or Spanish
sludge. The regions had the following dimensions, with the distances given in millimeters:

g e e

Chromic oxide

- ———— el to
1.0
Simulated
-

Plant Sludge = 6.4

i
|

- Mj 32 -4
< 114

The two-region sludge configuration was specified in order 10 limit cracking to the small inner
fegion, containing an oxidizing sl + . Chromic oxide is nonoxidizing, and previous testing had
found that accelerated corrosion is less likcly 10 occur in its presence. The outer region provided
thermal insulation fur the i ( region, sc that the temperature in the inner region was

sufficiently high to produce .ccelerated carrosion. The two sludge regions were baked onto the
lube using a  xture consisting of 5% sodium hydroxide, 2.5% sodium sulfale, and 0.8% sodium
silicate. The suppon plates were then mounted on the tube over the sludge and held in place with
externally mounted set screws. Since corrosiv ™. should be confired 1o the inner region, this
configuration was (v anded 10 produce shon, individual cracks.

The mechanically consnicales siudge configuration was fabricated by mechanically compacting
sluige within a tube = mpon plate simulant, drilling a hoie in the sludge for the tube, and then
sliding the tube through the hole untii positioned properly. T is configuration was used because
relatively low voltage indications had been produced in previous tests usi'g this configuration.

As indicated in Table 4-3, thero was considerable variation in the time iaken for a crack 10 be
produced in a given 1est piece. in general, cracking was produced in shorter time spans with this
“eat of material (NX7368) than for the heats used in similar tests performed with 7/8 inch
diame'er tubes. Cracks were typically produced most rapidly with the fritted configuration and
most slowly with the dual consolidated configuration although a few cracks were produced very
quick’y with the dual consolidated configuration. Det-ils of crack networks produced in the mode!
bolle: specimens are preserted in subsection 4.4,
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shown in a photormicrograph in this figure. The shape of the burst crack and its morphology s
descrived in Figure 4-4 together with the OD crack distribution found in this 1ube.

Tube 5902

Tne crevice region of tube $90-2 had large numbers of axial and ciricumiarential cracks. The
Cracking was concentrated on one quadrant of the tube's circumierence. Photogrenhs of the tube
following burst testing are shown in Figures 4-6 and 4-6. The burst hracture ocourred in @

highly irregular fashion dictated by the axial and circumferential tube degradasion. The burst
opening was formed by at leas! five small cracks which joined partial (ircumferential cracks 1o
form the irregular overall crack pattern. The macrocrack length due 1o corrosion measured

0.38 inch at the OD surtace and it was through-wall for 0.30 inch. The microcra ks and their
ligaments had intergranular igaments and the morphology of the burst crack was that of IGSCC
(Figure 4-7). A metallographic cross section through the region with the highest crack density
showed a crack distribution as sketched in Figure 4-8. A photomicrograph of two typical
secondary cracks is also shown in this figure. They suggest that the cracking is primarily IGSCC
with some 1GA contributions. Figure 4 9 provides a summary of the overall crack distribution
and summary information reqgarding the burst crack.

Tube 5003

Rupture in tube 530-3 occurred lrom a single axial OD origin crack contined 10 the crevice

region. The macrocrack was 0.31 inch long and wag through-wall for a iength of 0.27 inch.

Only one microcrack could obviously be observed on the macrocrack It marphology was that of
IGECC. Figure 4 10 provides summary data regarding the corrosion observed on tube 590-3.

Tube 8911

Burst in tube 5911 occurred from a single, relatively small axial crack which was 0.24 inch

long on the OD and 0.18 inch long on the ID. While two small axial secondary cracks were
observed away from the burst near the bottom of the crevice region, no secondary cracks were
observed near the burst opaning. However, a metaliographic cross section through the center of
the burst opening revealed two additional axial secondary cracks which were located away from
the burst. The location of these cracks in relationship 1o the burst opening is indicated by a
sketch in Figire 4-11. A photomicrograph of one of the secondary crachs is also shown. All

cracks had a morphology of IGECC. The shape of the main crack and the distribution of cracks are

depicted in Figure 412
Tube §91:2

Tho burst fracture in tube 591-2 ocourred in an area of the crevice region where many sma!

but deep axial cracks were concentrated. The burst created a macrocrack which was 0.21 inch
long on the OD and It was formed by four smaller microcracks. The crack was through-wall for a
length of 0.03 Inch. The iligaments forming the macrocrack all had ductile features and the
morphology of the cracking was that of IGSCC. Figure 4-13 shows the crack distribution
observed by metallography in a circumferential cut through the lower region of the crevice

where 1he crack density was highest. A photomicrograph of one of the cracks is also shown. A
skelch describing the shape of the burst macrocrack, as well as the overall distribution of
secondary cracks within the crevice region as observes by visual examination, is shown in
Figure 4-14.



A group of small, deep, OD origin, axial cracks, conct atrated in one region of tube 591-4 within
the crevice region, caused the burst fracture. The irregular shape of the burst opening (Figure
4-15) was formed by five small microcracks which grew together by intergranular corrosion

10 forn the macrocrack. The morphology of the macrocrack was that of !GSCC. The macrocrack
crack was 0.45 inch long and through-wall for 0.35 inch. A metaliographic cross section

through the center of the bursi crack revealed many secondary cracks of considerable depth. The
cracks are depicted by a skeich in Figure 4-16 together with a photomicrograph of the cracking.
Summary data regarding the burst crack and the overall crack distribution are shown in Figure
417

Tubg 206 3

The burst fracture in tube 596-3 occurred from a group of small axial cracks of OD origin,

Four of the deep microcracks joined together during the burst 1est 1o form the burst opening
macrocrack. The ligaments between the microcracks had only intergranular features and the

crack morphoiogy was that of IGSCT. The macrocrack caused by IGSCC was 0.45 inch long on the
OD and was through-wall for a length of 0.44 inch. A metaliographic cross section through the
region with the highes! density of cracking revealed a crack distribution showr by a sketch in

Figure 4-18. A photomicrograph in this figure shows the crack morphology of two of the

seconddry cracks. A summary of the burst crack data and of the overall crack distribution

within the crevice region is she wn in Figure 4-19.

4.4.4 Comparison with Pylled Tube Crack Morphology

Most of the support plate cracking on pulled steam generator tubes was OD origin, intergranular
stress corrosion cracking that was axially orientatec. Large macrcoracks were frequen''y

present and were composed of numerous shor microcracks (typically < 0.1 inches long)
separaled by ledges or ligaments. The iedges could have either intergranular or dimple rupture
features depending on whether or not the microcracks had grown together during plant oberation.
Most cracks had minimal 1o moderate IGA teatures (minor 10 mod arate D/W ratios) in addition to
the overall stress corrosion leatures. Even when the IGA was present in association with the
cracks in significant amounts, it did not dominate over the overall SCC morphology. The
numbers of cracks distributed around the circumference at a given elevation within the crevice
region varied from a few cracks 10 typically less than 100. In a few cases, the number of cracks
was significantly larger than this, in one case possibly approaching 500. For this situation,
patches of IGA formed where the cracks were particularly close and the individual cracks had
some |GA characteristics. Even for this situation, the axial SCC was still the dominant corrosion
morphology #¢ the IGA was typically one third 1o one half the depth of the IGSCC. In additivn,
cellular IGA'SCC was occasionslly observed confined to small areas within the crevice region,
Finally, IGna, separate and independent of SCC, has bean cbserved. It is usually present as small
isolated patches of IGA. In the lew cases where more uniform IGA has been observed, it is
typically shallow and intermittently distributed within suppon plate crevice regions.

The model boiler corrosion observed in this investigation was similar to that observed within
typical pulled tube support plate crevice locations. Most corrosion was axially orientated IGSCC
with negligible 1o moderate IGA aspects (minor 10 moderate D/W ratios) in association with the
cracking, Some of the model boiler specimens had cracking with almost pure IGSCC, i.e., with no
obvious IGA aspects (D/W ratios of 50 or higher), more similar to PWSCC than to the typical OD
IGECC obs erved within suppon plate crevice corrosion on pulled tubes. IGA independent of the
cracking was not observed in the mode! boiler specimens. The numbers of cracks at a given

4-6
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elevation was typically less than 20, similar 1o that observed in many of the pulled tubes.
However, only one model boller specimen had a8 moderate crack density and none had high crack
densities as have been occasionally observed in plants. A number of the model boiler specimens
from the second set of tests conducted in 1991, however, did have very complex crack networks

: that frequently had circumieential cracking in associat on with the predominant axial cracking.,
Some of the complex crack networks may have had cellular IGA/SCC components similar 10 that
occasionally observed in pulled tubes.

4.4 5 Conclusions from Specimen Destructive Examinations

It is concluded that the laboratory generated corrosion cracks have the same basic features as
suppon plate crevice corrosion from pulled tubes. The laboratory created specimens frequently
had sorewhal lower crack densities, but individual cracks usually had similar IGA aspects

(minor 1o moderate [/W ratios). IGA independent of IGSCC was not observed in the mode! boller
specimens as was somalimes observed in pulled tubes. The observed differences in corrosion
morphology between the model boller specimens and the pulled tubes is not believed 10 be
significant,

4.5 Mode! Boiler Database Summary

As described in the above subsections, model boiler specimens have been fabricated and tested 10
augment the pulled tube database ! support plate intersections. 53 laboratory specimens have
been prepared using 3/4 inch OD tubing. The specimens were subjected o eddy curren*
examination. Degradation at simulated tube support plate intersections have ranged from NDD to
65 volts in bobbin coll amplitude, All of these specimens have been burst tested, with the

rew . lts displayed in Table 4-5. Specimens with significant degradation (41) have also been leak
tested. Further, several of the samples were destructively examined to determine degradation
characterists and crack morphology. The currently available maximum and through wall crack
length data obtained for many of these specimens from the destructive examinations are listed in
Table 4-5. The model boilar database is combined with the pulled tube database and the total used
for deter:aining leak rate and burs! correlations.
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Table 4 2

Chemical Composition (Welght %)

NI
Cr
Fo
C
Mn
Si
Qu
8 3]

Physical Properties

Ultimate Strength (KSI)
Yieks Strength (KS1)

% Elongation
Hardness

%N
14 87
7.98
0.04
0.4
0.30
0186
0.04

100.4
542
370
83.

Chemical and Physical Properties of Tubing Materlal (NX7368)

(744 mPa)
(368 mPa)

(Rockwell B)



Specimen

5901
590-2
5003
$90-4
5911
501.2
5613
914
5821
592.2
5923
5024
5928
592-6
592-7
5931
503.2
6933
593-4
5841
5961
§95.2
§95-3
595-4
596-1
5962
5963
5964
5971
597.2
5973
5974
§0a1
5982
598-3
598-4
6031
6032
603-3
603-4

Test Specimen Summary
Crevice

Group Conligutation
EPRI Frit
EPRI Frit
EPRI Frit
EPRI Frit
EPRI Frit
EPRI Frit
EPRI Frit
EPRI Frit
EPRI Mech. Cons
EPRI Mech. Cons
EPRI Mech. Cons
EPFI Mech. Cons
EPFI| Mach. Cons.
EPFI Meach. Cons.
EPRI Meach, Cons.
EPRI Dual Cons.
EPRI Dual Cons.
EPRI Dual Cons.
EPRI Dual Cons.
EPRI Dual Cons.
EPRI Dual Cons.
EPRI Dual Cons.
EPRI Dual Cons.
EPRI Dual Cons.
EPRI Dual Cr s,
EPRI Dual Cons.
EPRI Dual Cons.
EPRI Dual Cons.
EPRI Dual Cons.
EPRI Dual Cons.
EPRI Dual Cons.
EPRI Dual Cons.,
EPRI Mech. Cons.
EPRI Mech. Cons.
EPRI Mech. Cons.
EPRI Meach, Cons.
EPRI Frit
EPRI Frit
EPRI Erit
EPRI Frit

L — ===

Table 4.3

(Continued on next page)
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Table 4.4

Composition of Sludge Used for Crevice Packing

Constityen!
Magm: te
Copper

Cupne Oxide
Nickel Oxide
Chromic Oxide

Simulated
Plant Spanish
—aludoe Sludge
59.7 922
325
45 45
21 21
1.2 1.2

12
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Table 4.5
Leak Rate & Burst Test Results for 3/4 Inch OD Laboratory Specimens

Preliminary
Bobbin Burst Destructive Exam.
Amplitude  __Lenk Rate (Uhr).. Pressure  ____Lengih (ingh)

Mo, Speaimen | . (vells).  NQ.AP SLBAP ~4psl .  Maximgm  fhan

-

(Continued on next page)

¥hen crack is not throughwall, maximum depth of penetration is shown.
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Table 4-5 (Cortinued)

Leak Rate & Burst Test Results for 3/4 Inch OD Laboratory Specimens

Preliminary
Bobbin Burst Destructive Exam.

Amplitude  _ Leak Rale ('hr) Pressure  ___ Length (ingh)
Mo, Specimen ~XOlS) NO AP SLBAP ~dpsll..  Maximum Thouwal*

9

aty

When crack is not throughwal!, maximum depth of penetration is shown,
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Figure «-9.  Summary of burst crack observations and the overall crack distribution at

the crevice region o1 tube 580-2.
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Crack A

Sketch of a metallographic cross section through the cravice region of tube
591-1. The burst crack and two secundary cracks on one quarter of the

gircumterance were observed. A Dho!om.cmgvapn ola secondar, crack is
also shown. The crack morphology is that of IGSCC Mag. 100X
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Sketch of a metallographic cross section through the crevice region of tube
$91-2. The burs! crack and a number of secondary cracks around the
circumierence were observed. A photomicrograph of two secondary cracks
i§ also shown. The crack morphology is that of IGSCC Mag. 100X
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Figure 4.14.  Summary of burst crack observations and the overall crack distribution at
the crevice region of tube 5981-2,
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Sketch of a metaliographic cross section through the crevice region of tube
551-4. The burst crack and a number of secondary cracks around the
circumierence were observed A phctgm(;rog!aph of the burs! crack and a
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Macrocrack Length = 0.45 inch
Throughwall Length « 0.44 inch

Number of Microcracks = 4 (1igaments have
intergranular features)

Morphology =  1GSCC
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Figure 4-19, Summary of burst crack observations and the overall crack distribution at
the crevice region of tube 596-3
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Section §

NDE EXAMINATION

5.1 Eddy Current Voltage Normalization for APC

Normalization of observed suppon plate ODSCC signal amplitudes is performed 1o permit direct
comparison of the voltage levels associated with field measurements with the laboratory
calibration used 10 join pulled tube and mode! boiler signal amplitudes. In cases where field data
is collected using different voltage calibrations or different frequencies, conversion tactors are
developed which permit the field data for tubes and ASME standards taken at different voltage
normalizations 10 be integrated into the overali databas® for voltage, burst pressures and leakage
correlation.

The existing data base for pulled tube and model boiler samples includes amplitude measurements
which are referenced tc a common voltage calibration for both 3/4 inch diameter 0.043 inch

wall thickness and 7/8 inch diameter 0.050 inch wall thickness tubing. Specifically the bobbin

EC coll reterence calibrations for 3/4 inch x 0.043 inch tubing are:

4.00 volts at 550 kHz for 4 X 20% ASME noles, and

2.75 volts in the 5507130 kMz supnort plate suppression mix output, also for 4 x 20%
ASME holes

The trequericy and voltage normalizations applied for the 3/4 inch diameter APC data base,
including all model! boiler specimens, were developed based on scaling from the 7/8 inch
diameter practices (400/100 kHz frequency mix). The 3/4 inch and 7/8 inch tube diameters

are geometrically similar, that is, all linear dimensions are scaled by the same factor. Eddy
current probe dimensions are scaled by the same factor applied to the 0.720 inch, 7/8 inch
probe diameter to obtain a 0.620 inch, 3/4 inch probe diameter. The probe excitation frequency
is inversely proportional o the square ¢! the tubing thickness. This applies 10 the 550/130 kHz
and 400/100 kHz frequencies used for 3/4 inch and 7/8 inch tubing, respectively. Thus the
bobbin coil dimensions and test frequencies are intended 10 yield similar responses for the 3/4
inch and 7/8 inch tubing. However, the ASME calibration standard holes are not scaled and other
probe characteristics such as coil size are not scaled so that the resulting 3/4 inch and 7/8 inch
tubing eddy current measurements are not directly comparable.

For the above bobbin coil voltage normalization, the probes tested (Echoram, Zetec) in the
laboratory yielded both 4.0 volts at 550 kHz and 2.75 volts at $50/130 kHz. However, testing
of other probes with different frequency sensitivity can yield a different ratio between 550 and
550/130 kHz normalizations. For probes yielding the laboratory ratio between 550 and
550/130 kHz, the voltage normalization at 550 kHz to 4.0 voits is preferred as it is less
sunsitive to small analyst variations in setting up the mix. However, the voltage normalization
10 2.75 volts is more generally applicable 1o different probes and should be usad for probes
differing from the laboratory ratio by more than about 5%. That is, if the voltage is normalizaed
to 4.0 volts for the 20% ASME hole at 550 kHz and is outside the range (5%) of 2.6 10 2.9 volts
whien carried over to the 550/130 kHz mix, the bobbin voltage normalization 10 2.75 volts for
the mix should be used for the data evaluation. For Catawba-1 voltage measurements the 2.75v
mix normalization was the basis employed for sizing *he support plate indications.
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Thus the 1992 Catawba-1 support plate amplitude measurements used for repair limits
disposition were taken in a fashion consistent with "Appendix A" guidelines presented in the
Farley and Cook APC submittals.

5.2 Eddy Cunvent Data Analysis Guidelines

The general inspection protocol for bobbin probe EC testing spsuified t at data be collected at 4
frequencies - 550 kHz, 400 kHz, 130 kHz and 35 kHz. For Catawba 1 1his represented a
change in that prior inspection data did not include 550 '.\H2 and that 100 kHz was used as the
quanter-frequency for support plate suppression. As explained in Section 5.5 renorralization
factors were calculated to facilitate determination of cycle growth rates .

521 Duke Power Company Analysis Process for Support Plate ODSCC

The Catawba Unit 1 EOC 6 bobbin coil data was analyzed in accordance with the Eddy Curtent
Analysis Guidelines, Catawba Nuclear Station Unit 1, Rev. 2, dated 7/9/92. All signals

indicative of degradation were reported regardiess of depth and with no minimum voltage
threshold. All data were analyzed with 2 inclependent reviews (primary and secondary analysts).
The results of the primary and secondary analysts were compared and resoived by a team of 2
resolution analysts.

Every HL (hot leg) TSP call was then remeasured 10 obtain a voltage value consistent with
Waestinghouse recommendation for measuring bobbin voltages for ODSCC degradation at HL TSP's.
This process was simply a measurement exercise, 10 obtain a voltage value related 1o a specific
normalization, channel (§50/130 kHz MIX 5), and signal isolation. This was not a reanalysis as

the presence of the degradation a! each reported TSP had already been determined and was not
changed. The remeas.rement was performed in accordance with the Holleg Tube Suppont
Be-sizing Analysis Guidelines, Rev. 0, dated 8/12/92. An analyst remeasured each HL TSP call
and generated bobbin coil graphics depicting the call. Each call was reviewed by a team of 2
resolution analysts who concurred v #*h the accuracy of the measurement, and assured all HL TSP
calls were resized.

Every HL TSP call was then remeasured two more times: Once again on the cuirent EOC 6 bobbin
data with a 400/1 20 kHz mix and also from the EOC 5 1981 data with a 400/109 kHz mix.

These remeasuremer..s were performed to obtain ODSCC growth trending Information. The
remeasurements were parformed in accordance with the Hotleg Tube Support Re-sizing Analysis
Cuidelines for Growth Trending, Rev. 0, dated 8/12/9”  These measurements were also

performed by an analyst with two resolution analysts reviewing them for accuracy. The
guidelines are attached as Appendix A,

To obtain growth trending information over 2 cycles, a set of HL TSP calls in tubes pluyged after
the EOC 5 analysis in 1991 were remeasured using the EOC 5 1991 data and the EQC 4 1980 data
using a 400/100 kHz mix. Resizing and resolution were performed in identical fashion to the

growth trending described in the paragraph above.
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differences between 40C/100 kMz and 400/130 kHz calibrations is obtained by multiplying the
voitage value from the solution of the simultaneous equations relating each of them 1o the
550,130 kHz mix:

Volts (400/100 kHz) = 0.94 x Volts (400/130 kMHz2) - 0.17 (5-1)

The compensation developed in this fashion permits determination of per cycle growth estimates
for the support plate ODSCC indications identified at the end of each cycle.

5.6 Renormalization of Catawba-1 Pulied Tube Data

Tubes which have been pulled from Catawba-1 steam generators in prior inspections were field
examined us‘ng the 400/100 kHz mix, with the bobbin probe, as previously stated, calibrated

on the basis of a carbon steel support simulator (ring) on an ASME standard tube yielding 5.0
volts at 400 kHz. To include this information in the 3/4 inch tubing database, the field EC data
was recalibrated to the 2.75 volt APC normalization for the 4 X 20% hole on the ASME standard.

In addition, the post-pull data provided by B&W on Catawba-1 tubes was used 1o develop
rennrmalization ratios from the field to the APC normalization. The field and post-pull

lat ratory data were taken on a 400/100 kHz mix calibrated 10 a suppor plate ring, as
described ahove.

Post-pull laboratory data were also obtained for 550/130 kHz mix with the APC normalization
al 2 78 volts. The post-pull voltages are much higher than pre-pull voltages and thus are not
used to support the APC development. However, the post-pull data are used to develop the
conversion factors for renormalizing the 400/100 kHz field data to the 550/130 kHz
normalization. Using the correlation of the 550/130 kHz mix to the 400/100 kHz mix when
both evaluations are independently normalized to 2.75 volts for the 20% ASME hole (Figure
§-3), one obtains:

APC volts (550/130 kHz) = 1.094*(400/100 kHz volts) + 0.143 (5-2)
The pre-puli Catawba-1 voltages were converted to the APC normalization using this equation.

For this voltage normalization, the standard TSP volts at 400 kHz were also obtained 1o permit
adjustment of the field data to a normalization of 2.75 volts for the 400/100 kHz mix. The
measured TSP volts for the 2.75 volt normalization are given in Table 5-3. Division of these
TSP voltage measurements by the field normalization of 5.0 volts yields the voltage adjustment
factor given in Table 5-3 for obtaining the 20% ASME hole normalization (2.75 volts for
4007100 kHz mix). This adjustment factor is applied to the field evaluation with TSP
normalization as shown in the field evaluation columns of Table 5-4 to obtain the field voltages
for the 400/100 kHz mix normalized to 2.75 volts for the 20% ASME hole. The Westinghouse
evaluation for the 400/100 kHz mix is also shown in Table 5-4. The agreement is generally
better than 15% between the field and Westinghouse evaluations.

Table 5-3 also shows B&W post-pu'l bobbin voltage evaluations for the 400/100 kHz and for

the APC 550/130 kHz mix normalized to 2.75 voits for the 20% ASME hole. These voltages
were used in Figure 5-3 to obtain voltage renormalization factors as given by the above equation
The voltage renormalization factors were then applied to the pre-p.ll 400/100 kHz voltages of
Table 5-4 1o obtain the APC normalization voltages also given in Table 5-4. The Waestinghouse

5-4
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evaluated voltages are used for the APC development although differences from the fisid
evaluation are small. Also shown in Tabie 5-4 are the Westinghouse evaluated RPC voltages
based on evaluatior. of the available field data at 300 kMz with normalization 10 20 volis fora 0 §

" inch long EDM notch. The field RPC voltages were normalized 10 10 vohs for the ASME holes und
are not directly comparabile 1o the APC voltage normalization.

Comparison of the pre-pull vohages of Table 5-4 with the post-pull voltages ¢i Table 5-3

shows that the bobbin voltages for the larger voltage indications increased by factors of 1.5 to 4
as 2 result of the tube pull operations. The largest four voltage indications, which show
increases of factors of ~ 2.4 10 ~ 4.4, are associaled with the lowest four burst pressures for the
Catawba-1 pulled tubes.

5.7 Renormalization of Belgian Pulled Tube Data

The 3/4" tube database is significantly expanded by inclusion of tube pull and burst test data
produced by Laborelec from Plant E in Belgium. In support of the industry effort to develop
alternate plugging criteria for support plate ODSCC, Laborelec has collected field data using both
Belgian and APC voltage calibrations on U.S. testing equigment (MIZ-18) as well as Belgian
equipment; this data has included several pulied tubes amoiig ~57 indications evaluated. The
pulled tube data are summarized in Table 5-5; Figure 5-5 p.esents the relationship as reported
by Laborelec between the 300 kHz calibration used in Belyium (4 x 100% - 48 mil holes =

2.00 volts) and the APC calibration for 3/4" tubing using Pelgian tes! equipment for 300 kHz

data and U.S. equipment for the 550/130 kHz (\PC) data. The corrsiation between Westinghouse
and Laborslec evaluations at the APC normalization is shown in Figure 5-6; excellent agreement
Is shown for the 550/130 kHz data evaluation with U.S. test equipment (MIZ-18). Similarly an
excellent correlation is obtained (see Figure 5-7) for the Laborelec evaluation of data obtained

at 300 kHz and 550/130 kHz using the MIZ-18 equipment. These data permitted development of
the voltage renormalization factor (~4.93) based on Laberelec probes and calibration standards.

To merge the Belgian data into a consistent (¢ stry population for 3/4" tubing, a
cross-calibration of the Belgian analyses w.ih the U.S. laberatory ASME standard for 3/4*
tubing (AS-009-91) was performad. The cross-calibration process began with the testing of
an ASME transfer standard (ASR-002 92! together with the laboratory standard. For the four
20% holes used as the reference basis, the following results were obtained:

Lab. Std. Transfer Sid. u.s.
550 kHz 4.00 volts 3.96 volis 1.010
550/130 Mix 2.85 volts 2.78 volts 1.026

The U.S. trans fer standard was provided 1o Laborelec to obtain the cross-calibration ratio for the
Belgian ASME standard (#62952). These two standards were tested with Belgian probes with a
MIZ-18 (Zetec) EC tester to obtain 550 kHz and 130 kHz data; the following resulls were
obtained for the four 20% holes:

U.S. Sid. Belgian Std.
Ernquengy AS:Q02.92 ~BE2302 Belgian/U.S, Transler
550 kHz 2.51 volts 4.00 volts 1.594
550/130 Mix 1.56 volts 2.75 volis 1.763
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negligible compared 1 other sources of arror for applica'ions 1o pligging limits of the order of
one or more volts.

Speciul concern attends measurement variability arising from wear of the probes’ centering
devices. Excessiva play may result in off-center positioning of the probe relative 1o the flaws
which attect the EC response. Thus a new probe with design centering produces the proper
response, while the same probe with worn centering devices may iean away from the flaw cr
toward it producing smaller or largnr amplitude responses. To reduce this variability, limits

are placey on the usage of an otherwise electrical: sound probe; each probe is required 1o yive
amplituoes no greater than +15% different at any time from the respcases when new 10 four
identical, 100% deep holes staggered axially on a standard tube ("probe wear standard"). {This
device was not availeble at Catawba- 1; estimates or probe wear uncertainty are described in
Section 5.8.2.) Periodic measurement of the probe wear standard identifies when the probe
centering is inadequate and raplacement is required. An allowance of 15% is provided in the
plugging limi calculations, though somewhat lower variadllity is expecied.

Data analysis guidelines for voltage measurements are provided in EC sizing guidelines, in
Appendix A. It has been found through experiencs at Plants .. .2 and L that when given a common
orientation 1o specific measurement guidelines that the variability arising from analysts’
differences are recuced to less than +10%. As expected, this uncertainty is larger at low

voltages, this results from the lower signa' to noise ratio. As the S/N value increases,
measurement variability diminishes with the result that for plugging limit voltages the overall
Qverage Is a conservative correction.

To reduce the spread of possible resporses to a given morphological condition, the measurements
used for the voltage/burst pressure correlation are taken from the field, pre-pull inspection

data. It has been observed on many occasions that there are unpredictable ditferences in
amplitudes of flaw signals between pre-pull and post-pu!l inspection data. This results from
mechanical deformation of the tube, such as elongation, denting, scratching, etc. which occurs in
the process of removal.

The contributions lo the NDE uncentainty at the 90% cumuiative probability are calculated for

each of the error sources. These sources are treated as independent variables and combined as a
root mean square (RMS) to obtain the net NDE uncentainty. This value is then applied in the
calculation of the tube plugging voltage limit. For probabilistic SLB leak rate evaluation, the
cumulative probability distribution or a normal distribution of NDE uncertainty is utilized.

5.8.2 Catawba-1 NDE Uncentainties

The EC uncertainty consists of the EC analyst variability and the probe wear contribution. For
the 1992 Catawba-1 inspection, these are developed as described below:

EC Araivet Variasis

The most extensive evaluation for the EC analyst uncertainty was performed at Plant L. Figures
5-8 and 5-9 show the indications and analyst uncertainty from the Plant L study. At 90%
cumulative probability, the EC analyst uncertainty is 10%. The uncertainty in percent
represents the voltage difference from Figure 5-9 divided by the mean voltage of 1.41 volts. An
upper limit on the analyst variability uncertainty results from plant specific guidelines for
resolving voltage differences between analysts as described below.

o
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For Catawba-1, the 1992 | \dications and the associaled 1991 indications for developing growth
were reana'yzed by Duke Power using guidelines consistent with APC requirer—~nts as described
iin Section 5.2. A sample of 18 indications were independently reviewed by Westinghouse. This
paitial assessment for tt e largest indications in S/G C support consistency with the APC
guidelines for the 1982 nspection evaluation. Thus it is reasonable 1o apply the Piant L EC
anatyst uncertainty fo, the 1892 Catawba-1 indications.

For the 1992 inspection, a resolution process was implemented to obtain the final voltage
amplitudes for application of the IPC criteria. This resolution process required that each analyst
call on resizing the indications 10 the APC guidelines was reviewed by a t&...n of 2 resolution
anaiysts who concurred with the accuracy of the measurement.

This rasclution process ~an be expected to limit the EC variability describe.’ above for Plant L
(based on differences petween analysts with no resclution process) at upper/iower bound cutoff
values. To estimate the cutolf or upper bound values for analyst variability, 123 indications

were given a repeal anaiysis which can then be compared with the primary analysis (final outage
voltages) for each indication. Emphasis on the primary voltage analysis was placed on
conservative peak Ic peak voltages. The primary analysis was performed utilizing the voltage
resolution process described above. The repsat analysis was a single analyst evaluation (no
resolution process) of the voltages. Thus the voltage differences between the primary and repeat
analyses can be expected o bound the voltage variability that would be expected with two
independent analyses carried through the resolution process. The resulting voltage differences
between the resolution process (resolved volts) anc’ the single analys! are shown in Figure 5-1C
as a function of the primary voltage call (resolvec volts) for each indication. In most cases, the
primary calls are higher amplitudes particularly above about 0.5 volt. At low (<0.5 volt)
amplitudes, the voltage variability is higher with both plus and minus values. This result is
generally exoected for flaw signals of comparabie magnitude to noise and residual signals. Above
about 0.8 volts, the maximum voltage difference is <20% of the resolution process voltages.
Since this range of voltages is of most significance for IPC applications, an EC analyst variability
cutoff at 20% can be applied. Thus the EC analyst variability can be represented as the
distribution of Figure £-9 with a cutoff or maximum uncertainty at 20%. This uncertainty has
been applied for final Catawba-1 analyses while preliminary analyses were performed with no
cutoff on the distribution.

Probe Wear Uncenainty

Figures §-11 and 5-12 show the database on voltage sensitivity 10 probe wgar. For plants
implementing the probe wear standard, the voltage variability of Figure §-12 is obtained from
the Figure 5-11 data by including all data to 20 mil radial wear for the Echoram probe and to 5
mils for the Zetec probe. The resulting prote wear uncertainty has a standard deviatiun ot 7%.

The probe wear standard was not implemented in the 1992 Catawba-1 inspection. Zetec nrobes
have been used for the 1992 Catawba-1 inspection. Thus the data for the Zetec probe (bottom
figure) of Figure 5-12 are applicable 1o Catawba-1. Mockup tests with the probe wear standard
have shown that at 0.0075 inch wear, the wear standard requires probe replacement for 80% of
the tests and only the data up to 5 mils wear was used for the EC unceitainty of 7%. With the
probe wear standard, the probe wear uncertainty is cut off at 15% by the probe wear
replacemenit requirement. It is reasonable for estimating the Catawba-1 probe wear uncertainty
to include the 7.5 mil data in determining the standard deviation and apply this uncertainty with
no cut off.
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Figure 5-13 shows the probe wear standard amplitudes and voltage differences from the mean
for all Zetec pruobe maasurements between no wear and 7.5 mils wear. This simulates
measurements between a new ana well-worn probe. The uncertainty of Figure 5-13 shows a
standard deviation of 0.55 volts for an average of 6.05 volts or a standard deviation of 9%. For
Catawba-1, the probe wear uncertainty can then be estimated by rounding to a standard deviation
of 10% with no cut off at high confidence levels. It can be noted from Figure 5-11 that the
average voltage, as well as the standard deviation, tends 10 increase (conservative for tube
repair) at large probe wear (7.5 mils).

The probe wear uncertainty of 10% standard deviation was applied for preliminary Catawba-
analyses. To further evaluate the probe wear uncertainty, data obtained during ASME standard
caliration runs at the beginning and end of each data tape were collected for further evaluation,
Table 5-8 shows an example of this data for one of the larger number of tubes inspected (1456
tubes) with a given probe. The single, 100% throughwall ASME hole data can be used 1o estimate
the probe wear uncertainty by evaluating the variability in the 100% hole voltages. Data such

as Table 5-8 were collected for 10 probes covering the inspection of 8947 tubes on 58 tapes for
S/G's C and D. The 8947 tube inspection results spanned 95 tapes of which 100% hole voltages
were collected at the beginning and end of 58 tapes. The number of tubes inspected per probe
varied from 63 to 2391 for these data. To be representative of the IPC measurements made for
each tape, the 100% hole measurements were adjusted to 2.75 volts for the corresponding 4 x
20% ASME holes used for data calibration of the field measurements,

The 100% hole data (1186 calibration standard measurements) were then evaluated 1o determine
the mean with the standard deviation about the mean (voltage differences) applied as a measure
of the probe wear NDE uncertainty. Figure 5-14 shows the resulting distribution for the 100%
hole measurements. The standard deviation is 16% of the average or mean voltage. This probe
wear uncertainty of 16% is applied for the final Catawba-1 IPC analyses. It can be noted that
the range of voltage differences from the mean is about -25% 1o +50%. The larger spread for
overesiimating voltages due 1o probe wear leads 10 corservatively large voltage measurements
for the field applications. The negative voltage differences or underestimates of the voltage
amplitude are bounded by lesc than two standard deviations.

Combined EC Uncertainty

The probe wear and EC analyst NDE uncertainties can be considerer 2 be independent variables.

For Monte Carlo analyses to obtain EOC valtages, separate distributions can be used and
independently sampled for the two contributions to the NDE uncertainty. For Jeterministic
analyses of tube integrity, the EC uncertainties at 90% and 99% cumulative probability are
required. The independent uncertainties can be combined as root-mean-square (RMS) averages.
The results of the preliminary and final analyses for the NDE uncertainties ara summarized in
Table 5-9. The preliminary values, as developed above, were a 10% standard deviation for
probe wear and tube analyst variability of Figure 5-9 with no cutoff at the larger voltage
differences. The final values are a 16% standard deviation for probe wear and the analyst
variability of Figure 5-9 with a cutoff on the distribution at 20%.
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Table 51

Comparison of Bobbin Signal Amplitudes
Between 3/4 Inch and 7/8 Inch Tubing for Different Flaws

Elaw T 8 Si 4" . i Tubi 78" - 50 il Tubi
(550/130 kHz mix) (400/100 kHz mix)

20% ASME Holes 2.78 volts 2.75 volts

100% ASME Hole 6.4 volis 8.2 volts

1/4" Long, 100% Deep Axial Siot 42 volts 43.5 volts

1/2" Long, 100% Deep Axial Siot 77 volts 75 volts
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Table 5-3
Voltage Adjustment Factors to Obtain APC Normalization for 550/130 kHz Mix

Post-Pull 550/130 kMz .

Factor for Adjusting Field and 400/100 kHz Data(4)
TSP Norm, 1o 20% ASME Norm, 400/100kHz  ES50/130kHz
Tube ISE ISP volts! Adiustment Factor(® Yois Yolts
R5C112 2 6.92 1.38 0.25(5) 0.37
3 4.44 5.06
R10C6 2 6.4 1.28 1.82 207
3 4.77 5.54
R10C69 2 6.4(3) 1.28 NDLD
3 2.92 3.31
R20C46 2 6.04 1.21 0.59 0.82
3 0.75 1.04
R7C47 2 78 1.56 - ;
3 5.65 4.13
Notes:

1. Weslinghouse measure of standard TSP volts when 20% ASME volts set at 2.75 volts.
2. Voltage adjustment to convert voltages normalized to 5.0 volts at standerd TSP to
normalization of 2.75 volts for 20% ASME hole.
3. Adequate TSP not available on standard. Assumed same as tube R10C6.
. BAW evaluations of post-pull data.
5. The 400/100 kHz data were renormalized 1o 2.75 volts 13- the 20% ASME hole.






Table 55

Belgian and Westinghouse Evaluations of Plant E-4 Eddy Current Datal' 2)

Baloign Finid Evaiua Gataan s
——dglecEquip.  _Belgian Equip.®
Tube ISP S504130kHz 300KHz . 300KkMz = _550130kMz = 300kHz

Voits Volts Volts Depth Volts Depth Voits

R26C34 2H 4.95 1.17 1.33 71% 5.03 70% 1.1
(8.10)(7)

R16C31 1H 575 1.43 1.27 65% £ 85 69% 1.32
{10.58)(7)

2H 9.30 2.02 2.25 70% 9.25 72% 1.95
(16.73)(N

R40C47 1M 017 0.09 NDD!5) - 017 41% 0.09
(0.31)(7)

R45C54 1H 9.57 2.29 2.25 65% 9.53 69% 2.21
(17.24)()

2H 0.45 0.22 0.204)  ..1(6) 0.83 53% 0.16
(1.50)(7

R47C66 1H 9.28 2.26 212 72% 9.39 69% 213
(16.99)(7

2H 1.39 0.53 0.52 40%4) 1.37 38% 0.51
(2.48)(")

R33Ca96 1H 357 0.96 1.07 68% 354 67% 0.88
(6.40)(7)

1. Voltages at 550/130 kHz mix normalized to 2.75 volts on 20% ASME hole

2)  Voltages at 300 kHz normalized to 2.0 voits on 4 throughwall, 1.25 mm (0.049") holes

3) Amplitudes and depth measured by automated signal analysis

4)  Manual correction for small signal to noise ratio

5) Signa! below automated detection t*reshold

6)  No depth measuremen for insufficient signal 1o noise ratio

7)  Voltages in parentheses corrected for cross calibration factor of 1.809 between Beigiar
made ASME standard and the reference laboratory standard. Laborelec is conducting
additional studies to determine if other adjustments are appropriate.
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Table 57
Bisininary Labotelec Res s for Renormalization of Belgian to U.S. Volts

‘4" 1 - " . .
Item m“m 240 KHz TR ]m%

A. Manufacturing Process: 4-TW '.25 mm Holes

U. §. Orilled 1.99 10.58 1.88 9.26 *
Belgian EDM 2.n0 10.5%6 2.00 10.17 |
Ratio EDM/Dritled 1.00% 0.998 1.064 1.098 |
Manufacturing Process: 4-20% ASME Holes
U. S. Drilled 0.63 1.56 U.71 1.90 I
Balgian EDM 0.94 2.7% 0.94 2.75 |
Ratio EDM/Drilled 1.492 1.763 1,324 1.447 ;
B. Intluence of Probe Design: U, 9. ASME Std. '

20% Holes (U.S. Standard)
Echoram 0.61(1) 2 76(2) 0.94(1) 2.71(2)
Laborelec 0.64 2.74 0.76 2.4
Ratio APC to Belgian Normalization at 20% Nepth

o Echoram §4.52 2.95

0 Laborelec 4.28 3.6l
4 1w 1.25 mm Holes (U.S. Standard)
Echoram 2.00 18.52 2.00 11.10
Laborelec 2.01 18,77 2.00 13.11

Ratio APC to Belgian Normaiization at 100% Depth

¢ Echoram 9.26 5.55
0 Laborelec 9. 34 6.56
0 Ratio applied ~4.93%].5+7 .4

in Catawba-1

Evaluation

Notes: 1) Normalized to 2.0 volts for 4-TW 1.25 mm holes.
2) Normalized to 2.75 volts for 4-20% ASME drilled holes
(APC Calibration).






Prelimirary Estimate
Dist. aution for
Monie Carlo

Value at 90%
Cum.Prob.
Value at 99%
Cum.Prob.
Final Estimate
Distribution for
Monte Carlo
Value at 80%

Cum.Prob.

Value at 99%
Cum.Prob.

Table 5-9

Summary of Catawba-1 EC Uncertainty

Analvst Variabili B e W

Cum. Prob. in %
Columns 2 and 3
of Table 5-10

10%

34%

Cum. Prob. in %
Columns 2 and 4
of Table 510

10%

20%

Normat Distr.
mean«0,r«10%

13% (1.28r)

23% (2.33r)

Normal Distr,
mean=0,r«16%

20% (1.281)

37% (2.33r)

BMS Average

Apply separate
distributions

16%

41%

Apply separate
distributions

22%

42%
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Figure 5-1

Bobbin Coil Voltage Dependence on Slot Length and Deptt: - 0.75" Tubing
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Figure 5-3

CATAWBA 1 Pulled Tubes
Correlation 550/130 to 400/100 KHz mix
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VOLTAGE AT 55081 30 kHz

Figure 5-4

Signal Amplitudes at 550/130 and 400/130 kHz for Catawba-1 TSP Indications (1992)

CORRELATION OF §50/130 TO 400/130 kHz
RESULTS FROM 1282 CATAWBA-1 INSPECTION
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Figure 5-5

DOEL UNIT 4, S/G: B
Evaluation of 1992 Voltage Ind. at TSPs
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550/130 KHz, APC Mix Norm, Belgian Eval

Figure 5-7

DOEL UNIT 4, S/G: B

Evaluation of 1992 Voltage Ind. at TSPs

300 KHz, Belgian Norm., Belgian Eval.
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Figure 58

Distribution of Voltage Indications Used for EC Analyst Vanability Evaluation
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NUMBER OF OCCURRENCES

Figute 5-9

Distribution of Voltage Differences Between Individual Analysts and Mean Values
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Figure 5-10

Catawba-1 EC A..alys! Variability: Comparison of Voltage Diferences
Between Resolution Process and Single Analyst
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Figure 512

VoRage Varability Due 10 Bobbin Probe Wesr
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Figure 513
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Figure 5-14
CATAWBA-1 PROBE WEAR DATA
Volts for ASME Hole over Probe Life
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have been reported as leakers during plant operation. The fiekd eddy current data for all pulled
tubes were reviewed for voltage normalization consistent with the standard adopted (see Section
5.1) for the plugging criteria development.

Operating plant leakage experience for ODSCC at TSPs is summarized in Section 6.3. Evaluations
of the 3/4 inch diameter, pulled tube burst and 'vak rale data are given in Sections 6.6 10 6.8.

The Catawba- 1 burst and leak rate data are evaluated in Section 6.6. It is shown that three of the i
nine Catawba-1 burst tests did not result in sufficient opening of the cracks and the burst

pressures are not considered reliable. In addition, two intersections burst outside the TSP at

hand ground location marks and thus aiso are not reliable data. The remaining four Catawba-1
burst tests are found 1o require some adjustments 1o the measured burs! pressures as described

in Section 6.6. It is also found that the one Catawba-1 Intersection found 10 leak at normal
operating and SLB cunditions in the laboratory most likely resulted in throughwall penetration of

the 97% Geep corrosion crack during the tube pulling operation and thus does not provide a
representative leak rate for including in the data base.

63  Operating Plant Leakage Data for ODSCC at TSPs

Table 6-2 summarizes the availa ‘e information on three suspected tube leaks (3/4 inch

tubing) attributable 10 ODSCC at TSPs in operating steam generators. These leakers ocourred in
European plants with two of the suspected leakers occurring at one plant in the same operating
cycle. In the latter case, five tubes Including the two with indications at T8Ps were suspected of
contributing to the operating leakage. Leakage for the two indications at TSPs was obtained by a
fluorescein leak 1est as no dripping was detected at 500 psi secondary side pressure.

For the Plant B-1 leakage indication, other tubes also contributed 1o the approximately 63 gpd

total leak rate. Helium leak tests identified other tubes leaking due to PWSCC indications. Using
relative helium leak rates as a guide, It was judged that the leak rate for the ODSCC indication
was loss than 10 god. These leakage events indicate that limited leakage can ocour for indications
above about 6.2 volts. No leakage at Catawba-1 has been found that could be attributable to
ODSCC at TSPs.

6.4  Voltage Renormalization for Alternate Calibrations

To increase the supporting data base, it is necessary 10 renormalize available data to the
calibration vaiues used in this report. For data on 3/4 inch diameter tubing, voltage
renarmalization has been obtained by applying a normalization for the ASME 20% holes of 4.0
volts in the 550 kHz channel and 2.75 volts in the 550/100 kHz mix. The APC voltage
normalization and data analysis guidelines have been discussed in Sections 5.1 and 5.2. The
voltage 'enormalization for the Catawba-1 and Belgian pulled tubes are described in Sections 5.6
and 5.7. The Catawba-1 rgnormalization trom 400/100 ..z mix 1o the 550/130 kHz mix was
obtained from post-pu!l laboratory measurements and is shown in Figure 5-3. The Beigian
renormalization was ottained by direct measurements of field indications as shown in Figure
5-4. As discussed in Section 5.7, the Belgian voltages have been increased by a 1.5 factor
pending completion of further Laborelec studies of the voltage renormalization 10 the APC
guidelings,

- P — B e e e =T =E T



65 Tensie Property Considerations

The 3/4 inch diameter model boller specimens have above average tensile properties while the |
pulled tube da.a have both higher and iower tensile propenies than average values. The tensile

property diferences between model boller and pulled tube data are greater for 3/4 inch tubing

than found for 7/8 inch tubing. The 3/4 inch model boiler tubing had above average (6%)

material properties while the 7/8 inch mode| boiler lubing had properties slightly below

average. For the J/d inch tubing APC development, all model boiler and pul'ed tube burst

pressure dala are renormalized to average ensile properties for 3/4 inch tubing as described in

this section.

Tubing manufacturing data have been utilized to develop mean tensile properties together with

1« standard deviation and lower 95% tolerance limit at room temperature and 650 OF, These

data are given in Table 6-3. Also given in the table are the values for (Sy + Su). The mean (Sy |
+ D) value of 154 ksi (twice the flow stress) at room temperature (WCAP-12622) is used to

normalize the measured burst pressures for the model boller and pulled tube data. The ratio of

the 95/85 Lower Tolerance Limit (LTL) flow stress al 650 OF 1o the m - .n flow stress al room

temperature is utilized 10 adjust the voltage/burst correlation obtained at room temperature 10

obtain the operating temperature LTL correlation. This ratio is 0.848.

Table 6-3 also includes the tensile properties for the 3/4 inch mode! boiler specimens and for
each of the avallable pulled tubes. Since burst pressures are propurtional 1o the flow stress, the
measured burst pressures are normalized to mean properties by the ratio of the tubing mean (Sy
+ Bu) of 154 ksi (flow siress of 77 ksi) at rvom temperature 10 the tube specific (Sv + Su)

given in Table 6-3.

66 Evaluation of Catawba-1 Pulled Tubes

This section describes an evaluation of the Catawba- 1 pulled tube burst test anu leak rate
measurements. The burst test data are evalualed 10 assess whether the measured pressures are
representative of a burst or a more limited crack opening vausing leakage. A completed burst
test Is characterized by fist:mouth opening of the crack, bulging of the tube and/or tearing at the
edges of the corrosion crack. In general, the burst test opens up the entire macrocrack length or
a very large fraction of the crack length. It is shown below that three of the Catawba-1 burst
lests resulted in minor crack opening such that the resulting pressures do not represent a burst
test. The bobbin voltages for the Catawba-1 tubes are discussed in Section 5.6. The first four
columns of Table 6-4 provide the tube locations, bobbin volts and measured burst pressures.
Column five provides th: tow stress adjustment factor for adjusting the burst pressures 10
average material properties as developed in Table 6.3, The following evaluations form the basis
for the adjusted burst pressure column of Table 64,

Tube BSC112. TSP3

Catawba-1 pulled tube RSC112, TSP-3 had a field bobbin voltage indication of 1.82 volts and a
post-pull bobbin voltage of 5.06 volts. By destructive exam, the maximum corrosion depth (at

1 0f 23 axial grinds) was 97%. In the laboratory, the indication was found 1o leak at about 500
psi while pressurizing for a burst test. The tube section was then leak tested at prototypic
conditions before further burst testing and found 1o have leak rates of 0.078 and 0.56 Vhr. at
normal operating and SLB pressure differential, respectively. A bladder was then inserted 10
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continue burst testing. The “burst” pressure measured was 4,150 psi. A burst pressure of this

magnitude would be associated with a unitormly throughwall crack size of aboint 0.45 inch

length. This section evaluates the desiructive examination data 10 assess the fikelihood of the low

burst preasure and whether the leakage was due 10 tearit - of the crack 10 throughwall during “
whe removal operations or during leak testing.

Figures 6-1, 6 2 and 6.3 show, respectively, the post-burst test crack, @ map of OD crack
Indications and the crack depth vs length of the macrocracks that opened during leak and burst
testing. Figure 6-3 also shows the locatiun and length (~0.19 inch) of throughwall crack

opeiling following the burst test. From Figure 6-1, It is seen that two post-burst crack

openings are separaled by a ligament. The lengths of the two throughwall penetrations are about
0.11 inch and 0.0€ inch. These lengths are typical of individual crack inltiation sites

(sometimes called microcracks). From observations of the metallography obtained at the

various grind depths of Figure €-2, the two opened cracks are pans of separale macrocracks

with an untorn ligament seen between the opened cracks. Even the end to end opened crack length
of about V.19 inch is rmuch less than the 0.45 inch throughwall crack expected for a burst
pressure of 4,150 psi. A completed burst test is characterized by fishmouih opening of the

crack and/or tearing at the edges of the corrosion crack. This burs! test shows neither of these
burst features and did not open up either of the macrocracks. The overall macrocrack length
from Figure 6-2 is about 0.43 inch which is less than the 0.45 inch throughwall crack length
expecied for a 4,150 psi burst pressure. It is concluded that the “burst” 1est is an incomplete

test. 11 is postulated that a slow pressurization rate permitted the bladder 10 enter the
microcracks as they opened and caused the bladder 10 tear which terminated the test. The burst
les! was not rapeated at a higher pressurization rate. As a consequence, the "burst” test is not
considared reliable and is not included in the voltage/burs! correlation data base.

A threefold Increase in eady current bobbin voltage and 1t appearance of leakage at a pressure of
500 psi [ 1 & post-pull 1est raises questions of damage 1o tube RSC112 priof 10 leak rate testing

and the suitability of including this leakage data in leak rate - bobbin voltage correlations. The
measured crack depth of Figure 6-3, as obtained from the metallography of the successive arial
grinds of Figure 6-2, was used 10 estimate the pressure at which fracture of the remaliing

crack deptl, ligaments would be expected. As discussed below, the estimated pressure at which
ligament fracture and thus leakage would be expected is many times higher than the observed
pressure of S00 psi. This indicates the tube was damaged prior 10 leak rate testing and should

not be included in the genera! leak rate daiabase. The measured SLB leak rate for this indication
of 0.56 liter/hr would be ) pected to have a throughwall crack length of about 0.1 inch or

larger.

Typically, the bu:st pressure of a cracked steam generator tube Is expected 10 reach the full

plastic collapse value. However, very deep cracks with consequently very small remaining

ligaments in the depth direction can exhibit ductile tearing prior to reaching the full plastic

collapse pressure. For '.1l plastic collapse or burst, the remaining wall thickness ligament

spanning the crack faces must be able 1o stretch without tearing until full plastic collapse of the

tube occurs. A ligament which is only a few mils in depth cannot stretch more than 2 few mils in

height. Obviously this situation is exacertated by long cracks which, if they were throughwall,

would open much more than shorter cracks. Thus a small wall thickness ligament may open 10

leakage prior 10 bursting of the tube. ,

A partial throughwall crack can be viewed as a throughwall crack whose opening is opposed by

springs, that is, ligaments. For a ligarent to survive untif full plastic coliapse of the tube, the
ligament must be large and strong enoigh to limit the crack opening to some acceptable vaiue. To

6.4



a first approximalion, the maximum amount a ligament can be expected 10 stretch is about equal
10 its width. Hence, the critical value of the crack tip opening displacement, CTOD gy jyicai 18

equal 1o the size of the remaining ligament. As one limiting case, CTODgyiical fuf & throughwall

crack is then expected 10 be equal 10 the lube wall thickness. This agrees with the fracture
appearance of past 1est specimens and a private communication from Belgatom. As a general
criterion for the fracture of the remaining ligamer. of a partial throughwall crack, CTOD¢yitical

15 taken equal 10 the remaining ligament depth.

Elastic plastic calculations of CTOD for partial throughwvall cracks in cylinders are available in
the literature. However, the crack depth is assumed 10 be uniform as opposed 1o the trapezoidal
shape of the crack In RSC112. An equivalent uniform shape was therefore assumed but
CTODgritigal was based on the deepes! part of the crack. On an area basis the equivalent orack

depth in twbe REC112 is 60%. With a maximutn crack depth of 87% and a remaining ligament
0! 3%, the CTODgjpicqa) value is 0.0013 inch. From the calculations of Erdogan, irwin and

Ratwani(!), tube REC112 is expected 1o tear throughwall al a pressure of about 3300 psi, A
modified Dugdale approach 10 the same problem led 1o a calculated pressure of about 3700 psi for
throughwall 1earing - This pressure wol'd be associated with leakage and would be expected to be
below the burst pressure for plastic collapse of the resulting throughwall crack. Even for

deeper equivalent crack depins, for example B0%, the computed pressures for crack learing are
marny times greater than the first leakage pressure of 500 psi. Henoe, it is concluded that

damage to tube R5C112 occurred prior 1o leak rate testing and the leak rate measurement should
not be includs  in the database

B10CE9 TSP 3

This indicatior, had a bobbin veltage of 1.48 volts which increased 1o 3.31 volts In the post-pull
inspection. Figure 6-4 shows the burst crack opening after the burs! test and after cui.ng and
bending of the tube 1o open the macrocrack. It is seen that only minor crack opening has
occurred and the opened length is very short (0.1 inch). After bending 10 open the macrocrack, a
large part of the macrocrack is not throughwall. Figure 6 5 shows that the burst opening
represents only part of the approximately 0.37 inch macrocrack length which had a maximum
depth of 75%. The measured burst pressure of 5000 psi is approximately the expected burst
pressure for a 0.37 inch throughwall crack (see Figure 7-12) and much less than expected for
an average depth equal to the maximum 75% depth. It is concluded that the burst 1est did not
result iv. a complete burst. Theretore, this indication is not included in the burst pressure dala
base.

BIC47, ISP 3

The 3rd TSP intersection of R7C47 had a 1.57 volt indication that increased 10 4.13 volts in the
post-pull inspection. Figure 6-6 shows the burst crack opening for this indication and Figure
6-7 shows the crack map. The macrocrack associated with the burst opening is about 0.45 inch
long with @ maximum depth of about 87%. Figure 6-8 shows the crack depth vs length which
indicates an average depth of about 60 1o 65%. The crack length having depths greater than

1)  Erdogan, F. Irwin, G. R., and Ratwani, M., *Ductile Fracture of Cylindrical
Vessels Containing a Large Flaw," Cracks and Fracture, ASTM STP 601,
American Society for Testing and Materials, 1976.
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The 2nd TSP of R10CE had a 1.46 volt bobbin indication which increased 1o 2.07 volts I the
post-pull inspection. The burst crack opening is shown in the upper part of Figure 6-* ~ i two
magnifications. The crack openig is about 0.33 inch long with minor bulging or tearing. Figure
6-11 shows the OD crack map and assoclated depths. The macrocrack that opened in the burs!
test is about .33 inch long with a maximum depth of 72%. The expected burst pressure for a
0.33 inch long crack conservatively assuming an average depth of 72% would be about 7260 psi
or significantly in excess of the measured 6,000 psi. 1t is concluded that the reported burst
pressure underestimates a complete burst by at least 15%. The 15% adjustment factor is
typical of that found upon repeal burst tests following crack opening with no significant crack
tearing and envelopes the above discussion for a 10% factor. As shown in Table €-4. the
adjusted burst pre=sure for the 2nd TSP of K10C6 Is 7,100 psi for use in the voltage/burst
correlation,

B10CE. TSP 3

The 3rd TSP of R10CE had a 1.31 volt bobbin indication which increased 10 5.34 volts in the
post-puli examination. Figure 6-10 shows the burs' crack opening for this inaication. The
burst opening length is about 0.38 inch with @ maximum depth of £:%, Similar 10 the 2nd TSP
for this tube, a minimum increase of 15% in the measured burst pressure of 4,850 psi is
appropriate for this indication. The adjusted burst pressure for the burst ddtla base is then
5,740 psi as shown in Table 6-4.

Crack Mophology

Figures 6-2, 6-5, 6:7 and 6-11 show available OD crack maps and associated maxirmum depths
found in the tube examination. These figures also show regions on the tube which were
characterized in the desiructive examination as IGA. Tne IGA depth was generally negligibie
(«5%). However, the 3ro TSP of R7C47 was identified as having very local IGA depths up 10 the
51-75% range as shown in Figure 6-7. The IGA characterization used 1o define the OO crack
maps 1s not known, A review of the metallography data indicates negligib'e volumetric IGA
involvernent. As described in Section 3.2, the Catawba- | pulled tube crack morphology can be
classified as multiple ODSCC with minor IGA.

summary of Catawba:-1 Pulled Tube Resylls

Based on the above assessment of the Catawba- 1 pulled tube data, the evaluated resuits are given
in Table 6-5. The NDE data evaluation supporting Table 6-5 is given in Section 5.6.

6.7 Evaluation of Fiant E-4 Data

Recent (1992) tube pulls from Plant E-4 provide a major contribution 10 the 3/4 inch tubing
burst pressure and leak rate data base. In addition, the eddy current data were obtained to the
Belgian and APC voltage normalizations 10 provide the basis, as described in Section 5.7, to
convert prior and future Belgian data to the APC data base. In Section 5.7, the results of cross
calibration of Belgian (EDM holes) and domestic (drilled holes) ASME calibration standards are
discussed. The cross calibration factor of 1.8 can be applied 10 the Belgian data for APC
applications. However, Laborelec is continuing further studies on voltage normalization 10 APC
guidelines. Pending finalization of the Laborelec study, a factor of 1.5 increase is
conservatively applied 1o the Plant £-4 voltages. The Plan! E-4 data are described in this

e (- T T T ——————
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saction.

Leak rate and Lurst test measurements were performed on the Plant E-4 pulled tubes as
summarized in Table 6-6. These daa include bobbin voltages up 1o ~ 10 volts which are higher 4
than obtained for other 3/4 inch pulled tubes,

The Plant E-4 burs! tests were performed with a plastic bladder and no foil reinforcement. The
burst test results showed learing and are considered 10 require no adjustments 1o burst
pressures other than the adjustment for material properties. Free span burst pressures were
oblaine tor six intersections with bobbin indications and one NDD intersection.

The leak rate measurements are also given in Table 6-6. This table includes tube R19C35 which
had been previously (1991) pulled and examined. Leak rates were measured in free span at

room temperature. The Plan( E-4 leak rate measurements were made a! room temperature at
1450 10 15626 psig and 2400 to 2750 psig for normal operating and SLB differential pressures,
respective'v. Laborelec has applied an analytical procedure using measured leak ratn dependence
on pressure differentials 10 adjust the room temperati:re test results 1o prototypic temperaiures

and pressure differentials. Only the leak rate data aré used lor R19C35 and R45CE4 TSP 2 in

the APC data base. Pending review of the analytical procedure for the leak rate ad,usiment, the
leak rate data are not used in the reference correlation of this repon.

6.8 Evaluation of Plant B-1 Pulled Tubes

Bobbin and destructive examination data are available for 16 intersections from “lant B Units 1
and 2 pulled wubes. However, only the 5th TSP intersection of R4 C61, Unii 1 was burst tested
and *his gata point is described in this section. The bobbin data was obtained at a 5507100 kMz
mix normalized 10 2.75 volts for the mix at the 20% ASME hole. The 550/100 kMHz mix i3
sufficiently close 1o the 550/130 kHz mix of the APC normalization such that no voltage
adjustment is necessary. The pre-pull field bobbin voltage for this indication was 1.91 volts

and the depth was 74%. The post-pull bobbin data was 2.33 volts and 80% aepth.

Tube R4CH1 at the Sth TSP was burst tested with no bladder and inside a TSP simulant (0.75
inch long, 0.016 inch diametral gap). No leakage was detected (by loss at pressure) until the
Crack opened 10 a large leak rate and loss of pressure at 6750 psi. The initial crack was found by
destructive @xam 10 be 0.40 inch long with a 0.01 inch long throughwall penetration. Given the
throughwall penatration and that leak rates were not measured with significant accuiacy, this
indicavon is not used in the APC leak rate database. The post-burst crack had minor opening of
the crack faces with negligible tearing at the edges of the crack. The maximum change in tube
diameter as a result of the burs! test was 1.3% OD or about 0.010 inch which is less than the
0.01¢6 inch diametral clearance in the simulated TSP, Thus there is no apparent influence of the
TSP on the leak/burst 1est such that the data point can be used as a lower bound 10 the v.irst
pressure.

No metallography was performed on the axial indications at the 5th TSP, A mapping of the OD

indications was obtained vigually following the burst test. The axial indications are typical ’
ODSCC with negligible IGA involvement. Short circumierential branch indications show more

IGA involvement at the faces of the cracks. The largest axial macrocrack was examined by 3EM

fractogiaphy and found 10 be 0.4 inch long with 0.01 inch throughwall penetration, The srack

was nearly throughwall for a 0.1 inch length, Seven individual microcracks comprising the

B e e i e
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macrocrack had mostly grown together by corrosion with only panially uncorroded ligaments
remaining. The maximum depth found in the circumiarantic! branching cracks was 46%
throughwall.

6.9 Growth Rate Trends

For implementation of alternate plugging criteria (APC) in the range of 2.5-4.0 volt repair

limits, growth rate dependence on BOC voltage amplitude becomes important 1o establish the
repair limits. This results as current domestic plupging limits result in little data in the higher
range of voltage amplitudes near the APC repair limits. For the Catawba-1 interim plugging
criteria (IPC) limit of 1.0 volt, the growth rate data developed in Section 8.5 do not require any
extrapolation 10 higher BOC voltages. It may be noted that the BOC voltages for Catawba-1 ¢ /er
tha last two cycles exceeded the 0.0 to 1.0 volt range, in several cases. It is desirable 10 compare
the Catawba 1 average growth rate trends with other domestic plants and with European plants.
This comparison is provided 1o show that the Catawba-1 growth data are comparable 1o other
domestic plants for percentage growth with a trend for percentage growth 10 decrease with
increasing BOC voltages. French and Belgian plants, which operate with higher voltage
indications in service due 1o differences in plugging criteria, tend 10 show less dependence of
percentage growth on BOC amplitudes.

Available French data (Plant H-1) Iindicate percent growth rates nearly independent of initial
amplitude (WCAP-12871). Belgian growth data from Plant E-4 have not been evaluated for
percentage growth although the trends appear similar to the Fronch units, For Plant E-4 BO(,
amplitudes in the range of about 0.5 (0.1 volt Belgian) to about 3 volts (0.6 volt Belgian), the
average growth increase in amplitude was about 2.8 volts (0.57 volt Belgian). No strong trend
of growth dependence on initial amplitude was found although a linear fit 10 the broad scatter of
growth data indicate a trend for the change in voltage 1o increase with amplitude. Overall, the
European plants operate with higher voltage amplitudes In service and with trends toward higher
growth rates than domestic plants.

The Catawba-1 percentage growth trends (Ueveloped in Section 9.5) are compared with other
domestic plants and French Plant H-1 in Figure 6-12, This figure shows that the Catawba-1

growth rates are comparable in magnitude and dependence on BOC amplitude with other domestic
plants. The other uomestic plants shown in Figure 6-12 have 7/8 inch diameter tubing.

6.10 Summary of Pulled Tube Test Results

Based on the above evaluations, the 3/4 inch tube diameter, pulled tube data for app'ication in
tune burst and leak rate correlations is summarized in Table 6-7. Catawba-1 tube R5C112,
TSP 3 is not included as both the burst and leak rate measurements are not considered reliable
as noted previously in Section 6.6. Three Catawba-1 voltage and burs! points are applicabie 10
the voltage/burst correlation. “he Belgian Plant E-4 data provides 7 burst data points and 9
SLB leak rate data points (8 points with 0 leakage). The bobbin coil voltages are shown without
and with the 1.5 factor on voltages (Section §.7) applied as a preliminary adjustment in this
report. As noted in Section 6.7, the Belgia. leak rate data have not been included in the
reference leak rate correlation of this report. It is shown in Section 7.4 that the Belgian data
with the adjusted voltages and leak rates are in generally geod agreement with the mode! boiler
data.
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The overall pulled wbe catabase having bobbin voltages and destructive exarnination depths for

3/4 inch tubing is shown in Figure 6-13. For comparisons, the equivalent 7/8 inch data is

shown in Figure 6 14 and the 3/4 inch and 7/8 inch data are combined in Figure 615, A

voltage reduction factor of 1.36 (Section 5.5) was appliert 1o the 7/8 inch data for comparison ‘
with the /4 Inch data. Overall, the data sets are comj * rable in size and general trer  oward
higher voltages at increasing depth. The European puked tube data show a number o! pulled tubes
In the 10 1o 30 volt range.
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Table 61

Number of Pulled Tubes with NDE and Destructive Exam Data %

Number Burst

Plani elTubes lesied
34 Inch Pulled Tube Data Base Summary
Catawba 1 5 4 (5
E4 9 7

B1 1 1

B2 3 0

C-2 2 0
Totals 20 12

7/8 Inch Pulled Tube Data Base Summary

A1
A2
D-2
L
P
J-1

1

o N e o A

Totals 29

hotes

1)

2)

0
3
3
4|
é

30

|
Leak Destructive f
o %

0(8)@)
9
o(1)@
0
0

0
3
0(3)@
0(22)@
0(3)@)
5

13

1"

42

.Numbof in parentheses represents number of additional pressurization 1ests
performed withou!l complete burst. Data not included in data base.

Number in parentheses represents room lemperature pressure lests performed
with no identiiied leakage at pressure differentials exceeding SLB conditions.
One additional Catawba-1 tube was leak tested but throughwall penetration is
likely the result of tube pulling and results are not included in data base,
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Table 62
Fleld Experience’ Suspected Tube Leakage for ODSCC at TsPs(1)

e RRRIO COll
Blant  Inspegtion Yols (e Tubingd  DRepth Comments

B1: Outage following 77 92% Total plant leak rate varied from

R22C58 suspected leak ~18 near beginning of cycle to
~63 gpd at end of cycle prior to
inspection. Other tubes with
PWSCC contributed 10 the 1otal
leakage. Based on helium leak test
results, it was estimated that the
ODSCC Ipak rate was <10 gpd.

E-4: Outage following 6.2(1,4)@) 75% Total leak rate from SG was ~149

R11CB7 suspected leak opd. Five leaking tubes were
detected by fluoresceine leak 1est
a ~500 psi. EC data obtained
afior lea“ test indicated that 3

R17C5¢ Outage following 20.0(«.2)@) 80% leakers were affected by roll

suspected leak cansition PWSCC and 2 by TSP

O 8CC. From visual observation,
the largost leaker showed slight
dripping and was associated with
PWSCC. UT inspection indicated
one axia! crack in each tube of
length 12 and 11 mm (0.47 and

0.43 inchi), respectively.

1) Field experience noted is for nominal 0.7€ inch OD tubing with 0.043 inci wall
thickness. No data are known 10 be available for tubes with 0.875 inch OD.

2) Fieid voltages of 1.4 and 4.2 volts, as given in parentheses, were obtained at
300 kHz with Belgian normalization. Voltages converied 10 3/4 inch tuking
normalization of this report utilizing Figure 5-4.



Table 6.3
Tensile Strength Properties for 3/4 Inch Diameter Tubing

Sowce ol Tubing SyeYigld Sttengih-Ksi  SusUltim, Stength-Ksi —yaSUKEl
BoomYemp 6S50°F  HBoomlemp  6SQ°F BoomTemp,  GSQ°F
Tubing Manufacturing Data:
Mean 53.06 4578 101.29 87.36 154 34 143.13
Standard Ceviation 4.86 3.01 422 397 8.28 713
Lower 95% Tolerance 44.55 38.95 93.92 90.40 136.85 130.65
Modal Boiler Samples 54.2 . 109.4 - 1636
Catawba 1 Pulled Tubes
R5C112 6§23 . 88.9 w 161.2
R10CH 4907 - 99.5 - 149.2
R10C69 637 - 1015 - 154 .2
R20C46 542 . 1034 . 1876
R7C47 524 .o 1034 - 165.8
Plant -4 Pulied Tubes
R26C34 63 49 100 93 163 142
R16C31 60 59 112 108 172 167
R40C47 46 a6 101 101 147 147
R45C54" 54 44 a7 22 161 136
R47C66 51 40 87 N 148 131
R33Ce6" 54 44 87 92 151 136
Plant B 1 Pylled Tubes
R4C61 §2.0 o 101.0 - 163.0

* Same Heal




RS5C112

R10C6

R0CE9

R20C46

R7C47

2 048
3 182
e 146
3 1o
2 NDD
3 148
2 042
3a o7
3 1.57

Tabie 6.4

Burst Pressures for Catawoa-1 Pulled Tubes

9.700
4150

6,000

4850

9,400
6,000

8,600

7.200

5800

Flow
Stress
Bobbin Measured Adjust

Iube ISP Yols Bustps Eaglor

102
1.02

103

1.03

10

10

098
098

0.99

Crack

Opening

Adjust Adjusted

Eagior . Bumsipsi
1.10 10,880

»126 Unreliable

1.15 7,100
118 5,740
1.10 10,340

»1.26 Unreliable

Unreliabie
- Unreliable

»1.25 Unreliable

Lomments

Ductile, tishmouth rupture just
outside TSP,

Tirack opened (largest ~0.1*,
others «0.05%), no apparent
buiging or tearing. Max.
corrosion depth 97% Max.
single macrocrack length ~0 43
(«0.2° TW by burst)

Crack opened, minor bulging

or learing. Maximum corrosion
depth ~72%. Burst crack =
macrocrack length ~0.33".
Crack opened, minor bulging

or tearing. Maximum corrosion
depth ~85% Burst crack length
~0 43",

Ductile, fishmouth rupture

TSP region.

Minor crack opening, no bulging
or tearing. Maximum comosion
depth ~76% . Maximum single
macrocrack length ~0.37"

(not completely or < 2* opened
by burst).

Both R20C46 intersections
burst just above TSP at a hand
held gnnding tool mark applied
for location purposes.

Minor crack opening, no
apparent buiging or tearing.
Maximum corrosion depth
~87%. Maximum single
microcrack length (~0 05"
opened by burst) ~0.44"
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Table 6-6
Plant E-4 Pulled Tube Burst Pressures and Leak Rates

Bobbin  Actual ik Paies (1) Busi Pressuies

e ISP Mols MaxDeptn NemQuI205psl SLRQEI0pa)  Messwed AdllorMalProp,

R26C34

R16CH1

RanC4Y

R45C54

R47CeE

R33Ce6

R19C38

R26C47

Notes

. 7!

Belgian voltage converied 10 APC vults using Figure 5.4

Burs! test conducted inside TSP. TSP consiraint judged 10 have influenced the burst pressure
and thus tne burst value is not included in APC data base.

Room temperature test results given in parentheses were adjusted 10 operating lemperatures
(without parentheses) by Laborelec

Bobbin voltages do not include any adjustments 1o Balgian voltages.

e
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Table 6 7

Pulied Tube Leak Rate and Burst Test Measurements
for 3/4 Inch Diameter Tubing

ol U ~BobbinColl . RPC _DestuctiveExam =~ LeakBateity  Bust™
~ouCol ISP yous'') Depth Yols MaxDeoth Length® NOper SLB  Bressue
Catawba-1
REC112 2 048 ~0% Superfoal - - 10,880
R*OCE 2 146 83% 068 72% 040 0.0 00@ 7,100

3 1.3 76% 1.20 85% 0.43 00 00 §740
Plant E-4 ¢ 1 9
R26C34 3
R16C31 2

a
R45C54 2

3
R47C66 2
R33C96 2
R19CAa8 2
R26C47 2
Plant B-1:
R4Ce 5

l_ o
hotes:

1. Vohage normalization for 550/130KMz to 2 76 volts on 20% ASME holes. For the Belgian dat”.
volages include 1 809 factor for cross calibration of Belgian made ASME standard (EDM 20%
holes) to the reference laboratory standard (drilled 20% holes) Volages with cross calibration
factor reduced 10 1.5, as used in this repon, pending completion of Laborelec study are shown
in parenthesis.

2 Maximum burst crack corrosion length in inches with throughwall length in parentheses

3. Tested at room temperature.

4. Not measured at 5507130 KHz. Voltage renormalized from 300 KHz data.

5. Leak rates measured at room temperature conditions and analytically adjusted 1o operating
conditions.

6. Observed during burst test at room temperatura,

7. Burst pressures adjusted to mean flow stress of 77 ksi.

617
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10%

Tube R5C112, TSP 3: Crack Depth Pro“e

Tube O D,
. Azimuthal Ligament (8°-10°)
/Mwmadu
» o
L/
Zz X
\J\
Length Opened by Burst Test @4,150 psi;
Length ~ 0.19" Separated by Ligament. .
+ Longest Single Open Crack ~0.11 inch
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Tube 1.0~
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Axial Distance Referenced io Approximate Max. Penetration Location {in.}
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Figure 6-5. Catawba-1 Pulled Tube R10C89, TSP-3: Incremental Grind arid Polish Results
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Figure 6-12. Average Percent Voltage Growth Rates for Catawba-1, Plant A and Plant H-1
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3/4" Pulled Tube Data: Bobbin Coll Voltage Vs. Maximum Depth from
Destructive Exam

Maximum Depth from Destructive Exam

& Plant B-1 C Plant B-2 ® Pianmt C-2

| © Catawba 1 4 Beigian Pulled
Tubas

¢ Inch Pulled Tube Data: Bobbin Coil Voltege versus

Figure 6-13, :
Maximum Depth from Destructive cxamination
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7/8" Pullsd Tube Data: Bobbin Coll Voltage and Depth from
Destructive Exam

Maximum Depth From Cestructive Exam

i O Plant A & Plant D O Plant L ® Plant M
i
| & Plant N * Plant P ® French Pulled
; Tubes
Figure 6-14 7/8 Inch Pulled Tube Data: Bobbin Coil Voltage versus

Maximum Depth from Destructive Examination



Volis

3/4" and 7/8" Pulied Tube Data: Bobbin Coll “oltage Vs. Maximum
Jepth from Destrucilve Exsm

Maximum Depth from Destructive Exam

® 3/4" Pulled Tubes © 7/8" Pulled Tubes

Note: 7/8" voltages decreased by factor of 1.36 1o cormespond to 3/4% tubing.

/4 Inch and 7/8 Inch Pulled Tube Data: Bobbin Coil Voltage

Figure 6-15.
versus Maximum Depth from Destructive Examination
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Pressure ratios at beginniig of cycle (BOC) and end of cycle (EQC) relative to 3APNO end APg B
are used in Section 10 to define pressure margin ratios and 1o provide comparisons with 7/8

inch tubing. This section deve'aps burst preasure/veitage values 10 suppornt analyses describec

in Section 10. iaterim plugging criteria comparahle with thal approved previously for 7/8 x

0.050 inch tubing is accompiished with a burst capability at the lower 95% probability of

5290 psi for Catawba at BOC and verification of 3750 psi capability (3aPpNQ) at EOC (1.4

APg| g is enveloped), using 90% cumulative probability values of EC error ana degradation

growth. In addition. verification of end of cycle APg| g capability (2650 psi) is required with
the lower 39% probability (LTL) curve and with maximum EOC voltage.

£ ied Correlati

The burst data of Section 7.2 provide a total of §7 data points that have been scaled per the above
discuscion and used to develop a correlation between bobbin coil voltage and burst pressure. The
scaled data used in the correlation for 3/4 inch tubing are listed in Table 7.2

A higher order regression analysis of this data has been performed providing an equation for the
mean curve using a second order polynomial equation. The equation for burst pressure (BP) as a
function of volts (v) obtained is:

[ o

The coefficient of correlation for this regression fit is 0.87 and the error of the BP estimate is
1.13. A -95% prediction interval is established using the expression:

( L

whare,

[

]9

The recommended burst pressure versus bobbin voltage correlation is shown in Figures 7-1
through 7-3. In Figure 7-1, the voltages (4.1 volts and 10.95 volts, respectively)

corresponding to 3 APy (3750 psi) and APg| g (2650 psi) are presented. These voltages
represent the values that would form the basis for an alternate plugging criteria. The EOC
voitage value of 4.1 volts results in an EOC burst pressure capability that meets R.G. 1.121.
Margin to burst of cracked tubing (throughwall cracking in the limit) is a direct function of

crack length, applied pressure, flow stress and radius 1o thickness ratio. With the others
remaining equal, the applied pressure then dictates margin. Consequently, the most limiting
case will envelope all other cases and demonstrating that the most limiting case is satisfied
envelopes all other cases. 3 AP\ is limiting and enveloping since it is greater than 1.4 APg g.
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To obtain additional insight into the difference between the 3/4 inch (lower structural voltage
limit) and 7/8 inch voltage/burst correlations, a very preliminary assessment has been
performed of expected differences based on crack length correlations. Relations between voltage
and throughwall crack length were estimated using preliminary crack length data (See Figures
7-10 and 7-11). Although average crack lengths are more relevant 10 burst capability than
throughwall lengths, only the throughwall data were immediately availabie for this trend
analysis. For the present application, the use of throughwall crack lengths leads 1o an
overestimate of burst capability but the trends between 3/4 inch and 7/8 inch tubing should be
representative of the expected trends. Existing (Belgian and Westinghouse) correlations for
burst pressure vs uniform throughwall crack length (Figure 7-12) were then combined with

the voltage/crack length relations 1o obtain voltage/burst pressure correlation estimates for

both 3/4 inch and 7/8 inch tubing. The resulling, preliminary correlations, Figures 7-13 and
7-14, indicate a steepcr slope (decreasing bursi pressure) with increasing voltage for 3/4 inch
tubing and lower burst pressures at a given voltage (>2.0 volts) for 3/4 inch tubing. These
trends arc the same as found for the direct correlation of bobbin voltage measurements 10 burst
pressure as presented at the August 28 meeting with the NRC staff. The principal contributor to
the trends is the lower burst pressures of 3/4 inch tubing at a given crack length as augmented
by somewhat higher voltages (factor not considered reliable from current data) at a given crack
length for 7/8 inch tubing. These preliminary results indicate thai the general differences

sund between the 3/4 inch and 7/8 inch voltage/burs! correlations should be expected based on
crack length considerations.

7.4 SLB Leak Rate vs. Voltage Correlation

. \ c .

The regression analysis techniques for the 3/4 inch tube data are consistent with those
performed ior the 7/8 inch tubing and described in WCAP-12871, Rev. 2. The resulting mean
and upper and lower 85% probability lines (one-sided) are shown in each of the following plots.
Also presented is a curve representing the arithmetic (numerical) average of an assumed
log-normal distribution of ieak rate at each vaiue of voltage. Figure 7-15 utilizes the
nor-leaker data at C.000* Vhr. as done in WCAP-12871, Rev. 2, for 7/8 inch tubing.

However, based on the Jiscussion presented below, the recommended regression solution,
presenied 'n Figure 7-16, utilizes the non-leaker data at 0.001 Vhr.

The correlation is estabiished utilizing linear regrassion analysis of the logarithms of the
corresponding leak rates and voitages thereby establishing a leakage rate model of the form:

[ 1Y

where,

[
19

Prediction intervals for leakage rate at a given voltage are then established to statistically define
the range of potential leakage rates.



The SLB leakage rate data from 32 mode! boiler specimens used 10 establish the recommended
correlation for 3/4 inch tubing are listed in Table 7.3. Linear regression analysis of the
logarithms of this date results in the following mean leakage rate correlation:

[ L

The coefficient of correlation for this regression fit is 0.65 and the error ¢ . @ estimate is
1.31. A prediction interval is established using the expression:

[ ]e

where,

[

]9
Sensitivi Plant E.4 [

As should be noticed, the set of data evaluated in Figures 7-15 and 7-16 does not include the
Plant E-4 data. They are excluded since both leak rate (taken at room temperature) and voltage
must be adjusted and consensus has not been reached on either adjustment. To assess the
potential sensitivity of the correlation, the regression analysis of Figure 7-16 was repeated
with the Plant E-4 data added. The voltage and leak rates were included at values recommended
by the supplier of the data, Laborelec, and the voltage values further tactored by 1.5 as was the
case with the recommended "urst correlation. As seen in Figure 7-17, the mean regression
eguation and the 95% predic..on intervals are not changed significantly. If, however, the Plant
E-4 data are inciuded in the regressi: n analysis without the additional 1.5 factor on voltage, leak
rates at a given vultage are approxin... 'y Joubled (Figure 7-18). The factor of 1.5 is expected
to be conservative as discussed in Section 5.

SLB Leak Rate vs, Voltage Trends

An evaluation has been completed that provides results supporting the recommended correlation
methodology employed for SLB leak rate versus bobbin voltage. Of concern to some reviewers
has been the use of non-leaking, degraded tubes in the correlation. Qur reasoning for including
them is to establish a log-log slope on the order 4, similar to leak rate versus crack length
Curves, even though the selection of leak rate at 0.0001 was arbitrary (yet consistent with the
accuracy of the leak rate measuring instrumentation/method).

The evaluation establishes leak rate versus voltage from:

1) Formuiation of throughwall crack length (L) versus voitage (v) correlation from
available data using regression analysis {L = fy (v)}.

2) Calculation of leak rate (Q) as a fu.ction of L using the CRACKFLO computer code.
Formulate relationship (simplifiec) ©* = = - 1 function of L through regression analysis of



CRACKFLO pradictions (Q = 5 (L),

3) Development of correlation beiween Q and V from the above. Substitite the formulation
L=ty (v)into Q « 1y (L) 10 get Q = 13 (v). Compare Q = 13 (v) 10 tes! data.

The result of the first step is shown in Figure 7-10 which illustrates the mean of the regression
formulation provided in the title of the figure. This is the same correlation described in Section
7.3. This crack length correlation is considered preliminary as additional crack lengths for

other specimens are being obtained and the existing data is being verified. The CRACKFLO code
for calculating leak rate from throughwall axial cracks (WCAP-12871, Rev. 2) is uiilized to

provide predictions of SLB leak rate as a function of crack length. For simplicity, these

solutions are then fit via regression analysis by two equations 10 improve the accuracy of the
correlation and 10 eliminate further CRACKFLO calculations. Figure 7-19 provides the fit

utitized below Log(0.25) and Figure 7-20 the fit utilized at Log(0.25) and above.

Comibining the crack iength versus voltage and SLB leak rate versus crack length equations
results in an equation that estimates SLB leak rate as & furstion of voltage. A comparison of
CRACKFLO predictions to measured magnitudes v shown in Figure 7-21. The mean of predicted
vaiues is greater than the measured values over a range of 0.003 gpm and higher. Thus,
applying CRACKFLO directly results in an assumption that predicted equals measured and is
conservative in that CRACKFLO overpredicts measured leak rates. Thus, as Figure 7-22
indicates the calculated mean is higher than the bulk of tha data as reflected by the regression
fit mean aiso plotted. Note the neary equal magnitude of slope. This slope is obtained by
including non-lgakers in the correlation but at 0.001 Vhr. rather than 0.0001 Vhr. as had
previously been done. Use of 0.001 Vhr. is recommended in lieu of 0.€001 Vhr. since the

slope agrees with the alternate method and since regression analysis of the data excluding the
non-leakers would result in a lower slope,

7.5 Bounding SLB Leak Rate vs. Voltage

This section documents the development of bounding leakage under steam line break conditions.
The leak rate database includes both the 7/8 inch and ihe 3/4 inch diameter tubes. The database
consists of 74 model boiler specimens and 93 pulled tube intersections. The voitage amplitudes
from Plant E-4 pulied tubes were ngt adjusted to account for the differences in voltage
normalization used for * . Jata acquisition in Belgium and for the APC database (in the U.S). The
data from 7/8 inch tubing is at 400/100 kHz differential mix with the 20% holes in the ASME
standard normalized to 2.75 volts in the mix. Similarly, the 3/4 inch tubing data is at

550/130 kHz differential mix with the 20% holes in the ASME standard normalized 10 2.75

volts.

In order to combine the data from the 7/8 inch and 3/4 inch specimens, a conversion factor
equal to the square of the diameter ratios is applied. This factor results from the fact that the
ASME standard hole size is the same for 3/4 and 7/8 inch tubing. Thus, to convert the 7/8 inch
data to the same basis as the 3/4 inch data, the voltage amplitudes from the 7/8 inch data (at
400/100 kHz) were divided by the factor 1.36. The results were then combined with the 3/4
inch database.

As per the detailed discussion in Section 6.6, the Catawba-1 pulled tube R5C112 (TSP-3) would
not leak at SLB condition had it not been damaged during the tube pull operations. Therefore, for
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uses the 7/8 inch R46C73 10 define a leakage threshold for SLB conditions. The EPRI repon
scalcs the 2.8 volts to a BOC estimate of 1.8 volts and suggests 1.5 volts as a BOC estimate. For
this Cata'vba-1 assessment, the threshold applied is for EOC volts and applies the same basis as
the EPRI report. The threshold for leakage »1.0 liter/hour is about 3.5 volts from Table 7-4.
However, the Belgian tube R33C96 bobbin voltage of 3.54 voits should be increased by a factor
of at least 1.510 »5 volts. Thus no indications below about 4 volts have been identified with a
leak rate »1.0 liter/hr. in mode! boller or pulled tubes. For Catawba-1, a threshold »3.5 volts

for leakage >1.0 liter/hr does not significantly influence the SLB leakage as the largest projected
EOC indication is about 2.53 volts.

The threshold for SLB leakage can be assessed by evaluating the lowest bobbin voltages resulting
in leakage at SLB conditions and by evaluating the throughwall crack length generally required

for measurable leakage. If the throughwall crack length associated with measurable leakage can
be defined, the voltage vs crack length relationship of Section 7.3 above can be used to assess the
voltage threshold for leakage. The crack length method for estimating a voltage threshold for
leakage provides a more physical insight into the threshold estimate.

I can be noted that significant etforts were applied in the 3/a inch tubing model boiler specimen
preparation to obtain the lowes! voltage associated with leakage. In the model boilers, leakage is
monitored by sensing for lithium which provides a leakage sensitivity of about 3X19°3 Uhr,

Upon detection of any leakage, the model boilers were shutdown and the tube (typically 4 1o 6
TSPs) was removed for NDE inspection. TSP intersections with bobbin indications above about 1
volt were removed from the tube for further NDE, leak and burst testing. The smallest bobbin
voltage from this program having a measurable leak rate in the leak test facility (capability to
measure down 10 103 10 104 Vhr) was 4.24 volts (No. 601-1). It is possible that a specimen

at 2.79 volts (No. 585-2, throughwa!l crack iength = 0.17 inch) was detected in the mode!

boilers with no measurable leakage in the leak test facility.

As discussed above, the leakage threshold can be assessed by exam 7 crack length dala. Table
7-5 shows specimen throughwall crack lengths for no leakage, leakuge «1.0 liter/hr. and

between >1.0 and 6.0 liter’hr. Mo leakage has been found for throughwall cracks up t0 0.17

inch. With the exception of 601-1, leakage <1 liter/hr occurs for crack lengths of 0.11 10 0.27

inch.

Speciman 601-1 had a 0.05 i..ch throughwall corrosion crack with a thin ligament suspected to
have partially opened at SLB conditions. This specimen had no leakage at operating condition
pressure differential and 0 .33 liter/hr. at SLB conditions. For this type ¢f indication (above

APC repair limit), voltage is @ better indicator of leakage potential than even throughwall crack
length or total crack length (0.29 inch). Overall, the data of Table 7-5 indicate that

throughwall crack lengths >0.1 inch are generally required for SLB leakage. Small leakers, such
as 601-1 could result at small crack lengths but voltages significantly exceeding EOC voltages
tor an IPC with a 1.0 volt repair limit. The Table 7-5 data indicate a throughwall crack length

of about 0.14 inch for leakage »1.0 liter/hr.

From Figure 7-10, it is seen that a crack length of 0.1 inch, as an estimated no leakage
threshold corresponds 1o a bobbin voltage of 3.0 volts. A crack length of about 0.14 inch for
leakage >1.0 liter/hr. corresponds 10 about 4 volts. Thus, the leakage thresholds from crack
length trends support the leakage thresholds oblained above from voltage cons 4erations only.
Overall, the d>ta support no leakage below about 2 volts, leak rate of less than 1 Vhr below
about 4 voils, and leakage greater than 1 Vhr above about 4 volts at EOC.
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Table 7-1
Leak Rate & Burst Strength Database for 3/4 Inch Tubing

Praliminary
Bobbin Burst Destructive Exam.

Amplitude ~Leak Rate ('hr) Pressure —hngth (inch) ____

No, Specimen _(vohts) < NOAP SLBAP _(ps).  Maximum  Ihwmwal’

-

-8

(Continued on next page)

Maximum depth of penetration is shown when crack is not throughwall, or when
throughwall iength is not available.
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Table 7-2

Burst Pressure Data Useo . Jevelop the Recommended Correlation

Bobbin amplitude Burst pressure
{volts) (ksi)

{Continued on next page)
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Table 7-2 (Continued)

Burst Pressure Data Used to Develop the Recommended Correlation

Bobbin ampitude Bursipressure
(volts) (ksi)

* Plant E-4 data



Table 7-3

SLB Leak Raie Data Used to Develop the Recommended Correlation

Bobb litud Laak R
{voits) (Vhr)

(-

~4
w




Tahle 74

Summary of Bounding SLB Leak Rates for 3/4 inch Tubing Voltage Ranges

Bounding

<.2.0 volts 0.9 Vnr Tube R46C73 from Piant A-2: 2.06 volts (2.81 volts for
7/8 inch tube), 017 Vhr

2.010 3.5 volts 1.0 Uhr Tube R33C96 trom Plant E-4: 3.54 volts ('), 1.5 Uhr

Model boiler specimens:

558-1 (7/8"): 4.79 volts, 4.08 Vhr
600-3 (3/4"): 4.25 volts, 44 4 I'r
601-1 (3/4"): 4.24 volts, 0.33 Vhr
604-1 (3/4%): 4.93 volts, 5.00 Vhr

3510 4.2 volts 10 Uhr Based on NRC recommendation for IPC implementation
(D. C. Cook)
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