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1.0 INTRODUCTION

This report providos the technical basis for tubo plugging critoria for outsido diameter strost.

corrosion cracking (ODSCC) at tubo support plato (TSP) Intersections in the Kowaunoo steam
generators (S/G), The recommended plugging criterla are bated upon bobbin collinspection

*

voltago amplitude which is correlated with tube burst capability and le akago potential. The
recommended criterla are demonstrated to meet the guidelinos of Regulatory Guido (R.G.) 1.121.

The tubo plugging critoria are based upon the conservativo assumptioris that the tubo to TSP
crovices are open (negligibto crevico deposits or TSP oorrosion) and that the TSPs are displaced
under accident conditions. The ODSCO existing within the TSPs lo thus assumod to be free span
degradation under accident conditions and the principal toquirement for tube plugging
considora'lons is to provide margins against tubo burst por R.G.1.121, The opon utovice
assumption loads to maximum leak rates compared to pacFod crovices and also maximlzos the
potential for TSP displacements under accident conditions. Laboratory tests performod with
incipient denting or dented tube itlersoction show no leakago or very small loakago such that
loakage even undor steam line break (SLB) conditions would be negligible.

It is demonstrated, utJng Plant A.1 as an 9xynple, that if the crovicos are packod as a
consequence of TSP corrosion or if smti tubo to TSP gaps are present TSP displacements under
accident conditions are minimal such that tubo burst would bo prevented by the prosonce of the
TSPs. TSP displacement analysos under SLD loads woro also performod for the open crovice
assumption with the further conservative assumption of zero friction at the tube to TSP
intersections and at the TSP wodge to wrappor intoraction. The wedges are installed in the TSP to
wrapper gaps to align the TSPs for tubing of the S.G.s. While the TSP wedges are prossed into the*

gap during manufacturing, the forces are not known and thus the proload or friction force at tho
TSP to wrapper interface is not known. It is reasonablo to expect that the friction forcos at the;

TSP to wrappor interface would significantly roduce TSP displacements under accident
conditions. However, the analytical results based upon the open crevico/zoro friction
assumptions indicate the potential for TSP displacements under SLB conditions such that
provention of tubo rupture cannot be assured for the 51 Serlos S/Gs with the applied analytical
assumptions Therefore the requiroments for tube burst margins assuming troo span "

degradation have been applied to develop the tubo plugging critoria for Kowaunoo S/Gs.

. The plugging critoria woro developed from testing of laboratory induced ODSCO cpocimens,
extensivo examination of pullod tubos from oporating S/Gs and field exporlonco for leakage due to
indications at TSPs. The recommended criteria represent conservativo critoria based upon
Electric Power Research Institute (EPRI) and industry supported development programs that
are continuing toward further refinoment of the plugging criteria. The currently available data
base permits use of burst pressures at the lower 95% confidence bound as the basis for the tube
plugging limits,

implementation of the tube plugging eritoria is supplemented by 100% bobbin collintpoetion
requirements at TSP elevations having ODSCC indications, reduced operating leakago
requirements, inspection guidelines to pre vido consistoney in the voltago normalization and-

routing paacake coil (RPC) Inspection requirements for the larger indications left in service to
characterize the principaldogradation mechanism as ODSCC In addition,it is required that,

potential SLB leakage be calculated for tubes left in service to demonstrato that the cumulativo
leakage is loss than allowable limits.

11
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Two tubes woro pullod from Plant A 2 in Novembor,1990 to provido ditoct support for those
critoria. Testing on thoso pullod tubos included loak rate tests, burst pressurn tests and
destructivo examinations to establish crack morphology. In addition, results of prior pulled *

tube examinations from Plant A+1 and 2 and other plants have boon usod to suppoll the tube,

'

pluggir ; critoria.
,

To provido the technical bases for tubo plugging due to ODSCC at TSPs, the following activillos
' have boon performed as documented in this report:

o Summary of Regulatory Requiromonts against which the recommended plugging crltoria
are evaluated. Section 3

J Review of Plant A 1.A.2 and other plant pulled tubo examinations Section 4

o Roview of Kewaunce oddy current inspection results including historical growth rato data
Section 5

o Review of fleid exporlonce from pulled tubo data and plant loakago occurrencos to define
the floid data base which is supplomonted by laboratory tests to develop the plugging
criteda Section 6

o Preparation of cracked test specimens for non doctructive examination (NDE) and leak
testing In a model boiler or dopod steam environment for inducing ODSCC cracks, or by
cyclic fatigue to produce cracks in the lost samples Section 7

.

o NDE analysis guidelines, measurement uncertaintles, and NDE inspection results for the
test specimens based upon defined procoduro and data analysis guidelinos and including ,

sensitivity to: probe manufacturet, open or packed crovices, f 30 wear, etc. Soction 8

o Burst and loak testing to relate the NDE para Tiotors to burst pressure and SLB loak rates
Section 9

,

o Results of test specimen destructive examinations to assess prototypleality of samplo tubo
crack morphology and to characterize test specimon crack sizes arid depths Section 10

o SLB ovaluations to assess TSP displacements under SLB loads, plant requirements on SLB
leakage limits and a description of the SLB loakage model Soction 11

o Integration of the inspection and burst test results to devolop the tube plugging critoria -
Section 12

.

The overall summary and conclusions for this report are described in Soction 2.

;

,

-
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2.0 SUMMARY AND CONCLUDONS
.

The report describes the technical support for tubo plugging critoria for ODSCC at TSPs
applicable to the Kowaunoo S/Gs. The plugging critoria are based upon use of bobbin coil (DC)
Inspection voltage amplitudes. Those oddy curront measurernonts are directly cortolated to tubo-

t

Integrity issues !.. luding tubo burst margins and the potential for tubo loakago under postulated
aTident conditions. Eddy current and leak rato measuromonts from pullod tt,bos and laboratory
crackod specimens as well as field data have boon used to cortolato voltago plugging limits to
loakago potential and tubo burst margins. Regulatory Guido 1.121 for tubo integrity guidolinos
as well as the Gonoral Desip Critoria are shown to be satisflod by the tubo plugging critoria of
this report.

This section summarlzos the tubo plugging critoria under Overall Conclusions (Soction 2.1) and
the key results of the development prograrn under Summary (Section 2.2).

2.1 OverallConclusions

Tho general approach taken to develop the tubo plugging critoria for ODSCC at TSPs includos:

1) Specifying conservativo burst corrolations based on froo span ODSCC under design basis
accident conditions to demon:trato structuralintegrity,

a 2) Conservatively assuming open crevice wnditions to maximizo leakago potential.

3) SMhtying the R.G.1.121 structural guidolinen for tubo burst margins by establishing a
~

conservMNe structurallimit on voltage amplitudo that assures 3 timos normal operating
p.45;vrc differential for tubo burst capability.

4; Mdying the updated safety analysis report (USAR) toquiremonts for allowablo leakago
vn for accident conditions by demonstrating . mt the doso rate assoc stod with potential
leakago from tubes remaining in servico is a small fraction of 10 CFR 100 limits.

5) including considerations for crack growth and NDE uncertainties in both the structural
assessment and SLB leakage analysis.

C) Specifying a requiromont to perform 100% BC inspection for all hot 100 TSP Intersections
and all cold 100 intersections down to the lowest cold 'og TSP where ODSCC Indit ations have
boon identified.

The resulting tubo plugging critoria for ODSCC at TSPs in Kowaunoo S/Gs can be summarized as
follows:

Tube Pluggba Criterbn.

Tubes with bobbin collIndications within the TSPs exceeding 3.5 volts will be plugged or
repaired.
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t

SLB Leakane Ortterion '

I
Predicted SLD leak ratos from ODSCO at TSPs for tho tuvos left in servico must bo k.ss than 200 '

opm for each S/G, including considerations for NDE uncertalt:tios and ODSCC gW tales. -

Inspection Rooulremen_ts
.

A 100% bobbin coilinspection shall 60 porformed for all hot log TSP htorsections und all cold
log intersections down to the lowest cold log TSP with ODSCO indications.

All tubes with bobbin coil Indications >1.5 volts at TSP intorsoctionti shall be inspoetod using
RPC probos. The RPC results shall bo ovaluated to support ODSCC as the dominant degradmion
mechanism. Indications at TSPs confirmed to bo ODSCC shall be reinspected by RPC curing

,

'

alternato refueling outages for reconfirmation as ODSCC.
|

Ocoratino Lenknoe Lim!ts.

Plant shutdown will be implomonted if normal operating leakago orcoods 150 gpd por S/G.

Exc!usions from Tube Pluaalno criterion

Tubos with RPC indications not attributablo to ODSCC or with circumferentialIndications shall
be evaluated for tube plugging basad on a 50% eddy current Indicated depth limit.

|
Although the tubo plugging guidelinos of R.G.1.121 aro used to establish tubo plugging limits,
the potential for tubo burst at SLB conditions is shown to be nogligiblo based on both *

i
deterministic crack longth considerations and orobability ostimates. The burst pressuro versus
crack longth correlation utilling the Belgian burst data (EPRI NP.GBG4.L) developed under

.

prototyplc flow conditions show that a through wall crack longth of 0.84 inch is requirod for
tubo burst at SLB pressure differentials. This crack longth excoods the 0.75 inch TSP thickness

. which bounds the potential crack longths for ODSCC at TSPs. Consoquently, tubo burst for ODSCC
is essentially precluded by the crack longth limit. Moro over, an altomato assessment was
performod by considoring the probabilitios associated with a limiting EOC (ond of cycle) voltago
including growth and comparing with the probability of tubo burst at the limiting EOC voltago '

amplitudos. This analysis shows that an indication left in service at tho tubo plugging limit
would have a probability of burst at SLB conditions of ~5x10 7 por cyclo. This value doos not
includo the probability of an SLB ovent occuring; honce tho actual burst probability (combined
probability of SLB and burst) would be further reducod. Thus tubo burst is not a significant
concern for anplication of the plugging limits for OCSCC at TSPs. The use of free span burst
pressure critoria 10 ostablish tube plugging limits t1us leads to very conservativo plugging

.

'

limits.

2.2 Summary

A summary of the results of this report is providet below: -

Reculatorv Recuirements
*

.|
Tubo integrity acceptanco critoria for S/G tubos are defined in Regulatory Guido 1.121 ando

|

i 2
i
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,

General Deslon Critoria. For tubos with through wall cracks, these criteria establish
guidelines for tubo burst margins and operating loakago limits. The tubo plugging limits of

',

this reprt are developed to demonstrate that thoso culdelines are mot.
.

o USAR accident ai.alyses include tube loak rates utilized to show acceptable radiological
consequences. A limiting accident condition loak rate of 200 ppm por S/G in an SLB ovent '

was developed to moet site boundary dosage limits. At each outage, projected potential SLB
*

leak is datormined for tubos loft in service to demonstrato satisfaction of the 260 gpm
leakapo limit.

Pulted Tubes from Plant A S/Gs

o Two tubos pulled from Plant A 2 in 1990 and onc tubo pulled in 1986 (examinod in 1991)
have boon leak and burst testod to support the tube plugging critoria. Prior Plant A pulled
tubes with significant cracks include one additional tube from Unit 2 and one fiom Unit 1.
Those tubos had crack depths exceeding 60% and voltages ranging from 0.3 to 9.9 volts.
Throo tubos having voltages ranging from 2.8 to 9.9 volts had short through way
Indications. Nore of those tubos woro identifiable as leakors in service. Nine additional
Plant A.2 TSP intersections from 3 tubos were destructively examined and found to havo
insignificant (<22% depth) degradation,

o Two of the five Plant A tubos with significant Indications had bobbin coil amplitudos of 2.8
and 9.9 volts, indicated depths of 82% and 80% and through wall crack longths of 0.18 and
0.15 inch, respectively. Laboratory tests showed no significant leakage (a few drops
indistinguishable from test system leakage) at normal operating conditions. Theso tubos had
very low SLB leak rates of <0.2 Phr (-1 ppd),+

Two of the five Plant A tubes at 1.44 and 7.2 volts with bobbin coilindicated depths of 68%o
'

and 83% had actual crack depths of 78% and 100% (0.02" through wall crack length),
respectively. The tube with the 1,44 voit indication was leak tested with no leakago at
normal operating and SLD conditions, it can be inferred from the crack morphology that the
tube with the 7.2 volt indication would not have measurable leakage even at SLB conditions,

o Free span burst pressures for the Plant A pulled tubos exceeded 5900 psl and thus exccod i

Reg. Guide 1.121 Quidelines 1,r 3 times normal operating pressure differentials (4590
psi) on a temperaturo and minimum property adjusted basis,

o A total of 14 TSP inters. ctions from 8 tubos have been examined for TSP degradation. The
tube pulls occurred between 1985 and 1990. ODSCC was the dominant degradation
mechanism in all casos. Only one of the tube exam results showed significant

L intor granular attack (IGA) Involveiaent.

Potted Tubes from Other S/Gs

o in addition to the 8 tubes pulied from Plant A, the overall pulled tubo data base includes 15
pulled tubos with 40 tube to TSP intersections that have both NDE and destructivo.-

examination results. The bobbin coilindications for thoso tubes rango from 0.1 to 2.3 volts
with indicated depths up to 88%. One tube with a 1.9 volt Indication had a through wall

'

,

crack,0.01* long. None of these i;'vas would be expected to leak even at SLB conditions and
| all would have froo span burst pressures that satisfy Reg. Guide 1.121 acceptance criteria.
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These pulled tubes support no leakage at normal operating or SLB conditions at voltages up too

1.5 volts, independent of depth, whr.e the Plant A tubes indicate no measurable operating
leakage up to about 10 volts and very low leakage at St.B conditions above 2.8 volts.

.

Overall, the pulled tube data show multiple, segmented 6xlal cracks with short lengths foro

the deepest penetrations. Through wall cracks have been identified in 4 tubes but the
associated crack lengths are short (<0.18") and have no measurabic leakage at normal

,

operating conditions,

Pulled tube examination results have been reviewed from 4 plants with more significant IGAo

involvement than found at the N.ent A S/Gs. These results indicate that the degradation
d' .elops as IGA + SCC partlew v.htn maximum IGA depths grette; than about 25% are
found. A large number (>100) of ena cracks around the tube circumference are commonly
found in these tubes. The maximum depth of IGA is typically 1/3 to 1/2 of the SCC depth,

Comparisons of corrosion morphology between tubes have been made semi-quantitavelyo

using comparisons of cracking density, extent of IGA associated with the major cracks and
extent (depth, width) of 1GA involvement.

Ooeratino Plant Evoerlence

To date, only 3 tubes in operating S/Gs have been identified as probable tube leakerso

attributable to ODSCC at TSPs. The occurrences were in two European plants (no leakers for
ODSCC at TSPs have been identified in domestic plants). These leaking tubes had bobbin coll
inolcated depths exceeding 75% and voltage amplitudes of 7.7,13 and 39 volts. Plar.t leak
rates associated with these tubes cannot be quantified as other tubes with PWSCC contributed '

to the total primary coolant sak ratet, c' 63 and 140 gpd at the two plants.
.

Bobbin coil intpection results from domestic and European units for tubes with noo

identifiable leakage have been collected to support selection of plugging limits for no
expected operating leakage. These data include indications exceeding 10 volts amplitude and
generaiY support negligible leakage for ODSCC at TSPs.

_

o Based on voltage versus actual depth trends from pulled tubes, indications with IGA and
IGA / SCC shpw comparable or higher voltage levels than obtained for SCC wnh minor IGA.
These data suppoit adequate detectability for IGA and IGA / SCC degradation using bobbin coil
inspections.

.

inspection results from French units provide growth trends at 600 (beginning of cycle)o

mplitudes higher than those obtained frort domestic units. The French data indicate that
parcent voltage growth is essentially independent of BOC voltage amplitude. Kewaunee data,
which are at lower BOC amplitudes, show a trend toward decreasing percent voltage growth
with increasing amplitude. For conservatism, percent vo|tage growth is assumed to be ;

,.

independent of amplitude to develop the tube plugging limits.

Kewaunee Caeratino Eyonrience for ODSCC at TSPs *

Results from prior inspections at Kewaunee were evaluated to develop growth rates for botho

voltage amplitudes and indicated depths. This assessment indicates that the ODSCC growth
,

rates are very low.
.._
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,

1

o Average growth rates of Indications at TSP locations over the last operating cycle were 0.09 i

volt and 0 01 volt respectively in Kewaunee S/Gs A and B. These average values were
calculated by treating negative voltage growths as zero growth. Conservative voltage growth,

rate over the last operating cycle was 5% (both S/Gs combined).
,

m o A number of tube / TSP Intersections were tested using RPC during the 1991 Kowaunee
inspection. Review of the overall RPC data suggests that the support plate indications are
axial ODSCC signals. This conclusion is valid for the bot leg indications and the relat!vely
large number of cold leg indications observed at Kewaunee,

A review the Kewaunee eddy current data shows evidence of general corrosion of the supporto

plate holes. However, the data does not support the presence of large amounts of magnetite
in the crevices. This is also supported by the lack of dent Indications at TSP intersections.

TSP Disofacement Under SLB l_nads

Under SLB loading conditions, axial displacement of the TSPs with respect to the tube cano-

occur thereoy exposing the ODSCC from within the crevice. incipient denting and dented t

conditions at TSP intersections, if present, would prevent TSP displacement under SLB
conditions. Conservative analysis assumptions, such as no friction which also ignores the

!
TSP to wedge to wrapper contact forces, lead to overesthnates of the TSP displacements.
Given these assumptions, it could not be assured that the TSPs would envelope the ODSCC at
the times cf increasing primary to secondary pressure differentials in an SLB event.
Therefore, the Kewaunee plugging criterion described In this report is based upon
conservatively treating ODSCC within TSP crevices as free span degradation.-+

' Prenstation of Cracked Soecimens
.,

o ~ Samples crack 6d due to ODSCC in model boilers with simulated TSP Intersections have been
found to produce crack morphclogies and leak rates typical of field experience. This rnethod
of sample preparation is used for development of the tubs plugging limits,

Samples prepared in doped steam were found to yield relatively open cracks, with less-o
: prototypic crack morphology and voltage amplitudes as well as non prototypically high leal;
, rates due to the high hoop stresses applied to crack these specimens within reasonable test
periods. These samples have only been applied for tests with dented TSP Intersections to
demonstrate the influence of dented crevices on leak rates.

o- Fatigue induced crack specimens have a|so been used to evaluate the influence of dented
,

crevices on leak rates. Fatigue cracks were used based upon the capability to closely control
through wall crack lengths and the reasonably predictable and relatively_hlgh leak rates
associated with fatiguo cracks.

Non-Destructive haminations (NDE)
:.

Bobbin coil measurements or laboratory prepared uniform IGA specimens show voltage-o-
amplituder, exceeding 1-2 vo|ts for ~30% IGA depth. These results swport the field data
trends indicating IGA and IGA / SCC detectability at comparable voltage levels to that found for

. SCC,.

2-5
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o The NDE program applied to laboratory specimens included sensitivity comparisons for
probes manufactured by two vendors. The probe vendor has been found to have no impact on
the NDE results based on using 400 kHz for voltage calibration and a 400/100 kHz mix for -

analysis. However, each of the probes can have different frequency response
characteristics. This effect can be minimized by calibrating each of the frequencies
Individually or calibrating the planned mix channel. The latter has been recommended for

,

implementation in the Kewaunee S/G inspections. Probo centering uncertainty has been
found to ba <5% for *now", unwom probes based on results of EC tests performed in a
horizontal position (orientation) of a specimen with EDM notches (notches at the top or
bottom),

The bobbin coil voltage response for magnetite packed crevices is essentially the same aso

found for open crevices. The results show a 5% increase in response with the magnetite
present and a scatter of about 10%. Thus the presence of magnetite does not significantly
influence the bobbin coil voltage measurements,

o An example typical of field experience for which the environment (residual TSP, small dent
;

responses) can mask or distort the indication response was found in one test specimen.
When the amplitude response grew from 0.3 to 0.7 volts after leak testing and handling, the
indication could be readily detected. These small responses, which are masked by
environmental factors in operating S/Gs (as shown by pulled tube results) do not impact the
serviceability of the S/G, as the indications are small compared to the plugging limits of this
report,

Voltage calibrations for different ASME standards were compared against the laboratoryo '

standard used in this program. Variations up to 18% were identified. Pending
incorporation of a voltage verification requirement in ASME standard certifications, an ,

ASME standard calibrated against the laboratory standard wal be utilized in Kewaunee S/G
inspections for consistent voltage normalization. "

Bobbin coil probe wear sensitivity tests were performed by varying the diameter of theo

probe centering devices to determine changes in voltage and depth responses against a 4 hole
standard. The test results indicate that probe wear typical of field inspections leads to
voltage variations of [ ]a between the 4 holes staggered around the tube circumference.
To ||mit uncertainties associated with probe wear, a four staggered hole standard will be
implemented in Kewaunee S/G inspections, if voltage amplitudes between the 4 holes differ
by more than [ ]a, the probe will be replaced. Pending additional field experience with
the probe wear standard, the NDE uncertainty for probe wear has been increased to 20%.

o The variables affecting the voltage / burst correlation can be split into NDE uncertainties and
burst correlation uncertainties. The NDE uncertainty represents the repeatability of a
voltage measurement and is dominated by probe centering variations as a result of probe
wear. Minimizing the uncertainty on repeatability of voltage measurements reduces the
spread or uncertainty in the burst correlation. The remaining voltage measurement
uncertainties contribute to the burst pressure correlation uncertainty and influence -

plugging limits through use of the lower 95% confidence level on the voltage / burst
correlation to establish the voltage plugging limits.

2-6
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Lenk Raio and Tube Burst Testing

o Leak rates at normal operating and SLB conditions have been measured for 29 model boiler
specimens with voltage levels as high as 137 volts. Overall, the model boiler data indicate.

,

that [ ]9 volt indications are required for significant (>10 ppd) operating leakage. j

o Burst pressure tests were performed for 27 model boiler specimens and 13 intersections* '

from 8 pulled tubes. The model boiter and pulled tube burst pressure measurements were
combined to develop a correlation of burst pressure versus bobbin coil voltage. This
correlation was reduced for operating temperatures and minimum material properties to '

determine the voltage amplitude that satisfies the R.G.1.121 structural guidelines for burst
capability of 3 times normal vperating pressure differentials. The results evaluated at the
lower 95% prediction interval define a [ ]8 volt amplitude for the structurallimit on
tube burst margins. Although the high voltage data base is small, the burst correlations
Indicate that a [ ]Q voll ODSCC crack would meet the SLB burst pressure requirement of
2650 psl at the lower 95% confidence level.

o Available burst data for laboratory uniform IGA specimens and pulled tubes with IGA / SCC
are enveloped by the voltage / burst correlation dominated by ODSCC data.

The model boiler and plied tube leak rate measurements have been applied to define ao

correlation of SLB leak rate to bobbin coil voltage. This correlation, including defined
uncertainty levels, is used to calculate potential SLB leakage for tubes returned to service
following an outage.

- o Leak rates for the 3 model boiler tubes 10sted with magnetite packed crevices that showed
some leakage, had increased leak rates after the magnetite was removed from the crevice.

~

Le&. rates were also measured for 11 tubes with incipient denting and dented conditions,o

average dent sizes less than 1 mil and including through wall fatigue cracks up to 0.71nch
long. Only[ ]9 of these dented tubes leaked at normal operating or SLB conditions even
though open crevice leakage for the 0.7 inch fatigue cracks would exceed 1000 gpd. The [

]9 at normal eperating and SLB
conditions, respectively, had a 0.5 inch long fatigue crack and an average dent size of <0.2
mils,

Soecimen Destructive Examinations

Destructive examinations of the model boiler specimens show crack morphologies typical ofo

the pulled tube experience. Destructive examinations were performcd on model boiler
specimens following burst testing to characterize the cracks associated with typical voltage
levels and leak rates.

Destructive examination of a laboratory induced dent specimen has shown corrosion producto

layers that are relatively dense and leakage paths that are highly tortuous which is
consistent with the negligible leakage found for dented tube conditions..

Tube Pluccino Criteria
.

The pulled tube and model boiler leak rate and burst data together with field leakageo

2- 7
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experience and field inspect |on results have been used to relate bobbin coll voltage to tube
integrity to define tube plugging limits,

t

.o The burst pressure versus voltage correlation defines a voltage of I la volts for the -,

otNeturallimit to meet R.G.1.121 burst margins The voltage structurallimit is reduced
by conservative allowances cf 20% for NDE ur. certainties anu 40% for crack growth to
obtain a tube plugging limit of 3.5 volts. ,

An SLO leakage model is defined for demonstrating that projected SLB leakage from tubes lefto-

in service is less than the allowable 260 gpm per steam generator. The SLO leakaga model
_ is a probabilistic model that combines an inspection determined distribution for voltage
indications, voltage growth rate distributions, eddy current uncertaintles and a leak rate
versus voltage forrnulation to obtain the projected cumulative EOC SLB leak rate for all
Indications left in solvice, if the plugging criteria and SLB leakage model are applied to the

- last Kewaunee inspection results,. the projected SLB leakage for the end of the next cycle
- would be 0.1 gpm.

RPC inspection for indications above 1.5 volts is required to establish that the moreo

significant indicctions are ODSCC. The 1.5 voit threshold for RPC inspection provides a
inreshold value below which non COSCC indications would be acceptable for continued
operation and SLB leakage is expected to be negligible,

An operating leakage limit of 150 gpd has beon established 's provide for detection of a rogueo

crack which could leak at much higher SLB leak rates than used in the criterla limits. The
150 opd limit permits detection of a through wall crack of about [ ]a inch for nominal
leak rates and about [ la inch for lower 2 o (standard deviation) leak rates.

'

To enhance consistency of the field EC inspection guidelines with the data base used to developo
-

the plugging limits, the Kewaunee inspections willinclude: use of an ASME standard
calibrated against the laboratory standard; use of a staggered 4-hole standard to assess
probe wear effects and normalization of voltages to S.4 volts for 400/100 kHz (support
plate - Mix,1) on the four 100% ASME holes.

.

|
1
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' 3.0 REGULATORY REQUIREMENTS
..

3.1 General Design Criteria
,

The eddy current voltage based plugging criteria, which establishes a basis for removing tubes-

from service experiencing outs!de diameter stress corrosion cracking (SCC) occurring at tube
support plate intersections in the Kewaunee steam generators, have been developed to ensure
compliance with the applicable Genera 1 Design Critoria of Appendix A of Part 50 of Title 10 of

- the Code of Federal Regulations (10CFR50). The GDCs considered are: 2,4,14,15,31, and 32
and are summarized below,

f;iDC 2. Deslon Basis for Protection Acainst Natural Phenomena. requires that structures,
systems and components important to safety be designed to withstand the effects of earthquakes in
combinations with the effects of design basis loadings without loss of safety function.

GDC 4. Environmental and Missile Desbn Bugs, requires that structures, systems, and
components important to safety _ are designed to accommodate the effects of and to be compatible '

with the envir >nmental conditions associated with normal operation, maintenance, testing, and
postulated accident condition loadings, inciuding lossef-cociant accid 6nts.

GDC 14. Reactor Coolant Pressure Boundarv. requires the reactor cociant pressure boundary to
be designed, fabricated, erected, and tested so as to have an extrernoly low probability of
abnormalleakage, of rapidly propagating to failure, and of gross rupture.

.

GDC 15. Reactor Coofant System Deslon. requires the reactor coolant system and associated
auxiliary, control, and protection systems to be designed with sufficient margin to assure the

'

design margins of the reactor coolant pressure boundary are not exceeded during any condition of
normal operation, including anticipated operating occurrences.

GDC 31. Fracture Prevention of the Reactor Coolant Pressure Boundarv. requires that the
reactor coolant pressure boundary shall be designed with sufficient margin to ensure that when
stressed under operatirg, maintenance, testing, and postulated accident condition loadings, the

. boundary behaves in a nonbrittle manner and the probability of a rapidly propagating fracture is
minimized.

GDC 32. Insoection of the Reactor Coolant Pressure Boundarv. requires that components that are
part of the reactor coolant pressure boundary be designed to permit periodic inspection and
testing of critical areas to assess their structural and leaktight integrity.

General Design Criteria 2 and 4 are considered in Section 3.3 below where the potential for
steam generator tube collapse during the combined effects of LOCA + SSE loadings are addressed
.for the Kewaunee steam generators.

.

|-
i
!
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3.2 Regulatory Guide 1.121

Backaround
.

R.G.1.121," Bases for Plugging Degraded PWR Steam Generator Tubes" issued for comment in
August of 1976, describes a method acceptable to the NRC staff for meeting GDCs 14,15,31, and
32 by reducing the probability and consequences of steam generator tube rupture through *

determining the limiting safe conditions of degradation of steam generator tubing, beyond which
tubes with unacceptable cracking, L established by inservice inspection, should be removed
from service by plugging. The recommended plugging criteria for the tube support plate
elevation OD SCC occurring in the Kewaunee steam generators may result in tubes with both
partial through-wall and through-wall (non-leaking) cracks being returned to service, in the
limiting case, the presence of a through-wall crack alone is not reason enough to remove a tube
from service. The regulatory basis for leaving through-wall cracks in service in the Kewaunee
steam generators is provided below.

Steam generator " tube failure"is defined by the NRC within RG 1.83 as the full penetration of
the pr' mary pressure boundary with subsecuent leakagg. Consistent with this definition, upon

-the irnplementation of the tube plugging criteria of this report, known leaking tubes will bo
; removed from service from the Kewaunee steam generators. Steam generator tube bundle lack
% tightness will be re-established by conducting 100% bobbin coil inspection of the S/G tubes.
nThe tube plugging criteria of this report are established such that operationalleakage is r ot
finticipated.

.

he NRC defines steam generator tube rupture within RG 1.121 as any peric,rsilon of the tube
. essure boundary accompanied by a flow of fluid either from the primary to secondary side of '

me steam generator or vice versa, depending or' the differential pressure condition. As stated
within the regulatory guide, the rupture of a number of sing's tube wall barriers between

,

primary and secondary fluid has safety consequences only if the resulting f!uld flow exceeds an
acceptable amount and rate.

Consistent with the philosophy of the NRC's definition of tube rupture, during testimony by the
NRC staff (on March 24,1976) to provide laformation to the Atomic Safety ano Licensing Board
(ASLB) on the plans for measures to reasonably assure steam generator tube integrity under
oporating conditions including off-nominal and accident condition loadings at Kowauneo, the
following definition of loss of steam generator tube integrity was provided. Loss of steam
generator tube integrity means loss of " leakage integrity". Loss of " leakage integrity" is defined
as the degree of degradation by a through wall crack penetration of a tube wall membrane that
can adversely affect the margin of safety leading to " tube failure", burst, or collapse during
normal operation and in the event of postulated accidents. Acceptable service in terms of tube
Integnty limits the allowable primary to secondary leakage rato during normal operating
conditioas, and assures that the consequences of postulated accidents would be well within the
guidelines of 10CFR100. In order to assure steam generator tube integrity is not reduced below
a level acceptable for adequate margins of safety, the NRC staff position focused on spccific
criteria for limiting conditions of operation. These include:

.

1. Secondary Water Monitoring
2. Primary-to-Secondary tube leakage
3. Steam Generator Tube Surveillance

.

4. Steam Generator Tube Plugging Criteria

3-2
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' Tubes with through-wall cracks will maintain * leakage integrity" and are acceptable for
continued operation if the extent of cracking can be shown to meet the following RG 1.121
criteria:,

1. Tubes are demonstrated to maintain a factor of safety of 3 against failure for bursting under
normal operating pressure differential..

2. Tubes are demonstrated to maintain adequate margin against tube failure under postulated
accident condition loadings (combined with the effects of SSE loadings) and the loadings required
to initiate propagation of the largest longitudinal crack resulting in tube rupture. All
hydrodynamic and flow induced forces are to be considered in the analysis to determine
acceptable tube wall penetration of cracking.

3. A primary to-secondary leakage limit under normal operating conditions is set in the plant
technical specifications which is less than the laakage rate determined theoretically or
experimentally from the largest single permissible longitudinal crack. This action would ensure
orderly plant shutdown and allow sufficient time for remedial action (s)if the crack size
increases beyond the permissible limit during service.

The voltage based plugging criteria for indications at tube support plate elevations discussed in
this report are snown to meet all of the necessary acceptance criteria.

3.3 Steam Generator Tube Deformation Discussion
.

In addressing the combined effects of the LOCA and SSE loartings (as required by GDC 2) on the
steam geherator component, [

.

]a,

This issue has boon addressed for the Kewaunee steam generators through the application of
leak-before-break principles to the primary loop pip!ng.- A detailed leak before break analysis
has been performed for Kewaunee. Based on the results, it is concluded that the
leak-before-break methodology (as permitted by GDC 4) is applicable to the Kewaunee reactor
coolant system primary loops and, thus, the probability of breaks in the primary bop piping is,

sufficiently low that they need not be considered in the structural design basis of the pMnt.
Excluding breaks in the RCS primary loops, the LOCA loads from the large branch lines breaks

-

were also assessed and found to be of insufficient magnitude to result in steam generator tube
collapse. Using results from recent tests and analysis programs (discussed more fully in section

3-3

. .



_ - - . - - . - . .. .. _ . - .._ . . - . - ._ . - . - . . . - . . . . . _ -

11.2), it has also been shown that no tubes will undergo permanent deformation where the
change in diameter exceeds 0.025 inch. Although specific leakage data is not avallab!e, it is
judged that deformations of this magnitude will not lead to significant tube leakage. On this basis {
no tubes need to be excluded from the APC for reasons of deformation resulting from combined e i
LOCA4 SSE loading.

|
1

|
'

,

1-

.

9

'

e

+

34

L.-



4.0 PULLED TUBE EXAMINATIONS
.

4.1 General Tube Pull Results at Support Plate Locations

The type of intergranular corrosion with regard to crack morphology and density (number,o

length, depth) of cracks can influence the structuralintegrity of the tube and the eddy current
response of the indicatior's. For support of tube plugging criteria, the emphasis for destructive
examination is placed upon characterizing the morphology (SCC, IGA ir olvement), th6 number
of cracks, and characterization of the largest crack networks with regard to length, depth and
remaining ligaments between cracks. These crack details support interpretation of structural
parameters such as leak rates and burst pressure, and of eddy current parameters such as
measured voltage, depth and crack lengths with the goal of improving structural and eddy current
evaluations of tube degradation in selective cases, such as the 1990 Plant A 2 pulled tubes, the
pu!!ed tube evaluations included leak rate and burst pressure measur6ments for further support
of the integrity and plugging limit evaluations.

4.1.1 Types of OD Corrosion Degradation Observed at Support Plate Crevice Locations

Intergranular corrosion morphology can vary from IGA to SCC to combinations of the two. IGA
(Inter GrNular Attack) is defined as a three dimensional corrosion degradation of grain
bounda.ies. The radial dimension has a relatively constant value when viewed from different
axial and circumferential coordinates. IGA can occur in isolated patches or as extensive networks
which may encompass the entire circumferential dimension within the concentrating crevice.
The growth of IGA is relatively stress independent. IGSCC (Intergranular Stress Corrosion.

Cracking) is defined as a two dimensional corrosion degradation of grain boundaries that is more
stress de,nendent than IGA. (Transgranular SCC in Alloy 600, caused by exposures to lead (Pb)

'

environments, has only been rarely observed in the field at support plate crevice locations.)
IGSCC is typically observed in the axial-radial plane in steam generator tubing, but can occur in
the circurnferential-radial plane or in combinations of the two planes. The IGSCC can occur as a
single two dimensional crack, or it can occur with branches coming off the main plane. Both of ;

the IGSCC variations ca,i occur with minor to major components of IGA. The IGA component can-

occur simply as an IGA case on the tube OD with SCC protruding thrcuch the IGA base or the SCC
plane may have a IGA degradation along the crack plane, independent of any surface IGA. Based on
laboratory corrosion tests, it is believed that the latter, SCC protrusions with IGA components
along the crack plane grow at rates similar to that of SCC, as opposed to the slower rates usually
associated with only IGA. When IGSCC and IGA are both present, the IGSCC will penetrate through
wall first and provide the leak path. The density of cracking can vary from one single large
crack (usually a macrocrack composed of many microcracks which nucleated along a line that has
only a very small width and which then grew together by intergranular corrosion) to hundreds

;

of very short microcracks that may have partia!!y linked together to form dozens of larger
macrocracks. Note that in cases where a very high density of cracks are present (usually axial
cracks) that also have significant IGA components, then the outer surface of the tube (crack
origin surface) can form regions with effective three dimensionallGA. Axial deformations of the
tube may then cause circumferential appearing openings on the outer suiface of tne tube within.

the three dimensional network of IGA: the networks are sometimes mistakenly referred to as
circumferential cracks. The axial cracks will still be ;he deeper and the dominant degradation,

'

as compared to the IGA.

41

bm



.

As described in Sections 4.2 and 4.3, the Plant A tubes examined show dominantly SCC crack
networks with l' * components that vary from minor to,in one case, significant.' The larger
eddy current i., dict... :ns for the 1990 pulled tubes are principally related to the single, large
macrocrack found for these tubes. *

4.1.2 Through Wall SCC at Support Plate Crevice Locations
,

Ths following presents OD Intorgranular corrosion data at support plate intersection locations on
steam generator tubes which have experienced through wall corrosion. The latest results for the
1990 examination of through wall cracks at the support plate locations at Plant A 2, however,
are presented in Section 4.2.

Plant A 2. Steam Generator C. Hot Leo Tube R31-C46. Suncort Plate 1

OD origin, axially oriented,intergranular stress corrosion cracks were observed confined
entirely within the first support crevice region on hot leg tube R31-C46, removed in 1986
from Steam Generator C of Plant A-2. Destructive examination was confined to half of the tube
circumference (the half with a single axial NDE indication). The main crack, composed of at
least four microcracks which grew tocether, was 0.52 inch long and was through wall for
approximately 0.02 inch. The morphology of the individual microcracks was branched SCC with
moderate IGA components to the SCC. Figure 41 shows a sketch of SEM (scanning electron
microscope) fractographic results of the main crack (only the mid to upper poriton of the crack
was examined) and a sketch of the overall crack distribution observed within the support plate
crevice region. Figure 4-2 shows a sketch of the crack distribution (a composite of two
transverse metallographic sections) and depth as viewed by metallography as well as a
micrograph of a crack showing the crack morphology, in addition to the main macrocrack, '

(which included a 46% deep exlal crack next to the main crack), two smaller axial cracks were
observed at other circumferential positions on the half-circumference section examined.

.

Field eddy ct. rent probe inspection (in April 1986, just prior to the tube pull) of the first
support plate crevice region produced a 6.2 volt,81% deep indication in the 400/100 kHz
differential mix channel. Voltage renormalization (see Section 6.6) to the calibration standards
of this report yleids 7.2 volts for this indication.

Plant B-1. Steam Generator C. Hot Leo Tube R4-C61. Succort Plate 5'

OD origin, axially orientated, intergranular stress corrosion cracks were obscrved confined
entirely within the fifth support plate crevice region on the hot leg sidc of tube R4 C61 from
Steam Generator C of Plant B-1. Six axial macrocracks were observeo around the
circumference. The largest of these was examined by SEM fractography without any

*

To provide some quantification of the terms minor, moderate end significant with respect to
the degree that IGA is found in association with SCC that has IGA components along the crack

_ plane, the SCC crack depth and IGA widths are used as follows. The depth (D) of the crack and -

the width (W) of the IGA at the mid-depth of the crack are measured and the ratio (D/W) of
these values determined. " Minor" IGA components is defined as having a D/W ratio of greater
than 20," moderate" as having a D/W ratio between 3 and 20, and "significant" as having a

_

D/W ratio of less than 3.

:
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metallography. The macrocrack was 0.4 inch long and through wall for 0.01 inch. However, the
crack was nearly (effectively) through wall for 0.1 inch. The macrocrack was composed of
seven individual microcracks that had mostly grown together by intergranular corrosion (the
separating ledges had intergranular features that ranged from 40 to 90% of the length of the.

le60s). Since no metallography was performed on the axial cracks, it is not possible to
definitively describe the axial crack morphology at this location. At the eighth support plate
region of the same tube, metallography showed that the morphology was that of SCC wiih a crack.

depth to IGA width ratio (DN/) of 15. Figure 4 3 summarizes the crack distribution and
morphology data for the fifth support plate crevice region.

in addition to the OD origin axial macrocracks observed at the fifth support plate region, five
local areas had circumferentialintergranular corrosion. The maximum penetratiori observed
for the circumferential cracking was 46% through wall. The morphology of the circumferential
cracking was more that of IGA patches than of SCO. Figure 4-4 provides micrographs of relevant
cracks showing the morphology of axial and circumferential cracks. As stated above, the axial
cracks had a morphotor/ of IGSCC with a moderate D/W ratio of 15 while the circumferential
cracking had a morphology more like that of IGA, with a D/W ratio of 1.

Field eddy 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
difforential mix.

4.2 Plant A-21990 Tube Pull Results at TSP Locations

Hot leg tubes R4-C73 and R21 C22 were puiled from Steam Generator 8 and hot leg tube-

R38 C46 was pulled from Steam Generator C. The sections pulled included the first support
plate region from each tube. Laboratory NDE, leak and burst testing, and destructive

*

examinations were performed, The following summarizes the data obtained at the first support
plate region of each tube.

NDE Testina

Laboratory eddy current testing was performed using 0.720 inch diameter bobbin and RPC
probes. RPC results showed a main axialindication within the support plate crevice region of
tube R4-073. The length of the signal was 0.44 inch and the depth was estimated as 77 to 82%
deep based on an ASME drilled hole standard, in cddition to the main signal, a less intense RPC
signal was observed parallel to the main axial signal approximately 20 to 30' away. Tube
R21-C22 produced a single axial indication within its first support plate crevice region. The
0.5 inch long RPC signal was estimated to be 76 to 81% deep. Tube R38-C46 had a 90% deep
RPC signal that was 0.4 inches long. Note that this tube was elongated during the tube pull. At
consequence of the reduced OD dimension, a 0.69 inch diameter RPC probe was used.

Laboratory bobbin probe examination of tubes R4-C73 arJ R21-C22 was performed using two
0.720 inch diameter bobbin probes. One was a brand new Echoram probe with very stiff spacers
(it was difficult to insert the probe into the tube). The other was a slightly used (in terms of,

length of tubing previously examined) SFRM Zetec probe in which the spacers were less stiff
(probe insertion into the tubes was easy). The probes were pulled mechanically through the
tubes at speeds similar to those used in the field; however, unlike the field situation, the tubes
were examined with the tubes positicod horizontally. In addition, multiple passes were made
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with each probe with the specimen being rotated between each pass to vary the position of the
crack Indication. Table 4.1 presents the results. An indication was observed within both
support plate crevice locations. Depth estimates were similar for both of the support plate
crevice regions and for both of the probes. A range of 86 to 91% deep covered all depth '

estimates. The voltage varied noticeably depending on the probe used and the orientation of the
specimen, with the stiffer Echoram probe producing the smaller voltage variation. For tube Q
R4 C73, the Echoram probe voltage variation ranged from 3.6 to 4.3 volts. For tube R21-C22,

,

the Echoram probe voltage variation ranged from 9.6 to 11.6 volts.

While tube R38-046 was reduced in diameter during the tube pull, tho Zetec 0.72 inch diameter
bobbin probe could still be used for the laboratory examination. However, it passed through the

'

deformed tube with difficulty. Consequently, the estimates of depth and voltage are not judged to
be reliable. The field bobbin test pmducud a 1.4 volt signal with an indicated depth of 68%. This
is considered more reliable than the laboratory result of 4.8 volts and 90% depth. Since the
tube pull opened crack networks which were readily visible, the larger laboratory voltage is not
surprising.

Double wall radiography was performed using four rotations. No crack indications were
observed on tube R21 C22 but a single axial crack like indication was observed within the first
support plate region of tube R4-C73. The falnt indication, located near O*, was 0.3 inch long
and was located entirely within the suppnrt plate crevice region. These results imply that any
deep corrosion cracks present on the two pulled tubes from S/G B are very tight. OD
measurements of the pulled tubes from S/G B showed that the average diameter of both tubes
was 0.8755 inch with a 0.001 inch ovality. No noticeable tube deformation occurred during
tube pulling to open any corrosion cracks. Tube R38 C46 from S/G C was noticeably reduced in
diameter. The tube had an average OD of 0.830 inch within the TSP crevice region. Radiography

*

cf tube R38 C46 showed three main locations of crack networks within the TSP crovice region.
The crack networks contain both axlal and circumferential indications. The circumferential -

cracks were wide, as would be expected for a tube which experienced elongation during the tube
pull.

Ultrasonic testing was also performed on the support plate specimens. A 0.4 inch long axial
indication was observed near 330* on tube R21 C22 within the support plate cravice region.
On tube R4-C73 a 0.25 inch axialindication was observed near 30* within the support plate
crevice region. A shorter and fainter axialindication was also observed near 70*. On tube
R38-C46 three patches of Indications were noted, one near 20*, one near 230*, and one near
340'. All woro located within the TSP crevice region.

Leak and Burst Testina

Following NDE characterization, the three tube sections from the first support plate region were
leak and burst tested. The leak tests were performed in two parts. The specimens were first
tested under simulated normal operating conditions. At a test temperature of 616 'F, the
primary side of the specimen was connected by insulated pressure tubing to an autoclavo
maintained at a pressure of 2250 psi by bottled nitrogen gas. The specimen was located in a
second autoclave maintained at 616 *F and a pressure of 750 psi, resulting in a differential *

pressure of 1500 psi. The 750 psi pressure in the second autoclave was maintained by a back
pressure regulator (BPR) connected to the autoclave by pressure tubing. Any water vapor

.

passing through the BPR was then passed through cooling coils immersed in ice water. The
amount of condensed water was measured as a function of time. Following the initialleak testing,
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a simulated steam line break (SLB) leak test was performed using the same system. For the SLB
test, the primary pressure was increased to 3050 psi and the secondary side pressure was
decreased to 400 psi resulthg in a pressure differential of 2650 psl.

.

Leak test data are presented in Table 4.2 Results from the SLB test are considered reliable. The
measured SLB leak rates were [

)9 and no leakage for tube R38 C46. These values are considerably below the+

maximum leak rate capability of the system, estimated to be approximately 2 t/hr based on a
;

test with the test specimen removed. Results for the normal operating conditions are considered

to be less accurate. The observed leak rate for tube R4 C73 was [
]9 for tube R21 C22. No leakage was observed for tube R38-C46.

These rates include any overflows from the back pressure regulator (BPR). Leakage through the
BPR was encountered, especially with the testing of tube R21 C22. The BPR may have
contributed to the entire amount of leakage observed * for the normal operating condition test.
While this amount of overflow from the BPR is small in comparison to the SLB test leak rates, it
is very large in comparison to potentialleak rates from th> normal operating conditions test.
Consequently, the normal operating condition leak rate A the lower end of potentialleak rates for
these specimens should be considered zero. The upper value presented, at least for tube
R21 C22, probably includes sgnificant contributions from the BPR.

Room temperature burst tests were performed on the two specimens following leak testing. The
specimens were pressurized with water at a pressurization rate of approximately 1000 psi /sec.
Tygon tubing Intemal bladders were inserted into the specimens to permit testing with their
through wall corrosion cracks. No support plate restraints were placed on the specimens.
Consequently, the burst pressures measured may be lower than would be observed in the

- presence of a support plate.

The first support plate region of tube R4-C73 burst at [ )9 psi, the first support plate
~

region of tube R21-C22 burst at [ ]9 psl, and the first support plate region of tube
R38-C46 burst at [ )9 psi. Table 4.2 presents this data as well as other burst data
characterizing the specimens.

Characterization of the Corrosion Cracks

Figure 4-5 shows a sketch of the SEM fractographic observations on the burst fracture face of
the first support plate region of tube R4-C73. Within the center of the burst opening, a 0.42
inch long OD origin macrocrack was observed. The macrocrack was located at an orientation,,

*

Prior to initlation of the leak tests, the specimen fittings were tested to verify that they were
leak tight. The fittings wero tested by pressurizing the specimens with 500 to 600 psi air
and holding the specimens and their fittings under water. No fitting leaks were observed.
The R4 C73 specimen was observed to leak air bubbles at the location of the support plate at
a pressure of 500 psi air. The R21-C22 specimen did not leak air bubbles at a pressure of 1

600 psi. Consequently, it is believed reasonable that the normal operating leak rate for tube
R21-C22 should be lower than that for tube R4-C73. This would also be consistent with the.

SLB leak results.

' "
in the orientation system used,0* faces the steam generator divider plate and 90 is
clockwise of O' when looking in the primary flow (up) direction. I
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of 20* and was entirely confined to within the support plate crevice region. It had only
intergranular corrosion features. The macrocrack was composed of four microcracks, all of
which had joined together by intergranular corrosion. The crack was through wall for 0.18
inch A parallel axial macrocrack was observed near 40'. It was 0.46 inch long and up to 69% *

Inrough wall. In addition, numerous short axial cracks were observed at various locations
within the crevice region. The depth of these short cracks ranged from minor penetrations to
34% Figure 4-5 also provides a sketch estimating the crack distribution within the support

,

plate crevice region as wo!! as a description of the crack morphology of the main macrocrack.
Figure 4 6 provides a sketch of the crack distribution and depth within the center of the support
plate crevice region as determined by metallography. The main crack morphology was that of
SCC with moderate IGA components (D/W - 4). The width of IGA surrounding the SCC is
estimated to be approximately 0.012 inch, except at the OD surface where the width was larger.
Other cracks tended to have less IGA compor.ents. Figure 4 7 provides micrographs showing
both the main crack morphology as well as the crack morphology of ono of the lesser cracks. The

,

morphology of the latter crack, which has been opened wide by tube deformation, is more that of
IGSCC (D/W = 12).

Figure 4 8 shows a sketch of the SEM fractographic observations on the burst fracture face of
the first support plate region of tube R21 C22. Within the center of the burst opening, a 0.50
inch long OD origin macrocrack was observed. The macrocrack was located at an orientation of
330' and was entirely confined to within the support plate crevice region. The corrosion crack
had only intergranular features. The macrocrack was composed of four microcracks. Three of
the microcracks were joined by intergranular corrosion, while the top most microcrack was
still separated from the others by metal. The macrocrack was through wall for approximately
0.15 inch. Figure 4 8 also provides a description of the crack morphology. The crack
rnorphology was that of SCC with significant IGA components. The width of IGA surrounding the '

SCC is estimated to be approximately 0.030 inch (D/W - 1.7). One additional crack was later
observed on the specimen by metallographic examination. Figure 4 9 provides a sketch of the

.

crack distribution and depth observed by metallography. Figure 410 provides micrograpns of
the cracks. As can be observed, the secondary crack morphology had lesser IGA components
(D/W - 19 to 37) -

- Figure 411 shows a sketch of the SEM fractographic observations on the burst fracture face of
the first support plate region of tube R38 046. A 0.37 inch long, OD origin, axial macrocrack
was observed. The intergranular crack was up to 78% through wall and was contained w! thin the
support plate crevice region. The macrocrack was composed of numerous microcracks welch had
an unusual spalla! distribution. They had orientations which ranged from axial to
circumferential generating a spide: like crack distribution. Three other crevice locatiuns had
less deep but significant intergranular crack distributions. Their locations are also shown in
Figure 411. Figure 412 shows the crack distribution and depth as determined by transverse
metallographic examinations. Figure 413 shows photonicrogiaphs of cracks in transversa
sections obtained from within the crevice region. The enc 4s arn opened wide by tubo
deformation. The morphology of the cracks is that of |GSCC with minor to moderato IGA
comput4,ts (D/W - 14 to 28).

.

4.3 Prior Pulled Tube Examinations from Plant A at TSP Locations

Prior to 1990, a total of 10 hot leg support piata intersection locations on steam ,qeneratur
tubing removed from Plant A-2 were examin.3d. In 1985 the first inree hot leg support piate
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regions of tube R34 C44 from Steam Generator A were destructively examined, in 1986 the
first support plato region of tube R31 C46 from the hot 100 side of Steam Gonorator C was
destructively examined as described in Section 4.1. In 1389 the first three support plate
regions of tubes R16 C50 and R16-C53 from the hot 100 sido of Steam Generator C were-

destructively examined. Of those 10 support plato locations,6 wore found to have OD origin
intorgranular corrosion. In addi1on, a support plate region of a tube tomoved in 1989 from
Plant A-1 was examined. The support plate region of this tube also had OD origin intergranular

*

corrosion. The fo!!owing describes the extent and morphology of the degradation found.

Plant A-2.1925 Examlnatbn

The first three support plato regions of hot leg tube R34-044 from Steam Generator A were
destructively examined to dotermine the origin of residual oddy curront signals left at the
location of the support plates after frequency mixing to eliminate the suppert plate signal. No
corrosion degradation was found by destructive examination at the three support plate locations.

Plant A-2.1986 Examination

The first .,upport plate region of hot leg tube R31.C46 from Steam Generator C was
destructively examined. A 6.16 vcit,81% deep eddy current signal was detected in the field
bobbin probe examination using a 400/100 kHz frequency mix. Renormalization to the standard
used in this report yielded 7.2 volts. Destructive examination found a 0.5 inch long macrocrack
that extended from 0.1 inch above the support plate bottom edge location to 0.2 inch below the
top edge location. The crack averaged 80 to 90% through wall with a local area penetrating
100% Inrough wall for a length of 0.02 inch. The macrocrack was composed of a number of
axially orientated microcracks which had grown together by corrosion. The intergranutcr.

cracking was of OD origin ano a number of shallow cracks existed parallel and nearby to the
major macrocrack. The morphology of the cracking was prodominatoly SCC, but moderate IGA
components (D/W - 3.2) were also present.

'

Plant A-2.1989 Examination

Two hot log steam generator tubes from Plant A 2, Steam Generator C woro examined to
determine the origin of residual eddy current signals at support plate locations. The destructive
examination included the crevice region at support plates 13 of tubes R16-C50 and R16-C53.

All six support plato intersections had residual type eddy current signals. The second support
plate region of both tubes was chosen for more detailed examination. Following removal of both
ID and OD deposits by honing, abrasion, and later by chemical cicaning, the eddy current
examination was repeated. No significant change was obcerved in the eddy current signals
indicating that the residuals were not related to surface deposits.

Destructiva examination of tube R16-C50 found OD origin intergranular corrosion within the
first and second support plate regions. No corrosion degradation was found within the third
support plate crevice region. The first support plate region had only an isolated region of minor
OD origin, intergranular, axial SCC. The maximum depth of SCC was 0.007 inch. The second-

support plate region from tube R16-C50 had experienced some negligible (no wall thickness
change measurable) OD general corrosion with some intergranular penetrations. While most of'

the tube OD cracking within the TSP crevice regions had these features, at one location the
intergranular corrosion was somewhat deeper though still regarded as minor. At this location,

47
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0.2 inch below the support plate top edge, the penetrations formed two short parallel axlai
cracks,0.06 inch long and up to 0.0015 inch deep. Consequently, all three support plate
regions of tube R16 C50 had no, or only very minor, IGSCC degradation. Figure 4-14 shows a
micrograph of the largest crack found, that within the first support plate crevice region. The '

morphulogy is that of IGSCO with only minor to moderate IGA components.

Destructive examination of tube R16 053 tound OD orig!n intergranular corrosion within all
'

three support plate regions. The first support plate region of tube R16-C53 had numerous OD
origin, intergranular, axial stress corrosion cracks, but the depth of cracking was shallow
(0.0055 inch maximum depth). At the second support plate of tube R16-C53, axial
intergranular stress corrosion cracking was found on the tube OD concentrated near the support
plate top edge and to a losser extent near the support plate bottom edge. There were dozens of
very tight stress corrosion cracks located discontinuously around the circumference, but located
within all four quadrants of the tube. The maximum depth of penetration was 0.011 inch
(22%). The third support plate region also had numerous but relatively shallow OD origin,
Intergranular, axial SCC. The maximum dapth of degradation was 0.0065 inch. Consequently,
the only support plate region of tube R16-C53 with corrosion degradation of any potentially
noticeable (by eddy current) depth was the second support plate region where the maximum
depth was 0.011 inch (22% through wall). The morphology of these cracks ranged from that of
IGSCO (Figure 415) to that of IGSCC with significant IGA components (Figure 4 M).

In summary, the 1989 pulled tubes were removed primarily to determine the cause of Eddy
current support plate residual signals. Laboratory eddy current testing showed that the residual
eddy current signals were not caused by surface deposits. Destructive examination also showed
that tho residual signals were not caused by corrosion degradation, even though minor OD origin
SCC was prasent at five of the six support plate locations. For tube R16C3 the deepest '

support plate region SCC was 0.007 inch while for tube R16 C53 the deepest crack was 0.011
inch For the other support plate locations with cracks, the deepest cracks were 0.0015,

-

0.0055, and 0.0065 inch.

Plant A-1.1989 Pot!ed Tube Examination

The first support p! ate crevice region of hot 100 tube R20-C26 from Steam Generator C of Plant
A-1 was destructively examined. Dozens of short, OD origin, intergranular, axial stress
corrosion cracks existed within the crevice region and just above the crevice region. Most of
these cracks were found within two 30* wide axial bands on opposite sides of tha tube. The band
located at 255 to 285* extended from the support plate bottom edge to just above the support
plate top edge. The deepest crack in this band penetrated 62% through wall and was located
approximately 0.2 inch below the top edge. The second band occurred between 75 and 105' with
the cracking extending from the bottom edge to approximately 0.275 inch above ths support
plate top edge. Within the crevice region, the deepest crack in the second band of cracks occurred
ne :r the support plate top edge. This crack was 42% through wall. Above the top edge, the depth
of cracking decreased rapidly. At 0.13 inch above the top edge, the deepest crack was 10%
through wall. With respect to the length of individual cracks, they were typically much less
than 0.1 inch long. Where individual cracks had grown together, cracks up to 0.13 inch long
were found. Figure 417 sketches the crack distribution found within the first support plate -

crevice region and also provides crack depth data. Figures 4-18 and 419 provide
photomicrographs of typical cracks as observed in transverse metallographic sections that have

.

been deformed to open cracks. The morphology is that of IGSCC with minor to moderate IGA
components (D/W - 17 to 28). Figure 4-20 shows similar transverse micrographs, but ones
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in which not all cracks were opened during the tubo deformation.

Field oddy current inspection (bobbin probo) of the first support plato region revealed (by
Inltlalinterpretation) no corroshn degradation. Later analysis suggested a very low voltago.

(0.2 volts) indication signal, pa*tially hidden betwoon larger voltags dent signals. Laboratory '

bobbin probe inspection produced slmllar results, with an indication voltage of 0.4 volts within
tho overall 7 volt dent signal. The phase angle of the indication component, within the overall

*

dent signal, suggestod a 61% deep indication. RPC testing revealed many indications confined to
within the crevice region.

4.4 IGA and Corrosion Morphology at Support Plato Crevico Locations

A review of available Wostinghouse tube pull data was made for the purpose of comparing
corrosion morphology in various plants and for determining the extent of IGA (in contrast to the
IGSCC previously discussed in Sections 4.1,1,4.1.2,4.2, and 4.3) present at support plate
crevlce locations on steam generator tubing. This review also included recent data from Plant L
tube R12-C8 from Steam Generator D. Due to it specialinterest, the Plant L tube will be
discussed first in detail.

4.4.1 IGA and Corrosion Morpholgy at Support Plate Crevice Locations at Plant L

Corrosion Deoradation at the First Sucoort Plate Reclon of Tube A12-08

A summary of corrosion observations at the first support plate region of plugged tube R12 C8
is as follows. Within the first support plate crevice region of tube R12-C8, very high densities

-

of axially oriented IGSCC microcracks were observed. Corrosion was not observed outside of the
' crevice region. The microcracks had moderate IGA components associated with them. A good

description of tha microcracks would be that of 1GA fingers, with the depth of the cracks
typically being 6 to 18 times the width of the IGA associated with the crack. The microcracks
were less than 0.05 inch long, in axial extent. The density of support plate region cracking was
significantly higher than that observed for most other domestic power plants. For a given
elevation, crack densities of three to five hundred individual microcracks could be extrapolated
to exist around the circumference based on metallcgraphic and SEM fractographic data if the
maximum local crack density observed extended completely around the circumference. (For
tubes examined by Westinghouse at support plato regions, crack densities of 1 to 10 are most
typically observed. The highest, support plate region, crack density previously observed in tube
examinations by Westinghouse was 20 to 100 at Plant D 2. It has been reported that high crack
densities of approximately 300 cracks over the circumference of a support plate region have
also been observed in some EdF steam generators.) Because "'ho very high densities of cracks
and the IGA associated with the cracks, local regions sometime. ,vrmed effective patches of IGA.
(Al'ematively, the IGA patches may have formed independently of the 1GSCC.) The depth of these
IGA patches was typically half that of the the maximum depth of cracking penetrating through the
IGA patch. The largest circumferentiallength of continuous lGA observed by metallography was
0.05 inch, or approximately 7 degrees, with a maximum depth of 33% The maximum depth of

4 - IGSCC in the same general region was approximately 85% Figure 4-21 provides supporting
| metallographic data.

'

Another aspect of the very high density of axially orientated microcracks, was the formation of
| larger axial macrocracks. (Before this aspect can be considered, further details regarding the

|

4-9

__



.. - .. . .. ... . . - - - _ . - - - . --. . - - - . - - - -

destructive examintlon need to be mentioned. The first support plate region was initially
separated circumferentially near the conter of the crevice region by applying a tensile force
axlally to the tube.- The fracture would have occurred where the volumetric corrosion
degradation was deepest. SEM fractography of the separation showed intergranular corrosion *

greater than 10% deep over 310 degrees of the circumference. Table 4.3 presents complete
depth data for the corrosion front,11is believed that the corrosion front was composed of a large

,

number of axially orientated cracks that frequently had interconnecting IGA components. The
,

'
-

deepest region of corrosion was 80 to 92% deep, via IGSCO, over approximately 20 degrees of
the circumference.) Above this local region with the deepest corrosion, the tubing was
deformed to open any axlal crack networks. Many were revealed. One of the deeper looking ones
was broken apart and SEM fractography was performed. A fairly uniform crack front was
observed from the support plate crevice center to the support plate crevice top. The front
ranged from 41 to 55% through wall, with an average depth of 48% Severalledges were
observed in the fractograph where it is believed that individual, axially oriented, microcracks
had joined together to form the macrocrack. Below the support plate center, only metallography
was performed. Transverse metallography (Figure 4 21) revealed the morphology of the axial

3

cracking and IGA in the form of IGSCC with moderate IGA components and IGA patches at the bases
of the IGSCC. Axlal metallography was performed from the bottom edge of the crevice to the
conter of the crevice region, through a region with corrosion. A fairly uniform corrosion
front, approximately 50% through wall, was observed that is similar to that revealed by SEM
fractography above the center of the crevice. From this data |t is concluded that axial

rnacrocrack networks existed from the bottom edge of the support plate crevice region to the top <

edge, with the crack fronts having a fairly un! form depth.

Corrosion Deoradation at the Second Suonort Plato Region of Tube R12 08
,

Metallographic data available from the second support plate crevice region of tube R12 C8
indicated approximately 50 axial penetrations around the circumference. The morphology of the

.

; penetrations was typically that of narrow IGA fingers. The maximum depth of cracking observed
was approximately 48% through wall. ABB (CE) has reported that the maximum depth af the
intermittently distributed, effective surface IGA was 27% through wall. Note that the ABB (CE) ~
definitions of IGA may have produced larger values than would have been produced by a
Westinghouse definition of IGA.

. Corrosion Doorndntion at the Third St!nnort hate Reclon of Tube R12.CB

After burst testing of the third support plate crevice region (room temperature burst occurred
at 'io,500 psi), visual examination revealed numerous, axially oriented, corrosion openings
adjacent to the main burst opening. Most of the corrosion appeared to be shallow. SEM
fractography performed on the burst opening showed intergranular corrosion existing from the
bottom to the top edge of the crevice region. La_rge lodges (with dimple rupture features) were
frequently observed between axially orientated microcracks. Transverse metallography showed
approximately 106 cracks around the circumference with a morphology of axial IGSCC with
moderate IGA components. The maximum depth of cracking was 55% ABB (CE) calculated that,

the maximum depth of effective surface IGA approached 33% through wall, Again, the / BB (CE)
definition of IGA may have produced larger values than may have been produced by a -

Westinghouse definition of IGA.

9
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Corrotton Dearndnhon of Other Tubes From Plant L' -i

Preliminary destructive examination of the first, second, and third support plate regions of tube
R29-070 has produced the following results. All three regions had similar corrosions
degradation. Axially oriented IGSCC with only minor to moderate IGA components was present
without effective surface IGA (intermittent minor surface IGA,1 to 2 grains deep, was
occasionally present). The absence of the effective surface IGA is in contrast to the results for-

tube Rt2 C8.- At a mid support plate elevation,2 to 3,5, and 4 cracks were found dktributed
around the circumference for the first, second and third support plate regions, respectively.

' The presence of such a small number of cracks is typical of support plate cracking at many. >

power plants and is in great contrast to the results for tube R12 CS from Plant L The burst
strengths for the three regions were 10,400 psi,9000 psi, and 10,400 psi, respectively. SEM
fractography of the burst faces showed IGSCC macrocracks, confined to the crevice regions, that 1

were 0.29,0.62 and 0.45 inch long, respectively." These macrocracks were composed of
microcracks that were separated by ligaments with dimple rupture fractures. The numbers of
such microcraci
crevice regions.p were 3,6 and 7. respectively, for the first, second and third support plateThe maximum spacing between microcrack ledges with tensile overload
features was 0.17,0.23 and 0,16 inch, respectively. The maximum depth of IGSCC observed
was 56%,76%,'and 50 to 74%, respectively.

_

Preliminary destructive examination of the first, second, and third support plate regions of tube *

R30-C64 has produced the following results. All three regions had similar corrosion
degradation.. Axlally oriented IGSCC with only minor to moderate IGA components was present

- without effective surface IGA (intermittent minor surface IGA,1 to 2 grains deep, was
occasionally present). The absence of the effective surface IGA is again in contrast to the results
for tube R12 CB and is similar to the results for tube R29-C70. At a mid-support plate.

elevation,35, ~78, and ~93 cracks were found distributed around the circumference for the
first, second and third support plate regions, respectWely. The presence of this moderate"

_ number of crads is also typical of support plate cracking at many power plants and is in
contrast to ths results for tube R12-C8 from Plant L, at least for the first support plate region.
The burst strengths for the three regions were 10,500 psi,8800 psi, and 10,200 psi,
respectively. SEM fractography of the burst faces showed IGSCC macrocracks, confined to the
crevice regions, that were 0.25,0.61 and 0.45 inch long, respectively. These macrocracks
were composed of microcracks that were stparated by ligaments with dimple rupture fractures.
The numbers of such microcracks were -20,6 to 7, and 9 respectively, for the first, second and

. third support plate crevice regions.' The maximum spacing between microcrack ledges with
' tenslie overload features was 0.12,0.23 and 0.11 inch, respectively. The maximum depth of
IGSCC observed was -60%, ~64%, and 50%, respective!y. .

Summary

All three support plate regions of Plant L plugged tube R12 C8 had multiple axial IGSCC
macrocrack networks from the bottom to the top edge of the crevice. The first support plate -

- region had the deepesi cracking,92% through wall. For the'second and third support plate
reglons, the maximum crack depths were 48 and 55%, respectively. In addition, effect!ve IGA
patches were observed, in the case of the first support plate crevice location, the IGA patches

~ ,
.-

,

-
..

* Other ligaments or ledges with intergranular features were also present.
;
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3ccurred in regions with the highest crack densities. The depths of the IGA patches were
typically half that of the associated axial cracking. For the second and third support plate
regions, limited data was directly available regarding the IGA patches, but it was reported by CE
that the maximum depths of IGA for these two support plate regions were 27% and 33%, -

respectively. The six support plate regions from non plugged tubes R29-070 and R30-064 had
corrosion more typicalof other plants: a small to moderate number of axialIGSCO, moderate IGA
components to the cracking, and no separate IGA (patch IGA). While the IGSCO on tubes R29-C70

,

and R30 C64 had IGA components, the appearance was more that of stress corrosion cracking
than that of IGA fingers as was observed at the first support plate region of tube R12-C8.

4.4.2 Comparison of Plant L Support Plate Corrosion to Support Plate Corrosion
at Other Plants

it is difficult to compare corrosion morphology from one plant to another since the visual, '

metallographic and SEM fractographic data are frequently not comparable and seidom provide a
complete description it is especia!!y difficult if the person doing the comparison has not
directly worked with the raw data since it will not be known if the reported data represents
typolal or the more spectacular and extremo data. With these caveats, the following presents a
corrosion comparison in which the raw data, not just the reported data, were all studied by the
same person.

To compare support plate corrosion morphology, three ways of data charactert:ation were
utilized. All three need to be considered to characterize the corrosion. The first measures
cracking density. Since most cracking within support plates !s axiat in nature, cracking density
is usually measured from a transverse metallographic section. If a complete section is available,
the cracking density at the given elevation can be directly measured. If only a partial section is *

available, an estimate by extrapolation can be made. Cracking densities were arbitrarily divided
into three density categoriosi Iow (1 to 24 cracks); moderate (25 to 100 cracks); and high
(greater than 100 cracks). Note that since most axial cracking is composed of short

.

microcracks, usually less than 0.05 inches long, a cracking density of say 25 at a given
olevation would correspond to several hundred microcracks within a support plate region. The
second way of characterizing the data involved measuring the amount of IGA associated with a
given crack. To do this the depth of the crack was divided by the width of the IGA as measured at
the mid-depth of the crack, creating a ratio D/W Again, three arbitrary DM categories were
created: minor (DM > 20) (all or most PWSCC would be included in this category if it were
beir.g considered in this analysis); moderate (DM 3 to 20); and significant (DM < 3) where
for a given crack with a DM of 1 or less, the morphology approaches that of patch |GA. The

- third way of characterizing the data involved considering the extent of IGA present on the the
tube, but only the IGA not obviously associated with a single crack was considered. Consequently,
IGA independent of cracking is measured and IGA associated with the interaction of more than one
crack is measured. The measurement of IGA arbitrarily divided the circumferential extent of IGA
into three categories: negligible (IGA < 5% deep); moderate (IGA 5 to 10% deep); and significant

_ (IGA greater than 10% deep).

Table 4.4 presents a corrosion morphology comparison of Plant L support plate region data,
similar data from other plants examined by Westinghouse, and data from laboratory corrosion *

tests conducted in model boilers. With respect to cracking density at support plate locations, it
is obvious that the cracking densities at Plant L for the first support plate region of tube

.

R12-C8 are considerably higher than experlenced at other plants examined by Westinghouse.
However, similar cracking densities of several hundred cracks at a given support plate elevation

| 4 12
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aa believed to exist in some EdF plants in Europe and in some plants in Japan. The cracking
densities for the other support plate regions of tubes R12-C8, R29 C70, and R30 C64 are
more typleaf of other power plants with low to moderate crack densities. With respect to the
amount of IGA associated with the axial IGSCC, the Plant L data are similar to those at most other,

plantst moderate IGA components are found in association with the axiallGSCC. With respect to
the extent of IGA, only Plant L (tube R12-C8 only) and Plant M 2, among the plants examir:od
by Westinghouse, were found to have significant IGA (greater than 10% through wall). It is-

believed in the case of Plant L that the formation of IGA in the form of IGA patches is a result of
the high cracking densities and IGA aspects associated with the individual cracks. Where the
cracks are particularly close together, IGA patches form at the base of the cracks where the
width of the IGA is greatest. In the case of Plant M 2, the typical IGA morphology was that of
uniform IGA as is shown in the lower two photomicrographs in Figure 4 22. The top
photomicrograph in Figure 4-22 also shows uniform IGA but with some axial IGSCC appearing
through the uniform IGA.

While not examined by Westinghouse, the following presents data regarding Plant J 1 and Plant
N-1. Figure 4 23 and 4-24 show photomicrographs from the first and second support plate
regions of tube R8 C74 of steam generator 2 of European Plant J 1. The intergranular
corrosion appears to be very similar to that at Plant L. Table 4.4 presents qualitative
morphological data. While there is a slightly lower crack density, the extent of IGA associated
with individual cracks is similar (moderate D/W ratios), the extent and depth of IGA is similar
and the origin of the IGA also appears to be that of closely spaced axial IGSCC interacting near 'he
surface to form local IGA patches, it is also interesting that the maximum depth of IGA comparad
to the depth of IGSCC is similar, typically one-third to one-half of the IGSCC depth. The data
from the support plate regions at Plant N 1 was not in a form where firm conclusions regarding
corrosion morphology could be made. Table 4.4 also presents an attempt to force conc.lusions-

from the data available to Westinghouse. Averaging the data from the three support plate
regions, it is concluded that a corrosion morphology similar to Plant L (tube R12-CB) and Plant,

J 1 exists at Plant N.1.

O

e

4-13

|

_ _ _ - _ _ _ _ _ _ _ _ _ _ _



_ _ . _ _ _ _ _ _ _. ___ _ _ _ . _ . . _ , __ _ _ _. - . _ _ . .

Table 4.1

Laboratory Eddy Current Data for Tubes Removed from Plant A 2

Results at Bottom TSP Location for AllTubes *

Examination Tube R4-C73 Tube R21-C22 Tube R38-C46

RPC Exam AxialIndication with Axial indication; 0.5 Axialindication
faint parallelindication inch long,76 81% 0.4 inch long,
20 to 30 degrees away; deep. 90% deep.
0.44 inch long,
77 82% deep.

Dobbin Exam

Echoram Indication 86 88% deep; Indication 86-87% Use field data
Probe voltage ranged from 3.6 deep; voltage ranged only: 1.4 volts,

to 4.3 volts depending on frem 9.6 to 11.6 68% deep,
specimen orientation. vmts depending on

specimen crientation.

Zetec Indication 86 91% deep;- Indication 06 90% '

Probe voltage ranged from 2.6 deep; voltage ranged
to 5.0 volts depending on from 7.7 to 14.2

.

specimen orientation, volts depending on
specimen orientation.

.

i
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Table 4.2 |
.

Leak and Durst Data for Tubes Removed from Plant A 2

Results at Bottom TSP Location for All Tubes |-

|

Test Tube R4-C73 Tube R21-C22 Tube R38 C48

Leak Test

Operating Leak Rate [ ]9
(delta P - 1500 psi)

Steam Une Break Rate [ )9
(delta P - 2650 psi)

Burst Test

Burst Pressure [ ]9
(psig)

, Burst Ductility S.6 6.8 7.6

|- (% delta D)

Burst Opening Length 0.439 0.784 0.881'

(inches)

Burst Opening Width 0.135 (OD), 0.210 (OD), 0.167
(inches) 0.100 (ID) 0.148 (ID)

*

Problems with back pressure regulator increased if a measured leak rate.

|

|

.

..-
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Tablo 4.3
.

Depth of Corrosion Observed on Circumferential Fracture Face
from Center of the First Support Plate Crevice Reglen for

Plant L Tube R12 C8 *

Circumferential Location Maximum Deoth of Penetration
(degrees) (*4)

0 62
10 90
20 92
30 '78
40 52
50 60
60 52
70 40
80 18
90 60

100 48
110 48
120 56
130 60
140. 58
150 60

-160 56
.

170 44
180 56
190 2
200 14
210 10
220 18
230 8
240 14
250 14
260 16
270 14
280 44 '

290 40
300 44
310 18
320 18
330 0 -

340 16
350 0

.
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TAetE 4.4

Cmparison of Intergranular Corrosion Mor#mlogy at $44 port Plate Regims on S/G Itbing and Laboratory Specimens

Cracking Density (as Measured Entent of ICA Associated with Estent of (D IGA (Not (bwlouslyData Source or Estimated for One Plane)* the Major Cracks Associated with e Single Crack)
tow Moderate High

(1-24 (25 - 100 (Greater Minor Moderate Sielficant segt igible Moderate Sip ificant
tracks) Cracks) than 100) (DN** >20) (0/W 3 to 20) (DN <3) (<5% Deco) (5 to 10% Ocep) (>10% Pace)

Plant A-2
R31-C46 $P1 -6 3.2 0
R4-CT3 SP1 -8 4.2 0
R21-C22 SP1 -2 1.7 0
R38-C46 SP1 -10 14-28 0

Plant 8-1
R4 C61 SP1 (2H) -4 25 0
R4-C61 SP3 (8M) -15 (for 15 (for 2% Cw

emial) asiat), -1 Intereit-
-5 Cire. (for Cire. tently arotrd

a cracks) Cracks) circuafererte*
R4-C61-SPS (12N) -8 (Cire. 1-2 0

N Cracks)

Plant J-1
LS-C74 SP1 1 41 14-201 -200 , man.

depth -4C%.
L8-C74 SP2 1176 10-15 -80 , sea.

*pth -20%.

Ptant N 1
L59-C95 SP1 35 40 4 (misteading 45', man.

ratio for these depth 20%.
cracks, should

be larger value)

L59-C95 SP2 0 (no cracks
45 , sea.

just IGA)
&pth 13%.

... ........

Since most stgport plate cracking is conposed of s5crt amist microcracks, typically 0.02 to 0.05 inch long for a 50% deep crack, a
*

microcracking density of 25 could be associated with more than severat htrered indivicbal microcracks .rithin a stwort plate crevice region.
** D=0epth of SCC as nieasured frm the CD surface emetusive of any surface IGA. Midth of IGA componmt to the SCC as measured at the mid point of

the SCC,
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TAALE 4.4 (Contirasetian)

Comparison of Intergraruler Corrosion storphology at Sigport Piete Regions ei S/G T=Aing anti Laboratory Specience

tracking Density (as Measured Extent of !GA Associated with Entent of Ou ***. (not (Rwicusly
Data Source or Estimated g Die Ptene)* ~ the nefor Cracks Associated with e Sincie Crack)

Low Modtiete: Itigfi
'(1-24. (25 - 100 - (Greater Minor moderate- Siyiificant negligible teoderate 'sipiificant
Cracks) Cracks) then 100) (DN" >20) (DN 3 to 20) ' (DN <3) M t Deep) (5 to 105 Dete) (>105 Dese)

Plant N-1 (Cont.)
L120-C12 SP3 3 34 (ret occur- It deep

ete sirre intermit-
obtained from tently

tnetched arcisd cir-

specimen) cumference

Plant P
#16-C60 SP1 80 Minor to O

moderate (no
quantitative

data avait-6
. able)
"

>

co
Plant 0-2

5RT-C38 SP1 90 4-8 0
L{RT-C38 $P2 42 15 0

!
R7+C38 SP3 23 24 11 deep

,

intermit- I

tently

erotsid cir-

fcumference
R11-C25 SP3 -50 14 0 i

>

k

!

t
;

............
.

Since most support ptete crackirg is cceposed of short exist microcracks, typicet ty 0.02 to 0.05 inch tens for a 501' deep crack, e k
*

microcracking density of 25'could be associated with more than severet hisdred individsel microcracks within a susport ptete crevice region.
}

** D:Cepth of SCC es measured fram the CD surf ace excitalve of any surface IGA.. n> Width of IGA component to the SCC es measured at the mid-point of I
the SCC. >

1

I

!
f

|
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1A8tE 4.4 (Contiruation)

Crecking Density (as Measured Extent of IGA Associated with Entent of CD ICA (Ws iniouslyData Source or Estimsted for (he Plane)* the Maior Cracks Associated with e Sincie Crack)Low Moderate Migh
(1-24 (25 - 100 (Greater * ireor Mo& rate significant Negligible Moderate Sisnificant

.

Cracks) Crocks) J g$n10F * >?O) (D/W 3 to 20) (0/W <3) (<5% % ) (5 to 10% Dee) >10% peco)

Plant M-2
R29-C46CL SP1 0 (-50 if

5 1 it crack >30G' ini f ersIGA fronts is defined as IGA man.are defined being present depth 261as cracks
with L/W

31)

Plant C-2
R26-C54 SP1 (2H, 36 2-10 2', ama. depth

8%Plant B-2
R6-C67 SP1 (2H) 16 18 0
R6-C67 SP3 (8H) 28 15 4% deep

.

Intermittently
[ arotsid cire.

26-C67 SP5 (11H) 6 ND ND

Plant L
R12-08 SP1 -400 6-18 * 210 at SP

(7:72-504)
Center, less
above and tietow
Center, een.

&pth 43% by
Metaltogra@ y.R12-08 SP2 50 Moderate (no
Intermittently

qsantitative di strituted,
data avait. ann. depth 27%.
abte) Intemit tent t y

distrituted,

............

Cince most st4 port ptate cracking is conposed of short anist microcracks, typicat*y 0.02 to 0.05 inch Ieng for a 50% deep crack, a
*

microcracking density of 25 could be associated with more than several htsidred individjal microcracks within a support plate crevice region.
** 0@epth of SCC as sicasured from the CD surf ace enctusive of arr/ zurface IGA. W4fidth of IGA conponent to the SCC as a:ssured at the mid-point of

the SCC.
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TAeLE O.0 (Cetirusetlen)

Ceugurisen of intergrerador Corrosion Morphotopr at see Flete Begions en 5/G Tdring enr* Lemeratory Speciseru

Cract opy A wit, *:,- med Est* 2 of IGA Assecleted with Estene of a stA (not obvicusly

Date Source - or Estiestee. for Orte Pt ernel* the Meier Cracks Associated witn e tiete Croc o
Low moden Me - Nigh

(1-26 (25 - 1C (Greeter mise moderste siersiflet ' mestisible moderete siystfiew

Crocks) Crechs) then 100) 21w** *291 pm 3 to 20) (DN *3) t<5% eees) (5 to Ses seen) (*te see)

Plant L (Cont.)
al2-C8 SP3 106 moderate (no-- semi. depth 331.

gr=stitet twe

dote ovelt-
elds)

a29-C70 SP1 2-3 - Minor to -c
enderete (no
spentitotIwe

date swe.*-
able)

a?e C7D SF2 5 einer to -0
s

' anderete (ru-.

y gestitet twe

date eroit-

ekte)
R29-C70 SP3 4 winor te -0

moderate (no
cpwWitet twt
dote ovelt-
ebte)

329-C64 SP1 35 wirer to -0

moderate (na
gaerititettwe
date eve d-
ebte)

130-C64 # 2 78 minor to -0 :

sederate tre

gentitative

dote ewell-
ebte)

............

since sest stgport ptete crecting is cogosed of short esist microcrects,' typically 0.02 to 0.05 inch long for a 501 **p crack, e*

microcracking density of U could be associated with more thers several hurded individat microcrects within a sigpo-t ptete crevice region.
** Deepth of SCC es meesured frtue the CD surf ace escitsive of any surf ace IEA. W= Width of IGA component to the SCC es measures et the mid-po6nt of

! the SCC.
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TABLE 4.4 (ccptirtett e )

Comperison of intergreruter Corrosien morphology at Susport Piste Begiere an Stt Tibing ord Laboratory Spectue u

Cracking Dersity (as nessured Estent of ICA associated wita Estent W (E IGA teot (twicuslyDete $msrce ce Estinated %r Ow Pt w)* the maior Cracks asmiotad_with e Simje Crect)
tow Moderate Nigh

(1-74 (25 - 100 (Greeter minor moderate Siptificant seglicitee moderate Slysificenetracks) Cracks) tGen 100) (D/W** >29) 101W 3 to D) _ tDN <3) (4% W C5 te TM DN) (*10% %
Ptont L (Cent.)

R30-C64 SP3 93 minor to -0

nederete (no
cpaantitetive

date avait-

able)

Laboratory Tests
571-1 1 -50 0
543-4 5 40 0

! 536-1 2 60 0
543-4 13 14 03

l 525-1 4
*

4 to 14 0
533-3 10 11-40 0

.

; SL-FN-11 10 11 0

I

4

............

*

Since aiost stmort ptete crackfry is etzqposed of short seiet eiercerects, typicetty 0.C2 to 0.C5 incts ley for e 5ct <see croca, e
e6crocracting density of 25 could be essociated with eere then severet burdred indivichst eterocracks within e sagsmrt ptete crevice region.

** D=Owth of SCC es measured f*tse the CP surface exclusive of any surface ICA. W= Width of IGA component to the SE es measured et the mid-point of
the SCC.
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Sketch of-. Burst Crack

Macrocrack length = 0.52 inch
# Throughwall Length . 0.02 inch

,

Number of Microcracks . at least 3
i

Horphology . IGSCC with moderate ICA components

t
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ngure 41. Summary of crack distribution and morphology observed on the first support
,

plate crevice region of tube R31.C40.
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Figure 4 2. Secondary ottrifistrioution and a photomicrograph of one of the cracks in a
transverse metallographic section of the first support plate crevice region
of tube R31.C46. The crack morphology is that of IGSCC with moderato IGA

*

components.
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Sketch of Burst track

Macrocrack Length = 0.4 inch

Throughwall L6agth = 0.01 inch

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

Morphology = IGSCC with some IGA aspects (circumferential cracking
has more IGA characteristics)

|
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Sketch of Crack Distribution
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Figure 4 3. Description of OD origin corrosion at the fifth support plate crevice region of
tube R4 C61. *
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1

- section) at fifth support plate region.
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Sketch of Burst track |

Macrocrack 'ength = 0.42 inches

Throughwall Length = 0.18 inches
,

Number of Microcracks 4 (all ligaments with intergranular
features)

Morphology * Intergranular SCC with some IGA characteristics
(width of IGA 0.012 inches)
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Figure 4 5, Description of Ob origin corrosion at the first support plate crevice
region of tube R4-073.
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Figure 4 6. Sketch of crack distribution and depth within the conter of the first support
plate intersection in tube R4 C73.
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j Figure 4 7. Top photomicrograph is from a transverse section throtgh one half of the main
j burst crack. The crack morphology is that of IGSCC with some IGA
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| micrograph is from a transverse section through a typical crack located near ;

the burst crack. The morphology is that of IGSCC with only minor ;GA
charactenstics. (Note: crack is opened wide by tube deformation),i
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Sketch of Burst track

Macrocrack Length = 0.50 inches

Throughwall length = 0.15 inches

Number of Microcracks = 4 (two ligaments with intergranular
features, one with ductile overload features)

Norphology = Intergranular SCC with significant !GA
characteristics (width of IGA 0.030 inches)
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Sketch of Crack Distribution
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Route 4 8. Descrption of OD or6 gin corrosion at the first support plate crevice
region of tube R21.C22.
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Figure 4 9. Sketch of crack distribution and depth within the first support plate crevice
region in tube R21-022, .
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1, ketch of Burst Crack

Macrocrack Length = 0.37 inches

Throughwall Length = 0 (78% throughwall)

Number of Microcracks = numerous (ligaments leave intergranular
features)

Morphology = Intergranular SCC with minor IGA features
(Unusual spider-shaped crack distribution)
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Sketch of track Distribution

Figure 411. Description of OD origin corrosion at the first support plate crevice
.

region of tube R38 C46.

4-32

. .._ _ . _ - . . - _ _ . ___



.

O' 43g

58%

( )
:

90'

.

.

295

78%

.

Figure 412. Sumtrary of distribution and maximum depth of cracks found within the first

,

support plato crevice region of tube R38 C46.
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5.0 KEWAUNEEINSPECTIONRESULTS
.

5.1 March 1991 Inspection

-

A ccheduled inspection of the Kowaunce steam generators was conducted during the refueling
outago in March,1991. All tubes in service were inspected by bobbin coil oddy current tests.
The following is a summary of the results relating to ODSCC indications at tubo support plates
(TSP).

Nearly 70% of the tubo support plate Indications were in S/G B and the romaining in S/G A. In
S/G 0, more indications were found on the cold log sido than on the hot log side. Figure 51,

displays the frequency distribution of TSP Indications by support plate locdons. Of all plato
locations, support plate 60 (sixth plato from the bottom, in the cold 100) !,n S/G B had the
greatest number of Indications. The lowest and highest plates hach,. ore Indications than the
intermediate leval TSPs. The number of Indications at each TSP location as a porcentage of tho
tctalin each S/G is shown in Figuru 5 2. In S/G A, the largest percontage of indications woro in
the lowest hot log supott plate (Plate 1 H), followed by the highest cold log TSP (Plate 70). In
S/G B, the largest percent TSP Indications were in Plate GC, followod by Plato 70.

In general, the TSP indications at Kewaunee had low amplitudes. Over 95% of the Indications
were of loss than 2 volt arnplitude (400/100 kHz mix channel). A frequency distribution of the
voltage amplitudes from the 1991 Inspection is shown in Figure 5 3. The distribution of
number of Indications is shown in the upper figure while the corresponding porcontage
distribution is shown in the lower figure. In each S/G, about half of tha Indications were in the-

range of 0.5 to 1.0 volt. None of the TSP Indications in S/G A and only a few indications in
S/G B (excluding a few cent signals) were above 2.5 volts in amplitudo.,

With respect to the depth of the indications (percent tube wall penetration), majority of the
signals were attributed to low Indicated depths. A frequency distribution of estimated wall
penetration of the indications is shown in the upper half of Figure 54. It may be noted that in
both S/Gs, only a few Indications exceedod 50% wall penetration. The percentago distribution of
tube wall penetration of TSP indicatioas is shown in the lower portion of Figure 5 4. Tubes
plugged during the 1991 outage,in accordance with the existing plugging critoria, are included
in those figures.

5.2 Past inspectons
,

A review of the past eddy current inspection results was conducted to assess the progression of
ODSCC in the Kewaunce S/Gs 34 Tubes from S/G A anti 13 tubes from S/G-B woro plugged for

,

support plate indications during the 1990 outage. Theso plugged tubes formed the sample for
this reevaluation which was performed in the lab using data from eddy current tests conducted in
the field. For these tubes, the available eddy current test results for outages in 1987 through
1990 were evaluated. There were other tubes with " distorted indications" (DI) at the support.

! plates; however, only the data from the plugged tubes were reevaluated in the current study and

! ,
hence is likely to be conservative (large growth rates). Some of those tubos had indications at
more than one tube support plato (TSP) intersection and hence the number of totalindications
reviewed excoods the number of plugged tubes.

I
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The OD indications woro prosent in bo.n the hot leg arid the cold leg. It was noted during the
evaluation that the growth in amplitudun between 1989 and 1990 in S/G A woro, by and largo,
negativo. This was found to result from using a differont calibration standard for the 1989

~ ;

Inspection. A correction to the 1989 voltages was appiled by comparing tho signal voltages for
the 100% ASME holes on the field data tapes for the two years. Accordingly, the recorded

,

amplitudos from the 1989 inspection in S/G A were reduced by 29% prior to furthet
processing of the data. Such a correction was not nooded for the depth estimatos for the reasons
discussed in the following paragraph

The ASME standard for flaw depths specifies a tolerance of A 3 mils or 20% whichever is loss,
whereas the diametricioleranco is1 10 mils. This leads to a possible diametric variation ofi
15% andi 5%, respectively, for the 100% and 20% doop ASME holes assuming that the '

machined standard is within the specifications. The engincoring drawing for the calibration
standard used during the inspection providos the exact as built (measurod) depths for the
machined flawst but does not give the as built diameters of the flaws. Further, tho accuracy of
the 100% depth hole is absolute. Thus while the standard was well suited for depth estimatos
with high_ degree of confidence, the signal amplitudo estimates tend to be loss rollable due to the
variation in hole diamotors in the standard.

,

The eddy curront signals found in the field data are generally distorted which contributes to the
uncertainty in the depth estimatos and signal amplitudos. The uncertainty in the estimatos would
depend on the ex1ent of the signal distortions, it was sometimes possible to reduce this
uncertalnty by comparing the inspoction signals at a given location from difforent outages
(years). An example of this is illustrated in Figuros 5 5 and 5-6. The 1990 inspection results
shown in Figure 5 5 has very 4tle distortion and provides depth and amplitudo estimatos with '

high level of confidenco. The 1989 data for the same tube TSP Intersoction (Figuro 5-6) is
highly distorted. Two different interpretations of this signal are shown in the figuro. A reading
of 0.58 volt and 51% depth (rather than the other estimate of 0.85 volt and 46% depth) was
found to be more consistent with the 1990 estimate of 0.54 volt and 48% depth.

The bobbin voltage Indications ranged from 0.16 to 3.5 volts. Growth in amplitude for each year
from 1987 through 1990 were calculated where data was available from prior inspections.
Growth estimates were calculated only for the casos whero data was available for at least two
years; l.e., no assumption about the depth or signal voltago for prior years was made if such data
was not available.

Figure 5 7 shows a plot of the growth in amplitude from 1989 to 1990 as a function of the
1989 amplitudo for the indications in both S/Gs. It may bo noted that tho amplitudo growth
ranged from 0.3 to +0.9 volts in S/G A and from 0.4 to +0.7 volts in S/G B. The negativo
growths (and possib!y some of the high positive growth values) result from the uncertainties in
the eddy current inspection and data evaluation. Overall, the distribution of amplitudes and their
growths are similar in the two S/Gs. Figure 5 8 shows the growths in amplitudo during the
three cycles in both S/Gs as a function of the amplitude in prior inspection. A frequency
distribution of the voltage growth betwoon 1989 and 90 in both S/Gs is shown in Figure 5 9.
Please note that the mode (interval of highest frequency) is near 0,0 volt. ;

*

The average growth in amplituu. for allindications was calculated for each of the three cycles for ;

both S/Gs. This is plotted as a trend curve for each S/G in Figure 510, The number of '

indications used in the calculation of the average is also shown in the figure, next to each point.
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In S/G A, the average growth in amplitude from 1989 to 1990 was only 0.17 volt. The growths
during the prior two cycles in that generator were 0.13 and 0.09 volt. The average growth rates

. ,

in S/G-B during the last three cycles were 0.18,0.13 and 0.08 volt, respectively.
.

The standart' deviation associated with the growths in amplitude during the last cycle was 0.26

'

volt for each of the two S'Gs. As discussed before, part of the scattet results from the
uncertainty in the eddy current tests and the data evaluation and the r9maining from the
varlability in growth between Indications. Please note that the average growth from 1987 to
1988 in S/G-B was calculated from only four (4) data points. The aorsuracy of the data is not
high enough to pay attention to the small differences in the averaget; between cycles and between
S/Gst ner to the slopes of the trend lines. These differences may bo attributable to randomness of
the data. Overall, it may be noted that the average amplitude growfns in each S/G is low, being in
the rance of 0.1 to 0.2 volt per year.

Figure 511 shows a plot of the growth in Indicated depth from 1989 to 1990 as a function of
the 1989 depth for the iridications in both S/Gs. It may be noted that the growth ranged from
8% to +37% through wall. The negative growths (and possibly some of the high positive

growth values) result from the uncertainties (10 to 15% depth) h the eddy current inspection
and depth estimation. One significant observation from the figure is the very low growths for
Indications above 60% through wall. Overall, the distribution of indication depths and their
growths are similar in the two S/Gs. Figure 5-12 shows the growths in depth during the three
cycles in both S/Gs as a function of the indicated depth from prior inspection. The generally low
growth rates for indications above 60% appear to be consistent across both S/Gs over the three
cycles.

1

The average growth in indicated depth for all indications was calculated for each of the three-

cycles for each S/G. This is plotted as a trend curve for each S/G in Figure 5-13, The number
of indications used in the calculation of the average is also shown in the figure, next to each
point. For both generators, the average growth during each cycle was below 10%. The negative
average growth of-7% calculated for S/G-B between 1987 and 1988 results from only 4 data
points, and cannot be taken seriously. FL ;her,it is not clear whether the slope of the trend
lines has any dgnificance. The only meaninoful conclusion is that the average growth in
indicated depths is less than 10% and tha r d,4ttions above 60% 8n depth have small growths.

5.3 Percent Growth in Voltage Amplitude-

As discussed in Section 5.2, the growth in amplitude per fuel cycle ranged from -0.4 to +0.9
volts. Experience with the data European plants suggests (however, this is r% t supported by data
from Kewaunf6 or two other domestic units) that the percent growth in amplitude tends to be
stable. Th!s se,;ests that the small amplitude indications grow by smaller voltages and that
large amplitude signals aro more likely to grow by a larger amplitude during the subsequent
cycle. Percent growth is calculated from the ratio of the amplitude growth during an operating *

cycle to the amplitude of the cignal during the prior inspection. Figure 5-14 shows a plot of the
perc3nt growth in amplitude vs the bobbin voltage during the prior inspection. The
re-evaluatlan of the EC results from 1987 to 1990 on tubes plugged in 1990 for TSP

-

Indications formed the basis for this data.
.

The average growth rate of all these indications were calculated for Kewaunae. In the calculation
of the average, the negative growth rates were conservatively treated as zero growth ratos. This
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for..s; fdd a Woher averaQO estimate than if the negative values were not modified. The
cak.uta:od average amplitude growth for Kewaunce from 1987 to 90 is 29% por fuel cyclo. This
is comparable to the ODSCC growth rates observed at other plants. As noted before, pcpulation ,,
for this crdculation consisted of only the tubes plugged during the 1990 outage. This may have
also resulted in conservatively high growth ratos than if all TSP indications were included in the
population. However, the growth rate calculation curing the last fuel cycle was based on all the
TSP Indications as described below.

.

Estimation of the amplitude growth in the last fuel cycle showed that between 1990 and 91 the
average amplitude growth was only 13% in S/G-A and 2% in S/G B Again, negative growth
rater were treated as zero growths for this computation. The combined average growth for both
S/Gs was 5% during the last cycle. Inclusion of this data in the calculation of average growth
during the last four cycles (fron' 1987 to 91) results in an overall n " age growth rato of
13.3% for Kewauneo. However, a vnlue of 40% was used .:en tawdV 'y in the determination
the plug,ging limit in Section 12. A summar; of the average g' mis as and their standard
dovlations during the last four fuol cycles is IM i hble 5.1. .. . .ay be noted fr.m this table
that the value of 40% exceeds even the highest average growth rates determined for prior cycles.

Percent growth rates in bobbin amplitude during the last fuel cycle ranged ' rom 83% to
+116% A frequency distribution of the percentage growth rates !s displayed in ;gure 515.
This figure also shows the cumulative probability distribution of percentago growth rates in the
Kewaunee S/Gs during the latest cycle (190491).

5.4 Review of TSP Corrosion and Crevice Packing
9

Review of the field data shows, Cong evidence of general corrosion of the support pla*9 holes.
This can be observed in the 10 kHz data (top right frame in tho following figures). Figure 5-16
shows the standard support plate signal (10 volts in Channel #7) which may be compared to the
signals from the field inspection es shown in Figures 517 through 5-22. It may be noted that
the support plats signals for these example tubes is only about 6 volts This is strong evidence
that the support plate holos in the S/G are larger than the standard support plate hole.
Accumulation of magnetite in the crevice could result in some reduction in the signal amplitude.
However, the fo!!owing observations suggest absence of large amounts of magnetito in the
crevice.- Rgure 5 23 shows the influence of magnetite on support plate signal. Please noto that
the magnetite packing of the crevice results in a rotation of the signal (Channel #7 in the
figure). There is hardly any evidence of signal rotation for the example intersections displayed
in Figures 17 through 22. Tnus the data does not support the presence of large amounts of
magnotite in the crevices. This assessment is further supported by the lack of dont indications at
TSP Intersections in this plant. The 1991 inspection results showed only three dont signals at
tube support plates. One of these was in S/G A and the other two in S/G-B.

5.5 RPC Inspection Results

During the 1991 outage, RPC inspection was performed on several tubes with bobbin coil *

Indications at the TSP locations. These included tubes in both S/Gs at various support plates in
both hot and cold legs. In general, RPC testing of a given tube-TSP :ntersection was performed to
resolve distorted bobbin signals (those without depth estimates from bobbin data). The review
of the RPC data indicates that the TSP signals are due to ODSCC. Most of them are single axial

:
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Indications and some are multiple axlat signals. Most of the RPC traces could be easily
interpreted. However, interpretation of the signalis difficult in some cases as a result of noise
or other complexity in the RPC results.

.

A sample of the RPC traces are shown in Figures 5-24 and 5-25. The four traces in Figure
5 24 are from the hot leg TSP locations in S/G-A. These traces are clearly attributable to axial
indications. The first (5 23a) was in tube R37C75 (S/G A) at the second TSP in hot leg (2H).

-

The bobbin coil test of this location had a signal amplitude of 0.82 volts (400/100 kHz mix).
The other traces in the figure are from the lowest support plate in the hot laq (I H) and had
bobbin amplitudes of 1.36 (5 23b: R2018), '|.01 (5 23c: R33C36), and 1.. ) (5-23d:
R26C28) volts.

Figure 5 25 shsws RPC traces from cold leg support plate locations of S/G B The two upper
traces,5-25a and 5-25b are from the upper support plates and show clear multiple axial crack
indications. 5 25a signalin R38C48 tube (S/G-B) at the sixth TSP in the cold leg (6C) had a
bobbin signal amplitude of 1.67 volts. The 5 25b trace is from R21043 tube in the same S/G,
at the SC location; the cocre:ponding bobbin indication amplitude was 1.42 volts. The two lower
traces in the figure are from the peripheral region of the cold leg in the same S/G. Trace 5-24c

- is from the 60 location of tube R36C75 and is identified as a single axialindication. It had a
bobbin amplitude of 1.07 volts. The trace from the 20 location of tube R15C91 (0.b4 volt '

bobbin amplitude) is shown in Figure 5-25d. It is clear that the flaw is on the OD of the tube.
However, unambiguous characterization of this signalls quite difficult;it was calleu a single
axial indication by the field analyst.

These are examples of the RPC traces from the 1991 Kewaunee inspection. Review of the overall
RPC data suggests that the support plate indications are axial ODSCC signals. This conclusion is-

also valid for the large number of cold leg indications observed at Kewaunee.

Bobbin testing had shown ten (10) TSP indications with amplitudes above 2 volts. Of these, nine
were in the cold leg. Since each of these ten indications were sized for depth of penetration, they
were not tested with RPC. Therefore, characterization of the indications with greater than 2
volts bobbin amplitude using direct RPC data is not available. However, meaninglut information
can be drawn from the available data. Only two (2) cold leg indications above 1.4 volts bobbin
amplitude were tested using RPC Both of these had multiple axialIndications (see Figure 5-25
a and b), Eight (8) cold leg indications at/above 1.2 volts bobbin amplitude were RPC tested. Of
these, four (i.e.,50%) had multiple axial flaws. These figures suggest that the cold leg TSP
indications with greater than 2 vous bobbin amplitudes and shallow depths of penetration are
multiple axial cracks. This can be confirmed by RPC testing of these during the next inspection.

.

I

5-5

. . . . _ _ _ - _ _ _ _ _ _ _



Table 5.1

Voltage Grow 1h Per Cycle for Kewaunee S/Gs (1)
. ,

Number of Average % Growth / Cycle % 2 0 Growth / Cycle
Unit / Cvele Indications Voltage Averace Std. Dev. Averace Std. Dev. '

1987 to 1988 22 0.86 16% B3% 34 % 69%
1988 to 1989 37 0.95 23 % 63 % 31 % 57%
1989 to 1990 55 0.96 19% 37% 24 % 32%
1990 to 1991

Entire voltage range 187 0.88 -15% 26% 5% 16%
VBOC < 0.75 volt 63 0.57 7% . 31% 9% 21 %

VBOC a 0.75 volt 124 1.52 19% 22 % 3% 12%
9

Average over last 4 cycles 2% 44 % 13% 35%

,

Notes

1. Voltage growth percycle determined as (VEOC-VBOC)/ VBOC '

2. Growth per cycle obtained by conservalkely setting voltage change (VEOC-VBOC) ^

to 7.oro if measured change is negative.

,

6
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Figure 5-1. Frequency Distribution of TSP Indicativns by Location (March 1991 Inspection)
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6.0 FIELD EXPERIENCE SUMMARY: Pulled Tube Plant Leakago and inspection Data
.

This section identifies the field exporlonce data frorn ope' er',, S/Gs that are utill20d in the
development of tube plugging critoria for ODSCC at TSPs. The field data utilized include pullod
tube examinati "s, ocer :rences of tubo loakago for ODSCC indications at support plates. ~

and field inst aca i ?vhs for relatively largo crack indicatinns wl'h no identi!!ablo leakage..

6.1 Utilizttion of Flold Data in Tube Plugging Critoria

Operating S/G experience represents the proforrod source of data for the plugging critoria.
Whore the available operating data are insufficlont to fully defino plugging critoria, data
developed from laboratory induced ODSCC specimens woro used to supplomont the field data base.
Table 6.1 summarlzos the utilizatloo | field and laboratory data to develop the tube plugging
critoria. The field data utilized for the plugging critoria aro Idontified in this toport s1ction.
Sections 7 to 11 descrlDe the development of the laboratory data. The field and laboratory data
are combined in Sections 9 and 12 to de'/elop the tube plugging limits.

The overall appoacn to the tube plugging criteria is based upon establishing that R.G.1.121
guidelines are satisflod. It is conservatively assumed that the tubo to TSP crovices are open and
that the TSPs are displaced under socident conditions such that the ODSCC generated within the'

TSPs becomes free span degradation under accident condi!!ons. Under these assumptions,
preventing excessive leakage and tube burst under SLB condilons is required for plant safety.
Tubc rupture under normal oporating conditions is provented by the consttrJnt provided by the,

orilled hole TSPs with small tube to TSP clearances (typically - 16 mil diametral clearance for
~

open crevices). For the plugghg critoria, however, the R.G.1.121 critoria for burst margins
of 3 timos normal operating pressure differentials are app!!od to defino the structural

-

requiremonts against tube rupture,

in addition to providing margins against tube burst, it is necessary to limit SLB leakage to
acceptable levels based on USAR evaluations for radiological consequences un2r accident
conditions. Thus SLB loakage models are required for the plugging criteria in atMion to tube
burst data.

Based on the above considerations and the plugging criteria objective of relating tubo integrity to
NDE rneasurements, the primary data requirements for the plugging criteria ete the correlation
of burst pressure capability ar d SLB leak rates with bobbin ooit voltage. For plant operational
considerations, it is desirable to mlnlmize tha potential for operating leakcco to avoid forced
outagos. Thus an additional objective is to rotate bobbin coli volta 00 to operating leakago. The 1
field data of this section indicate very low leakage potential for ODSCC at TSPs even at voltage
amplitudes much higher than the plugging limits.

Within the above overali approach, field data are utilized as follows:
'

A.- Pulled Tube Data

:* The test results for pulled tubes having had leak rato and burst tests performed, such as the
three Plant A 2 tubos, are used directly in supporting the plugging limits. If metallographic
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;

data on the crack morphology is availablo but loaVburst losts were not performod, the crack
depthr and longths were ovaluated to assess the potential for leakage and to estimate burst '

pressuro margins. However only tubos with measured burst pressure are used in the
voltago/ burst piossure outrotation. Th6 pullod tubo data base is discussed in Section 6.2. *

B. Mant Leakage Erportence for ODSCC at TSPs
.

Ocmettb an$ internation&| dsta foi Op&rai;ng 16akuge within Westinghouso plants was roviewod
for Idontification of leakors attributable to ODSCC at TSPs. No occurroncos of identifiablo
leakage ro to ODSCC at TSPs woro found in domestic units. Three occurroncos woro identified ine

European units. The lattor data (See 6.3 below) together with field inspection data aro used to
assess the potential for operating leakago at plugging limits that moet tube burst and SLB leaka00
toquiremeYS.

C. Field inspection Data for Tubos With No identiflod Loakago
'

It is shown in Section 9 that tubos with voltago lovels up to about 6 7 volts moot the
requirements for burst pressure margins under free span burst condillom.. Thorofore field
inspection data for indications above and below this voltago level, Pnd With no identified operating
leakage, can be used to assess the potential for significant operating leakage.

The field data base for items A, B and C are dorcribed in the following sections.
,

6.2 Pulled Tubo P W Base '

.

The available pulled tube data base fcr ODSCC at TSPs in Westinghouse S/Gs includos 23 pulled
tubes for which 45 tube to TSP Intersections have both NDE und destructivo examination results.
This group includes four tubes from Plant A 2 and one tube from Plant A 1 with ono

,

Intersection destructively examined for each pulled tubo. Nono of the 23 pullod tubos have been
reported as leakers during plant operation. The crack morphologh ; were reviewod for 14 tubos
with TSP intersections having no leaka00 or burst tost maastromonts. Th!s review Indicatos that
no loakage would be expected for those tubos even under SLB conditions and that the burst
pressures would exceed 3 timos normal operating conditions. The field oddy current data for all
pullod tubos woro reviewed for voltage normalization consistent with tho standard adopted (see
Sections 5.6,8) for the plugging criteria development. Indications for 3/4 inch diamotor tubing
wero normallzed to 4.0 volts in the 550 kHz channel and evaluated for the 550/100 kHz mix.

Tablo 6.2 providos the loak rato and burst pressuro data for the 10 pulled tubos (15
intersoctions) for which thnse testa were performed. The leak rato and burst tests wnro
conservatively performed as free span (wlthout collars) tests. Also shown in the table are tho
estimated leak rates and burst pressure based upon the actual crack morphology for the Plant
A 2 tube with the 7.2 volt indication. The 1990 Plant A 2 tubo leakage tests showed [

19 olloakage at normal operating conditions but these low value $ cannot be clearly -{
separated from test system leakage. The measured SLB leak ratoc are [ j

]9 The pullod tubes in Table 6.2, with up to 10 volt indications, all show burst pressures *

for the lost conditions (room temperature, as built material proporties) in excess of 4590 psi,
3 timos the normbi oporat ng pressure differential (adjusted for temperature, the 3 timos

.'
ncrmal operating pressure difforential equivalent is 5500 psi).
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E The pulled tube NDE data are shown in Figure 61 as bobbin coil voltage versus indicated depth.
All pulled tube results at normal operating pressure differential represent no leakage conditions
While two smallleakers at SLD conditions wero found from Plant A 2. Figure 6 2 shows the.

same data plotted as voltage versus actual depth from destructive examination.

Correlations of the bobbin coil phase an@ based depth estimatos with the maximum depths from.

destructivo examinations havo shown an uncertainty of 15% for the depth indications. The
pullod tubos have typically shown one dominant axial crack notwork with multlple, small cracks
around the tubo circumforence. With multiple,large axlat crack networks around the tube
circumforence, the bobbin coli depth uncertainty can be larger than 15%

Figure 6 2 shows that below 2.8 volts the maximum depths are dominantly less than 80% An
occasional, very short,100% through wall indication, such as the 1.9 volt indication, could
potentially occur at thoso low voltage lovols although the pulled tubo examination results Indicato e

that the associated crack longth can be expected to be too short for any measurable leakage at '

normal operating or SLB conditions. The smallest voltage found for a through wall crack in the
current pulled tube data base is 1.9 volts for a 3/4 inch diamotor tube as noted in Table 6.2.
Figure 6 3 shows the field bobbin and RPC data for this indication. *

Detween 3 and 10 volts, the limited pulled tubo data indicate the potential for through wall
cracks with negliglHe leakage at normal operating conditions and very small loaks at SLB '

conditions.

6.3 Oporating Plant Leakage Data for ODSCC at TSPs.

Tablo 6.3 summarizes the available Information on throo suspected tubo loaks attributable to
'

ODSCC at TSPs in operating S/Gs. Those leakers occurred in European plants with two of the
suspected leakers occurring at one plant in the same oporating cycle. In the latter caso, five
tubes including the two with indications at TSPs were suspected of contributing to the operating
leakago. Leakage for the two indications at TSPs was obtained by a fluorescolno leak test as no
dripping was detected at 500 psi secondary sido pressure.

For the Plant B 1 leakago indication, other tubos also contributed to tho approximately 63 gpd
totalleak rate. Helium leak tosts identified other tute s leaking due to PWSCC indications. Using
rotative helium leak (at9s as a gulde, it was judged that the leak rate for the ODSCC indication
was less than 10 ppd. itase leakage events indicate that limited leakago can occur for indications
above about 7.7 volts. No leakage at Kowaunce has been found that could be attributable to ODSCC
at TSPs.

|

6.4 Plant inspection Data for Tubos with No identified Leakage

-- Additional guidance on the voltage levels at which significant operating leakage might be expected
;

can be obtained from plant inspection results for tubos with largo indiM ns but no identified, >

tube leakage, inspection results from 8 units woro reviewed to identhy indications above about
1 volt with no suspected leakage. Data from this review are shown in Figure 6 4. These data

,

'

show a large number of indications below 6 volts and a few larger indications that can be
associated with no leakago conditions. This is consistent with the pulled tube results of Figure

:
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61. The overall Plant A data support no operating leakago below about 10 volts even though tho
Plant A pullod tubos indicato sho.1, through wall crack ponotrations.

.

6.5 RPC Data Considerations

Examplos of RPC Indications for the Kowaunce S/Gs ato given in Sectio. 5. As per the proposed *

>

plugging critoria, RPC incpoetions are required for bobbin collindications above 1.5 volts (Sco
Section 12) to suppori tho continued prossnco of ODSCC as the dominant degradallon mechanism.
in addition, the data obtained would support further development of SLB leakago models which

,
'

may ut!!!zo leakage corrolated with RPC paramotors. The RPC inspection results can be
optionally applied to verify the prosonce of the bobbin colt indication.

0.6 Voltage Ronormalization for Alternato Calibrations

To increase the supporting data base, it is desirable to be able to renormalize availablo data to
the calibration values used ir, this report. When 400/100 kHz mix or 400 kHz data normalized
to an ASME standard are availablo, the renormalization is a straight forward ratio of the
calibration voltage values. However, when different frequenclos are usod, the n$rmalization
ratio is phase t..gle or depth de?cndent and this normalization has been evaluated as described
below,

t

For data on 3/4 inch diameter tubing, vohage renormalization has boon obtained by applying a
normalization of 4.0 volts for the ASME 20% holos in tho 550 kHz channel and evaluated using
550/100 kHz mix Wostinghouso, under EPRI sponsorship, is further ovaluating alternato

.

'
*

voltage normalizations for 3/4 inch tubing to comparo with the normalization adopted in this
report for 7/8 inch tubing. Comparisons of responses to drillod holos and EDM slots as well as
burst corrolations will be applied to adopt a 3/4 inch tubing voltage normalization for uso in

,

attornato plugging critoria. Until this study is comploto, data from 3/4 inch tubing tests are not r

used in the voltago/ burst correlation (data from 7/8 inch tubing used) appfled for Kewaunce.
.

The voltage normalizations ap" tie to the calibrations used in this report are:
,

ASME 4 hole,100% deep, . 03310.001 inch dia. - 0.4 volts at 400/100 kHz
ASME 4 hole,20% deep,0.187 t 0.003 inch dia. - 2.75 volts at 400/100 kHz
ASME 4 hole,20% deep,0.187 i 0.003 inch dia. - 4.00 volts at 400 kHz

.

'

The through wall holo with tighter than ASME holo tolerances has been solocted as the primary
voltage normalization for application of the voltago plugging limits. The through wall holos
resu!t in lower influence of manufacturing tolerances on the voltago calibration than partial

- depth holes. Calibration at the 400/100 kHz mix used for data evaluation is recommended to
minimize potential uncertainties from normelization at other than the ovaluation frequency. The
above calibrations can be applied to normalizo most of the domestic inspection results for 7/8

' inch tubing.
.

in Franco and Belgium, a 240 kHz differentialinspection is rnost commonly appliod. Voltage
renormalization was ovaluated by fabricating the French and Belgian standards and wmparing ,-|
their proceduto with that of this report. Results of this study are given in Table 6.4. The U.S. to

'

.

French voltage ratio was further ovaluated using an Intercontrole probo commonly used by EdF
:'
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(Electricito de Franco) and applying this probe as well as a domestic probo to the calibration
standard and to several model boiler specimens with ODSCO. The results of this ovaluation are
glvon in Figure 6 5. These results show a consistent ratio (within -10%) for both probos and
between callbration standards and ODSCO. In Figuro 6 5, phase angles of 30 and 10000.

correspond to 100% and 20% ASME holo depths, respectively.
>

Given Tablo 6.4 and Figuro 6 5, most bobbin enli voltage measurements can be renormalized to-

the calibration applied in this report.

6.7 Comparisons With European Plant inspection Results '

The pulled tubo data described in Section 6.2 and the field inspection results of Section 6.4 were
obtained from domestic and Europonn plants that apply essentially the same voltago calibration
standards and comparable frequoney mixes for indications at TCPs. The oporatir., arperience
data base can be increased substantially by including plant data from French and Belglan plants.
However, theso plants utiliza different voltage calibrations and frequenclos for TSP Indications.
To compare the domestic plant data with those European data, the voltage ratios of Figure 6 5 (as
a function of phase angle) have been applied. However, any conversion factor involves some
uncertainties as indicated in Figure 6 5 because it doponds on the varying crack responsos to
differont frequencies as well as procedural / environmental conditions. Recognizing uncertaintles ;
in the voltage conversion factors, comparisons with the European data are particularly valuable
for the following comparisons:

Trends in indications and growth with time for equivalent voltages higher than availablo ino

domestic plants which have applied 40% depth criteria for tubo plugging. None of the,

European data at higher equivalent voltages have had identifiablo operating loakago so these
data subetantia!!y increase thh high voltage data base supporting negligib!o leakage for
ODSCC at TSPs.

-

o Percentage growth in voltage from European plants can be used to assess growth rate trends
for equivalent voltages much higher than that available in domestic plants.

For those comparisons between domestic and European exporlonce, the domestic data for Plant
A 2 and Kowaunee are compared with French and Belgian data.

D!stribution of Indientions

Data for ODSCO at TSPs for French Unit H 1, S/G 1 are availablo for four successive
inspections with no tube plugging, as shown in Figure 6-6. The upper figure shows the number
of indications versus voltago amplitude while the lower figure shows the percentago distribution
of indications within each outage. Without tube plugging to eliminate the larger indications, the
distribution becomes more heavily wolghted at the larger indications with increasing operating
time,

European data is currently available for French Units H 1 and J 1 and Belgian Unit K 1. It iso

useful to compare the percentage voltage distributions for these units with the Kewaunoo data cnd
data from two other domestic units, P5nt A 1 and A 2. This is shown in Figure 6 7. The lower*

' figure is scr'od to includo allavailable data while the reduced scale of the upper figure is
included to emphasize the sman voltage range of the U.S. data compared to the European data.
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Piant J 1 was excluded from the uppor figuro since breakdown of tho data into small ranges was
not avaltable, it may be noted that over 97% of the domestic data falls below 0.5 volts when
nonnalized to the French procedure and none of this domestic plant data falls above i volt. The ;

French and Belgian data, on the other hand, ortonds above 3 volts. **

' Overall, it is soon that the U.S. plants with 40% or 50% depth plugging limits are operating
with voltago amplitudes notably lower than that in European units. *

The European units of Figure 6 7 with higher equivalent bobbin voltago signals have operated
with no kfontifiable loakage. This result Indicates that operating leakago due to ODSCC at TSPs is
expocted to be insignificant. This is cupported by the fact that only 3 cases of small operating
leakage, as shown 8a Tablo 6.3, have been Idontified to date.

.

French Polled TL EDgt

Fourteen tubos have been removed from French units with destructivo examination results
currently available. Figuro 6 8 shows the crack morphology for a tubo with a 0.7 volt (-3.7
U.S. volts) Indication. The tube exams indicate many axial cracks of comparable depth around the
tubo circumforenco. The cracks are dominantly CDSCO with somowhat moro IG A par 1icipation
than soon in most domestic pulled tubo data such as the Plant A data. The multiplo crack
networks would be expected to increase bobbin coil voltage compared to one or only a few deep
cracks as typleaf of the domestic data. Figuro 6 9 shows the French data added to Figuro 6 2.

,

This figure shows the trend toward highor voltages from the French data for a given maximum
depth. Similarly, the data points for Plants L, M and N, which show increased IGA with multiple
cracks, also show a tendoney to' .ard the higher voltago range of the data. Tho data for Plant N, as
described in Soc 0on 4, are from a non Westinghouse unit with egg crato supports and were '

reported as IGA. Overall, the data for IGA and IGA /SCO indications show comparablo or higher
voltago lovels than obtained for SCC with minor IGA.

,

6.8 Growth Rate Trends

Of particular interest to establishing the plugging limits of this report is voltage growth rate as
a function of the voltage amplitude. Current domestic plugging limits result in little data on
growth rates in the range of voltage amplitudes being evaluated for the plugging limits of this
report. The larger voltage amplitudes of the European data provide guidance on growth rate
prog'ession. Figure 610 shows growth rate data for Plant H 1 both as voltage amplitude and
percentage Jrowth as a function of voltage ampiitude *he data of Figure 610 tend to indicate
porcentage growth rates are not a strong function of sluto voltage amplitudo. As generally
expected, the spread in the data at low amplitudos is v %ter than for larger voMagos due to the
greater influence of voltage uncertainties and measurr ant repeatability at low amplitudes.

Figures 611 and 6-12 compare the percentage growth rates per cycle between domestic units
Plant A 1, Plant A 2 and Kewaunce with that for Plant H-1. Figure 611 shows the individual
data points; the lower figure is a magnification of the lower left hand comer of the uppor figure.
Figure 612 compares average growth rates and standard ouviations. The averages are displayed -

for different ranges of the inillal amplitude. The first range is 0 to 0.75 volts, the second range
is OJ5 to 2.5 volts and the third is for initial amplitudes orcator than 2.5 volts. In the case of

.

the U.S. plants there is very little data above 2.5 volt amplitude; hence such data is included in
the second range. The French data (Plant H-1) indicate percent growth rate nearly independent
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of initial amplitudo whereas the domestic units display porcent growth ratos decreasing with
increase in initial amplitudo.

The domostic plants dominate the growth rato data of Figures 611 and 612 for low amplitudos..

,

with tho French data extending to larger amplitudos. The results Indicato that porcentage growth '

ratos are roughly comparable between domestic and European plants, in the calculation of
averago growth ratos, the negative growth rates (soo Figuro 011) were conservatively treated-

as zero growth rates. Ignoring the negativo growth ratos biasos the average growth by including
all positive but not all negativo random fluctuations. Part of the apparontly larger r' umber of
negative voltage growth rates for the domestic data may result from variations in calibration

,

standards for the 20% depth normalization which may be more sr.1sitive to fabrication
tolerancos than the 100% depth normalization standards employcd for the European data.

6.9 Field Data Conc!usions

The following conclusions can be drawn from the field data described above:

1. Burst tests performed on pulled tubes, which to datn include signallovels up to 10 volts,
show burst pressures orcoedha 3 timos normal operating pressure difforontial, adjustod
for operating temperaturo effoct on material proporties.

|
t 2. The pulled tubo, leak rate test results indicato the potential for low [

10
'

3. Pulled tube examination results indicate that through wall cracks can potentially occur
below 10 volts but that the associated crack longths are short with no measurable leakage at
operating conditions.*

4. The smallest bobbin voltago identified for a through wall crack is 1.9 v?lts (in a 0.75 inch
OD tubo).

5. Leakage at operating conditions has not been identified for bobbin coil voltage below
[ j9 volts with only 1 Indication of leakago below 13 volts.

6. Nogligible leakage is expected from ODSCC at TSPs based on domostic exporlonce as well as
European experience with voltage amplitudos higher than the domestic operating exporlonco.

7. Porcent growth in voltage amplitudo tends to be approximately indopondent of voltage
amplitude for the available French data whilo decreasing with amplitude for the domestic
plants, including Kowauneo. Assuming growth in voltago is independent of amplitude appears
to be very conservative for the Kewaunee S/Gs.

To supplement the above field data to define tubo plugging limits, laboratory tests were
performod with the following areas of emphasis:.

improved definition of tube burst capability as a function of bobbin coil voltage to bottero
*

define voltage levels that meet Rog. Guide 1.121 guidelines for burst pressures of 3 times
normal operating pressure cifferentials.
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!
o improved resolution of leak rate potential for normal operating and SLB conditions above !

about 2 volt signal amplitudes.
|,

t

o Determining NDE uncertaintios associated with application of voltago plugging limits, j
. ,,
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Table 6,1
;

Field and Laboratory Data Utilized forTube Plugging Criteria Developrnent.

-.

Tube Burst Capability: Burst Pressure vs Voltage Corrolation
o Pulled Tube Data

,

o Model Boi;er Specimens '

SLB Leakago Model
o Pulled Tube Data
o Model Boller Specim9ns
o Plant inspection Results

ODSCC Indication Distributions
. Growth Ra19c

Operating Leakago Assessment
o Pulled Tube Data i
o Operating S/G Loakage Occurrences

Field Inspection Data for Tubos W!!hout Identified Loakageo '

. Larger (>1 volt) Indications
o Model Boller Specimons

,

NDE Evaluation: Specimen Charactorization, inspection Sensitivity /Uncertaini;os,

o Model Boller Specimens
o Pulled Tube Data

e

influence of Tube Donting on Leakage
o Fatigue Specimens
o Dopod Steam Specimons

Effects of SLB Loads on TSP Displac,ement
o Pull Tests on Laboratory Donted Specimens
o- Thermal Hydraulic and Structural Analysos

,.

A

I
.

| *

,

|
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Tablo 6.2 .

Pulled Tubo Leak Rate and Durst Pressure Measurernents *
'

WitLCd Dettrive Exam Leak Rylg@d Butst '*

Elgul Row! Col ,IEE Mcj!s, Qgp,1tl Max Deoth Length)(1) Normal Occr, S.LQ, Pretture
(n) (psi)

-
-

!

,

L

.

.

:

-

Notes:
1. Crack network longth for burst crack with through wall crack length gNon in parenthosos.
2. Negligible leak rato ovaluated as no leakage for this report.
3, Measuromonts were not mado and values are ostimated based upon crack mornhology

_

obtalnod from destructNo examination.
4. Leakago not detected as pressure increased to indicated burst pressure.
5. Field measuremont using 550/100 kHz mix for 0.75 inch diamotor tubing.

.

4
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Table 6.3
.

Field Experlencet Suspected Tube Leakage for ODSCC AT TSPs(1)

9 bb!n Coll0
Ekt'1! hitpcCl!QD .Y.01tS Depth Comments

Q.

i

.

.

-

Notes:
1 Field exporlonco noted is for nominal 0.750" OD tubing with 0.043" wall thickness. No

data are known to be aval!able for tubes with 0.875" OD.

2 Reported voltages were adjusted (values given in parenthosos) to the normaliza' ion in this
report of 2.75 volts for 20% ASME flaw and 400/100 kHz mix. The adjustment factor
was developed based on voltage ratios measured betwoon a motric calibration standard as
used to obtain the originaldata ano the referenco ASME standard of this report. This
adjustment provides an ordor of magnitudo conversion to make these data roughly
comparable to other data in this report. However, any conversion factor is disputable*

because it depends on the procedural /onvironmental conditions and thus may vary from
case to case.

4
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Table 6.4

Comparisons of Voltage Amplitudes Between U.S..ASME and Europaan Standards
.

U. S. . ASME Standard French Belglan U.S.
4 hole. 4. hole. 4 hole

*

1mm 1.25 mm 33 mil
dia. dia. dia.

Support holes holes holes
Channel 20% ,40% $D% JLQ% 100 % Elab 1QQ% 1QQ% 1QQ%

U.S. Calibration Procedure O
400/100 mix 2.75 2.8 SI' 5.c 8.7 <0.6 10.7 18.96 6.4
400 kHz 4.0 3.5 5.5 5.5 7.8 8.2 9.8 17.19 5.4
240 kHz 6.3 5.4 7.9 7.3 9.5 17.4 12.4* 21.15 " 7.6
200 kHz 5.9 4.9 7.1 6.3 8.0 17.5 10.9 18.08 -

100 kHz 5.9 2.8 3.6 3.1 3.8 14.5 5.4 8.5 5.2

French Calibration Procedure
240 kHz 0.G6 0.56 0.82 0.76 0.99 1.8 1.3*

Delgian Calibration Procedure
240 kHz 0.59 0.51 0.74 0.68 0.90 1.64 2.0"

.

O U.S. procedure involves setting up the signal fo. 20% ASME holes at 4 volts for 400 kHz
'

differential channel or 2.75 volts for 400/100 kHz differential mix and then using the
"Save/ Store' functions of the Zetec DDA 4 software for carrying over the calibration to
all other channels.

When using the U.S. calibration procedures, the French 4. hole standard gives 12.4 volts
*

at 240 kHz and 10.7 volts with the 400/100 kHz mix.11 is 1.3 volts fer the French
calibration. Thus U.S. values at 240 kHz/ French values at 240 kHz equals -9.5. U.S.
values at 400/100 mix / French values at 240 kHz equals -0.2.

When using the U.S. calibration procedures, the Belgian 4 hole standard gives 21.15
"

volts at 240 kHz and 18.96 volts with the 400/100 kHz mix, it is 2.0 volts for the
Belgian calibration. Thus U.S values at 240 kHz/ Belgian values at 240 kHz equals
~10.6. U.S. values at 400/100 kHz mix / Belgian values at 240 kHz equals ~9.5. For
general data comparisons, belgian and French data can be reasonably compared without
adjustments or by rnultiplying the Belgian data by ~0.9 to obtain French volts.

.

|
*

I
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Figure 61. Pulled Tube Data: Bobbin Coil Voltage and Indicated Depm
.
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7.0 LADORATORYSPEC!MENPREPAMTIOS

7.1 Model Dollor Spocimens*

The Forest Hills Single Tube Model Dollor test faellity onsists of thirtoon pressure vossols in
which a forced flow primary system transfors heat to a natural circulation secondary systom. |

'

Test specimens are placed around the heat transfer tube to simulate steam generator tubo |

support platos. One to six tube support pinto crevice assombtles are typically included in a given
test. A schematic of the lost facility is presented in Figure 71, and typical thermal and
hydraulle speelfications are presented in Tablo 7.1. As indicated in the table, those
specifications are reprosentativo of those in a pressurized water reactor steam generator,

Four series of Single Tube Model Boller tests have boon performod to ;vovide test pieces having
through v.all cracks for subsequent nondestructivo eramination,loak rato moaturomonts, and
destructNo examination. The first series consisted of 15 archNo crovice assemblies wh ch woro
produced in previous Westinghouse funded testing; the socond and third rorios each consisted of
tight crevice assemb!Ios, while the fourth series consisted of 45 crevico assemblics. The ;

crovices in the third and fourth serios were specified so as to produco crack networks hav.ng
lower bnbbin probe voltagos. 4

Series 1 Tests: A summary of the archke tost pieces is presented in Tablo 7.2. The lost plecM
are listed by their tube designation and their location on the tube. The sludge typo refors to the

_

manner in which sludge was placed in the tubo support plate crovicos. Chemically consolidated
sludge is fortnod by baking a m!xture of sodium hydroxide, sodium silicate and sodium phosphato

. with the sludge; mechanically consolidated sludge is formod by hydraulically prossing the sludge
into the tube support plato, drilling a hole in the sludge, and sliding the tube through the hoto;
the fritted design usos an inconel sintor at each end of the crevice to hold the sludge in place. The

*

test containing an eccentrically rnounted tubo support plate in which the sludge was removed
from the crevice was used to simulate chemical cleaning. All tests utilized simulated plant

; sludge, consisting of approximately 60% magnetito,32% copper,5% copper oxide,2% nickel
oxido, and 1% chromium oxide.

'

The cracks were produced in what is termed the reference cracking chemistry, consisting of
either a 600 ppb (1X) or a 6 ppm (10X) sodium carbonato solution in the makeup tank.
Because of hideout in the crevices, the boiler concentration is typically about 75% of the makeup
tank concentration Hydrazino and ammonia are also added to the makeup tank for oxygen and pH
control, respectively.

The tubing used for the tests was taken from Heat 2675. Thic heat of mill annoated Alloy 600
was fabricated by Westinghouse and has boon used extensboly in other stress corrosion cracking
programs. The tubing has a 0.875 inch outsido diameter.

Series 2 Tests: The initial program test plocos consisted of eight crevice simulants which were
mounted on two tubes. These tests were specified to produce rapid through wall cracking, so that
the 10X reference cracking chemistry was utilized Heat 2675 was also used for these tests..

Ono test utilized chemically consolidated simulated plant sludge (tube 543), while the other used
. , mechanically consolidated sludge (tube 542). The sludge filled the entiro crevice volume.
'

Primary to secondary leakage was noted in the chemically consolidated test after 10 days of
bollor operation, and in the mechanically consolidated test after 24 days of operation. During the

71
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I

subsequent nondestructive examination (NDE), Indications were identified adjacent to the toflon
collars used to support the tube support platos, as well as within the support plates. The bobbin
probe voltages were found to bo higher than thoco typically encountored in plant oddy current
examinations. As a consequenco, subsequent tests were designed to produce smaller cracks.

,

Series 3 Tests * Since the NDE of the archive and series 2 test ploces produced highor voltages
than are mnasured in steam generator tubo support plate crevices, the sludge configuration of the

,

series 3 tests was modified to produce shorter cracks. Two tests woro specified, with each
containing four tost specimens. Both tests utilized chemically consolidated sludge, with the
sludge occupying a 60' arc and half of the 0.75 inch height of the tube support plate crevico. As
in the series 1 tests, Westinghouse heat 2675 was used for the tubing.

Tubo 557 utilized simulated plant sludge and was treated with the 10X referenco cracking
chemistry,in order to produce accolorated SCC. Tube 558 utillzod chromium oxide for crevice
packing and was tr"Itod with the IX cracking chomistry. Previous testing has found that using
chromium oxide rar..er than simulated plant sludge promotos lGA rather than SCC. It was
believed that field experience with IGA produces lower bobbin probo voltages than does SCC. The
1X chemistry was specified because it was hypothesized that it would produce less grain
boundary corrosion, and therefore lower voltages.

1

Through wall cracking of tubo 557 was produced after 16 days of operation. NDE of the tube
Indicated tho voltages to bo generally lower than in the previous losts, but still well above what
is typically found in the field in TSP crevices.

Operation of tube 558 oontinued with the 1X chemistry for 56 days, at which time the
speelfication was changed to the 10X chemistry in order to accelerate the corrosion rato. The '

test was then operated for un additional 52 days, at which time a primary to secondary leak
occurred. Eddy current inspection Identified a through wall crack at the bottom tube support
plate elevetion, with the crack producing a 6.5 volt signal and a 69% Indicated depth. The

.

voltage is typleal of field Indications of through wall cracks, while the indicated depth is
shallower than what is typically found in the field. Following inspection, the remaining three
tube support assemblies were retumed to test. Testing continued for an additional 50 days,
extending beyond the schoduled program completion date.

Series 4 Tests: This !sst series was undertaken after it was found that the test specimens
produced in doped steam environments exhibited high leak rates compared to those found in tosts
of tubos pulled from the field. The high leak rates of the specimens produced in dopod steam wore
attributed to the plastic deformation of tha tubing required to obtain accelerated corrosion.
Consequently, the serlos 4 lests were intended to produce both bobbin probe voltages and leak
ratos representative of those expected to be found in the field.

The serios 4 tests contained 45 specimens. mounted on eight tubes. 23 of the specimons were
Iabricated from Teflon, while the remaining 22 were fabricated from carbon steel. Teflon

collars were utilized because the cracks located bonoath the teflon collars in the series 2 tests
typically produced lower bobbin probe voltages than did the cracks located adjacent to the
collars. '

. Unlike the series 2 and 3 tests, the series 4 tests used tubes supplied to Westinghouse by the .

EPRI NDE Contor. Tubing Heat 96834, tot 6, was originally f abricated by another NSSS vendor,
and is the same as was used in the doped steam testing (see Section 7.2). The heat of material
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was changed because the doped steam testing found that this heat produced more accolorated
i

corrosion than did the Westinghouse heat. '

The design of the test specimens was also modified in order to reduce the magnitudo of the eddy.-
,

current voltages. These modifications are outlined in Table 7.3. The specimons in test 1 woro
configured to fit snugly around the tubo (as did the teflon collars in the serios 1 tests), but the
holght of the collars was varlod betwoon 0.25 and 0.7 inch. The expectation is that the shorter-

collars should limit the longth of the cracks which can be produced.

The inside face of the specimens in test 2 were machined to produce a grid pattern to limit the
crevice area between the tube and the collar Six holes woro first drilled around the periphory
of the inside face of the specimon, so that the crevico would have an approximato 40' arc width.
Two rings were milled on the face of three of the specimons. The rings had r. wWth of 0.125
inch, so that the face was divided into three contact regions, with the outor regions having a
0.125 inch width and the central region having a 0.25 inch width. A helical pattom was
machinod into the face of the romalning three specimons, whh the width of the holix being 0.125
inch and the pitch of tho helix being 0.25 inch.

The spoelmens in test 3 all had a 0.75 inch holght, but the diametral gcp width was varied
between a snug fit (as in test 1), a 10 ml gap, and a 20 mil gap. The gap width was varied
because previous lostbg has found that the nap width affects the rate and location of corrosion.

i

Tests 4 and 5 both utilized chemically conmWated simulat9d plant sludge located adjacont to
3

carbon steel tubs support specimens. Twn ets of specimens having thicknesses of 0.25,0.50,
and 0.75 inch were used % each test. The sludge was consolidated over a 40' arc width within
the crevice. Tho 0.25 inch specimens contained one sludge region, which occupied essentially tho.

full thickness of a specimen; the 0.5 inch specimens contained two sludge regions, separated by a
100 mil wide band at the center; the 0.75 inch specimens contained three sludge regions,
separated by two bands.-

Test 6 contained carbon stoel specimens having the same range of thicknessos as in tests 4 and 5.
Instead of using simulated plant sludge, however, the crevices remalnod empty, with the
spocimens being hold in place with porous inconel sinters located at each end of the crovico. This
design has been used to produce accolorated intergranular corrosion in previous tests.

The 10X reference cracking chemistry was specified for use in tests 1 through G. Because of '

concem that this specification may produce excessive grain boundary corrosion and thotofore
high bobbin probe voltages, two additional tests (7 and B) were specified to utillze the 1X
chemistry. Test 7 utilized five Teflon specimens, while test 8 utilized four carbon steel
specimons. The specimens utilize a range of designs selected from tests i through 6.

The eight tests accumulated betwoon 06 and 328 days of operation, depending upon the test.
Through wall cracks had been produced in five test pieces, with a few additional test ploces
contaln!ng partial through wall cracks. The designs of the tost specimens having through wall
c acks are presented in Table 7.4. As indicated in the table, three of the through wall cracks
were produced adjacent to teflon simulants in test 3, whl!e the other two through wall cracks.

wore produced adjacent to carbon steel simulants. The only common feature of the crovice
L

_ configurations which produced the cracks is that the crevice length was always 3/4 inch,
perhaps suggesting that the shorter crevices could not produce sufficient superheat to promote
accelerated corrosion.

-
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Series 5 ',c wo aMitionu . ts ware conducted when it became apparent t! at accelerated*
. coirosk - . as e at belno '.cNed in Corles 4 tests Both tests utilized tuulng from heat 2675,

,

'-
3 heat sd in a f ..t three series, ratner tha,a heat 96834, which had been used in *

i . 75 r 4 ed four tube support simulants having the same fritted design used inu

p$ i Pats. 3, i. , was cc.' ducted because the test piece had been as ,embled for a
t 4, wt cad mot been uad. Since this design was known to produce accelerated *

. Onced that the test coulC also provide additional crevice assomblies havingr
'

A" is. 4 t : ugh wall crack.7p was produced after 25 days of boiler qsration,
"

A- bignals wem on 'ha order of 20 volts, so that no further a '.luation ofg ths or wrtormoc*

si ~ Jr( a prov ce tnc ' e eks, as was the 1.itention of the Series 4 tests,,

scal crCe superheats 1, the same region as in the tests which p*oduced..

accc;c d3 'slen. The crevices contr.ned two sludge regions: a larger outer region of -

chrom # ' a smalle inne, rep' n of simulated plant sludgo. The expectation was that,

the era A t; A . oe confined to the inner agicn, while the outer region would increase the
surmhm k vah,e tamparable *., those .. the early tests. Two of the crevice assemblies were
sgoule4 to have the simulated plan! sludge occupying the conter of the top half of the chromium

*

oxide ragiun, while the oth9r two crevice assemblies were spectiled to have the simulated plant
sludge cantered in tbc chronJam oxide. In both cases, the inner regioq had a width of 0.125 Ir.ch
and re height of 0.375 inch

The nt operated for &hys with tia 1X reference cre"'np chemistry, plus an additional 56
days with ine 10V chemir,try, when it was shut d ..vn bece a of a primary to socordary leak.
Subsequent ed' wrrent evaluation identified inuications at two locations, as outlined below: *

Location ohae Depth
.

576-2 8.41 80%
57N 8.43 86 %

Doth beations cx)rrespored to crevice configurations in which the sim ed plant sludge was
'

cernered both axla!!y and circumferentially with respect to the chmmlum oxide. An MPCF
evaluation identiflad threa cracks; two were in the simulated sludge, while the third was in the
chicm!vm cx!da. These results suggest that tr.o two regian sludge configurt t mising-

- means of producli,g sma"cr cracks in mousi boiler specimens.

7.2 Doped Steam Specimens

Axial stress corrosion cracks end crack networks were pcoduced in 30 mill-annealed Alloy 600
tubes through exoosure to a doped steam envirenment. The steam ..as producad from water
containing 30 ppm each of chloride, fluoride, sulfate and nitrate anlone as salts of sodem. The
c eam pressure was 3000 psi at a temperature of 750' F. Individual speci6. lens were eight
inches in length. Stressing was accomplished by clamping the tube at mid length between two flat '

steel plates, as shown in Figu!a 7-2. Ova"zation of the tube resulted in outer fiber ter.3ile
yleiding on the OD surface of the tube at the maximum diameter. The tube ends were sealed to
permit intemc! pressurization of tha tube during the utoclava 9xposure. The OD surface of the
clamped tube pas exposed to the 3000 psi doped swam environment in a one gallon autoclave.

7- 4
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Nitrogen gas was used to pressurize the inside of the tube to 4500 psi producing a differential
pressure across the tube wall of 1500 psi. The development of through wall cracking was
detected by a drop in the internal prossure of the tube.

..

Table 7.5 summarizes the specimens tested in the deped steam environment. Two heats of mill
annealed Alloy 600 tubing were used, Heat 2675 and Heat 96834L. Tha width of the clamp la

i contact with the tube was typically 0.25 inch but larger clamp widths were also used in an
attempt to vary the crack morphology. All of the tube displacements were sufficient to cause
outer fiber yielding. These displacements ranged from 0.030 to 0.005 inch in general, the
smaller displacements resultad in shorter crack lengths and an increase in the test exposure
time. The eddy current voltages listed in Table 7.5 are preliminary values used to help decide
the disposition of the tube and should not be confused with the eddy current results provided in
Secilon 8 for the same samples using representative field inspection procedures. The crack
lengths shown in Table 7.5 are from optical measurements on the tube OD sur; ace obtained at low
magnification and may differ significantly from later destructive examinations. Snme attempt to
control the length of crack initiation sites was made on the last 7 specimens listed ja Table 7.5.
Selected portions of these specimens were grit blasted. This procedure had no discernible effect
on crack initlation. Selected specimens from Table 7.5 were forwarded for full NDE examination,
leak and burst testing as described later.

I
'

7.3 Fatigue Precracked Specimens

Through wall axial fatigue precracks were developed in 12 mill annealed Alloy 600 tubes by
cyclic Intemal pressurization. A starter flaw was sparic machined half way through the wail of
the 0.050 inch thick by 0.875 inch diameter tubing with a length of 0.25 inch, Cyclic internal.

pressurization then was used to grow the crack through wall A so plastic bladder seal was thenn

inserted in the tube and cracks up to 0.70 inch in length were grown by a fatigue process. The
*

- pressure was adjusted during fatigue procracking to maintain the maximum applied stress
intensity factor below 25 ksi-Vin.. The maximum plastic blunting of the crack tip was tnus
kept below 0.0003 inch. Table 7.6 lists the fatigue precracked specimens, crack lengths and
number of cycles. The fatigue precracked samples have well characterized leak rates from
previous eva!uations, although the leak rates are large compared to those for ODSCC cracks.
These samples were used in studies of the effect of denting at tube support plate intersections on
leak rates through cracked tubes.

7.4 Chemic y Den iTubes

Fatigua precracku tubes and tubes with stress corrocion cracks were used to simulate cracked
tubes in tube support plates which are ciso cented, Carbon steel collars were used to simulate
tube support plates. These collars were ddlied with the nominal clearance hole for 0.875 inch
diametar tubing. The cc!!ars were then packed with magnetite using a hydraulic press. The
pressed magnetite was drl!Ied out to a tight fit hole for insertion of a procracked tube. The final
configuration was a carbon steel collar with an inside diameter of 0.016 inch, a pressed 0.014
inch layer of magnetite and then the tube wall. The ends of these specimens were sealed and the..

specimens werc exposed to a 0.2 M cupric chloride schtion in an autoclave at 572*F.
'

Corrosion of the carbon steel nr:d a smaller reaction layer with the Alloy 600 tubing resulted in
corrosicn oroducts which tightly packed the tube-tube support plate crevice and led to a small

!
r
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.

amount of denting of the tube. Table 7.7 .ists the dented specimens, the eddy current dent voltago
and the average estimated radial dent size.

A section through the tube and collar of specimen Trial-1 is shown in Figure 7 3. The packed *

magnetite and the corrosion products in the crevice are clearly evident. A scanning electron
photograph of the polished section in Figure 7 3a shows severallayers of corrosion products
along with the starting layer of packed magnetite. The EDS nickel arid iron maps of Figure 7-4 '

chow that the corrosion product adjacent to the Alloy 600 tube is enriched in nickel and some
what depleted in iron. The corrosion product adjacent to the carbon stect collar appears to have
the same iron content as the packed magnetite layer. The corrosion product layers in general
appear to be relatively dense and any leakage path would be highly tortuous.

7.5 Crack Morphologies

Plugging criteria which are partially based upon eddy current characteri:ation, leak rate and
burst strength testing of laboratory specimens depend upon a reasonable simulation of actual *

service produced cracks. The crack morphologies of service tubes, doped steam test specimens '

and model boiler test specimens are presented in this section An intergranular mode of
cracking is common to cracks produced in these three environments. Figure 7 5 Illustrates this
fact with scanning electron fractographs. A further illustration of intergranular cracking is
provided by the metallographic details shown in Figure 74

Stress corrosion cranking patterns on the OD of Alloy 600 tubes at tube support plate
intersections range trom a few to many axial cracks distributed around the circumference of the
tube. The model boiler te^t specimens aleo show this characteristic. Figure 7 7 shows several '

arrays of crncks and a largei singio crack. The cracks in the doped steam specimens tend to be
either a single axial network or axial cracks 180 degrees apart. This is due to the nature of

.

loading of the doped steam specimens. Clamping of the tube leads to a 180 degree symmetry of
stresses, bending across the wall thickness and outer fiber bending stresses beyond the yield
point, in model boiler specimens, as in actual tube support plate intersections, the stresses are
uniform around the circumference of thL tube and the occurrence of single or mtAliple axial
cracks is controlled by the crevice conditions. The differential pressure hoop stress is
relatively low, about 12 ksi. Hence the model boiler specimens experience essentially
prototypic loading while the doped steam specimens experience stresses far beyond actual
service conditions. The doped steam environment is substantially less aggressive than that
produced in the model boiler tests and thus clamping loads are required in addition to the
pressure stress to prnduce cracking in reasonable lengths of time. The high stress clamped
condition of the doped steam specimens led to a higher degree of through wall cracking for a given

-total axial crack network length and hence higher leak rates at a given eddy currerd bobbin coi!
voltage. Another complicating factor is the fact that relaxation of the through wall bending
stresses when the clamping fixture is removed can lead to contact across the t3cas of the crack.
This would provide an eddy current path and reduce the bobbin coil voltage relative to a crack
with non-contacting faces, as in the model boiler specimens. The above considerations Indicate

. that the clampod test condition of the doped steam specimens produced non-prototypic strecs-t

corrosion cracks, particularly as they relate to any correlation betwee7 bobbin coil voltage, leak *

rate and burst strength. Therefore, only the model boiler specimen test results were added to the
data base used to develop 1"be plugging criteria.

.

?6
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Tabte 7.1

- -

MODEL BOILER THERMAL AND HYDRAULIC SPECIFICATIONS

Prirnary loop temperature 327'C (620":)
*

Primary loop pressure 13.8 MPa (2000 psi)

Primary boiler inlet temperature 324'C i 3*C (610'F 5'F)

Primary boiler outlet temperature 313*C 13'O (595'F 5*F)

Secondary Tsat at 5.5 MPa (800 pal) 271*C i 3*C (520'F 5'F)

Steam bloed 3
8 cm / min (continuous)

Blowdown 1 cm3 min (8 hr/ day)/

Nominal heat flux 16.28 x 104 kcal/m2 hr
2(60,000 Blu/ft hr)

,

t

i

i

I

4

e

I
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Table 7.2

DIRECTORY OF SINGLE TUDE MODEL BOILER TEST SERIES 1,2, AND 3
*

INITIAL LEAK
TUBE-PIECE SLUDGE TYPE THRU WALL TESTED

'

Series 1 Archive Test Pieces

52811 Chom. Cons. Yes tb
528 2-1 Chom. Cons. Yes tb
53011 Chom. Cons. Yes Yes
530-1 2- Chem. Cons. Yes tb

.53021 Chem. Cons. Yes it
530 3-1 Chem. Cons. Yes tb
530 4-1 Chem. Cons. Unknown ib
53311 Moch. Cons. Yes ib
53322 Moch. Cons. Yes it
53341 Moch. Cons. Yes Yes
53211 Frit Yes tb
53221 Frit Yes tb
500-1 1 Moch, Cons. No Yes
S2511 Frit No Ym
535-1 1 Mech. Cons. No tb
536-1 1 Eccentric No Yes *

t

Series 2 Test Pieces
-

542-1 1 Moch. Cons, Yes Yes
ido-2-1- Teflon Sup. Yes Yes
542 2-2 Mech Cons. No tb
542-3 * Mech. Cons. No Yes
542-4 i Moch, Cons. Yes Yes,

543-1-1 Chem. Cons. Y6s Yc::
543-2-1 Chem. Cons. Yos Yes
543-3-1 Chem. Cons, tb Yes
543-3 2 Chem Cons. No Ym
543-3-3 Teflon Sup. No Yes
f>43 41 Chem. Cons. No Yes

Series 3 Test Pieces

55711 Chem. Cons. tb Yes
557 2-1 Chem. Cons. -Yes Yes
558 1-1 Chromium Oxide Yos Yes -

55821 Chromium Oxide No No
553-3 1 Chromium Oxide No tb -

558-4 1 Chromium Oxide No tb

78
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Table 7.3
.

SUMM ARY OF SERIES 4 TEST SPECIFICATIONS

.

Coller No. of Thick. Crevice *
T. cal TA% Matorial ISE's linj Confiauration Chemistry

1 569/1 Teflon 2 0.25 Snug Fit 10X
2 0.5 Snug Fit
2 0.75 Snug Fit

2 567/9 Teflon 3 0.75 Mach'd Rings 10X
,

3 0.75 Mach'd Helix

3 568/12 Teflon - 2 0.75 Snug Fit 10X
2 0.75 10 Mil Gap
2 0.75 20 Mil Gap

4 570/2 C. Steel 2 0.25 Sim, Plant 10X
2 0.5 Sim. Plant
2 0.75 Sim. Plant

5 571/4 C. Steel 2 0.25 Sim. Plant 10X,

2 0.5 Sim. Plant
2 0.75 Sim. Plant

.

6 572/5 C. Steel 3 0.25 Frits, Empty 10X
3 0.5 Frits, Empty

7 573/6 Teflon 2 0.25 Snug Fit 1X
1 0.5 Snug Fit
1 0.75 Snug Fit
1 0.75 Mach'd Rings

8 574/3 C. Steel 2 0.75 Sim. Plant 1X
1 0.25- Frits, Empty .
1 0.75 Frits, Empty

Where a sludge type is listed, the sludge is chemically consolidated over a 40 to 60
*

degree arc width within the crevice; the machined rings are formed by dividing the tube
support plate circumferentia!!y into six land regions, and axially into two rings having
a 1/8 inch thickness; the machined helix is formed by dividing the tube suppo.1 plate<

circumferentially into six land regions, and axially into a helical pattern having a 1/8
, inch thickness and a 1/4 inch pitch.

7- 9
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Table 7.4

SUf4 MARY OF SERIES 4 TEST PIECES HAVING EDDY CURRENT SIGNALS
*

Collar Thick. Crevice Thru wall Leak
lest .TJba Material W confiouration Leak Tested

3 568-1 1 Teflon 0.75 Snug Fit Yes Yes
568-2-1 Teflon 0.75 10 Mil Gap Yes Yes
568 4-1 Teflon 0.75 Snug Fit Yes * Yes *
568 5-1 Teflon 0.75 10 Mil Gap No tb
568-6-1 Teflon 0.75 20 Mll Gap No ib

5 571-1-1 C. Steel 0.75 Sim, Plant Yes Yes

8 574-2-1 C. Steel 0,75 Sim. Plant No it
574 3-1 C. Steel 0.25 Frits, Empty No ib
574 4-1 C. Steel 0.75 Frits, Ernpty Yes Yes

.

.

*
Separato cracks were identitieo at the top and bottom ends of the crevice.
Both cracks were included in the leak test.

.

m
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Table 7.5

Summary of SCC Behavior in Doped Steam at 750 F
.

SpecimenR Alloy Clamp OD min Crack Network Bobbin Mix
Number Heat Width Deflection TWSCC Lengths Voltage

*

(in) (in) (hours) (in)

SL-FH 1 2675. 0.75 0.030 143.1 1.20 5.7
SL-FH 2- 2675 2.0 0.030 93.3b 2.67; 2.96 0.48; 0.27
SL-FH-3 2675 0.25 0.020 169.9 0.90 0.95; 8.5; 1.1
SL-FH-4 2675 0.25 0.010 261.3 0.63 7.4; 3.2
SL-FH 5 2675 0.25 0.010 170.5 0.47 4.0
SL-FH.6 2675 0.25 0.005 98.2 1.45 5.2; 7.5; 1.6
SL FH-7 2675 0.25 0.005 175.0 1.22 6.1
SL FH-8 2675 0.25 0.005 207.8c 0.27; 0.34 1.5; 0.44
SL FH-9 2675 0.25 0.005 118.0 0.97; 1.15 1.3; 3.9; 2.0
SL FH 10 2675 0.25 0.005 118.0 1.20; 1.16 0.69; 1.7; 1.8
SL FH-11 2675 0.25 0.005 119.9 0.50; 1.10 2.3; 5.7
SL FH 12 2675 0.25 0.005 119.9 0.57; 1.63 1.9; 0.48
SL-FH 14 2675 0.25 0.005 307.8 0.67 2.2; 5.2
SL BW-1 96834L 0.75 0.030 95.1 0.72; 0.85 5.4; 1.5
SL-BW 2 96834L 2.0 0.030 35.3 1.65 6.0
SL-BW 3 96834L 2.0 0.020 58.0 0.78 7.4
SL-BW 4 96834L 0.25 0.020 64.5 1.10; 1.44 7.5; 4.1; 4.3
SL-BW-5 96834L 0.25 0.020 164.4c 0.37; 0.50 0.48; 0.53-

SL BW-6 96834L -0.25 0.030 71.0 2.07; 2.35 8.0; 7.2
SL-BW 7 96834L 0.25 0.010 93.8 0.72 4.2 '

'

SL-BW 8 96834L 0.25 0.005 132.8 0.28 2.6
SL-BW 9 96834L 0.25 0.005 334.0 0.65 4.3
SL-BW 10 96834L 0.25 0.005 424.0 0.62; 0.17; 0.28 7.0
SL-BW 11 96834L 0.25 0.005 213.0 0.34 2.2
SL-BW 12 96834L 0.25 0,005 693.0d e 2.5
SL BW-13 96834L 0.25 0.005 87.0. 0.63 3.2; 3.4; 7.6
SL-BW 14 96834L 0.25 0.005 64.0 0.33 4.6
3L BW 15 96834L 0.25 0.005 667.0d e 1.2; 2.3

- SL-BW-16 96834L 0.25 0.005 500.0 0.20 4.9; 7.7; 4,6
SL BW 17 96834L 0.25 0.005 146.0 0 14 1.8; 1.3; 2.8
SL-BW-18 96834L 0.25 0.005 -366.0d e NDDI
SL BW 19 96834L 0.25 0.005 480.0d e NDDI
SL-BW-20 96834L 0.25 0.005 257.0d e NDDI
St. BW 21 96834L 0.25 0.005 243.0d e NDDI
.

a SL-FH 13 rejected because of baseline NDE indication.
b Leaked at 750 F; did not leak at room temp.; but had visible OD cracks.
c Did not leak at 750*F. Test periodically shut down till OD crac.ks visible.-

d Did not leak at 750*F.
e No OD cracks visible at termination.,

f No detactable degradation.

7-11
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Tablo 7.6

Fati0ue Precracked Specimens *

Soecimen Crack Lenoth [igInber of Cveles *

FAT-1 0.500 323,700
FAT 2 0.299 85,000
FAT-3 0.300 26,100
FAT-4 0.697 1,278,000
FAT.5 0.300 22,600
FAT-6 0.302 110,000
FAT-7 0.509 410,000
FAT 8 0.707 710,000
FAT 9 0.513 370,000
FAT 10 0.701 726,000
FAT 11 OA99 226,000

.

*

6

9
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Table 7.7
.

Summary of Dented Specimens

.

Dont Average Radial Exposure
Soecimen y0lla2a Dent dnches} Time (hours)

Trial-1 - - 24
FAT 1 7.39 0.00037 24
FAT-2 6.09 0.00030 24
FAT 3 12.11 0.00061 48
FAT-4 12.0 0.00061 58
FAT-5 4.55 0.00023 6
FAT-6 0.00 0.0 6
FAT 7 9.43 0.00047 24
FAT-8 17.42 0.00087 48
FAT-9 3.40 0.00017 6
FAT 10 2.50 0.00012 6
FAT 11 2.75 0.00314 6
BW-1 14.67 0.00073 24
BW 3 6.27 0.00031 24
BW9 6.38 0.00032 48
BW 14 7.03 0.00035 48.

.
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8.0 NON DESTRUCTIVE EXAMINATION (NDE)

An extensive NDE program was imp;emented to characterize the laboratory cracked specimors.

and to assess the sensitivity associated with application of the bobbin coil voltage limits for the
tube plugging critoria.

e

The test program included tests to address some of the variables associated with field
characterization of degradation as follows:

1. Bobbin probe voltage sensitivity to the length of the cracks, depth of the cracks, presence of
ligaments in the cracks and parallel cracks.

2. Multiple probes to address probe-to-probe variations utilizing probes from Echoram and
Zetec.

3. Influence of tube to TSP crevice condition on bobbin coil response including open crovices,
packed crovings, incipient denting and fully developed denting.

4. Bobbin probe voltage sensitivity to probe wear to establish field inspection requirements
for acceptable NDE uncertainties.

5. Variabilly among calibration standards, and normalization of the frequency mix.

6. Use of RPC to augment bobbin prone inspections, although the RPC data are not considered
essential to the development of the pluggiro deria of this repod.,

The NDE results for the laboratory specimens are utihzod in later sections 10 establish the
relation of eddy current voltage response to potentialleakage and burst pressure as the basis for-

the tube plugging criteria.

Establishing a relationship between the bobbin coil response and tube integrity (leakage, burst
considerations) is important to inspection planning. A relationship helps determine the
importance of detecting degradation with a small amplitude. That is, can "small" indications be

-left in service and have negligible consequences for safe operation. Dogradation exceeding
present plugging limits, whose bcdbin coil eddy current response was tr! detected as readily as
would equivalent size notches, has been confirmed by destructive examinations.

The morphology of the intergranular corrosion can explain the lack of an oddy current response
for small cracks. The observed field dagradation. multiple short cracks coupled with an
intergranular nature, allows paths for the eddy currents to pass uninterrupted through the
derdation. An appreciation for why this phenomenon can account for the lack of an eddy
curreni response has como from the use of liquid metal modeling techniques. Using this
technique, degradation is simulated as inserts in liquid motal, and degradation morphologies that

' are oifficult or impossible to machine can be easily simulated. The difference in responso
between "roal" cracks and notches have been modeled by varying the contact between the faces of,-

the crack. In that work, Interfacial contact of 50% reduced the eddy current response by a
factor of 5. An example of this behavior was found for the doped steam specimens cracked with

'

high applied hoop stresses. These specimens were found te have lower voltages than expected for
the crt.k sizes prc.;ern in there tubes. This result is judged to be the consequence of crack face

b1
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contact as a result of removing the applied stress. Similarly, the voltage sensitivity tests
reported here show large voltage increases as ligaments between cracks are lost. The presence of
crack ligaments and partially dyraded grain boundaries provides an explanation for the lack of
eddy current response associated with field induced dogiadation. Further, the presence of theso *

ligaments and the low instance of primary coolant leakage associated with this degradation mode
suggests that there is residual strength associated with these ligaments. Thus, significant
degradation depths may result in less severe loss of strength than was assumed in determining *

the plugging limits based only on crack depth. For this reason, plugging criteria are based on
voltage responses correlated to tube Integrity through the voltage versus burst pressure and
leakage correla!!ons.

8.1 Voltage Sensitivity to Crack Morphology

A series of eddy current tests were performed to establish voltage trends with crack morphology
to characterize voltage as a mearure of tube integrity. |n most cases, machined specimens were
used to simulate degradation features. This section describes using simulated cracks and
volumetric indications, in addition, voltage measurements for laboratory specimons and pulled
tubes with IGA degradation are summarized to assess detectability of IGA.

Voltace Sensitivity Usino Stits in Cooner Foll

To establish the general trends of bobbin coil voltage amplitude to crack morphalogy, sensitivity
tests were performed using slits in a cylindrical copper foil to simulate varying crack lengths,
ligamente and parallel cracks around the tube circumference. The copper foil was placed around
a plastic tube. The various crack morphologies simulated by the slits in the copper foil, and the -

associated voltage responses are shown in F!gure 81. For each combination of simulated cracks
in Figure 8-1, the total crack network length is equal to the TSP thicknees of 0.75 inch. The
vertical cuts betwen the parallet axial cracks simulate loss of ligaments between cracks.

The voltage trends of Figure 81 show that the voltage increases with:
o increasing crack length
o increasing number of cracks around the tubo circumference, and
o Loss of ligaments between cracks.

Voltace Sensitivity Tests Usina Shts in inconet 600 Tubina

Additional information on the functional dependence of bobbin signal voltage on length and depth
of axial cracks was obtained using EDM slots in 7/8 inch OD,50 mil wall alloy 600 tumng as
shown in Figure 8-2. The stgnal voltages for the slots represent the upper bound fer the signal
voltages expected for actual cracks of similar length. For the 100% deep slots, the signal voltage
increases steeply w;h s'ot length up to about 0.5 inch and continues to increase up to one inch,
after which it tends to level off. For the 50% deep OD slots, the signal amplitude increases with
slot length up to aoout 0.250 inch after which it levels off. The signal amplitude increases by a

i factor of about 50 for 100% deep slots hs the slot length increases fmm 0.03 inch to 1.0 inch; it
j increases by a factor of about 4 for the 50% deep OD slots over the same range of crack length. -

L lt may further be noted that for longer slots there is a greater increase in the signal voltage as
, the depth increases from a shallow deptir to 100R For example, for 1/4" slots, the voltage
!

.

increases by a factor of about 50 as the dcpth increases from 50% to 100% where as for 60 mil
long slot it increases by only a factor of 10 for the same range of depth changc Voltage increases

8-2
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,

in an exponential manner with depth for a given slot length For example, the voltage for a 1/4"
slot increases from abcut 5 volts at 80% depth to 40 volts at 100% depth. Overall, the voltage
amplitude is particularly sensitive to deep wall penetration and crack length; this is the desired

a ~ dependence for voltage as a severt;y index for tube integrity.
.

Figure 8 2 also shows the data for three slots with depth varying along slot length. The central,

1/3 of cach slot had 100% depth which tapered off to 0% at the ends. The signal amplitudes for- , . -

these sk,t.) with tapered ends are, as expected, higher than for the through wall rectangular slots
when plotted against the through wall slot lengths. Figure 8-3 shows a plot of percentage
increase in signal amplitude above that for a uniform through wa!! slot resulting from the tapers
as a function of the 100% deep portion of the slot length. As the through walllength increases,,

the influence of the partial depth slot decreases such that for lengths greater than about 0.25-
inch, the partial depth slot length has negligible intuence on the voltage amplitude.

Fig'Jre 8-4 shows the signal amplitudes for the axial slots obtained by using the rotating pancake
probe with a 125 mil diameter coll. This data is qualitatively similar to the bobbin data of
Figure 8 2. Figure 8 5 gives a plot of bobbin voltage vs. RPC voltage foi the slots showing a
correlation betw9en the signal amplitudes expected from the two types of probes, it may be noted
that for both the bobbin and the RPC pobos, the amplitudes are dominated by the deepest part of
the slots. A wel! defined correlation betwe'n hobbin nd RPC voltages is seen for the single slot
data.

The effect of ligament within the crad: length on the oddy current signal voltage was studied by
varying the axial distance between two 0.125 inch long 100% deep axlal slots. The results are
shown in Figure 8 6. The bobbin signalvoltage drops by approximately a factor of 2 when a
ligament as thin as 8 mils is placed in the middle of the two slots, The bobbin s.gnal voltage is,

relatkely insensitive 5 any significant increase in the spacing oeyond 16 mil. RPC voltage is
also ser % crease with increasing ligament size although the rate of decrease for small
ligamen 34s than for the bobbin coll. Since the small 10 milligaments within a crack

-

cannot be Jstinguished by eddy current, the voltage increase with loss of ligaments supports
voltage as a seve! !y ladox for tube Integrity.!

A variation in bobbin signal amplitude it expected in case of parallel, multiple axial cracks,
spaced around the circumference of the tube. This effect can again be studied using EDM slots in

|_ the Alloy 600 tubing. Figure 8 7 shows the effect on the signal amplitrde of varying the
'

spacings between four through wall axial slots. The signal amplitude increases by a factor of
about three as the spacing between parallel slots increases from a few mils to 700 mils. Closely
spaced parallel slots do not show an increase in voitage above that of a single slot. The signal
phase angle decreased by about 10 degrees at 400 kHz for this entire range of spacing.

~ Qualitatively, a similar result was found for 50% deep 3D axial slots.

The pc.sitioning of degradation near the end of the TSP can potentially influence the responsas,
with the principal contribution due to the mix residual that occure at these locations. This
response is typically small compared to the voltage plugging limits so that the amplitude of

; sigrificant degradation will not be influenced by this residua;. To demonstrate the TSP edge
effects, bobbin coil measurements were made on 1/4 inch EDM slots of 50% and 100% depth.,

Measurements were made for the slot at the center of the TSP and at tr.e inside and outside edges
of the TSP. Results of these measurements are given in Table 8.1. It is seen that the voltage

''

values for tha crack within the TSP are essentially the same at the center and at the inside edge of
.the TSP. W tions in voltage with the slot inside the TSP are c2% for both 50% and 100% deep

i-
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notches, whye moving the slot outside the TSP increased voltages by 5%10%. The bobbin coil
Indicated depth changed by 29% as the 50% slot was moved from the center to the outside edge of
the TSP. Thesa results support the conclusion that amplitude responses to degradation on the
order of the 3-4 volt plugging limits will not be significantly impacted by the location of a crack *

w!!hin the TSP.

General conclusions from this eddy current evaluation of axial slots are: *

Both bobbin and RPC voltage amplitudes increase sharply with axial crack length up to abouto
one inch for 100% deep slots.

o. The voltage increase is muen smaller for partial depth OD axial slots and voltage does not
incr9ase significantly with longth for slots greater than about 1/4" long.

Signal amplitude is dominated by the 10% deep portion of the slot,o

Bobbin coil signal voltage is a function of spatial separation between parallel axlai lots.o

Very closely spaced slots show an insignificant increase in the voltage over that of a single
slot,

A correlation exists betwoon RPC and bobbin voltages for single slots. However, bobbino

voltages increase for parallel slots while RPC voltage can be isolated to a single slot provided
slots are adoquatr'y separated to permit resolut!on of each slot.

The presence of a small ligament between two axial slots reduces the signal voltage.o

.

Amplitudo reponses to degradation on the order of the voltage plugging limits are noto

significantly influenced by the location of a crack within the TSP.
.

Both bobbin and RPC voltage amplitudes from slots represent an upper bound for theo

voltages expected from cracks of similar length and depth.

These results demonstrate the use of the voltage amplitude as a crack severity index for tube
- Integrity assossments. Voltages increase with increasing crack length, with increasing depth
particulcrly near through wall penetration and with loss of ligaments betwoon cracks.

The general concept of relating voltage to burst pressure can be demonstrated by combining data
for voltage vs, slot length with burst pressure vs. slot length data. Figure 8-8 demonstrates the
resulting voltage / burst corrolation. Voltages for slob are not typical of cracks but the general
trend and slope are similar to that later developed in Section 9.6 from burst testing of cracked
tubes. As intuitively expected and shown even for machined specimens, a given voltage amplitude
does not define a unique crack merphology. Thus a spread in burst pressures for a given vcitage
is expected. This spread ls accommodated in the plugging criteria by using a voltage / burst
correlation at the lower 95% confidence band of the test data. Various crack morphologies

i -

involving variables such as length, depth, ligaments, multiple cracks, etc. Influence the spread
of the data and thus the resulting tube plugging limit.

.

Voltaae Senritivity to Volumetric (Non-Cradd Indications
- i

lt is desirable to compare voltage amplitudes for volumetric indications to those associated with

8-4
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plugging levels for ODSCC cracks. Given defect specifi; plugging criteria for ODSCC at TSPs,
those cono irlsons help to guide the importance of distinguishing ODSCC from other types of
degradallut. The plugging critoria of this report establish a bobbin voltago threshold above
which RPC inspection is required to facilitate identification of ODSCC from other types of.

degradation. These voltago comparisons provide guidance on setting the bobbin voltage threshold
for RPC inspection.

-

Typical bobbin coil voltage amplitudes were developed from laboratory simulations of
vo'umetric degradatien as developed below and summarized in Table 8.2:

Was: age: Flat roctangular shaped flaws of different depths woro machinod to simulate tube
wastage: the bobbin signal amplitudes as a function of maximum OD depth for 1/4'
and 1/8"long machined flaws are shown in Figuro 8 9. In addition, taporod flaws
were machined to simulate the tube wastage shapes observed at some plates. Figure
8 9 shows the bobbin signat ve!!apo as a function of maximum OD depth for tapored
flaws.

Fretting: Flaw shapes somewhat sirr.ilar to the tapered flaws shown in Figure 8 9 are
observed from fretting. Thus, the data of Figure 8-9 can be used to assess the
voltages expected from fretting.

Pitting: Figure 8-10 shows the bobbin signal amplitude vs diameter of machined through
wall holes simulating 100% deep pits. Pitting observed in operating S/Gs occurs as
multiple pits for which voltages are significantly higher as noted in Table 8.2. The
data kom ASME flat-bottom holes of partial depths may be used for estimating the
signal voltages expected fmm partial depth OD pits.,

Cold Leg Thinning: Pulled tube data from two different plants with cold leg thinning were
reviewed and are summarized as follows. In ano case, a flaw at the second TSP in the-

cold log with a max! mum wall penetration of 48% had a bobbin ampiv"d3 of 4 volts.
Figure 811 shows a photop aph of the OD surface at the degraded location. In the
second exampla, which was also at the .socond TSP in the cold log, a maximum wall
penetration of 59% yielded a bobbin amplitudo of 4.9 volts. Examination of the
pulled tubes showod no cracks in thJse tubes and the degradation was ident:fied as
' cold leg thinning,"

The data of Table 8.2 and supporting figures indicate that bobbin voltages would exceed about 2
volts, as limiting by pitting degradat.on, before being a concern for tubo !ntegrity. A single pit,

L simulated by 30 and 60 mli through wall holes would have voltages of about 2 and 7.5 volts,
| respectively. Pitting typically occurs as multiple pile in operating S/Gs with higher voltago
L

levels as nolod in Table 8.2. Cold leg thinning at 50% depth will yield a bobbin amplitude of over
4 volts.

. Based upon the above noted voltage levels, volumetric indications with bobblii voltage amplitudes
exceeding about 2 volts should be inspected using RPC probes to aid characterization of the

, causative mechanism. Volumetric indications loss than this voltage amplitude would be expected
to be acceptable for continued service ano separation of the causative mechanism from ODSCC
would not be critical to assure tube integrity.
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IGA Detectability

Limited laboratory spoelmens and pulled tubes at TSP Intersections with significant IGA are
currently available fo' assessments tsf detectability and tube integrity. Available laboratory IGA *

specimons were proptred as long ( to 6 inches), uniform IGA to assess detectability in
unexpanded regions of tuboshoot crovices. Data from throo domestic tubo h TSP intersections
from Plant L (R12 C8), one from Plant M 2 (soo Section 4), and three from Plant N 1 *

(non Wostinghouse) are available. Some French data obtained from EdF for TSP indications can
also be assessed. The general morphology of the French indications is more liko Plant L tube R12
C8 than indications in other domestic plants.

Three sets of laboratory IGA specimens are available for NDE assessments. Two are

'
Westinghouse samples and the third reposonts samplos prepared by Westinghouse under EPRI,

sponsorship (EPRI NP-5503). The two Westinghouse sots of specimens represent laboratory
IGA under accolorated conditions and provide uniform wall ponntration IGA over 4 to 6 inch
longths. Bobbin coil detection for those specimens is shown in Figuro 8-12. Figure 812a,

represents specimens prepared using sensitized tubing and shows very high bobbin coll
:.Tiplitudes. Figuro 812b shows bobbin coil responsos using non-sensitized material. The
non sensitized material shows much lower amplitudes. Methods of sample preparation woro
refined for the EPRI program to further improve comparisons with field experience.

The EPRI specimens woro prepared using a 50% caustic and 12% chromium oxide environment
at 650*F for u;: to 10,000 bcurs. Ternperatuios in some cases were increased to 700 *F to
accelerate the corrosion tale such that 21% penetration was obtainod in 35 days. Even under the
accolorated laboratory conditions, the timos to create IGA are very long compared to preparation
of ODSCC specimens. Specimens in the rango of 2 to 30% .iearly uniform wall penetration woro -

obtained in this program. Figure 813 shows typical NDE results for 29% deep IGA. The bobbin
coil differential tests reveal the uniform IGA whereas the RPC results are not particularly
revealing. Voltage amplitudes are not available for the samplos that wore dsstructively

'

examined. Bobbin coil monsuromonts of library samp;es woro performed with the results given
in Table 8.3 These samples show voltage amplitudes of about 12 volts where the IGA depth is
expected to be <30% deep and are NDD (no detectablo dogmdation) where depths of a few percent
are expected. Deep cracks within the samplos were detected with amplitudes of 4-40 volts.
Thase samples are more representative of field IGA than the Figure P-t2 samplos although only
limited pulled tube data for uniform |GA are available for direct comparisons.

As described in Section 4.0, a pulled tube from Plant M 2 shows IGA with cracks up to 26%
depth. This tube had a voltage amplitude of 1.8 volts, which is high compared to tubes with
principally ODSCC at comparable depths as shown in Figure 6 9. The signal amplitudo is
comparable to the laboratory specimens of Table 8.3, although lower than the specimens of
Figure 8-12.

Three pulled tube results from Plant N 1 with egg crato supports are also shown in Figure 6-9.
These data for IGA degradation also support IGA detectability at voltage levels comparable or
higher than that for ODSCC with minor IGA.

.

The recent pulled tube (R12 C8) indications from Plant L were detected by pre-pull bobbin coil
inspection. Table 6.2 and Figure 6-9 show the voltage and maximum depth for the throo Plant L
Indications as compared to other pulled tube results. It is seen that the Plant L voltage levels are

.

typical of the rest of the population of pulled tubes with le is IGA involvement than the Plant L
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tube R12 C8 crack morphology, which shows patches of IGA with IGA / SCC cracks.

Figure 6 9 also shows voltage amplitudes for tube to TSP intersections removed from French
units. The French data show voltage responses toward the h!gh range of the data. The French.

crack morphology is IGA + SCC as shown in Figure 6-5. The Plant L, M and N morphologies also
show IGA + SCO.

.

Overail, the available pulled tube results show comparable voltage responses relative to
maximum depth with no definable dependence on IGA involvement within the broad scatter of the
data. The laboratory' uniform IGA samples show significant voltage responses at 30% dqpth. The
available pulled tubes with significant IGA levels show IGA with cracks and have been fc.und to be
detectable indications.

8.2. Probo Comparisons

To address concems that the results of the study might be limited to a specific probe, probes
from diffeiant eddy current probe vendors (Echoram and Zetec) were used. Both probes were
nominally 0.720 inch in diameter and incorporated the latest technology for centering. The coils
on each probe were nominally 0.06 Inch wide and were spaced by 0.06 inch. Initially each of the
probes was used with two different sets of frequencies duplicating typical field inspection
configurations. The first set of frequencies (configuration |} was 400,200,100 and 10 kHz.
The second (configuratJon 11) was 600,400,100, and 10 kHz. Review of the data indicated no
significant diffsrences in the results from the different probes for the different frequency
configurations.

9

Comparisons were made between the data obtained from probe Er and probe Zt for the cracked
tube specimens. The probes have different frequency response characteristics: Probe Zt gives a
greater response at 100 kHz , while probe Er has a larger response at 600 kHz chce L is

*

designed foi higher frequency operation than the Zt probe. This difference is not a significant '

lssue and is noticeable only as a consequence of the way in which the voltage calibrations have
been derived. Table 8.4 gives the voltage measured by probe Zt dMded by the voltage measured
by probe Er for the EDM calibration notches. As can be observed for each frequency, the
difference between the probe responses is a constant factor for all notches. This apparent
; iriation between the probes can be eliminated by calibrating each of the frequencies
h dividually rather than using the 400 kHz calibration factor, or by caHbration at the planned
mix frequency. The hher approach is recomm6nded as a part of the plugging criteria of this
report.

The results for the 400/100 kHz Mix channel were fortuitous. Plots of the measured voltage for
various indications from probe Zt versus the voltage from probe Er indicate a one to one
correspondence for both amplitude and depth (Figures 8-14 to 8-16). The correspondence
between the mix channels of the two probes is due to the fact that the 400 kHz channelis being
used both as the " primary" mix frequency and to set the calibration factor, if ano.ther frequency-

is used as the primry mix frequency (i.e.,100 kHz) the apparent mix amplitudes will differ.
. _ Table 8.5 gives the measurement of the ASME holes using a 100/400 kHz mix for the two

different probes. As can be seen the results from the two probes differ by a constant multiplier.
As with the individual frequencies, this factor can easily be accommodated by using a different"

- calibration procedure,

n
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The bobbin collinspections were supplemented by two RPG examinations, also with probes from
the two eddy current probe vendors noted above. However only one set of frequencies (400,
200,100, and 10 kHz) was used for both RPC probes. The data gathered during this phase of the
program were us9d primarily as a qualitative toolin assessing the extent of the degtadation. *

8.3 Influence of TSP Crevice Condition '

For some specimens, the crevice between support and the tube was packed with magnetite and the
sample was inspected again with the bobbin coll. Table 8.6 compares the data from the two
inspections. With the exception of sample BW 11 the amplitude of the responses from the
samples changed by approximately 10 %. Sample BW 11 showed a 50 % increase in amplitude.
When tt moport was removed from the sampe the degracation response had indeed increased,
Indicatl g tw the presence of magnetite in the crevice did not cause the increase in response,
rather ti.o p ocess of packing the crevice had mecl.anically deformed the sample causing further
loss of ligaments and a subsequent increase in response. Additional evidence for the minimal
impact of the presence of magnetite in the crevice is derived from the comparison of the data
from corrosion samples with tight packed crevices. A comparison of the EC data before and after
the removal of magnetite with the packed support ring in place (Figure 8-17) shows a 5%
increase in response in the presence of magnetita, with a scatter of approximately 10%.

As part of the test program,6 fatigue crack ar.d 3 doped steam corrosion crack samples were leak
tested to determino the influence of the dented support plate crevice condition. Table 8.7
summarizes the results of the eddy current inspection of these samples before and after denting
(note samples FAT 1,2, and 3 had been leak tested previously). Denting resulted in a sigr.ificant
change in the amplitude of the fatigue crack eddy current responses. Prior to denting, all but one '

of the fatigue cracks had amplitudes which approached that of the through wall EDM notch (80
Volts). After denting, two of the fatQue cracks could not be distinguished from the response of
the dents, despite the fact that the dent response was an order of magnitude smaller than the

,

Inillal fatigue crack response,- Initially the corrosion cracks produced smaller responses than
the fatigue cracks. However, their responses on average, could be detected in the presence of the
dent. However, these results represent large indications in the presence of small der:ts. In field
applications, small to moderate Indications typically cannot be separated from dont signals that
exco9d the amplitude of the indication.

The difference in tha behavior of the two crack types (and further w!!hin the fatigue samplet)in
the presence of denting is a consequence of the heavier oxide coating on the crack faces ot the

' corrosion sampies and the leak tested fatigue cracks. Under the compressive loads of denting, the
crack faces are forced together. The presence of the oxides on the corrosion crack faces prevents
interfacla! contact and therefore results in a minimal change in the crack response. On the other

~

hand, the faces of a virgin fatigue crack, being free of oxides, come into intimate contact
perm!1 ting the eddy currents to flow unimpeded across the crack, significantly reducing the
response. The significant loss in response of the fatigue cracks demonstrates that interfacial
contact does indeed result in a reduced eddy current response. However, it is not expected that
service-induced degradation will respond to denting as have the fatigue cracks. Rather, it is
expected that the compressive stresses from denting would not play a direct role in providing -

interfacial contact such that field induced cracking would respond as did the doped steam samples,
with little change in amplitude. However,it is recognized that bobbin coil detection of cracks at

.

dented intersections is unreliable when the degradation amplitude is smaller than the dent
amplitude.
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4A Sensitivity to Probe Wear

f Eddy current test pararneters can exist over which there is Uttle systematic control and which
may vary between tubes or along the length of a tube. The centering of the eddy current probe as
11 passes N degradation poses the greatest concem of this type. This study has shown that probe
contering can vary the amplitude of a signal,in the worst case, by e factor of two. Ther

laboratory study Lsed field probes which had excellent centering characteristics, At the
beclnnir; of a fie.d inspection sequence, the plobe centering characteristics would mimic those
fourd in the laboratory. As the inspection continues the probe is expected to wear and its
centering capability to degrade. The time frame for this to occur is unknown because it is a
complex function of inspection extant, tube geometry, the presence of oxides, etc.

A means of assessing the probe's centering capability is through the use of an appropriate
verification standard as illustrated in Figure 818. Such a standard can be as simple as four
holes drilled ;n a segment of tubing. The holes are ditplaced axially in different p! anes with each
spaced 90 oogrees a ounel the ci cumference from its neighbor. The amplitude ratio between the
holes thc 1 determines the degree of centering of the probe. A standard of this type could be put
in line to provbe continual verification of probe centering during the inspection.

The bobMn probe cenkring mechanism wears with usage. This could affect the eddy current -
signal. The effect of wear on signalvoltage was evaluated using a *4 hole standard." The four
holes were 87 mils in diamcter,100% deep,90 degrees apart circumferentially, and 1.5 inchoc
apart, tially, A 0.720 inch diameter probe fabricated by Echoram was used for this evaluation.
Tna cantering raschanism in this probe consists of three sets of spring loaded plastic buttons

. (hom spherical) 120 degrees apart and protruding apprnimately [ ]a mils from the probo
- bod /. The test runs were made w S1 the tubes in a vertical position. The probe pull speed was
approxknately 1R inches per secoud. Tt e tube.? were rotated b0 degrees after each run to
provide Mr the racmn.n in the probr to tubo orientation expected _in the field. For the new

-

probe, the scatter in the voltagcs obtstr,ed from the four identical holes for repeated test runs
w&s [ la,

The centering buttons of the probe were worn by repeatedly running the probe through a tube
with an abrasive tape on the tube ID. The data from the 4-hole standard was collected for
different levels of probe wear. At the level of probe wear represented by a 50% reduction in
height of the centering plastic buttons (ie, about [ ]a mils), the scatter in the voltage for the
four holes was found to be within [- _ ja. Increasing the probe wear beyond this level
resulted in rapid deterioration of the quality of the data. The results of the tests are shown in
Figure 8-19. The 50% reduction in height of the centering buttons apears to envelope typical
field vyar between probe changeouts during an inspection. Thus an allowance of [ ja
uncertainty for probe wear is consistent with current field experience.

The remaining ccncerns over probe cenWng are the impact of tube to tube variations in
diameter and ovality.- Neither of these are anticipated tc be major sources of variability.

'

8.5 Eddy Current inspection and Analysis Practices

"

To lay the foundation for field application of the results of the tests, the data collaction and
analysis procedures were rrrade as close to those used in the field as possible, while conducted

89
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under laboratory conditions. A formal procedure for instrument calibration, data acquisition and
analysis was developed. The key point to note from the procedure is that the analysis of the

bobbin 0011 data was conducted from a 400/100 kHz mix data channel. The mix was established
by eFminating the responso Irom the support ring on the calib'etion tube. The voltage for all

,

channels was calculated'>om the conversion factor found by setting the response of the 20%
ASME callt'ation holes e t 400 kHz to 4 volts (save/ store mode) This corresponds to setting the
400/100 kHz mix chann;l voltage of the 20% holes to 2.75 volts or to 6.4 volts for the ,

four 100% hole standar.. A similar procedure,in which the 400 kHz response of a througn
wall EDM notch was set o 20 volts and the voltaga of all other channels established using the
Save/ Store mode, was u#o calibrate the RPC probes.

Because each calibration stanoard is potentially unique, a system to assure consistency of the
data must be estabilshed. Currently, fce field data is tied to the calibration tube used during an
inspection and the correlation between that standard and all othois used in the industry is |

)

through the certification provided by the manufacturer of the standard. Typically, the controlled i
parameters of the standards are the depth of the calibration boles and whether the phase response
of the machined holes is within acceptable tolerance. Th amplitudes of the hole responses are
not controlled parameters. Small changes in tube dimensions, hole placement and other
subtleties can cause variations in the hole response and therefore systematic offcats in the
measured degradation response with respect to the data obtained in this study. An examination of
a limited number of field standards has found a variation in the 20%' hole response as large as
18% above that of the standard used in the laboratory work.

Evaluations of alternata practices for voltage normalization have found minimum uncertainties
between standards when the 4 in plane hole standards are utilized. This eliminates the depth
variation between standards ar.d limits voltage variations to principally the hole d;ameter '

tolerance. Consequently, the recommended voltage normalization is 6.4 volts for the 4 hole
(0.033' dia.) ASME standard. For further limitation on the uncertainty, the ASME allowable
hole tolerance of 0.003" is reduced to 0.001".

,

8.6. Alternate inspection Methods: Rotating Pancake Coll (RPC)

The primary cbjective of this program was to arrive at inspection and plugging criteria based
upon the bobbin coilinspection. However supplemental RPC data was also acquited from the test
samples. This data served two objectives: (1) to establish a data base that if needed could be used

,to augment the bobbin coil data in establishing tube plugging criteria, and (2) to gather
information that might be used as additional support for the current practice of using RPC data as
the final arbiter for detem ining tube plugging.

,

it is believed that combinations oi deposits and other spurious conditions can result in bobbin
coli responses that have degradation-like characteristics. To rF :imize plugging tubes with such
responses, the philosophy of using the bobbin coil as a screening tool and the RPC as a
confirmatory tool has developed. For the samples that were leak checked, indications were
present ir, ooth the bobbin and PPC data. Table 8.8 contains a comparison of the bobbin coil and
RPC results respectively for the leak tested model boiler samples, it is noted that the samples '

with the largest bobbin resp:nses generally had large mu!!iple RPC responses, it can be noted
that specimon 568-4 had a crack length greater than the 0.75 inch TSP thickness, in this case. -

the crack extended below the TSP into a teflon spacer used to support the TSP in the test. Figure
B-20 shows examples of RPC traces for typical model boilei specimens at 6.5,12.7,26.5, and

8 10
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67,7 volts (bobbin 0011). It can be seen that for bobbin coil voltages abovo about 25 volts, _
multiple axial cracks of comparable ampfhudes are found. Specimen 543 2 (67.7 volts) shows
closely spaced, long axla! cracks with Iqe RPC amplitudes,

.

An example of an apparently spurious bobbin response, similar to those observed in pulled
tubes, was identified in the model bollei ;ests (Model Boller 568). During interim inspections
these samples displayed the characteristic of having bobbin coilindications without showing-.

. discrete RPC Indications. The bobbin coll mix response had amplitudes on the order of one volt,
with depths based upon phase measurements on the order of 80% through wall. However, the
phase of the Indications did not change as a function of frequency consistent with that of the
calibration tubes. Rather, as the frequency was decreased the phase romained essentially
constant such that the apparent depth of the indication decreased. RPC inspection gave a response
indicating a band of material with electromagnetic properties different from that of the
remaining portion of the tube but with no discrete indications, When the pancake probe was
pulled axially through the band, a response was obtalnod which behaved similar to the bobbin
coil response. That is, as the inspection frequency is decreased the apparent depths of the
indications appeared shallower, The underlying mechanism which causes this shift in the
tubing's electromagnetic proporties has not been identified. Ultimately the sampics showed both
significant bobbin coil responses and RPC indications. Post burst examination of the specimens
showed no cpparent degradation apart from that identified in the RPC results. This example tends
to lend support for the RPC probe as arbiter of bobbin colllndications for identifying discreto -

crack responses.

8.7 Field Considerations
*

Proper implementation of the tube plugging criteria depends on consistent data acquisition
between the field and the laboratory. Although field NDE procedures were utilized in the
laboratory, the test program yielded the fcllowing modifications tu the field eddy currentt

procedures which are necessary to assure proper control of the uncertainties in the data
acquisition:

1. The 4-hole ASME (Section XI, Article IV-3220) standard with 0.033 inch diameter holes
spaced 90' apart it: a sing!e plane should be used for field voltage normalizations. However,
hole diameter tolerance must be 0.001 inch rather than the ASME value of 0.003 inch,

2. An additional standard should be used in line with the ASME standard to hmit the effect of
probe wear (probe centering) on the field data. Use of this standard indicates whon data
uncertainties due to probe wear become greater than acceptable for the tube pluacing
criteria, requiring use of a new probe.

3. The calibration should be normalized to 6.4 V for the 400/100 kHz mix channel for the
100% 4 hole ASME standard to eliminate the uncertainties introduced by depth
uncertainties in the standards and by calibration to 4 V for the 400 kHz channel and
carrying over the conversion factor for the mix channels.

.

8.8 Eddy Current Uncartainties for Tube Plugging Criteria
L -

In most prior evaluations, S/G NDE uncertainty is determined as the difference between bobbin
i
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- co!! Indicated depth versus actual depth from destructive tube examinations. This is not the case
for voltage measurements such that the NDE uncertaintios for voltage do not have such a unique
laterpretation. For voltage plugging criteria based upon voltage versus burst pressure
correlations, the NDE voltage "uncertaintles" affect both the voltagc measurement and the spread

,

'

or uncertainty in the burst pressure correlation. The goal for the voltage measurements is to
minimize the uncertainty on repeating a measurement so that the uncertainty on the burst
correlation is reduced to the extent practical. The remaining voltage measurement uncertainties '

end up as part of the bu'st correlation uncertainty. l'or example, assume that a number of
perfectly identical samples were prepared such that bursgressures would be identical, if
voltage measurements were then made with different probe diameters, calibration standards,
open crovices, packed crevices, copper deposits in crovices, etc., the voltage measurement

3

variability would then result in a spread in the voltage versus burst correlation. Clearly the l

goalis to minimize the burst correlation uncertaint- (lower 95% confidence limit used forj '

plugging criteria) by controlling the voltage variability. The voltage measuremont procedures
must be mnsistent between laboratory and field implementation so as to apply the laboratory i

specimen NDE/ burst data for developing plugging limits, inclusion of field voltage
measurernents for tubos pulled prior to implementating the procedures to improve measurement
repeatability tend to increase the spread in the burst correlation. The NDE voltage uncertainty
is defined as the uncertainty in voltage repeatability emphasizing differences betwoon the
laboratory and the field measurements.

As applied for the plugging limit development, the variables affecting the burst correlation are
split into NDE uncertainties for determining voltage and burst correlation uncertainties as given
in Table 8.9. The potential contributors to the NDE repeatability uncertainty are probe
centering (principally probe wear), calibration standards, probe design differences and oddy
cutrent system variability. Eddy current system variability results from noise due to '

instrumontation and cabling. This contributor is on the order of 0.1 V and can be ignored when
combined with the probe wear uncertainty for appilcations to plugging limits above a few volts.

.

Probe design differences are eliminated by requiring that only bobbin coil probes with 0.06 inch
colls and 0.06 inch spacing between mits be used for voltage measurements. These values are
commonly used by nearly all probe vendors. The voltage amplitudo is a function of coil to coil
spacing. For differential responses and a centor to conter coil spacing of 0.12 inch, the influence
of small changes in coi 1 pacing such as associated with ma'1ufacturing tolerances is small. This
sensitivity is shown in Figure 8 21.

The calibration uncertainty results from dimensbnal tolerances in fabricating the standards.
The effects of dimensional tolerances in S/G lubing result in a spread of the voltage / burst
correlation as the tolerances may affect both voltages and burst pressure and thus are not.
categorized as an NDE uncertainty. The calibration standard variability for Kewaunee S/G
applsations is otiminated by requiring that the field standards be calibrated against the
laboratory standard. The differences betweertcalibration correction factors have been
minimized by normalizing voltages to a four through wall hole ASME standard rather than the

,

!

20% depth n_les. Voltage sens|tivity to manufacturing tolerances for the through wall holes is
expected to be smaller than found for 20% depth holes.

_

.

- The probe centering uncertainty is limited by requiring probe replacement if individual hole
voltages for an axially staggered, four through wall holo wear standard vary by more than a -

probe wear allowance between the initial or new probe values and subsequent measurements.4

Thus this uncertainty is limited by field data collection requirements. The probe wear allowance
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includes voltage repeatability uncertainties (found to be - 5% as shown in Figure 819) for a
new probe and a wear allowance for additional rereatability variation. For the Kewaunee data
acquisition requirements, the probe wear allowance represents the total significant NDE voltage
uncertainty. Pending additional field experience with the probe wear standard, an expected 10%o

NDE uncertainty for probe wear has been increased to a 15% objective for the EC guidelines and
conscrvatively included as 20% in establishing the Kewaunce S/G plugging limits in Section 12.

Table 8.9 identifies variables which led to spread or uncertainties in ll:e voltage / burst
correlation. Crack morphology variations are the principal contributor to spread in the burst
correlation. Voltage amplitude does not define a unique crack morphology but rather a range of
morphologies and associated burst pressures with the empirical relationship established by the
voltage! burst correlation. The correlation relates the EC sensitivity and burst pressures to the
degredation morphology, To date, emphasis in developing the burst correlation has been placed
on axial ODSCC with crack branching and limited IGA which represents the Kowaunee S/Gs and
many other plants. Assessments of increased IGA involvement will be performed as data becoma,

available. Currently available data for IGA involvement indicates that the current burst
correlation tends to envelope IGA and IGA / SCC modes of degradation. Section 8.1 shows
comparable voltage responses, Section 9.8 includes available Plant L data with IGA / SCC in the
burst correlation, and Section 9.9 shows that burst results for uniform IGA specimens are
nonsistent with the burst correlation.

Human factor variability in Interpreting signal amplitudes becomes less significant for
application of the voltage plugging limits than for 50% depth limits, for which indications are
evaluated at or near the detection threshold 6uch that many of the indications have a poor signal
to noise ratio. Under these circumstances, it is expected that the human factor plays a greater
role in determining the accuracy of the inspection. The voltage limits move the amplitude of
concern for tube plugging to generally higher signal to noise ratios so that human factois and
details of interpretation guidelines become less significant. The variability in voltage growth
rates found in Section 5 from prior Kewaunee operating experience reflects the nature of.

corrosion as well as the vallability of measurements. Given that the indications are on the order
of the detection limit as noted above and that no criteria were applied for assuring probe
centering or calibration standards, the trends in these figures are to be expected. As noted in
Table 8-9, the use of field voltage measurements for pulled tubes obtained prior to
implementing the present voltage calibration requirements contributes to the spread or
uncertainty in the burst correlation. The fluctuations in tirowth are expectec to decrease as the
voltage amplitude increases and as the voltage calibraton standards are implemented. The field
experience on voltage growth shown in Figure 612 reflect this trend.

Uncertainties associated with field crevice conditions, like the human factors, are more
significant at the low amplitudes near detection thresholds than at the voltage plugging limits.
This has been the experience in Kewaunee S/Gs where distorted indications have been primarily
low amplitude Indications. Again, the larger amplitudes near voltage plugging limits provide
more reliable quantification of the indications 6han associated with current experience with
depth limits for tube plugging.

An uncertainty in the burst correlation that adds some measure of conservatism to the
'

correlation is the effect of tube pull forces on crack morphology and potential reduction in burst
pressures. Although not a major concern for axialindications, effects of the tube pull such as

^

loss of ligaments can occur. Since pre-pull field voltage amplitudes rather than post pull
values are used in the burst correlation, the pull force effects add conservatism. Post-pull
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voltages are commonly higher than pre. pull values.

The NDE uncertalr.tles are utilized in SLB leakage analysis as well as to establish the tube
plugging limits. For probabilistic leak rate evaluations, such as described in Section 11.4, a '

distribution for the NDE uncertainty is required. As noted, the uncertainty is bounded at 15% by
the requirements for probe replacement. The distributico can be conservatively Joveloped from
the data of Figure 819 using the test results for 0.02" probe wear. The standard deviation is *

~10% of the measurement average. The NDE uncertalnty distribution can then be represented as
a normal distribution centered at the measured voltage with a standard deviation of 10%, but
with the distribution cutoff at 115% or 1.5 standard deviations.

Overall, the NDE uncertainty reflects measurement repsatability and is dominated by probe wear
allowances which can be limited to [ la by field implementation of a probe wear
standard. Burst correlation uncertainties are dominated by crack morphology variations which
are accounted for by application at the lower 95% uncertainty or. L.1e burst correlation for tube
plugging limits.

8.9 Smaller Diameter Probe

The 720 mil diameter bobbin coll probe is normally used for EC testing of the 0.875 inch OD
tubes. At Kewaunee, this size probe cannot pass through hot leg sleeves or small radius U bends

; for Inspection from the cold leg. Under such conditions a smaller diameter probe has been
L utilized. A 680 mit diameter probe was tested as follows to derive the plugging criterion for the
I smaller diameter bobbin coil probe.
:

, The probe was tested in an ASME standard in both vertical and horizontal configurations. The
!

tests in the vertical position were conducted by manually pulling the probe through the standard.
The horizontal tests were performed by machine pulling of the probe which provides a uniform '

probe speed. In each configuration, the tests were repeated several times with the standard
rotated (around its own axis) between tests, in the horizontal position, due to grav tational
force, the pro' e will be located adjacent to the bottom wall of the standard. Hence the signalo

amplitude will be influenced by the orientation of the standard,i.e., the location of the hole in the
standard in relation to the probe. Therefore, a larger varicton in amplitude may be expected
when tests are conducted in the horizontal position with different orientations of the standard, in

= the vertical position, the probe is likely to be more concentric with the wall of the standard.
Hence a smaller variation in amplitude may be expected from repeat tests. Since th3 tubes in the
S/G are vertical, the vertical configuration is more representative of the field conditions.

Results were evaluated for both the 20% holes and the 100% (through wall) hole in the ASME
standard, Proper inderstanding of the results requires recognition that in the standard, the
100% hole consists of a single hole whereas the 20% hole configuration is made up of four holes
in the same axial position, located 90 degrees apart. As a consequence, the results from the 20%
holes are likely to show less variation and are of limited significance in the current discussion.

For the 100% through wall hole in vertical configu ,, the standard deviation of signal
.

.

amplitudes was [ ja f the mean amplitude (mea,iof results from the verticalposition). Theo
minimum (lowest amplitude tested) was [ Ja less than the mer.n. In the horizontal ,

con':guration, the standard deviation of the signal amplitudes was [ ja f the mean (mean ofo
results from the horizontal position). The minimum signalin this configuration was [ la

8-14
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less than the mean. As expected, the variation is much greater in the horizontal position. The
maximum amplitudes are not listed here since they are not relavent (nonconservative) in the
development of the plugging cri'ars Since eddy current testing of the S/G tubes is conducted
With the tubes in the vertical position, results of tests in the vertical configuration are more.

relevant for field application. This suggests an NDE uncertainty of 17% (standard deviation) for
the 680 mit diameter probe,

a

The results for the 20% holes are provided below althoegh they are not used in the development
of the criteria for reasons discussed above in the vertical position, the standard deviation of
signal amp"tudes was [ ]a .! the mean and the minimum amplitude was [ ja less than theo

mean. In the horizontal configuration, the standard deviation of the amplitudos for the 20%
]a f the mean and the minimum signal was [ ]a less than the mean. The testholes was [ o

deviations are higher for the vertical than for the horizontal configuration. This ! ' Maved to
be attributable to the hand pulling of the probe it, the vertica! configuration resuhi ? n
variable pull speeds.

Based on the above results, an NDE uncertainty of 17% may be applied for the smaller diameter
(680 mil) probe for the development of the plugging critoria.11 is expected that the additional
uncertainty arising from probe wear will be small for the 680 mil diameter probe because 1) It
has greater clearance between the probe and the tube ID thereby resulting in smeller wear rate
and 2) some of the wear related (i.e., due to greater distanca between Pm probe and the flaw)
uncertainty is already reflected in the 17% uncertainty value. Therefore, the NDE uncertain.y
value of 20% conservatively applied for the 720 m!! diamater probe may also b3 used for the
680 mit diameter probe. Further, in light of the substantial conservatism included in the
voltage growth rate estimates (see Table 12.2), it is believed that additionalincreases in the
NDE uncertainty estimate cbove Q% is not warrantec,

8.10 Conclusions.

1

1. The use of probes from Echoram or Zetec has negligible influence on the data acqvisition for
the tube ' plugging criteria.

2. For indications with amplitudes greater than 2 volts the presence of the tube support causes
only small changes in indication response for the ODSCC specimens.

3. Smallindications, where their amplitude approaches the size of the mix residual, can be
influenced by the presence of the support.,

|

4. The eddy current response b essentially unaffected for a packed tube to tube support plate -

crevice as compared to an open crevice.

L 5. Large amplitude cracks which are likely to have oxide coating on the crack surfaces remain
! detectable by eddy current in the presence of minor denting. Small amplitudo cracks and

cracks with clean crack surfaces (i.e., fatigue generated cracks) may be masked by the dent
,

signal for dented intersections.

6. Probe centering characteristics, related to probe wear, can contribute to the uncertainty of
'

the eddy current signal. This uncertainty was found by probe wear test simulations to be
about [ Ja to envelope typical field probe replacements. Probe wear influence on the

8-15
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|

|

signal uncertainty can be controlled by the ure of an appropriate wear standard. The
staggered 4-hole standard will be applied at Kewaunee to limit the voltage amplitudo
uncertainties from probe wear to [ la for the 720 mildiameter probe.

,

7. Use of a reference ASME standard for voltage calibration and calibration of the 400/100
kHz mix channel are recomtnended for application of the tube plugging criteria. Calibration
at the mix frequency is recommendeo to minimize effects of variations in frequency 6
response between probes.

8. NDE uncertainties contribute to the spread or uncertainty in the voltage vs burst pressure
correlation and tend to lower the structurallimit for tube burst which is based on the lower
95% confidence interval. The use of reference calibration standards, frequency mixes, etc.
are directed toward minimizing the NDE uncertainties associated with voltage measurement
repeatability. Other NDE considerations remain as part of the burst correlation uncertainty
although the principal variable in the burst uncertainty is crack morphology differences.

.

*

*

%
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Table 8.1

*

Effect of Flaw Location on Bobbin Coll Measurements-

*
50% Deep Slot 100% Deep Slot

Flaw Location Vo!tage DIRtb hlia20 Depth

1. Slot centered in TSP 0.95 43% 47.4 100%,

2. Slot extending from 0.95 72 % 48.1 100%
TSP edge insido TSP

3. Slot extending from 1.07 36% 49.3 99%
TSP edge outside of TSP

4. Slot without a TSP 1,07 49% 48.7 99%

_

*

Measurements for 0,25 inch long EDM slot in 0.75 inch diameter tubing,

.

.

4

I
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Table 8.2

Typical Voltage Amplitude for Volumetric Types of Degradation
.

Iyce of Deoradation Voltsce Examoles Comments *

WastaDo
o Characterized by machined ~4.5-7.5 volts Data of Figure 8 8

rectangular flaws @60% depth (1)

Fretting
o Characterized by machined, -10 volts Data of Figure 8 8 |

tapered flaws @60% depth (1)

).
IPitting
|o Single drilled hole ~7.5 volts for 60 mil Data of Figure 8 9
!simulation dia.,100% deep

~5.3 volts for 109 mit Data of Table 6.4
dia.,60% deep
-2 volts for 30 mil Data of Figure 8-9
dia.,100% deep

o Multiple pits -2 volts multiple Pulled tube example
indications for multiple

,

pits up to 60 mils in
diameter and 64% deep

Note 1. Typicallimiting depths fo continued service allowing 10% for EC uncertainty
and about 5% for growth between inspections.

.

m
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Table 8.3

Bobbin Coll Detectability of EPRIIGA Samples-

a Differential B. C. Absoluto B. C.
Spedmg.rLN2. Y2!1s Depth YD11s Depth Comments

-
-

.

_

_ -

*

Voltage measurement represents the peak at the start or end of the IGA.
Peak to peak differential voltage would be about twice the single peak
value for comparison with the absolute voltages and for comparison or
correlation with ODSCC degradation at TSPs.

.

9

8-19

. - _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - _ _ _ _ _ _ _ . .. . _ _ -



_ _ . _ . - . . _ .

Table 8.4

Comparison of the EDM Notch Amplitude Response of Probe ZT and Probe ER *

(Ratio Probo ZT / Probe ER)

6

Notch Mix
Depib 400 kHZ 200 kHz 100 kHz 400/100 kHz

100 % 1.07 1.70 1.94 1.01
80 % 0,98 1.67 1.93 0.94
60 % 1.05 1.67 1.90 0.94
40 % 1.04 1.70 1.87 0.91

Table 8.5

Comparison of ASME Hole Amplitude Responso of Probo ZT and Pro 5 ER
(Ratio Probe ZT/ Probo ER)

Response Ratio
Hole Denm 100/400 kHz Mix

,

100 % 1.58
80 % 1.54
60 % 1.55
40 % 1.53

.

.>
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'

Tatste 8.6

Comparison of Tight (Magnetite Packed) and Open Crovices-

for Probo 7 and Probo ER
(Ratio Tight /Open)

e

Samp'e 400'100 kHz M!x
Probe Zt Probe Er

BW-8 1.05 1.08
BW-10 1.01 1.03
BW 11 1.51* 1.54*
BW-14 0.95 0.97
BW-17 0.96 0.94 -

BW 12 0.91 0.93

*
Caused by process of packing the crevice as verified by comparing the pre packed
response with the tube response after removal of the magnetite packing.

Table 8.7

Influence of Denting on Indication Response

400'100 Mix Amolitude,

Sample Before Dentina After Dentjaa Dent Size
_

volts volts volts
.

Fatiguo

FAT-1 61.5 18.6 7.39
FAT-2 14.6 5.42 6.09

~

FAT-3 NT 2.39 12.1
FAT-4 59.0 NDD 12.08
FAT-7 NT 1.24 9.43
FAT-8 69.0 NDD 17.4

Doped Steam

BW1 8.9 18.0 14.7
BW-3 12.5 3.97 6.27
BW 9 4.21 4.9 6.36

.

NT No Test
NDD No Detectable Degradation

,

8- 21
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Table 8.8

. Laboratory Specimen NDE Summary (1) *

Sample Probe Flaw Flaw (4) Fiaw(4) No of
Number Iype Amolitude (V) Phase (*) Deoth (%) Lenathfini Elaws 5

-

g

e

.

-
_

(1) As received Specimens, Prior to Leak Test. Data are average results for

Echoram EE-720-FsbM UF and Zetec A-720-ULC(775) Bobbin Probes and
Echoram EB-720-2XSRPC and Zetec 720-MRPC Pancake Probes. -

(2) Specimen had multiple axialindications.
(3) Second NDE after initial leak testing. .

(4) RPC depth is for the deepest crack and length for the total crack network.

8- 22
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Table 8.8 (continued)

Laboratory Specimen NDE Summary (1).

Sample Probe Flaw Flaw (4) Flaw (4) No. of
NumbH Iy22 Amolitude (V) Phae,e M Death ('4) Lenothfin.) flaws,

-

-g

.

|.*
t

l

l

I
l

-
.

(1) As received Specimens, Prior to Leak Test. Data are average results for
| Echoram EE-720 FsbM-UF and Zetec A 720 ULC(775) Bobbin Probes and

Echoram EB 720-2XSRPC and Zetec 720-MRPC Pancake Probes.,

(; Specimen had multiple axialindications,
i.7) Second NDE after initialleak testing.

*

(4) RPC depth is for the deepest crack and length for the total crack network.

8- 23
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Table 8.8 (continued)

Laboratory Specimen NDE Summaryll) '

Sample Probe Flaw Flaw (4) Flaw (4) No, of
Number Iygg Amolitude (V) Phase M Deoth (%) Lenothfin.) Fisws *

__ ._g

o

.

.

_
-

(1) As received Specimens, Prior to Leak Test. Data are average results for ~

Echoram EE 720-FsbM UF and Zetec A 720-ULC(775) Bobbin Probes and
Echoram EB-720-2XSRPC and Zetec 720 MRPC Pancake Probes.

(4) RPC depth is for the deepest crack and length for the total crack network,
,

.

e
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Table 8.9

Variables influencing NDE Voltage and Durst Correlation Uncertalntlesi

NDE Voltage Uncertainties (Voltage Repeatability)
s

o Probe centering: probe diameter and wear oansiderations(1)

o Cal!bration standards: dimensional tolerances (2)

o Prr?,a 00 sign differences (3)

Burst Correlatlan Uncertainties

o Crank morphology (length, depth, ligaments, multiple cracks, IGA involvement)
varinbility for same voltago amplitude

o Tubing dimensional tolerances (4)

o Human factors affecting voltage repeatability tha, are not adequately
controlled by data analysis guidelines

o Variations in field crevice conditions (open, packed, deposits, TSP corrosion,
small dents, etc.)(5)

^

o Effects of tube pull forces on crack morphology and associated burst pressures (6)

. o U"lization of voltage measurements for pulled tubes obtained prior to
implementing voltage measurement standards of this report

HQ1f?li

1. Eliminated in laboratory specimens by using 0.720" diameter probes with minimal
wear and a single calibration standard.

2. Insignificant for Kewaunee application as standards are calibrated against reference
laboratory standard,

3. Significant uncertainty eliminated by specifying coil to coil spacing.

4. The influence of tubing dimensional tolerances as they affect burst pressure are
inherently included in the spread of burst pressures from pulled tubes and
laboratory specimens. The dimensional tolerances on calibration standards are
eliminated by calibrating the field standards to the laboratory reference standard.

5. ALJmes an adequate number of pulled tubes Contribute to spread of burst Correlation
'

(see text discussion).

6. Results as pre pul! field mea:ured voltages rather than post-pull voltages are used in
-

burst cwelation.

8- 24
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Figure _81

Voltage Sensitivity to Crack Network Morphology
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9.0 LEAK AND BURST TESTS I
*

1

9.1 Objectives
i

The objective of the leak rate tests is to determine the relationship betwoon eddy current.

characteristics and the leak rates of tubos with stress corrosion cracks. Leak ratos at normal
operating pressure differentials and uridor steam lino break conditions are both of interest, sinco
leakage limits are imposed under both circumstancos. The SLB loak rate data are used tu dovolop
a formulation betwoon leak rate and bobbin 0011 voltago.

Crovice condition is another important factor Tightly packed or donted crevices are orpocted to '

significantly irnpode leakage through cracked tubos. Sinco denting is readily detectable by non
destructive means while crovice gaps cannot be readily assessed, the emphasis is placed upon
open crovices and dented crevices as the limiting casos.

Given the assumption that significant suppo.1 plato displacements cannot be excludod under
accident conditions, burst tests of tubos wiib siress corrosion cracks are conducted in the froo
span condition and burst pressure is correlated with bobbin coil voltage. This burst pressure

,

correlation is then applied to dolormine the voltago amplitudo that satisfios the guidelines of Rog.
Guldo 1.121 for tube burst margins. '

9.2 Leak Test Procedure
'

Leak testing of crackod tubos is accornplished as follows. The ends of the tube are plug welded.
One end has a fitting for a supply nf lithlated (2 ppm LI), borated (1200 ppm B) ar:d
hydrogenated (1 psia) water to the tube innor diameter. The specimen is placed in an autoclave.

and brought to a temperature of 616 'F and a pressure of 2250 psi. The pressure on the outor
diameter is brought to 1000 psl. A back pressure regulator on the secondary sido maintains the i

1000 ps! pressure. Any leakage from the primary side of the tube tends to increase the
secondary pressure because of the supotheated conditions. The back pressure regulator then
opons, the fluid is released, condensod, collected and measured as a function of timo. This
providos the measured leak rato. The cooling coilis located prior to the back pressure regulator
to provent overheating and to provide good pressure control. Typicat ioakage duration is one
hour unless leak rate is excessive and ovorheating of the back pressure regulator occurs.
Pressuro is controllod on the primary side of the tube by continuous pumping against another
back pressure regulator sol at 2250 psi. The bypass fluid from this regulator is returned to the .

makeup tank.

To simulate steam line break conditions the primary pressure is increased to 3000 psi by a
simple adjustment of the back pressure regulator and secondary sido is vented within one to
three minutes to a pressure of 350 psl. The pressure differential across the tube is thus 2650
psi. Temperature fluctuations settle out in several minutes and the leakage test porlod lasts for
approximately 30 minutos.,

_
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9.3 Leak Test Results

A summary of loak test resuho is provided in Table 9.1. The first serios of leak rato losts woro
|

conducted at the normaloporating pressure difforontial. Some of the model boller spec! mons had ' '

tightl/ packed crevices as a result of corrosion product buildup. Thoso specimons woro losted as '

is. Following this first series of leak rato losts, the wolded end plugs woro cut from the leak |

specimons. Bocause of the crack location and short longth of some specimens additionciloak rato.
'

testing could not be performed. Specimens with tight collars woro subjected to extensivo oddy
current testing. This required removalof the tight collars. Honce all repeat testing of the first

;

serios of lost specimens was performod under open crovice conditions. Repoal testing led to !
higher leak ratos olther as a consequenco of the test itsoit, handling or forceful romoval of light !
collars. Only in one case did a non loaker becomo converted into a lenker as a result of rotesting.
This case,533 4,is one of forceful removal of a tight collar.

The steam line break conditions increased the leak rates by tbout a factor of throo compared to
normal operating conditions Moro variation in this factor can be expoeted. Prolongod leak rate
testing under operating conditions is expected to lead to lower ratos. The Increaso in the leak
rato upon transition to accident conditions then becomes more variablo.

From Table 9.1, tight crovices are seen to be sometimos of bonofit in reducing leak ratos.
Specimen 542 4 had a very high oddy curront voltago and a low loak rato of | 10,
while spocimen 543 2 had a high voltago and a leak rato of [ ]Q. The four other tight
crevice specimens were non loakers. Throo of those ron'alnod non loakers after removal of the
light collars. Damage during removal of the tight collar is suspected as the reason the fourth

;

non leakor became a ioaker. Tight crevices can be of benefit in reducing leak rato but cannot be '

retled upon. Further, pending futuro dovo!opments, eddy current techniques have not boon .
1

shown to be able to confidently distinguish betwoon opon and tight crevices although the prosonce
of rnagnetite can often be detected in the crevice.

.

Eddy cutront inspection techniques are very sensitive to denting at tube support plato
Intersoctions. Dents of a fraction of a mil are easily detectablo. Specimons with large through
wall cracks which were there dented to less than one mil havo not leakod significantly olthor at
operating pressure or under steam line break conditions. A tight through wall fatiguo crack
0.50 inch in length willleak at more than the typical toch spec limit of 0.35 gpm. From Tablo
9,1 It is evident that a small dent has turned such a cracked tube into a non loaker. [

,

,

]9

9.4 Burst Test Proceduto

Burst tests were conducted using an alt driven differential piston water pump at room,

temperature. Pressure was recorded as a function of time on an X Y plotter. Scaling was
accomplished by use of a soft plastic bladder. Burst tests of tubos with stress corrosion cracks
were done in the free span condition. No foll roentorcement of the seating bladders was used
since the crack location which was to dominato the burst behavior was not alwap readily -

apparent. Some of the maximum openings developed during burst testing were not sufficient to
cause extensive crack tearing and thus reprosont lower bounds to the burst pressures. Tho

.

openings were large enough in all cases to load to largo leakage.

F
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g.5 Burst Test Resuhs

;

Burst test resutts are summarized in Table 9.1. Figuro 91 illustratos a plot of burst pressuro |
*

versus bobbin coil voltage for specimens frcm model bollor and pulled tubo tests which are
considered reasonably represantative of the rango cf field observations of ODSCC of tubos at tubo
support plato intersections. Note that some of the burst data points are lower bound estimatos.

since ortensivo crack tearing did not develop, in these cases the crack openings were largo
enougn to cause largo leakage ovents in servico, From Figuro 9-1 it is soon that burst pressures
remain above abouf [ }0. As discussed later, reasonablo
limits on bobbin coil voltaga can assuro maintonance of requirod burst prossure margins with
respect to both oporating and accident pressure differentials.

0.6 Conolation of Burst Pressure with Bobbin Coil Voltago

As noted in an earlier section, a broad Interpretation of the physical significance of the voltage of
an eddy current bobbin coll indication is that the voltage reflects the volume of material over

,

which oddy currents are perturbed by the geometrical configuration producing the indication.
Honco, there is a very broad range of different geometries which can produce the samo voltage
indication, in the case of ODSCC in the tubo support plate crevices of steam generator tubes, the
bobbin coilIndication soltage reflects the volume of material where oddy curronts are porturbod
by cracking. Obviously at a glvon Indication voltago any one of a broad range of crack
morphotogles can be present. From past exporlonce with pulled tubos 11is known that cracking :
patterns are typically confined to the crevice region and thus restricted in length. Additionally,
the typical cracking pattern consists of an array of ossentially axial cracks. Thu$, at a glvon*

indication voi* age one of many crack pattoms can bo present but there are observed rostrictions
in these pattoms. Other restrictions to cracking pattoms, within perhaps rather wido limits, -

are expected from the operation of a given SCC cracking mechanism. Just as crack morphologios,

are many valued but bounded at a given indication voltage, burst pressures will be consequently -

! many vatuod but bounded.

The burst data of Tablo 9.1 (model boiler samples) and of Tablo 6.2 (pu!!od 7/8 inch tubes)
provido a total of 34 data points that have been used to develop a correlation between bobbin coll
voltage and burst pressure. The data used in the correlation for 7/8-inch tubing are as follows:

Bobbin Voltaco M Burst Pretturo (ksu
-g-

.

4
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An higher order regrossion analysis of this data has been performed providing an equation for the '

mean cowo using a third order polynomial equation. The equation for burst pressure (BP) as a
function of volts (v) obtalrk d is:

i 19
>

Tha y sfficient of correlation for this regression fit is 0.92 and the error of the BP estimato is
- 0,%5. A 95% prediction intervalis established using the expression:

[ l'
where,

I

9

.
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Since the burst tests were peformed at room temperature conditions, the 95% prediction
intervalcurve was factored by the LTL to room temperature strength property ratio of 0.857,
the Lower Tolerance Limit (LTL) strength propertlos of Alloy 600,7/8 x 0.050 inch, mill
annoated tubing at 650 'F divided by the strength at room temperature of the tubing material-

,.

tested. The strength properties utilized are the sum of the yloid and ultimato otrongths. The LTL
strength (yloid + ultima'o) of the tubing rr storial at 650 'F is 126.0 ksi and the room
temperaturo strength of the material testod is 147.0 ksi giving a ratio of 0.857.,

The curves and data points are plotted !n Figuro 9 2. The 95% prodiction interval, LTL, is
used to establish the voltago corresponding to the burst pressure capability required of three
timos normal opera 0on pressuro differential (4590 psi),3Ap. The 3Ap voltage at tho 95%
prediction btervalls [ la. The voltage corresponding to steam line break (SLD) pressure
(2650 psi)is [ Ja. It should be noted that the burst capabilities developed conservatively
assume no potential bonofit of interaction with the tubo support plate,

9.7 Correlation of Leak Rates w!!h Bobbin Coll Voltage

The distribution of crack morphologies at a given indication voltage gives rise to an associated
<

distribution of burst pressures. Sinco some of thoso crack morphologlos may involvo through
wall cracking, a distribution of leak ratos will be also associated with each indication voltago
level. The expected totalleak rate from a glvon population of oddy curtont indication voltagos can
be dolormined in a statistical fashion from a knowledge of the distilbution of possiblo leak ratos
at each voltago lovel. This is ea.complished by performing a probabilistic analysis for SLB
conditions as described in secun 11.4. The basis for the probabilistic analysis is the
correlation of leak rates at SLB conditions to bobbin coil voltago. The correlation is established
utl!! zing linear regrossion analysis of the logarithms of the corresponding leak rates and
voltages tDreby establishing a leakage rato modelof the form

,

[ )
,

whore,

[

]o

Prodiction intervals for leakage rate at a glvon voltage are then ostablished to statistically defino +

the range of potentialleakago ratos.

The SLB leakage rate data listed below from Table 6.2 for pulled tubes and Table 9.1 for model
bolier samples are used to establish the correlations for 7/8 inch tubing:

Bobbin Vo!!s M Lenk Rate (l'hr)
- - g

.

e
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Linear regresalon analysis of the logarithmo of this data results in the following mean leakago
rato corrolation:

.

( )

The coefficient of correlation for this regression fit is 0.71 and the error of the estimate is
1.552 A predict!0n interve! !: estab!!shed using the evpression:

,

[ 19 *

d
I

where,

I

>

!

.

)U

| Figure 9-3 !s a plot of the SLB leakage rato correlation versus bobbin voltago showing the data, *

the linear regression fit and .t 95% confidence prediction intervals. Since a fit using logarithms |
' of voltage and leakage is required to obtain the correlation, the zero leakers woro input with a -

leak rate of 0.0001 liters per hour, three orders of magnitude below the towest rnoasured ioak
rate. This is judged to be sufficiently . v to maximize the slope of the curvo providing

9+6-
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|

oonschativo predictions of leakago rato in the hiphor voltage rango. In addition, only tho zero
leakage tubes with 90% or greater through wall penetration are includod, again, maximizing tho
slope of the curve.

. .

At suffidently low voltages the degree of through wall cracking will not bo sufficient to load to
measurab!o leakage. Thoto will be a thresho'd voltage be!ow which leakago is not expoeted.
I.

.

}9

Section 12 discussos the application of burst pressure and leakage correlations in the
formulation of plugging criterla. The subsections above show that burst pressure margins can
be maintained by limiting maximum allowable bobbin voltago indications and that any associatud
leak rates with a glvon population of voltage indications can be appropriately dolormined.

,

9.8 Burst Testing of IGA Specimons

Section 8.1 addressos IGA dotectability of laboratory prepared specimens about 4 inches in
longth with uniform IGA dopths and no cracking. Figure 312 sh?ws bobbin coil ,oltage
amplitudes for these specimens. The IGA specimens from Figure 812b with depths of 9%,36%
and 52% in non sensitized,7/8 inch OD tubing wore burst tostod to compare tho voltage vs

,

burst characteristics of IGA to that of the availablo data base of Figuro 9 2. In addl.lon, a 3/4 -

inch diameter, sensitized specimen of Figure 812a with 58% doop uniform IGA was burst'

tested. These specimens had !GA from one rH of the tubo to the other and hence c;fferential i

bobbin coll measuromonts could not be mad.. As noted in Figuro 812, the bobbin amplitudes,
,

were measured in the absoluto mode, it is expected that for uniform stop changa in depth, the;

peak to peak differential voltagos would be a facior of 1 to 2 higher than the absoluto voltages
which are typical of single peak amplitudos. Thus using ths absoluto amplitudos of the specimens
appears to be a conservative representation of the differential amplitudos. However, due to the
associated uncertainty on the voltage amplitudos, the burst results for these rpocimons are
provided for information only and are not included in the voltago/ burst correlation used to
establish tubo plugging limits.

Figuro 9 4 shows the IGA burst results added to the data of Figuro 9 2. From Figure 9 4,it is
seen that the IGA specimon burst pressures are near or abovo the mean fit to the Figuro 9 2 data
even though the IGA specimens aro 4 inches long compared to the 0.75 inch TSP thickness which
bounds the ODSCC longths for the data points of Figure 9-2. Those results indicats that the burst
pressure correlation of Figuro 9 2 represents a iower bound for uniform IGA tubo degradation.
in general, this result is expected at least for IGA depths up to about 65% The voltage amplitudoi

for uniform IGA is expected to be as high or higher than for a single ODSCC crack of the same
! depth due to the greator volumetric involvement of the IGA. Burst test results for uniform

,

L thinning of 0.75 inch longth show higher burst pressures than for a 0.75 inch long crack of the
'

*

same depth for depths up to about 65% wTile cracks are more limiting above ~65% depth. Thus
the higher burst pressures for uniform IGA together with equal or higher voltago amplitudos
would yield the Figure 9 4 results showing IGA burst pressures at or above the ODSCC results.*

,
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The IGA burst lost resulto show that uniform IGA behaves offectivoty as uniform thinning of a,

tube. That is, the burst pressures e,f uniform IGA correlato well with results obtained for
'

uniform wall thinning. For local IGA patches of limited circumferentiat involvement, the burst
pressures would bo expected to appro:ch that of a crack. Thus an IGA patch combined with a1 SCC '

', emanating deeper than the ICA, as commonly tound in pulled tubu, wouU be expected to ruiiuct
burst proporties associated with the crack depth. Similarly, the bobbin coil vol' age responsos;

| are expected to be comparable. The results for the Plant L tube R12-C8 of Tabte 6.2 reflect this '

offoet. Uniform IGA was about 30% doop for this tubo in the region of the maximum 55% crack
depth. The voltage amplitude was 0.5 vo'ts with a burst pressure of 10.500 psi. This data point

; lies just above the mean fit to the data of Figure 9 2. Overall, the results to dato for IGA and
IGNSCC types of degradation are onveloped by the burst pressure correlation of Figuro 9 2.
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10.0 SPECIMEN DESTRUCTIVE EXAMINATIONS
9

10.1 Objective

The objectNo of this task is to characterize the size, shape, and morphology of the laboratory0
created corrosion in Alloy 600 tubo specimens which havo been tostod for leak rato and burst
pressure. The crack morphology is also to be compared generally to the corrosion morphology
observed in tubes pulled from operating steam generators. A summary of the results is
presented in this section. From information in Section 9, one can compare the leak rato and
burst pressure data to the actual size of the crack opening and relate eddy current voltage to
crack aggregato size and corrosion morphology.

10.2 Examination Methods

Examination methods included visual examinations, macrophotography, light microscopy and/or
SEM (scanning electron microscopy) examinations, SEM fractography, and metallography. A
total of seven model boiler test specimens and one doped steam specimen were solocted for
destructNe examinations. Six of those were examined following leak and burst testing (all model
boiler specimens), one following leak testing but without burst testing bc:ng performed, and one
(the doped steam specimen) with neither leak not burst testing being performed. The six model
boiler specimens were 543 4,5251,533 4,5361,5581, and 571 1. The leak and
burst data for these speelmens are gNon in Table 9.1 which also lists the eddy current (bobbin
coil) test results. The two specimens without burst test data woro 533 3 (model bollor

*

specimen) and SL FH 11 (doped steam specimon).

The specimens were initia!!y examined visually and with a inw power microscope. The burst,

i opening and visible cracks around the circumference of the tube within the tube support plato
Intersection were photographed and their location in relation to the burst crack hotod. The
major burst crack was then opened for fractographic observations including crack surface
morphology, crack length, and crack depth using SEM. One metallographic cross section
containing the majority of secondary cracks within the tube support plate region was selected for
each tube specimon. The location of the cracks within this metallographic cross section was
notod, the cracks measured as to tholt depth and a crack was photographed to show the typical
crack morphology. Note that tho one metallographic section through each specimen will provide
the secondary crack distribution at that location. Secondary cracks at other elevations would not
be recorded unless the burst test happened to open the secondary cracks sufficiently for visual
examinallon to record their location.

10.3 Results

Tube 543-4

*

Visual examination was performed on the secondary cracks adjacent to the main burst opening.
- The short secondary cracks were orientated axially, inclined, and in some instancos

*'

circumferentially.;

I

10 1
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Fractography of the bust crack showed that the environmental cracks wero intergranular and
typical of stress corrosion cracking (SCC). The macrocrack was 0.52 inch long and did not
penetrato the ID wall although it was at many locations up to 98% through wrli. The macrocrack
was composed of at least six microcracks, all of which had joined together by intergranular SCC. * '

A rnetallographic cross section through many of the secondary cracks observed on the
circumference within tha tubo support plate intersoction revealed fNo cracks with depths
ranging from 45 to 98% through wall. A sketch of the location of those cracks relative to the 4
burst fracture is shown in Figure 10-1. A typical crack morphology of a secondary crack is
shov n in this figure. A summary of the observed OD origin secondary cracks and morphology of |
the main crack are shown in Figure 10 2.

Tube 525-1

The burst crack was relatively short (0.16 inch long) but doop,95% through wall. The
secondary cracks woro all short and axially orientated. A summary of the shapo, morphology and
distribution of cracks found in Tubo 5251 is presented in Figuros 10-3 and 10-4.

!

Lbo 533-4

A network of axial and circumferential secondary cracks was observed near the burst crack
The axially orientated burst crack was composed of at least f1vo microcracks which joined to
form the macrocrack. Lodges separating those microcracks showed partially ductilo features
(shocr dimples) while the crack face was entirely intergranular. Tho OD origin major crack
was 0.34 inch long and ponotrated the ID wall for a longth of 0.14 inch. Tho secondary crack
distribution found in the metallographic cross section is shown in Figure 10 5, and a summary
of the cracks observed in the support plato region of the tubo is presented in Figuro 10 6.

.

Tubo 536-1
.

Many secondary cracks were observed clustered around the burst opening. Other largor
nocondary cracks wero found at a location 95 and 145 degrees from the burst opening. The main
burst crack and the largest of the secondary cracks located at 95 degroos wore opened and
examined by SEM. In both cases the OD origin cracking morphology was intergranular and
typical of SCC. Tho burst crack was 0.4 inch long and 90% through wall. The macrocrack
consisted of at least five microcracks which joined to form the macrocrack. The largest
secondary crack was 0.3 inch long and 95% through wall. It was also formed by several
microcrarc.s. A metallographic cross section though the romaining ploco of the tubo at the
support plate intersection showed two intergranular OD origin stress corrosion cracks (Figure
10-7). The larger of those two cracks was 40% through wall. A summary of crack
observations on Tube 5361 is shown in Figure 10 8.

h3e 558-1

The major burst crack originated from a c*uster of smaller secondary cracks which joined in an
irregular pattem to form the macrocrack. Visual examinations of the romalning tubo support
plato region Indicated that no other secondary cracks existed. The opened fracture faco of tho .

burst crack revealed more clearly the irregular cracking pattom of this major crack caused by
the joining of the widely separated microcracks. The macrocrack showed at least five major

,

lodges which separated six microcracks. The features of the OD origin macrocrack wore
intorgranular. The crack was 0.4 inch long and it penetrated the ID wall for approximately 0.32

10 2
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i

inch. A summary of the crack observations hs shown in Figuro 10 9. No metallography was
)done on this tube since no secondary cracks away from the burst opening woro observed.

Tube $71 1.

The burst crad may have consisted of onts major axlal crack whose longth was 0.44 inch. No
obvious separation of the mactucrack into different microcracks was found within the burst

D
crack, altomatively there were hints of four microcrads whlch nucloated in alt.Jst identical
planos. The OD origin crack penetrated the wall for a lonoth of 0.36 inch. It was entirely
intergranular and typical of stress corrosion cracking, based on examination of the fractographic
details. No other secondary crocks were observed along the circumferenco of the tube. A
metallographic cross section through the contor of the support plato region found no secondary
cracking. A summary of crack observations is shown in Figure 1010,

Tube 533 3

The collars of this model boiler specimon were removed. Soveral small axlat cracks were
observed at the support intersections. One was located udor the Teflon collar and a few woro '

located under the top steel collar. The crack within the Teflon collar intersectior, was opened and
examined by SEM. The macrocrack face exhibited intergranular features with some ductilo
tearing on a ligament separating two microcracks. The macrocrack was 0.2', inch long and was
composed of four microcracks. "Iho CD origin crack ponotrated the ID wall for a longth of 0.17
inch. A metallographic cross section through the contor of the Toflon collar intersection revealed
numerous smallintergranular stress corrosion cracks. The location (on the tubo) and depth of
these cracks is shown In Figure 1011, togethor with one micrograph. A motallographic cross
section through some of the cracks within the stool collar intersoction revealed the crack

'

distribution shown in Figure 1012. The characterization of the through wall crack found under
the Teflon collar and the crack distribution wound the tube within the Toflon support is shown in
Figure 1913..

Tube SL FH 11

Doped steam specimen SL FH-11 developed a largo number of OD origin cracks. The largest
agglomerStlon of those cracks was opened for fractographic examinations and cross sectional cuts
made above (A) and bolow (B) the opened section of the macrocrack for motallographic
examinations. The oponod section of the tubo showed an intorgranular macrocrack. 0.37 inch
long. The ligaments separating the 4 microcracks of the macrocrack had only intorgranular
features. The crack penetrated the ID wall for a length of 0,23 inch. The cross sectional cuts
made through planes A and B produced the crack distributions and typical crack morphologlos
depicted in Figures 1014 and 1015. A summary of the crack observations made at this
location is shown in Figure 1016.

A longer but more shallow crack network was found on the opposito sido of.the tubo from the
crack described above. The crack network was opened and examined fractographically. The
macrocrack was 0.46 inch long and was composed of at least throo microcracks.11 ponotrated the
ID walllocally for a length of only 0.03 inch. The crack morphology was intergranular with*

some ductile features at ligament locations. A summary sketch chno crack profilo and charactor
is shown in Figure 1017.

.

10 3
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Tube 528 2

A grouping Of many small, OD origin, axlal cracks, interconnected by ligaments and by
circumforential extensions, formed the curved major buist opening shown in Figuro 1018. *

Othor smali axial cracks with circumferentialinvolvement woro observed in other arcas of the
simulated tube support plato crevice region. Fractographic observations of tho major burst
oponing rovoaled that the corrosion crack consisted of at least six microcracks with +
intergranutar ligaments. These ligaments often ran in the circumferential direction. The 1

combined longth of the microcract.s that formed the macrocrack was 0.67 inch. Through wall
cracking oxtended for 0.50 Inch. The morphology of the macrocrack was lGSCC with no IGA or
with negligiblo IGA components, as shown in Figure 1019. Circumforontial, intergranular
extension of the axial crack can be observed in this figuro. Transverso metallography through
the contor of the crovico region revealed the crack distribution shown by a sketch in Figuro
10 20. An examplo of the morphology oIone of the secondary OD cracks is also shown in this
figuro; the morphology is again that o'IGSCC with negligiblo IGA aspects. A summary of the
major crack shapo and corrosion morphology and the distribution of OD cracks obsorvod within
the crevice region of tube 528 2 is shown in Figuro 10 21.

Tube 5321__

A largo number of long and short, O'') origin, axial cracks were observed in the simulated tube
support plate crovice region of tubo 5321, many of which were through wall. Figures 10 22
and 10 23 show photographs of the burst tubo and convoy the extensive cracking around the tube
within the crevice region. A grouping of small axial cracks combinod to form two of the burst
crack openings which wore examined in some dotall. The longer of the two was 0,70 inch long
and was formed from five microcracks latorconnected with lodges having intergranular features.

.

The longth through wall was 0.52 inch. The crack morphology was (GSCC. Cracks soon on a
metallographic cross section through the contor of the crovice are depicted in a sketch in Figure
10 24 together with two micrographs showing typleal crack morphologies of secondary cracks. *

A summary of the major burst crack and its rnorphology together with a distribution of cracks
soon the crovice region is shown in Figure 10 25.

Tube 532 2

OD origin cracking w! thin the simulated tubo support plate crevice region of tubo 532-2 can be
seen in the post burst test photographs of the tube in Figuros 10 26 and 10 27. Many of the
axial cracks were through wall. A group of many through wall microcracks formod the weakost
area in the tube where the main burst fracture occurred. Fractography of this macrocrack
showed a'least six microcracks combined to form the main burst fracturo. The totallongth of
the macrocrack was 0.75 inch and it was through wall for 0.58 inch. WFilo most ligament
features were intergranular, occasional areas had ductile features, indicating that the ligaments
had not completely interconnected by intergranular corrosian. The corrosion crack morphology
of the main burst crack was that of IGSCC. A metallographic cross section through the conter of
the crevico region revealed many cracks shown by a sketch in Figure 10 28. Typical crack
morphologies are also shown in photomicrographs for two secondary cracks in this figuro. A
summary of the main burst crack description and morphology aro given in Figure 10 29. -

| Tube 535d
.

| The burst opening in tubo 535 * formed from a cluster of small axial OD origin cracks.
i

10 4
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Numerous secondary, but small. microcracks w( ) observed around the circumference within
the crevice region. Fractography of the burst crack showed that it was composed of three
microcracks which joined together by intergranular corrosion to form the macrocrack. The
morphology of the macrocrack was IGSCC with negligible IGA aspects. The macrocraci. was.

relatively short (0.28 inch in length) and penetrated through wall for 0.11 inch. A
metallographic cross section throt'gh the certer of the crevice showed numerous secondary
cracks some of which had I agligible to minor IGA aspects. The distribution of cracks from the,

cross section is shown'in Figure 10-30 along with a photomicrograph of a secondary crack. A
summary of the of burst crack description and o. ihe overall crack distribution is given in
Figure 10 31.

Tube 555-3

The most degiMed area in tube 555-3 was confined to one location within the crevice region, the
location where the burst opening occurred. The crack distribution was complex in this region,
with numerous paraitel axial creds with short circumferential branches. All cracks were of OD
origin. Fractography showed the major macrocrack to be composed of two or three microcracks
which joined in an irregular pattern to form the burst crack. The connecting 19dges showed a
dactile fracture features, while the indMdual microcracks Sad intergranular features. The
macrocrack was 0.75 inch long with a through walllength of 0.42 inch. Meta:lography of a iube
cross section through .he region with the highest crack density showed a morphology of IGSCC
witu some IGA or SCO branch characteristics near the main fracture. A photograph of the burst
openino and a photomicrograph of the fracture faco at the burst opening is shown in Figure
10 32. Other crack details are summarized in Figures 10-33 and 10 34.

Tube 576-2
.

Only one, OD origin, sincia axial crack was observed after burst testing of tube 576 2.
FractWraphy showed the crack to be 0.30 inch long and it was through wall for 0.22 inch. The,

macrocrack appeared to be composed of a single microcrack and its morphology was that of IGSCC.
A metallographic cross * tion through the center of the crevice region found no secondary
cracks around the circun. t M. Crack details and crack morphology data are shown in Figures
10 35 and 10-36.

Iube 576 4

Tube 576-4 also burst with a single crack. Fractography showed the crack to be 0.60 inch long
and it was through wall for 0.43 inch. The OD origin intergranu'ar macrocrack was composed of
three axial microcracks joined together by ligaments with intergranular features. VLsual
examination showed a few small axial cra6s nearby the burst crack. The morphology of the
burst crack was IGSCC with negligible IGi aspects. A metallographic section cut through the
center of the crevice found only the burst crack. Crack details and crack morphology data are
shown in Figures 10-37 and 10-38.

10.4 Comparison with Pulled Tube Crack Morphology and Conclusions
,

Section 4.0 of this report describes the crack rnorphology observed on tubes pulled from
'

operating steam generators. Most of the support p ate cracking was OD origin,intergranular
stress corrosion cracking that was axially orientated. Most cracks had minimalIGA features in

|
| 10 S

i
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addition to the overall stiess corrosion features. Even when the IGA was present in significar.1
amounts, it usually did not dominale over the overall SCC morphology. Large macrocracks were
composed of numerous short microcracks (typically < 0.1 inch long) separated by lodges or
ligaments. The lodges could have either intergranular or dimple rupture features depending on '

whether or not the microcracks had grown together during plant operation.

It is concluded that the laboratory generated corrosbn cracks described in Section 10.3 have
e

these same basic features. The laboratory created specimens posribly had even less of a tendency
to devebp IGA components to the overall stress corrosion crack feck ss.

.
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Sketch of Burst Crack

Macrocrack Length = 0.52 inches

Throughwall Length = 0 (98% throughwall)

Number of Microcracks - 6 (all ligaments with intergranular
features)

Morphology . IGSCC
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Figure 10-2 Summary of crack distribution and morphology observed on
Tube 543-4.
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Figure 10-3 Secondary crack distribution in a metallographic cross
section of Tube 525 in the support plate crevice region. A

micrograph of one of the cracks is also shown. ,
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Sketch of Burst Crack

Macrocrack Length - 0.16 inches

Throughwall Length - 0 (95% throughwall)

Number of Microcracks - 3 (all ligaments with intergranular
features)

Morphology - IGSCC
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Figure 10-4 Summary of crack distribution and morphology observed on-
Tube 525.
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Macrocrack Length = 0.34 inches
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11.0 STEAM UNE BREAK (SLB) AND COMBINED ACCIDENT CONSIDERATIONS

:-

This section glvos consideration to the limiting accident conditions and their implication 9 |
relative to tube plugging criteria Applications. If the TSP displacements from normal ope'ation
positions are large compared to the crack longths which can load to burst during an St.B event,

'

then the bonofit of the TSP to prevent tubo rupture could be lost. Assuming uniform through
wall cracks (not typical of ODSCC: approaching the TSP thickness, displacomont af the TSP
during the SLB event exceeding approximately 0.75 inch would expose sufficient length of the
crack with the possibility that burst margins would not bo mot TSP displacements were
evaluated using non. linear, dynamic timo history analysos to assess the potential foi crat.A
exposure, assuming an opon crevice.

A combinod accident condition for LOCA + SSE (loss of melant accident + rafe shutdown earth >

quake)is evaluated to identify potentially dolormed tubos, il any, at specific loations in the S/G
which will be excluded from the proposed plugging critoria. Tho allowable leakage during an SLB
event are developed for the Kowaunoo plant based upon radiological analyses associated with the
determination of acceptable primary to secondary 8!de leakago during axidont conditions. An
example calculation of a probabilistic analysis of potential ond of cycle SLB leakago is presented
for Kowauneo based on the 1991 incpoetion results for comparison to the allowahlo value.

:

11.1 Tuba Support Plate Displacement Unde: SLB Loads

The potential for TSP displacement under SLB loading conditions has boon ovaluated fcr opon
crovices, for small gaps and for corroded TSP conditions of incipient denting which lead to.

contact forces between the tube and the hard magnetito in the crevices. These evaluations were
performed to assess the potential for uncovering of tho ODSCC under SLB conditi%

,
,

! Analyses for TSP displacements with crevice gaps in an SLB event were performed using finito
elomont, dynamic time history analysis methods. Conservativo analysis assumotions, such as no
friction, which ignoros the TSP to wedge to wrapper contact lorces, load to overestimates of the
TSP displacements. Given these assumptions, analysos foi open, as manufactured crovices,
indicate potential displacements yielding plastic deformation of some TSPs. For these results, it
could not be assured that the TSPs would onvolope the ODSCC at the times of incroasing primaiy
to secondary pressuro differentials in an SLB event. The incipleht denting and donted conditions
at TSP intersections prevent TSP displacement under SLB conditions. TSP displacement analyses
for varying crevice gaps show that even if the TSP corrosion resulted in up to ( }a mil gaps at
the most limiting plate, the TSP displacements would not uncover the ODSCC.

With corroded TSP conditions, the maximum SLB loads on the TSPs would be less than the forces '

resulting from tube to TSP contact pressures. To support inis conclusion, pull tests woro
performed to determino the force required to pull th tube from incipient donting and dented
crevice conditions. The results show that the ODSCC at TSPs would continuo to be enveloped by
the TSPs even under accident conditions if even minor crevice packing is present. Sinco cro Ace
packing has not been demonstrated for the Kowaunoo S/Gs, the plugging criteria are

-

conservatively based upon free span ODSCC under accident conditions.
.
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11.2 Combined Accident Considerations !

This section deals with combined accident condition loadings in terms of tubo dolormation and the
ottocts on tube burst pressure. The most limiting accident conditions relativo to thoso concerns '

are seismic (SSE) plus bst of coolant accident (LOCA) for tubo deformation, and SSE plus
steamlino/foodline break (SLB/FLB) for tubo burst. Details of the analysis methods used in

,

;

calculating tubo stresses and tubo support plato loads for those loading conditions are also '

provided.

11.2.1 SSE Analysis l

Salsmh(SSE) loads are developed as a result of the motion of the ground during an earthquako. A '

solsmic analysis specific to Sorios 51 stoam generators has boon complotod. Rosponso spoetra
that umbrella a number of plants with Serios 51 steam generators, including the Kowaunoo
plant, have boon used to obtain tubo support plato (TSP) loads and the displacomont timo history
responso of the tube bundle. A nonlinear timo history analysis is used to account for the offects
of radial gaps betwoon the secondary shell and the TSPs, and betwoon the wrappor and shell.

,

The solsmic excitation defined for the steam generators is in the form of accoloration responso'

spectra at the steam generator supports, in order to perform the non linear timo history
analysis,11is nocessary to convort the responso spectrum input into accoloration timo history
input. Accoloration timo historios for the nonlinear analysis are synthesized from El Contro !

Earthquako motions, using a frequency suppression / raising technique, such that each resulting
:

spoetrum closely onvolopes the corresponding specified spectrum. The throo orthogonali '

components of the carthquake are then applied simultaneously at each support to perform the
analysis.

.

The seismic analysis is performod using the WECAN computer program. The mathomatical model
consists of throo-dimensional lumpod mass, beam, and pipe elements as well as general mattl<

,

.

Input to reprosent the piping and support stiffnesses. In the nonlinear analysis, the TSP /shell,
and wrapper /shellinteractions are represented by a concentric spring gap dynamic olomont,

,

;

using impact damping to account for onorgy dissipation at theso locations.

The mathematical model which is used is shown in Figurn 11 1, Tha tubo bundio straight log
region on both the hot and cold log sides of the bundio is modolod by two equivalent beams. The
U bend region, however, is modelod as fivo equivatont tubos of different bond radil, each
equivclont tubo representing a group of steam generator tubos, in addition, a singlo tubo
representing the outormost tubo row is also modolod Continuity betwoon the straight log and
U bend tubes, as well as betwoon the U bond tubos themsolves, is accomplished through
appropriato nodal couplings. Note that the fivo equivalent tubo groups are extended down two:

support plates before the single tube reprosentation begins This allows dissipation of tubo
responso differences due to the variation in U bond stiffnesses.

For reasons that will be discussed lator, tubo doformation calculations are portormod for throo
TSP groupings. TSP 1. TSP 2 6, and TSP 7. The highest solsmically induced TSP forcos are 82

1

kips for T3P 1,102 kips for TSP 2-6, and 78 kips for TSP 7,

11.2.2 LOCA Analysis

LOCA loads are developed as a result of transient flow, and temperaturo and pressure fluctuut!ons

11 2
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t

following a postulated main coolant pipe break. For the 51 torios EVGs in arother plant, LOCA
loads are developed for five different pipe break locations. Those include three primary pipe
breaks and two minor pipe broaks. The primary pipe broak locations include the steam

'

generator inlet and outlet lines, and the reactor coolant pump outlet lino, while the minor pipe ,

breaks include the pressurizer surge line and the accumulator lino.

Prior qualification of the Kowauneo steam generators for leak before break requirements for the
*

primary piping results in the limiting LOCA event being olthor tho accumulator line break or the
pressurizer surge line break. Bounding LOCA loads calculations for Kowaunoo fur tho <

accumulator or pressurizer surge line are not aval able, however. Thorofore, as a conservative '

approximation, the LOCA loads for the prior primary piping breaks are used to bound the
Kowaunce smaller pipo breaks. As the results presented lator in this section will show, the
large pipe breaks are sovoral times larger than the smaller pipo breaks, and thus, it is judged
that thoso loads form a concorvative basis for the small pipo breaks for Kowaunoo.

,
7

As a result of a LOCA evont, the steam gonorator tubing is subjected to the following loads:

1) Primary fluid rarefaction wave loads.

2) Steam gonorator shaking lohds due to the coolant loop motion.

3) External hydrostatic piessure loads as the primary sido blows down to atmosphoric
pressure.

4) Bonding stresses resulting from bow of the tuboshool duo 10 tho secondary to primary
pressure differential.

.

5) Bending of the tube due to difforontial thermal orpansion betwoon the tubo $ hoot and first '

tube support plate following the drop in primary fluid temporaturo. ),

6) Axlally Induced loads resulting from differential aermal expansion between the tubos and
tie rods / spacers due to the tube being tight in the first TSP, and the reduction in primary
fluid temperature. (Based on available data, the majority of intersoctions are considorod to
be light. Because the majority of the intersections are tight, the TSP will respond with tho ,

tubos, and the resulting loads on the tubos are judgod to be small for this loading.) '

Loading mechanisms 3) through 5) above are not an issue since they are a non-cyclic loading
;

condition and will not result in crack growth, and/or result in a compressive membrano !cading '

on the tube that is beneficialin terms of negating cyclic bending stressos that could result in
crack growth,

11.2.2.1 LOCA Rarefaction Wave Analysis

The principal tube loading durity a LOCA is caused by the rarefaction wave in the primary fluid.
This wave initiates at the postulated break location and travels around the tubo U-bonds. A
differential pressure is created across the two logs of the tubo which causes an in-plano
horizontal motion of the U bend. This differential pressure, in tum, induces significant lateral

*

loads on the tubes.
.
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The pressurealmo histories to be input in the structural analysis are obtained from transient
thermal-hydra lic (T/H) analyses using the MULTIFLEX computer code. A break opening timo of
1.0 msoc to full flow area (that is, instantaneous double ended rupture) is assumed to obtain
conservativo hydraulic loads. A plot of tho tubo model for a typical T/H model for determining

,LOCA pressure time historios for the tubos is shown in Figuro 112. Pressure timo historios )
are dolormlnod for throo tube radil, identified as the rninimum, medium, and maximum radius
tubos. For the structumi ovaluation, the pressures of concern occur at the hot and cold log .

U bond tangont points. Plots of the hot to cold log pressuro drops for the limiting major and
minor pipo breaks, the steam generator inlot break and the accumulator lino bronk, aro provided
in Figures 113 and 11-4, respoctfvely, for each of tho three tubos considered. Those results
show that significantly highor pressure drops occur for the primary plpo break than for the
minor pipo break.

For the rarofaction wave induced loadings, the predominant rnotion of the U-bonds is in the plann
of the U bond. Thus, the individual tubo motions are not coupled by the anti vibration bars.
Also, only the U bond region is 1:vbjected to high bonding loads. Thorofore, the structural
analysis is performed using singlo tubo models limited to the U bond and the straight log region
over the tcp two TSP 6. The LOCA rarofaction pressuro wavo imposos a timo varying loading
condition on the tubos. The tubos are evaluated using the timo history analysis capability of the
WECAN computer program. The structural tubo modol consists of throo dimonsional boam
clomonts. The mass inortia is input as effectivo materialdensity and includes the wolght of tho
tubo as well as the wolght of the primary fluid insido the tubo, and the hydrodynamic mass
offects of the secondary fluid. The geometry of the throo tubo models used for the LOCA analysis
are shown in Figure 115, with the nodo numbers identified.

To account for the varying nature of the tubonSP interface wim increasing tubo do 'etion,
three sets of boundary conditions are considorod. For the first caso, the tubo is ass med to be '

lateratly supporlod at the top TSP, but is troo to rotato. This is designattd as tho * continuous *
condition, in referenco to the fact that the finito clomont modcl for this caso modols the tubo down

.

to the second TSP tocation. As the tubo is loadod,it moves laterally and rotates within the TSP.
After a finito amount of rotation, tho tube will becomo wodgod with!n the TSP and will no longer
be able to mtato. The second set of boundary conditions, thoroforo, considors the tubo to be fi)ed
at the top TSP location, and is referred 10 as tho *fixoo caso. Continued tubo loading causos tho
tubo to yloid in bonding at the top TSP and eventually a plastic h'ngo develops. This reprosor ;
the third set of boundary conditions, and is referrod to as tho *pinnod" caso,

Using the pressure timo historios from the T/H analysos, lateralloads are calculated for each
tubo longth at cach timo point and the dynamic responso of the tube is calculated. The analysis
shows the continuous set of boundary cond;tions to give the largest TSP loads for the minimum
and medium tubes. For the maximum radius tubo, the fixed condition is found to be most
representativo due to ks increased flexibility and higher tubo rotations at the top TSP Each of
the dynamic solutions results in a force timo history acting on the TSP. Those timc historios
show that the peak respontos do not occur at the samo timo during tho transient. For the
Kewaunoo analysis, however,it is assumed that the maximcm reaction forces occur
simultaneously. Using the results for thoso throo tubes, a TSP load corresponding to tho overall
Mdle is than calculated.

Summarios of the resulting TSP forces for the Inlot break and the Accumulator line break aro

; shown in Tablo 11-1. Based on the plots shown, a bi linear representation is assumed for the
l peak amplitudos as a function of tubo radius. Summarios of the overall TSP forces are provided
i
1
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in Tabios 112 and 113 for the top TSP for the inlet and Accumulator line breaks,
revoetkely. Note that for tubo rows 16, the peak responso is essumod to be constant and equal
to the How 6 response. Shown in Figure 110 is the distribution of TSP load for the inlot break

-

for the top TSP, A summary of the resulting TSP loads for each of the breaks for the top TSP and
for the TSP below the top TSP is provided in Tablo 114.

11.2.2.2 LOCA Shaking Loads
4

Concurront with the rarofaction wave loading during a LOCA, the tubo bundle is subjected to
additional bsnding loads due to the shaking of the steam gonorator caused by the break hydraulics
and reactor coolant loop motion. However, tho resulting tube stresses from this motion are
small compared to those duo to the rarofaction wave induced motion.

To obtain the LOCA induced hydraulic forcing functions, a dynamic blowdown analysis is
performed to obtain the cystem hydraulic forcing functions assumlhg an instantaneous (1.0 msoc
break opening timo) double ended guillotine break. The hydraulic forcing functions aro then
applied,4 ong with the disp!acoment time history of the reactor pressure vessel (obtained from
a separate reactor vessel blowdown analysis), to a system structural model, which includos the
steam generator, the reactor coolant pump and the primary piping. This analysis yloids the limo
history disp!Peements of the steam generator at its upper lateral and lower support nodes. Those
time-hls'ory displacements formulato the forcing functions for obtaining the tube stressos due
to LOCA shaking of the stoam generator.

Past experience has shown that LOCA shaking loads are small when compared to LOCA rarofaction
loads. For this analysis, those loads are obtained from the results of a prior analysis for a Model
D steem genstator. To ovaluate the steam generator responso to LOCA shaking loads, the WECAN
computer code is used along with the seismic analysis model discussed provlously. The steamo

gonorator support olements aru 'omoved, however, because the LOCA system model accounts for
their influenco on the steam generator responso,

,

input to the WECAN mocolis in the form of acceleration timo histories at the tubo /tubosheet
interface. These accolorations are obtained by differentiation of the system modeldisplacement
time histories at this location. Accoloration time histories for all six degroes of froodom are
used. The resulting LOCA shaking loads used for the this analysis are 17.1 kips for TSP 16 and
15.5 kips for TSP 7 for the large break LOCA, and 7.75 kips for all TSP for the minor breaks.
The small break loads are scaled from the large break loads based on a comparison of support
displacements from system analysos for the twe 'ypes of breaks,

11.2.3 Combined Plate Loads

in calculating a combined TSP load, the LOCA rarefaction and LOCA shaking loads are combined
directly, while ito LOCA and SSE loads are combined using the squaro root of the sum of the
squares. The overcil TSP toad is transferrod to the steam generator shell through wedge groups
located at discrete 4 cations around the plate circumforence.

For the Series 51 stcam generators, thoro are six wedge groups located overy 60' around the
plato circumference (soo Figure 117). The distribution of load among wodge groups is

'

approximated as a cosino function among those groups reacting the load, which corresponds to
-

half the wedge groups. Except for the bottom TSP, the wedge groups for each of the TSPs are
located at the same angular location as for the top TSP. Thus. if TSP deformation occurs at the

11 s
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lower plates, the same tubos are affected as foi tho top TSP. For the top TSP, however, tho wodge
groups have a 10 inch width, compared to a 0 inch width for the other platos. This larger wedge
group width distributob tho load over a larger portion of the plato, resuhing in loss plato and
tubo deformation for a given load level. For the bottom TSP, the wedge group width is 0 inches,
and the wodge groups aro rotated 36' relative to the olhor TSPs. The distribution of load among
the various wedge groups for the LOCA load, which can only act in the plano of tho U bond, is
shown in Figuro 118 for TSP 2 7. Although, the wedges are iotated for TSP 1, the rotations
are such that the same load f actors result. For solsmic loads, which can have a random k

orientation, the maximum wedge load is 2/3 of the maximum TSP load,

Summari ) of the f osulting TGP and wodge loads for the inlet and Accumulator line breaks are
provided in Ta5tos 115 and 110, respectively.

11.2.4 Tube Deformation
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11.2.5 Effect on Burst Pressure (SSE + FLB/SLB)
*

Since the tube support plates provide lateral support to tube deformation that may occur during
postulated accident conditions, tube bending stress is Induced at the TSP Intersections.- This
bonding stress is distributed around the circumference of the tube cross section, tension on one
sido and compression on the other side, and is oriented in the axial (along the tube axis)
direction Axlal cracks distributed around the circumference will therefore olther exporlonce
tension stress that tends to close the crack or compressivo stress that tonds to open the crack.
The compress!/e stress has th9 potential then to reduce the burst capabi!Ily of the cracked tube

, ,

,

due to the crack oponing.

l

.

.

i
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11.3 Allowable Leak Rato for Accident Conditions

A calculation has beer ompleted to determine the rnaximum permissible steam generator
primary.to secondary ,eak rate during a steam line break for the Kowaunce steam generators.
Based on a 30 rem thyroid dose at the sito boundary, a leak rato of 260 gpm is dotermined to be
the upper limit for allowable primary to secondary leakage in both loops. The S/G in the intact

i

loop is assumed to have primary to secondary loakage of 150 gpd, which is the maximum value
defined by the proposed 1ochnical specification. Although the loakage in olther loop may be
distributt<d among all toglons of tio tube bundle, the calculation was performod conservativoly
assuming that all the leakago is at TSP locations (above the mixturo level).

Thirty rom was selected as the thyroid dose acceptance critoria based on the guidance of Standard
Review Plan (NUREG 0800) Soction 15.1.5, Appendix A. Only the roloaso of lodino and the
resulting thyrold dose was considered in the loak rato dolormination. Wholo body dosos due to
noblo gas immersion have been dotermined, in other ovaluations, to be considerably loss limiting

,

than the corresponding thyroid doses.

.

The salient assumptions used in the ovaluation are those presented in Kowaunco USAR Soction
14.2.5, with the exception of the iodine partition cootficient assumod for the steam gonorator in
the faulted loop (1.0 vorsus 0,1). The assumptions fc"ow:

initial primary coolant lodine activity 1% fuel dofocts
(

o

(approximately 2.39 pC1/gm of doso equivalent 1131)

initial secondary coolant activity 1.0 pCl/oc of dose equivalent 1 131 (Tech. Spoc. LCO)o
o Steam released to the environment (0 to 2 hours)

from S/G in intact loop = 290,000 lb (pius primary socondary leakago)-

from faultod loop = 99,000 lb + primary secondary leakago-

(the entire initial S/G water mass, does not include foodwater)
o lodine partition coefficients:

S/Gs in intact loop 1.0 for primary to secondary leakage (since leakago is assumod to-

,

be above the mixture level) and 0.1 for steam release
5/G in faulted loop 1.0 due to dry S/G (USAR assumes 0.1)-

o Atmospheric dispersion factor 2.23E 4 soc /cu m
o Thyroid dose conversion factor for 1131 1.48E6 rem /Cl(TID 14844) -

The radioactivity released to the environment due to a main steam line break can be separated -

into two distinct releases: the rotease of the initiallodine activity contained in the secondary
coolant and the release of primary coolant lodino Lctivity that is transferred by tubo leakage.

11 8
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Based on the assumptions stated previously, the release of the activity initia!!y contained lo the I

secondary coolant (2 S/Gs) results in a she boundary thyroid dose of 1pproximately 0.6 rom.
This is independor.t of the leak location.

.

Relative to activity release due to primary.to secondary loakage, the dose contribution from the I

faultod loop S/G of from the intact loop S/G, regardless of the leak location, is approximately
0.09 remtgpm.

4

Because of the S/G tubo uncovery issue that is currently under invostigation, treatment of the
leakage is different doponding on its location. Following a reactor trip, the mixturo level in tho
S/G can drop below the apex of the tubo bundle. For the S/G In the non faulted loop, leakage that
occurs in the tubeshoot region is assumed to mix with the secondary coolant (partition
coefficient associated with steaming is 0.1), whiio the leakage that occurs at a support plate is
conservatively assumed to transfer directly to tr.e environment without mixing or partitioning
sinco the leakage site is assumed to bo above the mixture level. Although loss than 4 foot d the
bundle is expected to be above the mixture lovel, any leakage at a suppor1 plate is conservatively
assumed to be uncovered for the duration of the accident recovery. The S/G in the faultod loop is
assumed to stoam dry (no mlxture level). Hence leakage to this S/G is assumed to transfer
directly to the environment regardless of the location of the leak.

The accidents that are affected by primary to secondary leakago are thoso that includo,10 tho
activity release and offsite dose calculation, modeling of leakage and secondary sto .m release to
the environment. The accidonts addressed in the Kewaunce USAR that result in a secondary steam
release include:

o Excess Heat Removal Due to Foodwater System Malfunction, USAR 14.1.6
o I.oss of Reactor Coolant Flow (locked rotor), USAR 14.1.8-

o Loss of External Electrical Load, USAR 14.1.9
o Loss of AC Power. USAR 14.1.12

*

o Stoam Gonorator Tube Rupture, USAR 14.2.4
o Rupture of Steam Pipe, USAR 14.2.5
o RCC Assembly Ejection, USAR 14.2.6

Of these events, only the tube rupture and steam line break include hn offsite dose analysis
(RCCA ejection states that dosos will be within the 10 CFR 100 guidelino, but no explicit
analysis is presentod).

The reason that the steam line break is generally limiting is bec"use of the assumption that
leakage to the faulted steam generator is assumed to be released directly to *he environment, i.e.,
no mixing with the secondary coolant or partitioning of activity is assumod, since the steam
generator in the faulted loop is subject to dryout. Depending on the elevation of the degradation
(at the tubesheet region versus at a TSP), for other accidents in which there is a seconciary side
steam release there is justification for mixing and iodine partitioning in the sttam generators
following the potentialin!!!al uncovery of tx 10p Of th0 tubc bundle after the reactor trip. Ti.ese
factors, alono with a smaller primary to secondary pressure differential, cignificantly reder:e
the release of lodine to the environment for accidents other than steam lino break.

.

As noted above, mixing and iodine partitioning is dependent upon the elevation of the degradation.
I- For the non-SLB accidents in which there is a secondary side steam release, thoto is

justification for mixing and partitioning if the primary to secondary leakage is at the tubesheet

11 9
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region (below S/G water level). If tho degradation is at a TSP, such that the reactor coolant
leakage could directly got into the steam space, the releaso path (for radioactivity)is assumed to
be direct to the environment, just as it is for the faulted S/G following an SLB.

,

Following the imptomontation of the plugging critoria, tubos are not expocted to burst during
SLB conditionst however, it cannot be assumed that the tubes will not leak. SLB is the bounding
accident condition for which the primary to secondary leakago is to be limited so as to maintain
radiological consequences within acceptablo levels. Thus the potential leakago during an SLB

g

should be kept below the maximum allowable value determined above.

11.4 SLB Leakago Dotorm! nation

A number of tubo intersections with voltago signals that satisfy the proposed critoria will
romain in serv 10e untilinspected and roovaluated at the next refueling outage. Some of those
would have the potential for leakage under SLB conditions as leak rato testing has demonstrated
some potential for leakago under SLB pressures in tubes with vcitage signals less than 3.5 volts.
Therefore, leak rato during SLB conditions is to bo evaluated for the tubos romaining in servico
at each outage. The methodolo; used in the evaluation is a probabilistic approach based on illo
leak rate versus voltage correlation end the population of voltago signals at TSP intersoctions left
in service. Uncertainties in voltage signal, growth allowance and leak rato versus voltage are
accounted for using Monte Carlo techniques. Thus, an end of cyclo voltage population is assessed
(accounting for uncertaintles) for its potential for leakago during a postulated SLB.

A current distribution of number of indications versus voltage signal will bo obtalnud at each
outage similar to those presented in Section 5 for each steam gonorator in Kowauneo. Also, the
most recent chango in vo!! age (voltage growth rato) betwoon the last two inspections will be

,

obtained. The current voltago distribution (cut off at the voltage plugging limit) is then
combined with the voltage growth rato using Monte Carlo techniques to establish an end of cycle -

(EOC) voltage distribution. Uncertainty in tho voltago signals for the c ,rront it'spection is,

accounted for in a statistical manner via the Monte Caric simulations. Finally, the EOC voltago
distribution is ovaluated for leak rato using Monto Carlo techniques and the leak rato versus
voltage relationship glvon in Section 9,7 and in Figuro 9-3.

The method described above has boon applied to the Kowaunco voltago distribution from the 1991
inspection for each steam generator. The methodology utilizes the following data for Kewauneo.

QJqnLCQ _o Dittrib_ { in of Indications

Tne . ei ins action results shown in Figure 5 3 with a voltago cutoff of 3.5 volts definos the
distribt t!or' A indications rotumed to service assum!ng application of the current plugging
criteria.

Eddgr;urrent Uncertaintv

Section 8.8 defir>% R eddy current uncertainty distribution for the voltago amplitudes as 10%
(one standard d Nitfo, with limits of 15% This uncertainty is applied statistically (by

.

Monte Carlo simMW to the above distribution of Indications.
.

11 - 1 0
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Growth Rato

As developed in Section 5.3, an avo' age growth rate of 40% is applied. Figuro 515 shows the
growth rate distribution from the last Kewaunoo oporating cycle. The distutution is provided as*

a cumulativo distribution function for porcentage voltago growth. The Figure 515 growth rates
are given as growth over the last cycle and are multiplied by the ratio of the planned EFPY for
the next cycle to the EFPY for the prior cyclo. This growth rate distribution is randomly

# sampled for the Monte Carlo analyfs and added to the current distribution along with sampling
for eddy current uncertainties to obtain the projected end of cycle distribution. Equal operating
cyclo longths for prior and projected cycles are assumed for the Kowaunoo analysis results given
below.

SLB Leak Rato

The linea * regression fit of Figuro D 3 is used to obtain a leak rate for a projected voltage. A
Monte Carlo soloction is mado at each voltage within the prediction interval described by the
statistical parameters developed in Section 9.7, and summed over the total distribution of

- Indications to obtain the projected totalleakage at SLB conditions for each steam generator.

A maximum expected leak rate for a postulated SLB was dolormined to be 0.1 gpm for Kowaunoo
compared to the 260 ppm allowable. Therofore, the cutoff value of 3.5 volts conservatively
limits the potential for leaksge during SLB and no further restriction would be required.

.
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Table 11.1

Summary of TSP Forces . Top TSP '

Dynamic Timo History Analysis
LOCA Harefaction Pressure Wave loading

%
~

,

.

4

0

e

e

need

11 - 1 2
,



- _ - - . -- . ._ - . _ _ . - . ~ . . - _ . _ . _ _ . _ _ - _ . . . . _ _ . -

Table 11.2

*
Summary of Total TSP Force Top TSP

LOCA Harefaction Pressure Wavo Loading
Steam Generator Inlet Dreak
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Tablo 11.3

Summary of Total TSP Forco. Top TSP *

LOCA Rarefaction Pressure Wave Loading ,

Accumulator Line Dreak
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Table 11 A

Summary of TSP Forces-

LOCA Harefaction Pressure Wavo Loading
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Table 11.5

Summary of Wed e Loads0
Combined LOCA + SSE Loading

Steam Generator intet Dreak
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Tab!e 11.6

Summary of Wedge Loads-

Combined LOCA + SSE Loading
Accumulator Line Dreak
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Table 11.7

Summary of Calculations to Determine Area Under Force / Deflection Curve '

Crush Test No. 2
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Table 11.8

Summary of Number of Deformed Tubes as a Function of Lord'
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Table 11,9

Summary of Number of Deformed Tubes at Wedge Locations .
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Table 11.10

Summary of Number of Deformed Tubes at Wedge Locations-

TSP 2 6
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Table 11,11

Summary of Number of Deformed Tubes at Wedge Locations '
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Table 11.12

Applicability of Test Results to Wedge Locations-
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Table 11,13

Combined Bending and Internel Pressure Burst Tests
,

on Tubes With Through Wall Slots
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12.0 TUBE PLUGGING CRfTERIA FOR ODSCC AT TSPS
*

This section integrates the results obtained from the prior sections to develop the technical basis
for tube plugging criteria for ODSCC at TSPs.

-

12.1 General Approach to Plugging Criteria

The general approach taken to develop the tube plugging criteria for the Kowaunee S/Go includes:

1) Specifying conservative burst correlations based on free span ODSCC under design basis
accident conditions to demonstrate structuralintegrity.

2) Conservatively assuming open crevice conditions to maximize leakage potential.

3) Satisfying the R.G.1.121 structural guidel;nes for tube burst margins by establishing a
conservative structurallimit on voltage amplitude that assures 3 times normal operating
pressure differential for tube burst capability.

4) Satisfying the USAR requirements for allowable leakage under accident conditions by
demonstrating that the dose rate associated with pote.ntialleakage from tubes remaining in
service is a small fraction of 10 CFR 100 limits.

5) including considerations for crack growth and NDE uncertainties in both the structural
assessment and leakage analysis.,

6) Specifying a requirement to perform 100% BC inspection for all hot leg TSP intersections
| and all cold leg intersections down to the lowest cold leg TSP where ODSCC indications have-

'

been identified.

12.2 Test and Field Data Summary

The model boiler test data supporting the plugging criteria were discussed in Sections 8 and 9.
To clarify the application of the laboratory data, the laboratory burst pressure and leak rate data
used for the criteria development are given in Table 12-1. For 7 of the first 13 specimens of
Table 12-1, leak rates were measured twice. After the initial measurements at normal
operating conditions for these specimens, the generally tight model boiler TSP simulants were
removed for supplemental testing. The subsequent eddy current measurements generally showed

! increased values and preceded the SLB leak rate and burst measurements and thus are the
appropriate values for the burst and leakage correlations. Only the second test results are
included in the data base of Table 121.

Field data supporting the criteria are given in Table 6.2 for pulled tube burst pressure / leak
i, rate data, Table 6.3 for occurrences of operating leakage, Figure 6-1 for pulled tube bobbin coil

voltage and depth and Figure 6-4 for typical field inspection data for tubes without operating
leakage. The field data of Tables 6.2/6.3 and Figure 61 are combined in Figure 12-1 with thea

| model boiler data of Tabie 121 to show an integrated data base. Also shown in Figure 12-1 are
1

12- 1
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the data points with leakage under SLB conditions. Onry the data of Tables 6.2 and 12.1 are used
in the voltage versus burst pressure and SLB leak rate correlations. The voltago/ burst
correlation is given in Section 9.6. The SLB leakago c.orrelation and analysis model are developed
in Sections 9.7 and 11.4. These data together with the Kowauneo growth rates given in Section *

5.3 and the NDE uncertaintics developed in Section 8.8 define the data base used to develop the
Kewaunce tube plugging critoria for ODSCC at TSPs.

The actual in service leakage from ODSCC at TSP intersections has been very limited on a world *

wide level. No leakage from CDSCC has boon reported for U.S. plants with nondented tubos. This
experience is consistent with a depth-based repair policy, even if deepor defects cannot be
precluded and may exist. Other countries following a policy similar to that currontly used in the
United States have reported only one leakage event. Th!s event occurred at a Spanish plant and
resulted from a pluggab!e Indication that was missed during the previous outage.

In European countr:os with no repair criteria to prevent through-wall defects at TSP
Intersections, reported leakage events are low, in Belgium, no leakage has been observed at
Plant K-1 (where all 3 steam generators are known to havo been affected by ODSCC for :t romber
of years). A 1990 4eakage event reported for plant E-4 cannot be quantitatively correlateo uh
the two detected leakers at the TSP level because of three leaking tubes attributed to pri' nary
water stress corrosion cracking (PWSCC) in the expansion zones (EZ) of roll transitions, in
France,11 units with ODSCC at TSP intersections have been operating for a significant period
(more than five years for at least two units) without detectable leakage.

This insignificant in-service loaka; e from TSP ODSCC, even when no critoria are set to provent
through wall defects, is likely to result from a combination of the fol|owing factors;

Crack morphology is such that wall penetration is not readily achieved (re:atively longo a

cracks are prevented from leaking by a thin ligament on the ID sido and, even after
penetration, the ID length remains substantially less than the OD length). Also, unbroken
ligaments between the crack faces often tend to restrict the leakage path,

,

The small opening areas of through-wall cracks can get clogged easily by circulatingo

corrosion products, impurities, or precipitates.

The crevice chemistry may block the leak path, either by corrosion product accumulationo

(leading to " packed crevices"), or by tube denting from the corroded TSP.

While this experience indicates that leakage from TSP-ODSCC is not an operational concern,
consideration is given in Section 12.5 to tube leak before-break (LBB) to deal with possible
unanticipated leaks or cracks that might grow at a greater than expected rate and thus challenge
the adequacy of the structural repair limit. Using the LBB methodology to reduce the probabluty
of tube break to a negligible level also addresses the issue of a single large leaker (outsido the
predicated range) during postulated faulted loads.

12.3 Tube Pluggi'ng Criterion for Margins Against Tube Burst
9

The tube plugging criteria are developed to preclude free span tubo burst if it is postulated that
TSP displacement would occut under accident conditions. The plugging limits to provido R.G.

*

1.121 tube burst margins are developed in this section.

12- 2
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12.3.1 Voltage Limit for Structural Requirement

Tube burst test results are given for pulled tubes in Table 6.2 and for modal boiler specimens in
Tables 9.1 and 12.1. The combined field and laboratory burst test results are evaluated ino

Section 9.6 to develop a correlation between bobbin 0o11 voltage and burst pressure. This
correlation was adjusted to account for operating versus test tempeieluie:i end ivt minimum
material properties to obtain a reference, burst pressure correlation at the lower 95%
confidence level. The results given in Section 9.6 show that a bobbin voltage amplitude of [ Ja

-

volts satisfies the R.G.1.121 guidelines that burst pressure capability exceeds 3 times the
normal operating pressure differential across the tube. Thus the structurM requirement for the
tube plugging criteria is a limit of [ ]avolts for the bobbin coil amplitude.

12.3.2 Allowance for NDE Uncertainty

The allowance for NDE uncertainties was developed in Section 8.8 as a 10% uncertainty. The
10% is applied at the voltage limit requiring tube plugging. To apport this uncertalnty, voltage
calibration standards normalized to the reference laboratory standard are utilized for Kewaunee
S/G Inspections applying the plugging criteria of this report.

A probe wear standard may bo used to maintain probe centering capability within the 10%
uncertainty limit as described in Sections 8.4 and 8.8. Preliminary field experience has
indicated some difficulties in applying the wear standard within the physical constraintr, cf the
channel head with the associated limited vertical height where bending of probe leads can
influence probe centering. Pending fu:ther field experience with the probe wear standard, the
NDE uncertainty has been set to 15% for the EC data acquisition guidelines and conservatively
increased to 20% for development of the plugging limits in Section 12.3.4.

t

12.3.3 Allowance for Crack Growth

Voltage growth rates for the Kewaunee S/Gs are developed in Section 5.3 and compared with other
-

L plant data in Figure 612. Growth rates are defined in terms of percent growth per cycle and
are applied at the voltage amplitude requiring tube plugging. The Kewaunee percent growth rates
from historical data are shown to decrease with increasing BOC (beginning of cyc!e) amplitude
while data from a European plant indicates percent growth may be essentially independent of
amplitude, it is thus conservative to assume percentage growth is independent of BOC amplitude

- and to use byerall average growth from Kewaunee operating experience for the growth rate
allowance in the plugging limits.

Table 5.1 summarizes voltage growth rates. For additional margin, the growth rates obtained by
setting negative changes in measured voltages between cycles to zero is applied to obtain plugging
limits. This process conservatively ignores negative fluctuations in voltage growth while
keeping positive fluctuations in the average growth rate calculation. Overall, the more random

. positive and negative fluctuations would be expected to average out to approximately zero in the
average growth.

it is seen from Table 5.1 that zeroing negative growth tends to increase irnplied growth rates by,

!. 5 to 13%. Kewaunee growth rates have decreased since 1987 with an average value over the lastL,
4 cycles of 13.4%. Growth rate over the last operating cycle was 5%.

.

To provide margin for variations in future cycles, an average growth allowance of 40% per cycle

|

12- 3
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is conservatively applied to establish tube plugging limits. Average growth rates are considered
to provide an adequate allowance for growth in satisfying R.G.1.121 structuralguidelines for
burst pressure capability of three times normal operating pressure differential. Per R.G.
1,121, an allowance for NDE uncertalaties is included in developing the tube plugging limit from *

the structural requirement for tube burst as shown below in Section 12.3.4 Allowances for
growth uncertainties are addressed by demonstrating large margins against burst at SLB
conditions as described in Section 12.4.

.

12.3.4 Tube Plugging Critetton

The structural voltage limit must be reduced by the allowances for crack growth and NDE
uncertainty to obtain the voltage limit for tube plugging or repair consistent with R.G.1.121
guidelines for margins against tube rupture. This can be expressed as:

VRL 4 VNDE 4 VCG - VSL (12-1)

where: Vgt - voitage limit for tube repair or plugging,
VNDE. NDE voltage measurement uncertainty,
VCG - voltage growth rate por cycle, and

Vst - voltage structurallimit from the burst pressure
versus BC voltage correlation.

The NDE voltage uncertainty and voltage growth rate terms are provid6d as a percentage of
measured BC voltage (% VNDE and %VCG). Using VRL as the maximum measured BC voltage to be

left in service. VNDE and VCG are:
,

VNDE- VRL x %VNDE/100, and
,

VCG- VRL x %VCG/100.

Using these expressions for VNDE and VCG, Eq. (12-1) can be rewritten as:

VRL- VSL (1 + %VNDE/100 + %VCG/100). (12-2)
/

Values for Vst, %VNDE and %VCG are given in Sections 12.3.1 to 12.3.3 above and are VSL*
1 la volts, %VNDE - 20 and %VCG - 40. Substituting these values into Eq.12 2 gives

VRL- VSL .60 - 3.5 volts (12-3)
/1

An alternate summary of the development of the tube plugging or repair voltage limit is given in
Table 12+2 The criterion for tube plugging is that the measured bobbin coil voltage exceed 3.5
volts. This criterion is applied independent of the bobbin coilindicated crack depth.

For the smaller diameter (680 mil) probe used for the EC testing of a few tubes at Kewaunee, an
NDE uncertainty (%VNDE) of 20% may be used as discussed in Section 8.9. The voltage growth

.

rate (%VCG) of 40% is independent of the probe diameter and hence is applicable to the 680 mil
diameter probe indications. Thus the calculations of Table 12.2 are valid for the smaller

12- 4
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diameter probe. The bobbin coil voltage plugging criterion of 3.5 volts is applicable to both the
720 mil and tne 680 mil diameter probes used in Kewaunee inspections. Use of the 680 mil
diameter probe will be limited to small radius (of U bend) tubes which do not permit passage of

o a 720 mil probe.

12.4 SLB Leakage Evaluation
.

This section describes both margins against tube burst at SLB conditions and anWrA
requirements for demonstrating acceptable SLB leakage, in Section 11.3 it was shun Wt the
bounding accident condition for primary to secondary leakage is the SLB event and t'nat tne
allowable SLB leak limit is 260 gpm.

12.4.1' Margins Against Burst at SLB Conditions

Margins against burst at SLB conditions are demonstrated by considering the throughwall crack
length required for tube burst and by a statistical estimate considering cracks left in service,
growth and the voltage burst correlation.

Burst pressure versus axid crack length data from multiple sources are shown !n Figure 12 2
as taken from EPRI Report NP-6864-L. The methods to perform the burst tests for the upper
figure curves differ in the to:hniques for applying the required pressure for tube burst. In
testing of tubes with througn wall slits [

t-

ja,c. However, recent tests in Belgium have demonstrated that for<

axial cracks, foil reinforcement of seals leads to the same burst pressures as in tests with very
high capacity pumps and no seal whatsoever. This is illustrated in Figure 12 2. The
Westinghouse and British curves do not use any seal reinforcement and lie below the Belgian
burst curve. The burst data without any sealant system fa!!s along the burst curves where seal
reinforcement was used. Therefore it is appropriate to remove the conservatism of the
Westinghouse axial crack burst curve and use the Belgian burst curve. The Belgian burst curve
for 7/8 inch diameter tubing is shown in the upper plot of Figure 12-2. It is seen that a -
throughwall crack length of 0.84 inch is required for burst at SLB conditions. The TSP height is
0.75 inch so that even a uniformly throughwall crack equal to the length of the TSP, which is
extremely unlikely, would not burst under accident conditions.

The probability of tube burst at SLB conditions for a tube left in service at the plugging limit can
be estimated by the product of the probability of the maximum projected EOC (end of cycle)
indication times the probability of tube burst at the maximum projected indication voltage.
Conservative estimates for Kewaunee are given in Table 12 3. It is assumed that an Indication at
the tube plugging limit has the maximum NDE uncertainty with a conservative probability of 0.1
as described in the footnote of Table 12-3. The growth per cycle is taken as the growth found in3

the last inspection (Figure 5-15) at 99% cumulative probability. From Figure 5-14, it is
,

- seen that the large growth rates apply to small voltage indications and could have an even lower
probability of occurring at a voltage corresponding to the plugging limit. Thus the assigned

L
|-
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growth por cycle is also extremely conservative.

The maximum EOC Indications and associated probabilities are obtaineo as the plugging limit
values multiplied by the NDE uncertainty and growth e 3rs. From Table 12 3,it is seen that "

the maximum EOC Indications are less than the Iowa 9.95% confidence bound on iube burst at
SLB conditions 'he conservatively estimated probability for burst at SLB of a tube left in
service at the plugging limit is 5x10 7 cycle. Even assuming 2000 indications per S/G were/
left in service at the plugging limit would conservat}vely result in a 10'3 cycle probability of

,

/
burst at SLB even without including the low probability of an SLB event occurring.

Based on the above deterministic crack length assessment and estimated probabilities, it can be
concluded that burst at SLB would not occur for the plugging limits of this report.

12.4.2 SLB Leakage Analysis

The SLB leakage limit of 260 cpm per S/G was developed in Section 11.3. It is required that an
SLB leakage analysis be performed following each inspection to demonstrate that the potential
SLB leakage for tubes left in service is less than the 260 gpm tirnit.

Laboratory measurements on cracked tubes indicate no significant laakage for tubes with through
wall crack lengths up to about 0.2 inch at normal operating conditions and about 0.15 Inch for
SLB conditions. Typical examples with SLB leakage <1 gpd include Plant A Tubes R4 073
(0.18'TW), and R21 C22 (0.15"TW) and Model Boller Specimens 509-3 (0.16*TW) and
5351 (0.11'TW). With OD to ID crack length ratios > 2 found for ODSCC, tubes with through
wall cracks and measurable leakage even in the laboratory can be expected to have significant
voltage amplitudes. Thus a threshold voltage value can be expected for measurable leakage.

4
For normal operating conditions, the data of Figure 12.1 show: a 6.5 volt model boiler specimen
with opera 6 g leakage; a field leaker at 7.7 volts; no reported field leakage below this 7.7 voit9

leaker including a substantial number of field indications below about 4 volts; and no me&surable '

leakage for the Plant A-2 pulled tube at 2.8 volts. Thus a reasonable judgment is that the voltage
amplitude for the leakage threshold at operating conditions is between 2.8 and 6.5 vo'ts.
Furthermore, there is significant likelihood that the voltage threshold for operating plant
leakage detectability would exceed 6 volts.

For SLB conditions Plant A 2 tube R4 C73 at 2.8 volts had a very smallleak rate of 0.171/hr
while pulled tubes at 2.31 and 1.44 vrM, but not through wall penetration, had no leakage. The
lowest voltage found for a pulled tub e ith a through wall crack (0.0 i inch long) was 1.9 volts
(3/4 Inch diameter tube) and thM tube nad no detectable leakage in the laboratory. These data
indicate that a threshold voltage of about 2.8 volts would result for through wall cracks long
e,mgh to leak at SLB conditions.

This no leakage threshold wmid apply forleakage analysis at EOC conditions. To estimate a BOC
voltage threshold for negligibW EOC leakage, the procedure of Section 12.3 to adjust for NDE
uncertainties and growth car, be applied. Thus the 2.8 volt threshold would be reduced by a
factor of 1.6 to obtain - 1.7 volts as a BOC threshold for negligible SLB leakage. Based on
available data, a bobbin coilleak rate threshold of 1.5 volts is used for Kewaunee applications. '

As discussed in the SLB leakage model discussion of Section 11.4, the leakage threshold of 1.5
volts is not applied when the probabilistic SLB leakage modells used. The 1.5 volt threshold is
used as one consideration to establish a 1.5 voltage limit above which RPC inspections are

12-6



required as notoo'in Section 12.6 below.

The probabilistic SLB leakage model of Section 11.4 combinos an outage distribution of voltage
O indications left in service, NDE uncertainties, the cumulative probability distribution of voltage

growth over the oporating cycto and the leak rato for all indications left in service. The SLB leak
rate versus voltage correlation w!ll be periodically updated as additional data becomes available
to improve the estimated SLB leak rate,

i

if it is found that the potential SLB leakat s for degraded intersections planned to be left in
service exceeos 260 ppm, then additional tubes would be p'ugged to reduce SLB leakage potential
to below 260 ppm. As also noted in Section 11.4 applying the current leakage model to the
distribution of indications found at the last Kowaunce outages would yloid a maximum of 0.1 gpm
per S/G at SLB conditions which is well below the 260 ppm fmit per S/G.-

12.5 Operating Leakage Limit

R.G.1.121 acceptance criteria for establishing operating leakago hmits are based on leak before
break (LBB) consideration such that plant shutdown is initiMed if the leakage associated with the
longest permissible crack is exceeded. The longest permissible crack is the length that providos
a factor of safety of 3 against be sting at normal ope ating pressure differential. As noted above,
a voltage amplitude of [ ja volts for typical ODSCO cracks (,orresponds to meeting this tube
burst requiremont at the lower 95% confidence level on the burst correlation. Attemate crack
morphologies could conospond to [ la volts so that a unique crack longth is not defined by the
burst pressure to voltage correlation. Consequently, typical burst pressure versus through wall
crack length correlations are used below to define the " longest permissible crack" for evaluating
operating leakage limits.,

The CRACKFLO leakage model has been developed for single axlat cracks and compared with leak
rate test results from pulled tube and laboratory specimens. Fatiguo crack and SCC leakage data.

have been used to compare predicted and measured leak rates as shown in Figure 12.3. Generally
good agreement is obtained between calculation and measurement with the spread of the data being
somewhat greater for SCC cracks than for fatigue cracks. Figure 12.4 shows normal operation
leak rates including uncertainties as a function of crack length.

The through wall crack lengths resulting in tube burst at 3 times normal operating pressure
differentials (4590 psi) and SLB conditions (2650 psi) are about [ ja,
respnctively, as shown in Figure 12 2. Nominal leakage ai normal operating conditions for
these crack lengths would range from about [,

ja would cause
| undue restrictions on plant operation and result in unnecessary plaM outages, radiation

exposure and cost of repair. In addition. It is not feasible to enr.ve LBB for all tubes by reducing
the leak rate limit. Crevice deposits, presence of small ligaments and irregular fracture faces
can, in some cases, reduce leak rates such that LBB cannot be ensured for all tubes by lowering

| leak rate limits.

! An operating leak rate of 150 gpd (-0.1 gpm) will be implemented in conjunction with,

| application of the tube plugging criteria. As shown in Figure 12 4, this leakago limit provides
for detection of [

]a Thus, the 150 gpd limit provides for plant shutdown prior to reaching critical crack

| 12 7
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lengths for SLB conditions at leak rates less than a lower 2a confidence level and for 3 times
normal operating pressure differentials at less than nominalleak rates.

The tube plugging limits coupled with 100% inspection at affected TSP locations provide the
principal protection against tube rupture. The 150 gpd leakage limit provides further
protection against tube rupture. In addition, the 150 gpd limit provides the capability for
detecting a rogus crack that might grow at much greater than expected rates and thus provides
additional protection against exceeding SLB leakage limits. I

12.6 Supplemental Requirements for Implementation of the Plugging Criteria

Upon implementation of the tube plugging criterion ind associated limits on operating SLB
leakage, additional requirements as noted in this section are to be implemented.

A ' 30% bobbin coil inspection is required for all hot leg TSP intersections and for cold leg
intersections down to at least the lowest TSP with ODSCC indications. This requirement provides
confidence that all ODSCC indicatons which could contribute to SLB leakage are identified for the
leak rate evaluation, if <100% inrpection is performed below cold leg TSP intersections with
previously identified ODSCC indications, and indications at TSPs are identified, the inspection
must be extended to 100% of the affected TSP or the 50% dep;h limit for tube plugging must bee

applied for all Indications.

An RPC inspection is required to establish that the principal indications can be characterized as
ODSCC. For Kewauneo, the RPC inspection will be performed for all ODSCC indications left in
service that exceed a 1.5 volt bobbin coil amplitude. The RPC results are to be evaluated to
es'ablish that the principalindications can be characterized as ODSCC. As discussed in Section T

8.1, bobbin coli indications <1.5 volt for degradation other than ODSCC are not expected to
impact tube integrity, for potential tebe degradation at Kewaunee. Thus, characterization of the
type of degradation above 1.5 volts by RPC is adequate to determine appropriate plugging limits,

,

if indications other than ODSCC are identified, those indications should be evaluated against a
50% depth requirement for tube plugging. The >1.5 volt bobbin coil amplitude for RPC
inspection also provides a threshold value below which SLB leak 9ge is expected to be negligible as <

noted in Section 12.4. Once an indication cit a TSP is confirmed to be ODSCC, reconfirmation by
RPC Inspection at alternate refueling outages is acceptable.

Branching of cracks in the circumferential direction is acceptable within the tube plugging
criterion. Circumferential branching has been found in ?ulled tubes and mocal boiler specimens.
Examples are summarlzed in Table 12-4. These data t.se if Juded in the voltage / burst
correlation. The branching includes some IGA effects as well as SCC. At the higher voltages (>20
volts) summarized in Table 12 4, the effects of branching and tearing of ligaments between
axial microcracks can be seen m the orientation of the burst crack opening. Even for these
tubes, the burst pressures are comparable to Mst pressures for indications without
circumferential branching. The burst tests tenc o indicate that at very high voltage levels
(model boiler specimens 543-1,543-2 with voltages >100 volts), the branching effects may
result in reduced burst capability compared to uniquely axial cracks. Thus voltage levels much
higher than the plugging limits of this report are required before the circumferential branching
effects influence tube integrity for ODSCC at TSPs. Thus no special inspection techniques are
required to inspett for indications with circumferential branching.

12- 8
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Circumferorit;al cracks at TSPs have only been found in one Westingnouse plant that has
significantly more and lar0er donts .an found in the Kowauneo S/Gs. No circumfor<. .al cracks
have boon found at the TSPs in Kowaunce S/Gs and noni are expected t,asud on operating
exporlonce in other plants. TN RPC Inspections requirod for indications >1.5 volt aro adoquato
to continue to monitor for potential occurron':0 of circumfotontial cracks. RPC resolution is
conrHerod adequate to define separatioa betwoon circumferential and axial cracks, it is not
nor sary to resolvo potential circumfotontial cracks betwoon closely spaced axial cracks since
r:lt. .nferential cracking is not anticipated at Kowaunoo. Any inillalidentification of.

e8 %. mferential cracks by RPC shold be based upon a woli definod cirvumferentialindication as
a trasted to inadoquato RPC resolution. If a well defined circumfor9ntialindication should bo

identified at the TSPs in the Kowaunco S/Gs, guidelinos for RPC Interpretation would be reviewed
at that outage and considerauon glvon to supplomontalllT inspection for resolution of the
degradation modo. Tubos with !dontified circumforentialIndications would be pluggod or
repaired.

12,7 Summcry of Tubo Plugging Critoria

As dovoloped in the sections above, the plugging cr'!oria for ODSCC at 1SPs can bo summarized as
follows:

L&e Pluogina Criterion

Tubes with hobbin collindications exceeding 3.5 voits will be plugged or repaired. This limit is
aps cablo to ODSCC indication; at TSPs from both the 720 mil and the 680 mil diamotor probes.

SLO Lenkace Criterion,

Prodleted ond of cycle SLB Ioak rates from tubos left in servico mus' be loss than 200 gpm for
each S/G, including considorations for NDE uncertainties and ODSCC growth ratos..

IDipection RecujretrJ1013

A 100% bobbin coillnspection shall be performSd for all hot log TSP intor;octions and at: cold
log intersections down to the lowest cold 190 TSP with ODSCC indications.

All tubes with bobbin coil indications >1.5 volts at TSP Intersections shall bo inspected using RPC
probes. The RPC results shall be ova!uated to support ODSCO as tho dominant degradation
mechanism. Indicatk qs at TSPs confirmed to be ODSCC shall bo reinspected by RPC at altomato
refueling outages (once in two outages) for reconfirmation as ODSCC.

Doeratino LeakageJJalm

Plat.t shutdown will be implemer.tod if normal operating leakage excoods 150 gpd per S/G.

Erclusions from Tube Plugoing Criterion

'

Tubes with RPC indications not attributable to ODSCC and circumforentialIndications shall be
evaluated for tubo plugging based on a 50% depth limit..

l 12 9
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Tabla 12.1

Model Doller Spoelmons: Test Dr.ta Summary )
l

Model Dutst Dostructive Exam. idoibt ,130bb!nI1 RPC _ tnak Rnte g L Pross. t ongth inch '*

111 Id20W M % Docth M # Crnrks 11 Op. AP LLBAP 4:1 Max ThmWd'
9

9

.

_.

*

For specimens without throughwall penetration, maximum depth of pormtration is listod.

"
Destructive examination and review of RPC dat , shows that only 1 crack has a signifcant
responso that contrbutus to the bobbin signal.

"*
Tubo not burst tested due to physicallimitation of specimon.

.
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Table 12.2

Tuoe Plugging Limits to Satisfy Structural Requirements

hem .y 1 Bat E

'

Maximum Vohage limit to [ 13 Section 9.6, Figuro 9 2, Burst Pressure |
Satisfy Tube Burst vs. Voltage Correlation 6195%
Structural Requirement confidence levol.

Allowance for NDE 0.7 (20%)(1) Section 8.8 shows development of 10%
Uncer1ainty uncertainty. Inctcased to 15% for EC

data acquisition guidolines pending field
'

orporience with probe wear and
conservatively increased to 20% to
establish tube plugging limits.

Allowance for Crack 1.4 (40%)(1) Section 5.3 Table 5.1 shows average
Growth Between growtNcycle of 13%. Allowance
inspections increased to 40% of Tube Plugging Limit

to provide ocnservativo margin for
variations in futuro cycles.

r l

i
I Tube Plugging Voltage Limft 35 1

~

o Accor'able Limit to Meet
i

Structural Requiromont

|

Note 1. Vohage porcentage allowances for NDE and grow!Ncycle applied to
Tube Plugging Voltago Limit of 3.6 volts.

2

-
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Table 12,3

Estimated Probabill:y of Tubo Durst at SLD Conditions .

.
Vatuq Probability

Indicatbn at Plugginc ,imit 5.5V 1.0

Maxintant NDE Uncertainty 15% <0.1(1)

GrowthCyt.!e Lt 99% Cumulative Probability 80% 0.01
Based on Last Operating Cyclo

Maximum EOC Indication (2) 7,o y <1x10 3

Tube Durst Voltage at t.ower 99.95% Limit 7.9 V 5x10 4
,

Estimated Probability Tube Burst at SLU Conditions <5X10 7 cycle/

f'

.

Notos:

1. From Figure 819, even assuming a worn probo (0.02' wear) the 15%
uncertainty corresponds to >1.5 standara deviations or <10% probability.

2. Obtained as product of indication voltage. NDE uncertainty and growth.

,
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Tablo 12.4

Examplos of Circumferential Branching for ODSCC at TSPs

Durst Pressuro Doctrwe
PlantTube D.C. Voltage Edcdlubts, LLam Fiourgs Cheurtferentint Branching Deicuptbn.

Pulled Tubes
-g-

A 2 R30C46 411 to 413 Numerous rnicrocracAs of axialard
circumf erontlal orientation

A 2;R3104G 41 to 4 2 Minor circumferential branching

01:R4C01 4 3 to 4 4 Short circumf erential cracks with IGA pitches

Model Doller Specimens

528 2 1018 to 10 21 Burst opening ir.cludes circumf erential!y
oriented ligaments

532 1 10 22 to 10 25 Durst opening includes minor circumferential
orientattori

532 2g 10 20 to 10 29 'trogular burst opening involving tearing of
interconnecting ligaments

535 1 10-30 to 10-31 Examplo of minor branching within tube wall,

555 3 10 32 to 10 34 Burst involves irregular pattern with turn
connecting ledges between cracks-- -

!
|

l
,

i

! $
.
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Figure 121. Field and Model Boller Data Base including Leakago Under SLB Conditions
a
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WESTINGHOUSE PROPRIETARY CLASS 2

7/8X0.050" TUBING RT 650F
THRU-WALL AXIRL CRACKS-
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Figure 12 2. Burst Pressure vs. Crack Length
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Figure 12 3. Comparison Detwoon Predicted and Measured Leak Rates
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Figure 12-4. Normal Operating Condnion Leak Rate vs. Axlat Crack Length
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