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1.0 INTRODUCTION

This report provides the technical basis for tube plugging criteria for outside diameter
stress corrosion cracking (ODSCC) at tube support plate (TSP) intersections in the
Farley Units 1 and 2 steam generators (SGs). The recommended plugging criteria are
based upon bobbin collinspectien voltage amplitude which is correlated with tube burst
capability and leakege potential. The recommended criteria are demonstrated to meet the
guidelines of Regulatory Guide 1.121.

The tube plugging criteria sf6 based upon the conservative assumptions that the tube to
TSP crevices are open (negligiblo crevice deposits or TSP corrosion) and that the TSPs
are displaced under accident conditions. The ODSCC generated within the TSPs is thus
assumed to be free span degradation under accident mnditions and the princ! pal
requirement for tube plugging considerations is to provide margins against tube burst
per R.G.1.121. The open crevice assumptin leads to maximum leak rates compared to
packed crevices and also maximtres the potential for TSP displacements under accident
mnditions. Tests performed with inc!pient denting or dented tube intersection show no
or very small leakage such that leakage even under SLB conditions would be negligible,
it is demonstrated, us!ng Farley Unit 1 as an example, that if the crevices are pa$ed as
a consequence of TSP oorrosion or if small tube to TSP gaps are present, TSP
displacements under amident conditions are minimal such that tube burst would be
prevented by the presence of the TSPs. TSP displacement analyses under SLB loads were
also performed for the open crevice assumption and the further conservative assumption
of zero friction at the tube to TSP intersections and also for the TSP wedge to wrapper
interaction. The wedges are installed in the TSP to wrapper gaps to align the TSPs for
tubing of the SGs. While the TSP wedges are pressed into the gap during manufacturing,
the forces are not known and thus the preload or friction force at the TSP to wrapper
interface is not known. It is reasonable to expect that the friction forces at the TSP to
wrapper interface would significantly reduce TSP displacemeras under accident
conditions. However, the analytical results based upon the open crevice /zero friction
assumptions indicate the potential for TSP displacements under SLB conditions such that
prevention of tube rupture cannot be assured for the 51 Series SGs with the applied
analytical assumptions. Thus the requirements for tube burst margins assuming free
span degradation have been applied to develop the tube plugging criteria.

The plugging criteria were developed from testing of laboratory induced ODSCC
specimens, extensive examination of pulled tubes from operating SGs and field
experience for leakage due to indications at TSPs. The recommended criteria represent
conservative criteria based upon EPRI and industry supported development programs
that are continuing toward further refinement of the plugging criteria. Revision 2 of
this report significantly increases the pulled tube data base for the voltage versus burst
pressure correlation compared to the initial release of this report. The increased data|

j- base provides additional support for utillzation of burst pressures at the lower 95%
! confidence level as the basis for the tube plugging limits,

implementation of the tube plugging criteria is supplemented by 100% inspection
requirements at TSP elevations having ODSCC indications, reduced operating leakage
requirements, inspection guidelines to provide consistency in the voltage normalization
and RPC inspection requirements for the larger indications left in service to

1
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characterize the principal degradation mechanism as ODSCC. In addition, it is required
Ithat potential SLB leaktge be calculated for tubes left in service to demonstrate that the

cumulative leakage is less than allowable limits.

Two tubes were pulled from Farley Unit 2 in November,1990 to provide direct
support for these criteria. Testing on these pulled tubes included leak : ate tests, burst
pressure tests and destructive examinations to establish crack morphology. In addition, *

results of prior pulled tube examinations from Farley Units 1 and 2 and other plants
have been used to support the tube plugging criteria.

To provide the technical bases for tube plugging due to ODSCC at TSPs, the following
activities have been performed as documented in this report:

o Summary of Regulatory Requirements against which the recommended plugging
criteria are evaluated - Section 3 i

1

o Review of Farley 1,2 and other plant pulled tube examinations Section 4

o Review of Farley 1,2 eddy current inspection results including historical growth
rate data Section 5

o Review of field experience from pulled tube data and plant leakage occu~ences to
define the field data base which is supplemented by laboratory tests to develop the
plugging criteria - Section 6 -

o Preparation of cracked test specimens for NDE and leak testing in a model boner or
doped steam environment for inducing ODSCC cracks, or by cyclic fatigue to
produce cracks in the test samples - Section 7

o NDE analysis guidelines, measurement uncertainties, and NDE inspection results
for the test specimens based upon defined procedure and clata analysis guidelines
and including sensitivity to: probe manufacturer, open or packed crevices, probe
wear, etc. Section 8

o Burst and leak testing to relate the NDE parameters to burst pressure and SLB leak
rates - Section 9

o Results of test specimen destructive examinations to assess prototyp;cality of
sample tube crack morphology and to characterize test specimen crack s!zes and
depths Section 10

o SLB evaluations to assess TSP displacements ender SLB loads, p! ant requirements
| on SLB leakage limits and a dect~iption of the SLB leakage rnodal- Section 11
!

| o integration of he inspection and burst test results to davelop the tube pluggingt

criteria - Seetion 12

o Descriptien of eddy current data analysic guidelines for c > plication of the plugging
criter'a- Appendix A

i
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o Evaluation cf the pulled tube data from Plant L Appendix B

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

i
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2.0 SUMMARYANDCONCLUSIONS

The report describes the technical support for tube plugging criteria for ODSCC at TSPs
applicable to the Farley Units 1 and 2 SGs, The plugging criteria are based upon use of
bobbin coil inspection voltage amplitudes. These eddy current measurements are
directly correlated to tube integrity issues including tube burst margins and the
potential for tube leakage under postulated accident conditions. Eddy current and leak
rate measurements from pulled tubes and laboratory crad(ed specimens as well as field
data have been used to correlate voltage plugging limits to leakage potential and tube
burst capabl|lty. Regulatory Guide 1.121 for tube integrity guidelines as well as the
General Design Criteria are shown to be satisfied by the tube plugging criteria of this
report.

This section summarizes the tube plugging criteria under Overall Conclusions (Section
2.1) and the key results of the development program under Summary (Section 2.2).

2.1 OverallConclusions

The general approach taken to develop the tube plugging criteria for ODSCC at TSPs
includes:

1) Specifying conservative burst correlations based on free (uncovered) span ODSCC
under accident conditions to demonstrate structural integrity.

2) Conservatively assuming open crevice conditions to maximize leakage potential.

3) Satisfying the R.G.1.121 structural guidelines for tube burst margins by
establishing a conservative structurallimit on voltage ampihude that provides
three times normai operating pressure differential for tube burst capability.

4) Satisfying the FSAR requirements for allowable leakage under accident conditions
by demonstrating that the dose rate associated with potentialleakage from tubes .
remaining in service is a small fraction of 10 CFR 100 timib.

5) including considerations for crack growth and NDE uncertaintles in both the
structural assessment and stb 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.

The resulting tube plugging criteria for ODSCC at TSPs in Farley Units 1 and 2 can be
summarized as follows:

Tube Plucalno Criterion

Tubes with bobbin coilindications exceeding 3.6 volts will be plugged or repaired.

2-1
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SLB Leakate Crherion

Fred:cted SLB leak rates from ODSCC at TSPs for the tubes left in service must be less
,

than 55 gpm for each SG, including considerations for NDE uncertainties and ODSCC
growth rates,

incometion Renoirements * '

A 100% bobbin coil inspection shall be performed for all not leg TSP Intersections and
all cold leg Intersections down to the lowest cold leg TSP " tith ODSCC indcations.

All tubes with bobbin coil indications >1.5 volts at TSP intersections shall be inspected
using RPC probes. The RPC results shall be evaluated to support ODSCO as the dominant
degradation me@anism. Indications at TSPs confirmed to be ODSCC shall be reinspected
by RPC during altemate refueling outages for reconfirmation as ODSCC.

Ooeratina Lankaae Limitt

Plant s:. ,tdown wih ve implemented if normal operating leakage exceeds 150 gpd per SG.

Exclutlant from Tube Pluaalna Criterion

Tubes with RPC Indications not attributable to ODSCC or with circumferential
indications shall be evaluated for tube plugging based on a 40% eddy current indicated -
depth limit.

Although the tube plugging guidelines of R.G.1.121 are used to establish tube plugging
limits, the potential for tube burst at SLB conditions is shown to be negligble based on
both deterministic crack length consideratens and pmbability estimates. The burst
pressure versus crack length correlation utilizing the Belgian burst data (EPRI
NP 6864-L) developed under prototypic flow conditions shows that a through wall
crack length of 0.84 inch is required for tube burst at St.B pressure differentials. This
crack length exceeds the 0.75 inch TSP thickness which bounds the potential crad ..

lengths for ODSCC at TSPs. Consequently, tube burst for ODSCC is essentially precluded
by the cred length limit. More over, an ahomate assessment was performed by Monte
Carlo analyses considering the probabisties menariatad with a Emiting EOC (and of
cycle) voltage including allowances for NDE uncertainties and growth. _This analysis -
shows that an ladication left in service at the tube plugging limit would have a
conditenal probablity of burst at SLB conditloca of ~3x10-5 er cycle. This value

_

p
does not include the probability of an SLB event occuning; hence, the actual burst

3

probability (combined probability of SLB and burst) would be further reduced, in
addition, it is shown that even the smaR degree of tube denting in Farley-1 together with
EC detected TSP corrosion provide tube to TSP contact pressures that prevent TSP '
deplacement under accident conditions. A partial assessment of Farley-2 TSP corrosion
mdcates the Ikelihood that an evaluation, || completed for Farley-2, would also -
demonstrate no TSP displacement. Thus tube burst is not a significant concem for =
application of the plugging limits for ODSCC at TSPsJ The use of free span burst -
pressure criteria to establish tube plugging limits thus leads to very conservative
Plugging limits.

2-2
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2.2 Summary

A summary of the results of this report is provided bebw:

Reculatorv Recuirements

Tube integrity acceptance criteria for SG tubes are defined in Regulatory Guideo

1.121 and General Design Criteria. For tubet with through wall cracks, these
criteria establish guidelines for tube burst margins and operaung leakage limits.
The tube plugging limits of this report are developed to demoristrate that these
guidelines are met,

FSAR accident analyses include tube leak rates utilized to show acceptableo

radiciogical consequences. A limiting accident condition leak rate of 55 gpm per SG
in an SLB event was developed to meet site boundary dosage limits. At eacn outage,
projected potential SLB leak is determined for tubes left in service to demonstrate
satisfaction of the 55 gpm leakage limit.

Pulled Tubes from Fariev SGs

Two tubes pulled from Farley 2 in 1990 and one tube pulled in 1986 (examined ino

1991) have been leak ano burst tested to support the tube plugging critoria. Prior
Farley pulled tubes with significant cracks include one additional tube from Unit 2
and one from Unit 1. These tubes had crack depths exceeding 60% and voltages
ranging from 0.3 to 9.9 volts. Three tubes having voltages ranging from 2.8 to 9.9
volts had short through wallindications. None of these tubes were 6dentifiable as
leakers in service. Nine additional Farley 2 TSP Intersections from 3 tubes were
destructively examined and found to have ins!gnificant (<22% depth) degradation.

Two of the five Farley tubes with significant indications had bobbin co!! amplitudeso

of 2.8 end 9.9 volts, indicated depths of 82% and 86% and through wall crack
lengths of 0.18 and 0.15 inch,'espectively. Laboratory tests showed no significant
leakage (a few drops indistinguishable from test system leakage) at normal
operating conditions. These tubes had very low SLB leak rates of <0.2 L'hr (-1
gpd).

Two of the five Farley tubes at 1.44 and 7.2 volts with bobbin collindicated dopthst

of 68% and 83% had actual crack depths of 78% and 100% (0.02" through wall
crack length), respectively. The tube with the 1,44 volt indication was leak tested
whh no leakage et normal operating and SLB 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.

Free span burst pressures for the Farley pulled tubes exceeded 5900 psi and thuso

exceed Reg. Guide 1.121 guidelines for 3 times normal operating pressure
differentials (4380 psi) on a temperaturo and minimum property adjusted basis,

o A total of 14 TSP intersections from 8 tubes have been examined for TSP
degradation. The tube puils occurred betwenn 1985 and 1990. None of the tube
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exam results show significant IGA involvement with ODSCC being the dominant
degradation mechanism. These results show that IGA has not been an active
corrosion mechanism at TSPs in the Farley SGs and the six year trend indicates that
significant IGA is not expected in future operation.

Pulled Tuben from Other SGsj

i
*;

; o in addition to the 8 tubes pulled from Farley, the overall pulled tube data base _ '

includes 21 pulled tubes with 57 tube to TSP intersections that have both NDE and ,

destructive examination results. The bobbh coilindications for these tubes range
from 0.1 to 3.8 volts with destructive examination depths up to 98%. One tube
with a 1.g voit Indication had a through wall crack 0.01"long. None of these tubes
would be expected to leak even at SLB conditions and all would have free span burst -

- pressures that satisfy Reg. Guide 1.121 acceptance criteria.

o These pulled tubes support no leakage at normal operating or SLB conditions at
voltages up to 3.8 volts, independent of depth, while the Farley tubes indicate no
measurable operating leakage up to about 10 volts and very low leakage at SLB
conditions above 2.8 volts.-

o Overall, the pulled tube data chow multiple, segmented axial crads with short
lengths for the deepest penetrations. Through wall cracks have been identified in 4
tubes but the associated crack lengths are short (<0.18") and have no measurable
leakage at normal operating conditions,

o- Pulled tube examination 'results hk.u.ven reviewed fro!.4 5 plants with more
stnificant IGA involvement than found at the Farley SGs. These results indicate that
the degradation develops as IGA + SCC particularly when maximum IGA depths >

greater than about 25% are fourzi. A large number (>100) of axial 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. Patches of cellular IGA / SCC formed by
combined axial and circumferential orientation of micmcracks are frequently found

'

in pulled tube examinations. ..

o Comparisons of corrosion morphology between tubes have been made
semi quantitavely using comparisons of cracking density, extent of IGA associated -
with the major cracks and extent (depth, width) of IGA involvement.'

Operatino Plant Exoerienes

o To date, only 3 tubes in operating SGs have been identified as pebable tube leakers -
- attributable to ODSCC at TSPs. No leakers for ODSCC at TSPs have been identified in

,

domestic plants. The occurrences were in European plants. These lealdng tubes had
'

bobbin coil indicated depths exceeding 75% and voltage amplitudes of 7.7.13 and i

39 volts. Plant leak rates associated with these tubes cannot be quantitled as other - )
tubes with PWSCC contributed to the total plant leak rates of 63 and 140 gpd i

associated with ODSCC leakers.

2-4
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o Bobbin coilInspectbn results from domestic and European units for tubes with no
klentifiable leakage have been collected to support selection of plugging limits for no
expected operating leakage. These data include indications exceeding 10 volts
amplitude and generally support negligible leakage for ODSCC at TSPs.

,

o Based on voltage versus actual depth trends from pulled tubes, indications witn IGA
and IGNSCC show comparable or higher voltage levels than obtained for SCC with
minor IGA. These data support adequate detectability for IGA and IGA / SCC
degradation using bobbin coilinspections.

o inspection results from French units provide growth trends at BOC (beginning of
cycle) amplitudes higher than those obtained from domestic units. The French data
indicate that percent voltage growth is essentially independant of BOC voltage
amplitude. Farley data, which are at lower BOC amplitudes, show a trend toward
decreasing percent voltage growth with increasing amplitude. For conservatism,
percent voltage growth is assumed to be independent of amptitude to develop the tube
plugging limits.

Farlev Ooeratino Emerlence for ODSCC et TSPs

o Results from prior inspections at Farley Units 1 and 2 were evaluated to develop
growth rates for both voltage amplitudes and indicated depths, This assessment
Indicatec that the ODSCC initiated prior to 1986. Improvements to secondary
chemistry and sludge management have led to progressively decreasing growth rates
since 1987.

o Average growth rates over the last operating cycle in Farley 1 were 0.23 volt and
6% depth. For Farley 2, growth rates were 0.1 voit and <3% depth. Conservative
voltage growth rates over the last operating cycles were 37% for Farley-1 and
29% for Farley 2.

o The eddy current review shows low levels of tube denting in Unit 1 and negligible
tube denting in Unit 2. Denting progression has been negligble in both units for at

,

I least the last three operating cycles. TSP corrosion, Indicating hard magnetite in
t the crevices, was found by oddy current examination at most tube to TSP

intersections in Unit 1 and to a lesser extent in Unit 2.

TSP Disolacement Under SLB Lonek

o The potential for TSP displacement under SLB loading conditions has been evaluated
for open crevices, for small gaps and for corroded TSP conditions of incipient

I denting which leads to contact forces between the tube and the hard magnetite in the
crevices. These evaluations were performed to assess the potential for uncovering
of the ODSCC under SLB conditions,

o With the corroded TSP conditions of the Farley Unit 1 SGs, the maximum SLB loads
on the TSPs are less than the forces resulting from tube to TSP contact pressures.
To support this conclusion, pull tests were performed to determine the force
required to pull the tube from incipient denting and dented crevice conditions.

2-5
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These pull forces per TSP intersection ran0ed from l ]g ounds for incipient .p
denting up to[ ; .. 10 pounds for less than 1 mil dents. These results show that the
ODSCC at TSPs in Farley Unit.1 SGs will continue to be enveloped by the TSPs even
under accident conditions and thus preclude the potential for tube rupture. A -
comparable evaluation was not performed for Farley Unit 2 SGs as the pluggin0
criteria are based upon free span ODSCC under accident conditions.

.

o Analyses for TSP displacements with crevloe Gaps in an St.B event were performed
using finite element, dynamic time history analysis methods. Conservative analysis
assumptions, such as no friction which lonores the_ TSP to wedge to wrapper contact
forces, lead to overestimates of the TSP displacements. Given these assumptions,
analyses for open, as manufactured crevices, indicate potential displacements .
yleiding plastic deformation of some TSPs. For these results, it could not be assured
that the TSPs would envelope the ODSCC at the times of increasing primary to
secondary pressure differentials in an St.B event. Rather than pursuing analytical
refinements of these models, the analyses were performed to reflect the crevice _.

conditions of TSP oorrosion as found by eddy current inspection. ' As noted above, the
incipient denting and dented conditions at TSP intersections prevent TSP -
displacement under SLB conditions. TSP displacement analyses for varying crevice
gaps show that even if the TSP oorrosion reselted in up to [ ]O mil gaps at the most -
limiting plate, the TSP displacements would not uncover the ODSCC.

Preparation of Craded Specimens

o Samples cracked due to ODSCC in model boilers with simulated TSP intersections
~

*

. have been found to produce crack morphologies and leak rates typical of field
; experience. This method of sample preparaten is used for development of the tube

plugging limits,

o Samples prepared in doped steam were found to yield relatively open cracks, with
less prototypic crack morphology and volta 0e amplitudes as well as
non-prototypically high leak rates due to the high hoop stresses applied to cred
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 ateo been used to evaluate the influence of
dented crevices on leak rates. Fatigue cracks were used based upon the capability 4
closely control through wall crad longtta and the reasonably predictable and -
relatively high leak rates associated with fatigue cracks.

-

Non-Destructive Examinatiets (NDE) ~ ^ '

, , ,

o Bobbin coil measurements of laboratory prepared uniform IGA specimens show
volta 0e amplitudes exceeding 1-2 volts for ~30% IGA depth.- These results support
the field data trends indicating IGA and IGNSCC detectability at comparable volta 08 '

'
levels to that found for SCC.
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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 Farley SG inspections.
Probe centering uncertainty has been found to be <5% for "new", unworn probes
based on results of EC tests performed in a horizontal position (orientation) of a .

specimen with EDM notches (notches at the bottom or top)._

o The bobbin coil voltage response for magnetite packed crevices is essentially the
same as 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 dont 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

*

iesting and handling, the indication could be readily detected. These small-
responses, which are masked by environmental factors in operating SGs (as shown -
by pulled tube results) do not impact the serviceability of the SG, as the indications
are small compared to the plugging limits of this report. r

o Voltage calbrations for different ASME standards wore compared against the
laboratory standard used in this program. : Variations up to 18% were identif:od,
Pending incorporation of a voltage verification requirement in ASME standard
certifications, an ASME standard calibrated against the laboratory standard will be
utilized in Farley SG inspections for consistent voltage normalization.

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

the probe centering devices to determine changes in voltage and depth responses
against a 4 hole standard. The test results irdcate that probe wear typical of field
inspections leads to voltage variations of [ }a between the 4 holes staggered
around the tube circumference. To limit uncertainties associated whh probe wear,
a four staggered hole standard win be implemented _in Farley SG inspections.-
Pending additional field experience with the probe wear standard, the NDE
uncertainty for probe wear has been locreased to 15% for the data acquisition

_ -|
guidelines.= if voltage amplitudes hetween a new probe and later measurements for
my of the 4 holes differ by more than [ ' }s, the probe wiu be replaued.

I Eddy current analyst variab lity for bobbi.n coil voltage measurements _was -o
'

evaluated by comparing Farley 1 and Farley 2 measurements batween two
analysts. The voltage difference between analysts was found to be about 10% at
30% cumulative probability. When this uncertainty is combined with the probe
wect uncertainty, an NDE uncertainty of 16% at 90% cumulative probability is
obtained for application to establishing the tube plugging vohage limit.

_

,

i
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o The variables affectirg the voltage / burst correlation can be split into NDE
uncertainties and burst correlation uncertainties, The NDE uncertainty represents
the repeatability of a voltage measurernent and is dominated by probe centering
variations as a resu!t of probe wear. Minimizing the uncertainty on repeatability
of voltage measut ements reduces the spread or uncertainty in the burst correlation.
The romalning voltage measurement uncertainties contribute to th6 burst pressure
correlpilon uncertainty and influence plugging limits through use of the lower 95%
confidence level on the voltage / burst correlation to establish the voltage plugging
limits.

Lenk Rate and Tube Burst Testino

c Leak rates et normal operating and SLB conditions have been measured for 33 model
boiler specimens with voltage levela as high as 137 volts. Overall, the model boiler
data Indicate that [ }9 volt Indicatbns are required for significant (>10 opd)
ope.1 sting leakage,

o Burst pressure tests were performed for 31 model boiler specimens and 29
intersections from 13 pulled tubes. The model boiler 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 min' mum material properties to determine the voltage amplitude

'

that satisfies the R.G.1.121 structural guidel|nes for burst capab!!!!y of 3 times
normal op :ating pressure differentials. The results evaluated at the lower 95%
prediction Interval define a [ _ ja voit amplitude for the structurallimit on tube
burst margins. The burst correl *Jion indicates that a [ ]O volt ODSCC crad
would meet an SLB burst pressure requirement of 2650 psi at the lower 95%
confidence level,

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

o The model boller and pulled tube leak rate measurements have been applied to defina.
a correlation of SLB leak rate to bobbin coil voltage. This correlation including
defined uncertainty levels is used to calculate pctential SLB leakage for tubes
retumed to service following an outage,

o Leak rates for the 3 model boiier tubes tested with magnetite packed crevices that
showed some leakage had increased leak rates after the magnetite was removed from
the crevice,

o Leak rates were also measured (br 11 tubes with incipient denting and dented
conditions, average dent sizes loss than 1 mil and including through wall fatigue
cracks up to 0.7 Irch long. Only [ ]9 of these dented tubes leaked at normal
operating or SLB conditioru even though open crevice leakage for the 0.7 inch
fatigue crads would exceed 1000 gpd. The [

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

28
|

! ,
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o Pull tests were performed to determine the force required to puh tubes from TSPs
with incipient denting and dented crevices. The forces required to initiate tube
displacement exceeded i 10 pounds for tubes with minor denting (> 0.3 mil. 6
volt dent signals). For the tubes with less canting, pull forces of [ )9 pounds
were required.

Scacimen Destrudke Examinations

o Destructive examinations of the model boiler specimens show crack morphologies
typical of the pulled tube experience. Destructive examinations were performed on
model boiler specimens following burst testing to characterize the cracks associated
with typical voltage levels and leak rates,

o Destructive examination of a laboratory induced dent specimen has shown corrosion
product layers that are relatively dense and leakage paths that are highly tortuous
which is consistent with the negligible leakage found for dented tube conditions.

SLB Tube Burst Probability

o The Monte Carlo modal used to calculate distributions of EOC voltages for the SLB
leakage analysis is also used to calculate the probabilfty of tube burst at SLB
conditions. Applying the Monte Carlo model to the last Farley-2 inspection results
gNon in Figure 5-5 yields a SLB tube burst probability of 3x10-5 ased on a 3.6b
volt tubo repair limit.

Tube Pluccina Critedg,

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

expenence and field inspection results have been used to relate bobbin coil voltage
to tube integrity to define tube plugging limits,

o The burst pressure versus voltage correlation defines a voltage of [ lavolts for
, the structurallimit to meet R.G.1.121 burst margins. The voltage structural limit

is reduced by conservative allowances of 20% for NDE uncertaintles and 50% for!

crack growth to obtain a tube plugging limit of 3.6 volts.

o An SLB leakage model is defined for demonstrating that projected SLB leakage from

| tubes left in service is less than the allowable 55 gpm per steam generator. The
'

SLB leakage model is a probabilistic model that combines an inspection determined
distribution for voltage indications, voltage growth rate distributions, eddy current
uncertainties and a leak rate versus voltage formulation to obtain the projected

t cumulative EOC SLB leak rate for all indications left in servloe, if the plugging

| criteria and SLB leakage model are appiled to the le.st Farley 2 Inspection results,
the projected SLB leakage for the end of the next cycle would be a maximum of 0.4'

i gpm per steam generator (at the 90% cumulative probability level),

o RPC inspection for indications above 1.5 volts is required to establish that the more
significant indications are ODSCC. The 1.5 voit threshold for RPC inspection

|
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provides a threshold value below which non-ODSCO indications would be acceptable
for continued operation and SLB leakage is expected to be negligibie. -

o An operating leakage limit of 150 gpd has been estabitshed to provide for detection
of a rogue crack which could leak at much higher SLB leak rates than used in the - r

erheria limits. The 150 gpd limit permits detection of a through wall crack of

about [ la inch for nominal leak rates and about [- la inch for lower 95%
'

_

confidence levelleak rates,

o To enhance consistency of the field EC inspection guidelines with the data base used
' to dev6 lop the plugging limits, the Faricy 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 6.4 volts for
400/100 kHz (support plate - Mix.1) on the fcur 100% ASME holes.

.
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3.0 REGULATORYREQUIREMENTS

3.1' General Design Criteria

Tha two parameter eddy current criteria, which establishes a basis for removing tubes'
from servios experiencing outside diameter stress corrosion cracking (SCC) occurring
at tube support plate elevation intersections in tha Farley (Units 1 and 2) steam

; generatcrs, have been developed to ensurs compilance with the applicable General Design
*

Criteria 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.
y

GDC 2. Dominn Bnele for Protmellan Analnst 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 Deslan Banes. requires that structures, systems, and - ;
components important to safety are designed to accommodate the effects of and to _be
compatible with the environmental conditions associated with normal operation,
maintenance, testing, and postulated accident condition loadings, including
loss-of coolant accidents.

GDC 14. Remeter Coolant Preeenre BonMarv. requ_ ires the reactor coolant pressure
boundary to be designed, fabricated, erected, and tested so as to have an extremely low .
probability of abnormalleakage, of rapidly propagating to failure, and of gross rupture.

GDC 15. Reactor Coolant System Danlon. requires the reactor coolant system and :
associated auxiliary, control, and protechon 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. Franture Prevention of the Ramaler Analant Praeance manMarv. requires that
the reactor coolant pressure t;oundary shall be designed with sufficient margin to ensure
that when stressed under operating, maintenanos, 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. Irienection of the Ramesar Conlant Preeence ann'rwearv. requires that components -
. that are part of the reactor coolant pressure boundary be designed to permit periode
inspection and testing of critical areas to assess their structural and leaktight integrity. -

General Design Criteria 2 and 4 are cnnsidered in Section 3.3 below where the potential
,

for steam generator tube collapse during the combined effects of LOCA + SSE loadings are,

p addressed for the Farley steam generators.

!
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'

3.2 Regulatory Guide 1.121

Ba&around

R.G.1.121, ' Bases for Plugging Degraded PWR Steam Generator Tubes * issued for
comment in August of 1976, describes a inethod soceptable to the NRC staff for meeting - >

GDCs 14,15,31, and 32 by reducint 'he probability and ennsequences of steam -

generator tube rupture through determining the limiting safe conditions of degradation
of steam generator tubing, beyond which tubes with unacceptable cracking, as - >

"

e::tabushed by inservioe_ inspection, should be removed from service by plugging. :The
recommended plugging criteria for the tube support plate elevation OD SCC occurring in .

the Farley steam generators may result in tubes with both partial through wal and
through-wall (non leaking) crads being retumed to servios, in the limiting case, the 4

presence of a through-wall crack alone is not reason enough to remove a tube from
.

servios. The regulatory basis for leaving through wall orads in servios in ths Farley
,

(Units 1 and 2) steam generators is provided below.
!

Steam generator ? tube failure" is defined by the NRC within RG 1.83 as the fun -
'

penetration of the primary pressure boundary with auhaaquant tankapa. Consistent with
this definition, upon the implementation of the tube pluggin0 criteria of this report -
known leaking tubes wRI be removed from servios from the Farley steam generators.
Steam generator tube bundle leak tightness will be re-established by conducting 100%
inspection of the S/G tubes. The tube plugging ortteria of this report are established
such that operational leakage is not anticipated.

The NRC defines steam generator tube rupture within RG 1.121 as any perforation of the :
tube pressure boundary accompanied by a flow of fluid olther from the primary to
secondary side of the steam generator or vice versa, depending on the differential :
pressure condition. As stated within the regulatory guide, the rupture of a number of _ ;

single tube wau barriers between primary and secondary fluid has safety consequences
ony if the resulting fluid 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 24,1g76) to provide information to the ASLB on_the plans
for measures to reasonably assure steam generator tube integrity under operatin0
conditions including off nominal and accident condition load!ngs at the Farley plants, the
following definition of lose of steam generator tube integrity was provided. Loss of steam
generator tube integrity means loss of "leaka0e integrity". _ Loss of " leakage integrity" is

. defined as the degree of degradation by a through-war crack penetration of a tube wall
membrane that can adversely affect the margin of safety leadin0 to " tube failure", burst, .

_

or collapse during normal operation and in the event of postulated accidents. Acceptable
- service in terms of tube inten*y Emits the allowable primary to secondary leaka0e
rate during normal oporr.ang conditions, and assures that the consequences of postulated

-q
.

acoldents would be weg within the guidelines of 10CFR100. In order to assure steam j
generator tube ;atogrity is not reduced below,s level saceptable for adequate margins of . _ j
safety, the NF C staff position focused on specifle criteria for limiting conditions of . 1

operation. Thoseinclude:

1. Secondary Water Monhoring

j 2. Primary-to Secondary tubs leaka0e
1
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3. Steam Generator Tube Surveillance
4. Steam Generator Tube Plugging Criteria

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 fallure 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 iess than the leakage rate determined
theoretically or experimentally from the largest single permissble 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 two parameter support plate elevation plugging criteria discussed in this report are
shown to meet all of the necessary acceptance crheria.

3.3 Steam Generator Tube Deformation Discussion

in addressing the combined offects of the LOCA and SSE loadings (as required by GDC 2)
on the steam generator component [

.

}a,

This issue has been addressed for the Farley (Units 1 and 2) steam generators through
the application of leak-before-break principles to the primary loop piping. Alabama
Power Company has performed a datalled leak belose break analysis for Farley Units 1
and 2. Based on the results, it is concluded that the leak before-break methodology (as
permitted by GDC 4) is applicable to the Farley reactor coolant system primary loops
and, thus, the probability of breaks in the primary bop piping is suffciently low that
they need not be considered in the structural design basis of the plant. Excluding breaks

33
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in the RCS primary loops, the LOCA loads from the large branch lines breaks were also
.'

assessed and found to be of insuffelent rnagnitude to result in steam generator tube -
collapse. Utilizing results from recent tests and analysis programs (discussed more
fully in section 11.2),it has also been shown that there will not be any tubes that
undergo permanent deformation where the change in diameter exceeds 0.025 inch.
Although specifc leakage data is not available, it is judged that deformations of this
magnitude will not lead to significant tube leakage. On this basis there will not be any *

tubes that need to be excluded from the APC for reasons of deformation resulting from -
combined LOCA + SSE loading.

,

.
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4.0 PULLED TUBE EXAMINATIONS

4.1 Introduction

The following provides summary information regarding OD originated corres|on at
support plate crevice regions of Alloy 600 tubing pulled from steam generators at
Farley and other plants. The data is presented in support of the development of alternate
plugging criteria. First, pulled tube data from the Farley power plants are reviewed,
followed by data from other plants.

The type of Intergranu!ar corrosion with regard to crack morphology and density
(number, length, depth) of cracks can influence the structurrJ integrity of the tube and
the eddy current respon's of the indications. For support of tube plugging criteria, the
emphasis for destructive examination is placed upon characterizing the morphology
(SCC, IGA invokement), the number of cracks, and characterization of the largest crack
networks with regard to length, depth and remainirg 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 Farley 2 pulled tubes, the pulled tube
evaluations included leak rate and burst pressure measurements for further support of
the Integrity and plugging tim!t evaluations.

4.1.1 Definitions of CD Corrosion Degradation Observed at Support Plate
Crevice Locations

Before the support plate region corrosion degradation can be adequately described, some
key corrosbn morphology terms need to be defined. InterDranular corrosion morphology
can vary from IGA to SCC to combbations of the two. IGA (Intergranular Attack) is
defined as a three dimensional conosion degradation which occurs along grain
boundaries. The radial dimension has a relatkely 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. Figure 41 provides a sketch of these IGA morphologies. As
defined by Westinghouse, the width of the corrosion should be equal to or greater than
the depth of the conosion for the degradation to be classified as IGA. The growth of IGA is
telatively stress independent. IGSCC (Intergranular Stress Corrosion Cracidng) is
defined as a two-dimensional corrosion degradation of grain boundaries that is strongly
stress dependent. lGSCC is typically observed in the axial-radlal plane in steam
generator tubing, but can oo:ur in the circumferential-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. Figure 4 2 provides a sketch of these IGSCO
morphologles. Both of the IGSCC variations can occur with minor to major components
of IGA. The IGA component can occur simply as an IGA base with SCC protruding through
the IGA base or the SCC plane may have a semi three dimensional characteristic. Figure
4 3 provides a sketch of some of the morphologies possible with combinations of IGSCC
and IGA. Based on laboratory corrosion tests, it is believed that the later, SCC
protrusions with significant IGA aspects, grow at rates similar to that of SCC, as opposed
to the slower rates usually associated with IGA. When IGSCC and IGA are both present,
the IGSCC will penetrate throughwall first and provide the leak path.

4-1
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To provide a semi quantitative way of characterizing the amount of IGA associated with a
given crack, the depth of the crack is divided by the width of the IGA as measured at the
mid depth of the crack, creating a ratio DM. Three arbitrary DM categories were
created: minor (DM greater than 20) (all or most PWSCC would be included in this
category if it were being considered in this analysis)1 moderate (DM between 3 and
20)! and significant (DM less than 3) where for a given crat with a DM of 1 or less,

*

the morphology is that of patch IGA.

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 partla!!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) and where these cracks also have significant IGA components,
then the outer surface of the tube (crad origin surface) can form regions with effective
three dimensional IGA. Axlal deformations of the tube may then cause circumferential
openings on the outer surface of the tube within the three dimensional network of IGAt
these networks are sometimes mistakenly referred to as circumferential cracks. The
axial cracks, however, will still be tht deeper and the dominant degradation, as
compared to IGA.

Recognizing all of the gradations between IGA and IGSCC can be difficult, in addition to
observing patch IGA, cellular IGA /SCO has recently been recognized, in cellular
IGA / SCC, the cell walls have IGSCC to IGA characteristics while the interiors of the cells
have nondegraded metal. The cells are usually equiaxial and are typically 25 to 50 mits
in diameter. The cell walls (with Intergranular corrosion) are typically 3 to 10 grains
(1 to 4 mits) thii The thickness and shape of the cell walls do not change substantially
with radial depth Visual examinations or limited combinations of axial and transverse
metallography will not readily distinguish cellular IGA / SCC from e Honsive and closely
spaced axial IGSCC with circumferential ledges linldng axial micrwracks, especia!!y if
moderate to significant IGA components exist in association with the cracking. Radial
metallography is required to definitively recognize cellular IGA / SCC. Cellular IGA / SCC
can cover relatively large regions of a support plate crevice (a large fraction of a tube
quadrant within the crevice region). Figure 4-4 shows an exanspie of ostlular IGA / SCC
from Plant L

A given support plate region can have intergranular corrosion that ranges from IGA!

| through individual IGSCC without IGA components.

As described in Sections 4.2 and 4.3, the Farley SG tubes examined show dominantly SCC,

crack networks with IGA components that vary from minor toiln one case, significant.!

The larger eddy current Indications 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 Lccat'ons

The following presents OD intergranular corrosion data at support plate intersection
locations on steam Generator tubes which have experienced thxugh wall corrosion. The
latest results for the 1990 examination of through wall cracks at the support plate
locations at Farley Unit 2, however, are presented in Section 4.2.
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Farlov Unit 2. Stenne Generator C. Hot Leo Tube R31 C48. Sunoort Plate 1

OD origin, axially oriented, Intergranular stress mrrosion cracks were observed
mnfined entirely within the first support crevice region on hot leg tube R31 C46,
removed in 1986 from Steam Generator C of Farley Unit 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
together, was 032 inch long and was through wall for approximately 0.02 inch. The
morphology of the individual microcracks was branched SCC with moderats IGA
components to the SCC. Figure 4 5 shows a sketch of SEM fractographic results of the
main crack (only the mid to upper poriton of the crack was examined) and a sketch of the
overall crack distrbution observed w!!hin the support plate crevice region. Figure 4 6
shows a sketch of the crack distrbution (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 axial crack next to the main crack), two smaller axial cracks were observed
at other circumferential positions on the half circumference section examined.

Field eddy current probe inspection (in April 1986, just prior to the tube pu!!) of the
first support plate crevice region produced a 6.2 volt,81% deep indication in the
400/100 kHz differential mix data. Vottage renormalization to the calibration
standards of th!s report yields 7.2 volts for this indication.

Plant B.1. Steam Generator C. Hot Leo Tube R4-CB1. Suncort Plate 5

OD origin, axially orientated, intergranular stress corrosion cracks were observed
confined entirely within the fifth support picte crevice region on the hot leg side of tube
R4 C61 from Steam Generator C of Plant B-1. Six axial macrocracks were observed
around the circumference. The largest of these was examined by SEM fractography
without any 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 ledges). Since no metallography was

, performed on the axial cracks, it is not possible to definitively d' ibe the axialcrack
1 morphology at this location. At the eighth support plate region the same tube,

metallography showed that the morphology was that of SCC with a crad depth to IGA
width ratio (DM) of 15. Figure 4-7 summartzes 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 supgrt plate region,
five local areas had circumferential intergranular corrosion. The maximu.n penetration
observed for the circumferenthl cruddng was 46% through wa!!. The morphology of
the circumferential crecking was rnore that of IGA patches than of SCC. Figure 4 8
provides micrographs of relevant cracks showing the morphology of axial and
circumferential cra&s. As stated above, the axla! cracks had a morphology of IGSCC
with a moderate DM ratio of 15 while the circumferential cracking had a morphology
more like that of IGA, with a DM ratio of 1.

. 4-3
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.

Field oddy 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/t00 kHz differential mix.

4.2 Ferley Unit 21990 Tube Pull Results at TSP Locations
.

Hot leg tubes R4 073 and R21 C22 were pulled from Steam Generator B and hot leg - :

tube R38 046 was pulled from Steam Generator C. The sections puiled included the'

first support plate region from each tube. Laboratory NDE, leak and burst testin0, and
destructive examinations were performed. The following summarlzes the data obtained
at the first support plate region of each tube.

NDE Testing

Laboratory oddy current tetthg was performed using 0.720 inch diameter bobbin and
RPC probes. RPC results show3d a main axial ind6 cation within the support plate
crevice region of tube R4 C73. 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 addition 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 axialindication within
its first support plate crevice region. The 0.5 inch long RPC signal was estimated to be -

76 to 81% deep. Tube R384046 had a 90% deep RPC signal that was 0.4 inches long.

Note that this tube was elongated during the tube pu!!. As a consequence of the reduced OD
dimension, a 0,69 inch diameter RPC probe was used.

Laboratory bobbin probe examination of tubes R4 C73 and 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 fin terms of length of tubing previously examined) SFRM Zetec probe in
whid the spacers were less stiff (probe insertion into the tubes was easy). The probes -

. were pulled mechanically throu0h the tubes at speeds similar to those used in the field: "

however, unlike the field situation, the tubes were examined with the tubes positioned
horizontally.- in addition, multiple passes were made with each probe with the spes.|,T,Gn

|. being totated 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 R4-C73, the Echoram probe voltage variation ran0ed 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 C46 was reduced in' diameter during the tube pull, the Zetec 0.72 inch -
diameter bobbin probe could stM 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 produced a 1.4 volt signal -
with aa indicated depth of 68%. This is considered more reliable than the laboratory _ ;

I
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tesult of 4.8 volts and 00% depth. Since the tube pullopened crack netnrks which
were reAdily visible, the larger laboratory voltage is not surprising.

Double wall radiography was performed using four rotations. No crack Indications were
observod or* tube Tt21 C22 but a single axial crack like indcation was observed within
tne fest support plate region of tube R4 C73. The falnt Indication, located near O*, was
0.S Inch inng linu was located entirely within the support plate crev6ce region. These
results imply inat any deep corrosion crads present on the two pulled tubes from
NO.B are vety tight. OD measurements of the pulled tubes from S/G D showed that the
averego diameter of both tubes was 0.6755 loch with a 0.001 inch ovality. No
notictable tube deformation occurred during tube pulling to open any cortcslon cracks,

j lube R38 046 from WG C was noticeably reduced in diameter, The tube had an average
OD of 0.830 Inch within the TSP crevice region. Radiography of tube R38 046 showed
three main locations of crad networks within the TSP crev10e region. The crad

'

networks contain botn axial and circumferentialindications. The circumferential cracks
*

were wide, as would be Orpected for a tube which experienced elongation during the tube
puj.

Ultrasonic testing was also performed on the support plate specimemt. A 0.4 inch long
axini IWication was observed near 330' on tube R21 C22 within the support plate
crevios region. On tube R4 073 a 0.25 inch axialIndication was observed near 30'
within the support plate crevloe region. A shorter and Ialnter axlalindication was also
2torved near 70'. On tube R3C C46 three patches of indications were r ud, crw near
2W*, one near 230', and one near 340'. All were located within the TSP yw!ce alon.

. . kak and Burtt Testins
.

Fofbwing NDil charactertzation, the three nrst support plate tube socibns i es leak
and burst testud. Thu leak tests were performed in two parts. The specimens were first
testd under sltnulat6d normal operating conditions. At a test temperature of 616' F, the
primary side at the specimen was connected by insulated pressure tubing to an autoclave
N intained C a pressure of 2250 psl by bottled nhrogen gas. The specimen was located
b a second autociave maintained at 616' F and a pressure of 750 psi, resulting in a
t'Iterential pressure of 1500 psl. The 750 psl pressure in the second autoclave was
r ulntained by a back pressure regulator (BPR) connected to the autoclave by pressure
tubing. Any water vapor passing through the BPR was then passed through cool;ng colls
immersed in Ice water. The amount of condensed water was measured as a function of
time. Following the initialleak testing, 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 pressurs was r% creased to 400 psl for a
pmssure diffrstentialof 2650 psi.

l.sak test data are presented in Table 4.2. Results from the SLB test are considered,

| reliable. The measured SLB leak rates were [
:

)0 and no leakage for tube R38 046. These
VWues are consider @ly below the maximum leak rate capability of the system,
estimated to be approximately 2 L'hr based on a test with the test specimen removed.

, Results for the normal operating conditions are conskiated te be less accurate. The
.

obsnrved leak ra'.e for tube R4 073 was (,
'

)0 for tube R21022. No Isakage was observed for tube R38 046. These
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rates indLde any overflows from the DPR. Leakage through the DPR was encountered,
especially with the testing of tube R21 C22. The BPR may have contributed to the
entire amount of leakage observed * for the normat operating condition test. Wh!!e this
amount of overflow from the BPR is smallin comparison to the SLB test leak rates, it is
very large in comparison to potential leak rates from the normal operating conditions
test. Consequently, the normst operating condition leak rate at the lower end of potential
leak rates for these spec. mens should be considered zero. The upper value presented, at
least for tube R21 C22, probably indudes significant contributions from the BPR.

Room terrperature burst tests were performed on the two specimens following leak
testing. The specimens were pressurtred with water at a pressurization rate of
approximatuly 1000 psVsec. Typon tubing intamal bladders were inserted into the
spedmens to permit testing with their through wall corrosion crads. No support plate
restraints were placed on the specimens. Consequently, the burst pressures measured
may be somewhat lower than would be observed with the presence of a support plate.

The first support plate region of tube R4 073 burst at [ 19 psl, the first support
plate region of tube R21.C22 burst at | }9 psi, and the first support plate region

of tube R38-C46 burst at [ 10 psl. Table 4.2 presents this data as well as other
burst data characterizing the specimens.

CharnNrtration of the Cerronlon Cracks

Figure 4 9 shows a sketch of the SEM fractographlo observat6ns on the burst fracture
faos of the first support plate region of tube R4 C73. Within the centor of the burst
opening, a 0.42 Irch long OD origin macrocrack was observed. The macroera* was
located at an orientatiun" of 20' and was entirely confined to within the support plate
crevice region. It had only intergranular corrosion features. The maaoaack was
composed of four microcracks, all of which had joined together by intergranular
corrosion. The orack was through wall for 0.18 inch. A parallel axial macrocred was
observed near 40'. It was 0.46 ins long and up to 69% through wall. In addition,
numerous short axial cracks were observed at vernous locations within the crevice
region. The depth of these short cracks ranged from minor penetrations to 34% deep
cracks. Figure 4 9 also prwides a sketch estimating the crack distribution within the
support plate crevios reginn as well as a description of the crad morptm'.ogy of the main

Prior to initiation of the leak tests, the specimen ftttings were tested to verify that'

they were leak tight. The fittings were tested by pressurizing the specimens with
500 to 600 psi air and holding the sp6cimens 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 alr. The R21 C22
speolmen dki not leak air bubbles at a pressure of 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, O' faces the steam generator dkider plate and 90* ls

| clockwise of O' when looking in the primary flow (up) direction.
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macrocrack. Agure 410 provides a sketch of the crack dt.tribution and depth within
the conter of the support plate crevice region as determined by metalbgraphy. The
main crad morphology was that of SCC with mocorate IGA components (DM = 4). The
width of |GA surrounding the SCC is estimated to be appoximately 0.012 inch, except at
the OD surface where the width was targor. Other cracks tended to have lees lGA

j oomponents. Figure 411 provides micrographs showing both the main crack
'

rnorphobgy as well as the crack morphology of one of the lesser cracks. The morphology
I of the latter crack, which has been opened wide by tube deformation, is more that of

IGSCC (DM 12).

Route 412 shows a sketch of the SEM fractographic observatbns on the burst fracture
face of the first support plate region of tube R21022. Within the centor of the burst
opening, a 0.60 inch long OD origin macrocrack was observed. The macrocrack was
beated at an orientation of 330' and was entirely confined to within the support plate
crevice region. The corrosbn crack had only intergranular features. The macrocrack
was composed of four microcracks. Three of the micruerac8un were joined by
intergranular corrosion, while the top most microcrad was still separated from the
others by metal. The macrocrack was through wall for approximately 0.15 inch Figure
412 also provides a description of the crack morphology. The crack morphology was
that of SCC with significant IGA components. The width of |GA surrounding the SCC is
estimated to be approxirr.ately 0.030 inch (DM - 1.7). One additional crack was later
observed on the specimen by metalboraphic examination. Figure 413 provides a
sketch of the crack distributbn and depth obsctved by metallography Figure 414
provides micrographs of the cracks. As can be observed the soonndary crack
morphobgy had lesser IGA components (DM .19 to 37).

Figure 415 shows a sketch of the SEM fractographic observatbns on the burst fracture
faos of the first support plate region of tube R38 C46. A 0.37 Irwh long. OD origin,
axlat macrocrack was observed. The intergranular crack was up to 78% through wall
and was contained within the support plate crevice region. The macrocrad was
composed of numerous microcracks which had an unusual spatial distributbn. They had
orientations which ranged from axial to circumferential generating a spider like crad
distribution. It is believed that this local network had a cellular IGA / SCC morphobgy
similar to that on tube R16 C74 from Plant L presented in Figure 4 4. Three other
crevice locations had less deep but significant intergranutar crack distrbutions. Their

i beations are also shown in Figure 415. Roure 416 shows the crack distrbution and'

depth as determined by transverse metallographic examinations. Figure 417 shows
pholumicrographs of cracks in tiansverse sections obtained from within the crevloe
region. The cracks are opened wide by tube deformation. The morphology of the cracks
is that of IGSCC with minor to moderate IGA components (DM = 14 to 28).

4.3 Other Farley Palled Tube Examination Results at TSP Locations

Prior to 1990, Westinghouse examined a total of 10 hot leg support plate intersection
beations on steam generator tubing removed from Farley Unit 2. In 1985 the first
three hot leg support plate regions of tube R34 044 from Steam Generator A were
destructively examined. in 1986 the first support plate region of tube R31046 from
the hot leg side of Steam Generator C was destructively examlaed as deteribed in Section
4.1. In 1989 the first three support plate regions of tubes R16 C50 and R16-C53
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from the hot leg side of Steam Generator C were destructively examined. Of t.ese 10
support plate locations,6 were found to have OD origin Intergranular corrosion, in
additbn, Westinghouse examined in 1990 a support plate region on a tube removed from
Farley Unit 1. This support plate region also had OD origin intergranular corrosion.
The following describes the extent and morphology of the degradation found.

Eg(~gM@ 2.1985 Examination

The first three support plate regions of hot leg tube R34 044 from Steam Generator A
were destructively examined to determine the ortgln of residual eddy current signals left
at the location of the support plates after frequency mixing to eliminate the support
plate signal. No corrosbn degradation was found by destructive oxamination at the three
support plate locations,

rarlov Un!! 2.1986 Framination

The first suppori plate region of hot leg tube R31046 from Steam Generator C was
destructively examined. A 6.16 volt,81% deep eddy wrrent signal was detected in the
!!9td bobbin probe examination using a 400/100 kHz frequency mix. Renormatization
to the standard used in this report yleided 7.2 volts. Destructive examinalbn found a
0.5 inch long masocrack 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 local area penetrating 100% through wall, with a length of 0.02 inch.
The macrocack was composed of a number of axlatly orientated microcracks whbh had
grown together by corrosion. The intergranutar cracking was of OD origin and a number
of shallow crads existed parallel and nearby to the major macrocrack. The morphology
of the cracking was predominately 800, but moderate IGA components (D/W - 3.2) were
also present.

Farlev Unit 2.1989 Ernmination

Two hot leg steam generator tubes from Farley Unit 2, Steam Generator C were examined
to determine the orloin of residual oddy current signals at support place locatbns. The
destructka examination included the suppo t plate crevios regions 13 from tubes
Rt6 C50 and R16 C53.

All six support plate 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, abraslon, and later by chemical cleaning,
the oddy current examination was repeated. No significant change was observed in the
eddy current signals indicating that the residuals were not related to surface deposits. |

Destructive examination of tube R16 C50 found OD origin intergranular oorrosion'

withln the first and second support plate regbns. No corrosion degiadation was found
within the third support plate crevios rogbn. The first support plate region had only an
isolated regbn of minor OD origin, intergranular, axial SCC. The maximum depth of SCC i

was 0.007 inch. The second support plate region from tube R16-050 had experienced
some negligible (no wait thickness change measurable) OD general corrosbn with some
intergranular penetrations. While most of :he tube OD cracking within the TSP crevice

,

|
regions had these features, at one location the Intergranular corrosbn was somewhat

i
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deeper though stil, regarded as minor. At this location 0.2 inch below the support plate
t ^ edge, the penetrations formed two shor1 parallel 1xlal cracks,0.06 inch long and up
to 0.0013 inch deep. Consequently, all three support plate roghns of tube R16 C50 had
no, or only very minor, IGSCC degradation. Figure 418 shows a micrograph of the
largest crack found, that within thu first support plate crevice regbn. The morphology
is that of IGSCC with only minor to moderate lGA components.

Destructive eramination of tut >e R16 C53 found OD origin intergranular corrosion
within all three support plate regbns. The first support plate region of tube R16 C53
had numerous OD origin, intergranular, axlal stress corrosion cracks, but the depth of
cracking was shalbw (0.0055 inch maximum depth). At the second support plate of
tube R16 C53, axlat intergranular stress corrosion cracking was found on the tube OD
concentrated near the support plate top edge and to a lessor extent near the support plate
bottom edge. There were dozens of very tight stress corrosion crads beated
discontinuous y around the circumference, but beated 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, axlal
SCC. The maximum depth of degradation was 0.0065 inch. Consequently, the only
support plate region of tube R16 C53 with corrosion oegradation 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 morpholugy of these cracks
ranged from that of IGSCC (Figure 419) to that of |GSCC with significani IGA
components (Figure 4 20).

The 1989 pulled tubes were removed primarily to determine the cause of eddy current
support plate residual signals. Laboratory eddy currant testing showed that the residual
eddy current signals were not caused by surface deposits. Destructive examination also
showed that the residual signals were not caused by corrosion degradation, even though
minor OD or6 pin SCC was present at five of the six support plate locations. For tube
R16 C50 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.

Farlev Unit 1.1989 Pulled Tube Ernminatbn

'

The first suppart plate crevios region of hot leg tube R20-C26 from Steam Generator C
of Parley Unit 1 was destructively examined. Dozens of short, OD origin,intergranular,
axist strew, co' rosion cracks existed within the crevios region and just above the;

crevice region. Most of these cracks were found within two 30' wide axla! bands on
opposite sides of the 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 ers& lng extending from the
bottom ooge to approximately 0.275 inch above the support plate top edge. Within the
crevice region, the deepest crack in the second band of cracks occurred near the support
plate top edge. This crad was 42% through wall. Above the top edge, the depth of
cracking decreased rapidly. At 0.13 inch above the top edge, the deepest crad 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 tocather, cracks up to 0.13
inch long were found. Figure 4 21 sketches the crack distribution found within the
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first support plate crevice region and also provides crad depth data. Floures 4 22 and
4 23 provide photomicrographs of typleal cracks as observed in transverse
mothtbgraphic sections that have been deformed to open cracks. The morphology is that
of |GSCC with minor to moderate IGA components (DM = 17 to 28). Figure 4 24
shows slmllar transverse micrographs, but ones in which not all cracks were opened
during the tube deformation.

Field oddy current inspoetbn (bobbin probe) of the first support plate region revealed
(by initialinterpretatbn) reo corrosion degradatbn. Later analysis suggested a very
bw voltage (0.2 volts) Indication signal, partially hidden between larger voltage dont
signals. Laboratory bobbin probe inspection produced similar results, with an
Indication voltage of 0.4 volts within the overall 7 volt dont signal. The phase angle of
the indication component, within the overall dont signal, suggested a 61% deep

'.

Indication. RPC testing revealed many Indicatbns confined to within the crevios region.

4.4 IGA and Corrosion Morphology at Support Plate Crevice Locations

A review of available Westinghouse 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 IGSCO previously diteussed in Sections 4.1.2,4.2, and 4.3) present at
support plate crevice beations on steam generator tubing. This review also included
recent data from Plant L tube R12 C8 from Stoam Generator D. Due to its special
interest, the Plaat L tube wl!! be discussed first in detall.

,

4.4.1 IGA and Conotion leorpholgy at Support Plate Crevice Locations at Plant L

Gorrosion Doorndation at the FkgLSumort Plate Realon of Teibe R12 CB

A summary of corrosion observations at the first support plate region of plugged tube
R12 C8 la sa follows. Within the first support plate crevice region of tube M12 C8,
very high densities of axially oriented IGSCC microcracks were observed. Corrosion was
not observed outside of the cruvice region. Th9 nicrocracks had moderate IGA
components associated with them. A good description of ths microcrads would be that of

| |GA fingers, with the depth of the cracks typically being 6 to 18 times the width of the
| IGA associated with the crack. The macrocradt 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 domest!c power plants. For a sken elevation, crack densities of
three to fke hundred individual microcracks could be extrapolated to exist around the
circumference based on metallographic and SEM fractographic date if the maximum local
crack dansity observed extended completely around the circumference. (For tubes
examined by Westinghouse at support plate regions, crack densities of 1 to 24 are most
typleally observed. The highest, suppor1 plate region, crack density previously
observed in tube examinutions by Westinghouse was 20 to 100 at Plant D-2. It has been ;

reported that high crack denstiles of approximately 300 cracks over the circumference ;

of a support plate region have also been observed in some EdF steam generators.) |

Decause of the very high densities of cracks and the IGA associated with the cracks, local
regions sometimes formed effective patches of |GA. (Ahematively, the IGA patches may
have formed independently of the IGSCO.) The depth of these IGA patches was typically
half that of the the maximum depth of crecking penetrating through the IGA patch. The
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largest circumferential length of continuous lGA observed by metallography was 0.05
inch, or approximately 7 degrees, with a maximum depth of 33%. The maximum depth
of IGSCC in the same general region was approximately 85%. Figure 4 25 provides
supporting metallographic data.

Another aspect of the very high density of axlaty orientated microcracks, war the
formation of larger axial macrocracks. (Before this aspect can be considerej, funher
detalls regarding the destructive examination need to be mentioned. The fitst support
plate region was inillally separated circumferentially near the conter of the crevice
region by applying a tensile force axially to the tube. The fracture would have occurred
where the volumetric corrosion degradatbn was deepest. SEM fractography of the
separation showed intergranular corrosion greater than 10% deep over 310 degrees of
the circumfortnce. Table 4.3 presents complete depth data for the corrosion front. Ills
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 g2% doop, via IGSCC, over approximately 20 degrees of the
circumference.) Above this beal region with the deepest corrosion, the tubing was
deformed to open any axial cra$ networks. Many were revealed. One of the deeper
boking ones was broken apart and SEM fractography was performed. A fairfy uniform
crack front was observed from the support plate crevice center to the support plate
crevice top. The front ranged frorn 41 to 55% through wall, with an average depth of
48%. Severalledges were observed in the fractograph where it is balieved that
Individual, axially oriented, microcrads had Johed together to form the macrocrack.
Bebw the support plate center, only metallography was performed. Transverse
metallography (Figure 4 25) revealed the morphobgy of the axlal cracking and lGA in
the form of IGSCC with moderate IGA components and |GA patches at the besos of the
IGSCO. Axlat metallography was performed from the bottom edge of the crevios to the
center of the crevice region, through a region with corrosion. A fairly uniform
corrosion front, approximately 60% through wall, was observed that is similar to that
revealed by SEM fractography above the center of the crevice. From this data it is
conduded that axial macrocred networks existed from the bottom edge of the support
plate crevice regbn to the top edge, with the crack fronts having a fairly uniform depth.

'

Cerrotbn Daarndation at the Second Sunnart Plate Renlon of Toba R12 CB

Metallographic data aval!able from the second support plate crevice region of tube
R12 C8 indicated the presence of approximately 50 axial penetrations around the
circumference. The morphobgy of the penetrations was that of narrow IGA fingers. The
maximum depth of cracking observed was approximately 48% throughwall, in addition
to cracking, patch |GA was also present. ABB (CE) conservatively calculated that the
maximum depth of the intermittently distributed, patch type IGA was 27% throughwall.
Their conservative definition of IGA (corrosion greater than 5 grains wide on a given
crack) produced results that were judged not to be directly relevant to a structural
integrity analysis. Their definition of patch type IGA would include corrosion that

_

*
Altematively, osilular IGA / SCC may have been present in this region, it could
have produce 1 similar SEM fractographic amd metallographic (both axial and
transverse) results.
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would behave as axial cracks rather than as lGA patches that would behave as tubing with
either a thinned wall or beallzed p!tting. Consequently, the data was reexamined using a
definition of IGA judged more relevant to a structural integrity analysis. IGA was
identified where corrosbn associated with two or more separate cracks intersected or,
atternatively, where the corrosbn associated with one crack or area (if no cracking was
present) had a D/W (depth to-width ratio) of one or less.

lUsing this definition, patch IGA was identified at two locations around the drcumference
at one elevatbn within the crevice region and at four beations at a second crevice i

elevation. All patch IGA, that was 10% or more deep, was associated with isolated
regions that were very small in circumferential extent. The maximum depths and their
corresponding circumferential extents were 11% deep and 1 degrco in width for the
first elevation and 12% deep and 1 degree in width for the second elevation. The widest

|
IGA patch was 21 degrees (6% of the circumference) with a maximum depth of 6%. For

i the examined elevations, the largest total circumferential lnvolvement (summation of
the widths of the IGA patches) was 22 degrees (6% of the circumference).

From a structuralintegrity viewpoint, since the IGA patches in the crevice region were
isolated from each other and few in number,11is believed that the IGA patches act more
like a limited number of pits rather than tubing which has experienced general thinning.

Corrotbn Dearndatbn at the Thltd Suncort Plate Rteinn of Tube R12.f3

After burst testing of the third support plate erevice region (burst occurred at 10.500
psi), visual examination revealed numerous, axistly 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 exhting
from the bottom to the top edge of the uevice regbn. Large ledges were frequently
observed between axlatly orientated microcrada.

Transverse metallography showed approximately 85 axial cracks around the
drcumference with a morphotogy of axial IGSCC with moderate IGA aspects. The
maximum depth of corrosion was 55%. In addition to cracking, patch IGA was also
present. ABB (CE) conservatkely calculated that the maximum depth of the
intermittently distributed, patch type IGA was 33% throughwall. Agaln, the data was
reexamined using the definition of IGA judged to be more relevant to a structural
integrity analysis. Patch IGA was identified at seven locations around the circumference
at a mid support plate uevice region elevation. All patch IGA, that was 10% or more
deep, was assodated with isolated regions that were very small in circumferential
extent. The maximum depths and their corresponding circumferential extents were
21% deep and 0.5 degree in width,10% deep and 0.3 degree wide,14% deep and 0.3
degree wide,14% deep and 0.8 degree wide and 17% and 6 degrees wide, in addition, a
number of metallographie grinds were made at the location of the 17% deep and 6 degree
wide IGA patch. Patch lGA was found in two of the three grinds at this location. These IGA
patches were 10% desp and 2 degrees wide and 8% deep and 1.5 degrees wide. For the
mid-crevice region elevation, the total circumferential invoNoment (summation of the
widths of the IGA patches) was 10 degrees (3% of the circumference).
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!

From a structural Integrity viewpoint, since the IGA patches in the uovice region were
iso'ated from each other cnd few in number,11is believed that the IGA patches act more
!!ke a limited nuta.ber of pits rather than tubhg which has experienced general thinning.

Corrotion Dporadatbn of Other Tubes from the Semnd Tube Pull Camonton at Plant L

Preliminary destructke examinatbn of the first, second, and third support plate
regions of tube R29 070 has produced the following results. All three regions had
t.imilar corrosion dogradation. Axlafly oriented IGSCC with only minor to moderate IGA
components wuts present without effect!ve surface IGA (intermittent minor surface IGA,
1 to 2 grains deep, was occasionally pre 6ent) The absence of the effective surface IGA is
in contrast to the results for tubo R12 C8. At a mid support plate elevatbn,2 to 3,5,
and 4 cracks were found distributed around the circumference for the first, second and
third support plate regions, respectNely. The presence of such a small number of
cracks is fypical of support plate cracking at many power plants and is in greal contras!
to the results for tuba R12 C8 from Plant L The burst strengths for the three regions
w:,re 10,400 ps.I,9000 pai, and 10,400 psi, respectively. SEM fractography of the
burst faces showed IGSCC macrocracks, confined to the crevios regions, that were 0.29,
0.62 and 0.45 inch long, respectively. These macrocracks were composed of
microcrads that were separated by ligaments with dimple rupture fractures. The
numbers of such rnicrocracks were 1,12, and 6, respectNely, for the first, second and
third support plata crevice regions.' The maximum spacing between microcrack ledges
with tensile overtoad features was 0.29,0.26 and 0.14 inch, respectively. The
maximum depth of !GSCC observed was 74%, 74%, and 70%, respectkely.

Preliminary destructko examination of the first, second, and third support plate
regions of tub) R30-C64 has produced the following results. All three regions had
sluitar corrosion degradation. Arially oriented IGSCO with only minor to moderate IGA
compononts was preser.t without effectko surface IGA (Intermittent minor surface IGA,
1 to 2 grains ooep, was occasbnally present). The absence of the effectNe surface IGA is
agSin in contrast to the results for tube R12 C8 and is similar to the results for tube
R29 C70. At a mid support plate elevation,29,85, and 30 cracks were found
d'stributed around the circumference for the first, second and third support plate.

regions, respectively. The presence of this moderate number of crads is also typical of
| support plate cracking at many power plants and is in contrast to the resutts for tube
i R12 C8 Irom Plant L, at least for the first support plate region. The burst strengths

for the three regions were 10,500 psi,8800 ps!, and 10,200 psi, respectkely. SEM
fractography of the burst faces showed IGSCC macrocracks, confined to the crevice
regions, that ware 0.74 (0.53)",0.01 and 0.45 inch long, respectively. These

i

| Other ligaments or ledges with intergranular features were also present. In the
*

case of the first support plate region, even though only predominantly
inteaaranular ligaments were observed (i.e., one rn!crocrack . one macrocrack),
three rnicrocracks were effectively present due to the profile of the scallop shaped
crack front.

ABB reported the crack length greatly increased during the burst test during the
"

| burst test and that a corrected length would be 0.53 inch.

4 13
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macrocracks were composed of micro 0 racks that were separated by ligaments with j
'

dimple rupture fractures. The numbers of such microcrais were 12,8, and 6
respectbely, for the first, second and third support p!ste crovice reglens.' The
maximum spacing between microcrack lodges with tonslie overload features was 0.175,
0.28 and 0.12 inch, respectively. The maximum depth of IGSCC observed was 55%,
62%, and 49% respectively.

Corrotlen Dearndstion on Tubot R16-074. R20 C68 and RB.CC8 from S'G.D nnd
Tuben RB Cr.d.pnd R12 C70 from S'G C. from the Third Tubg Pull Camonton at Plant L

Th6 first, second and third suppori plate regions of each of these tubes (except for the
r,0cond support plate region of tube R12 C70) have been burtt tested and SEM
fractography has been performed on the axla!!y oriented burst fracture faces. All
crevbe regions had predominantly (.xlal lGSCC. In addition, nine of the fifteen support
plate crevice regions may have had local areas within the crevice region with some
collular IGA / SCC. The third and fouilh pages of Table 4.4 (which includes summary
corrosion morphology data from many plan's which will be discussed in more detail in
Section 4.4.3) provide further detalls. The probability of cellular |GA/SCO existing is
indicated by the choloe of the adjectives definitely, probably, and possibly. The single
definite observation is based on radial metallography. The other observations are based
on visual observatior s and standard transverse and longitudinal metallography. Pages 3'

and 4 of Table 4.4 also provide deta!!s of the crad densities of these 15 crevice regions
from Plant L (all had moderate to low crack densities), as well as detalls of the extent of
IGA associated with the major cracks (most had only minor IGA components) and the
extent of OD IGA (only three of tho fifteon crevices had IGA, allin the form of a few
isolated IGA patches). The lengths and depths of the burst fraA,es faces and the burst
pressures are provided in Table 4.5.

Further, detalls are presented for the first support plate crevice region on tube
R10-C74 where cellular IGA / SCC was confirmed. SEM fractography on the burst
opening found numerous axlally oriented, OD region, intergtanular microcracks, up to
69% deep. Ignoring shallow and iso',a'.ed crads near the support plate edges, the main
mLcrocrack was 0.56 inches long and averaged 48% deep. Transverse metallography
through the center of the crevice tsvealed 44 axially oriented intergranular cracks,
with minor IGA components. The maxirnum local depth of cracking was approximately
40%. Negliolble uniform IGA (typically 1 to 2 grains deep) was found on most of the OD
(and ID) surface. Several small patches of IGA (maximum depth of 19%) were also
observed.

Axlal metallography revealed what looked like patch IGA that was up to 52% deep, that
was confined to the lower central reglori of the support plate crevice. (This corrosion
was later shown to be cellular IGA / SCC.) in the region near this zone where visual

_

Other ligamems or ledges with intergranular features were also present, in the*

case of the first support plate region, even though only predominantly
| Intergranular ligaments were observed (i.e., one microcrack - one macrocrack),

three microcracks were effectively present due to the profile of the scallop shaped ;

crack front.
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obserwtons revealed a complex mixture of arlal uno circurnferential cracking, in one j

quadrant of the crevice, radial metallography was performed on a 0.5 x g.5 inch section '

of tubing that had been flattened. Cellular IGNSCC was found on one third of the section.
Figures 4 26 and 4 27 show the radial metauvaphy obtained at various radial depths.
Later grinding operations performed on this radial section showed that only axial cracks
existed at a depth of approximately 69%. At present,it is believed that the cellular
IGNSCC was mostly contained in this region and probably was not the dominant
morphobgy at the burst fracture. This data is highlighted since similar corrosion
morphologies may exist at the first support plate region of tube R12 08.

Summarv of Plant L Decradation

All three support plate regions of Plant L plugged tube R12 C8 had multiple axiallGSCC
macrocrack networks from the bottom to the top edge of the crevice. The first support
plate region had the deepest crscking,92% through wall. For the second and third
support pir'.e regions, the maximum crack depths were 48 and 55%, respectNely, in
additio% offectke IGA patches were observed. In the case of the first support plate
creviJ location, the IGA patches occurred in regions with the highest crack densilles.
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 directfy available
regarding the IGA patches, but it was reported by CE that the maximum depths of IGA for
those two support plate regions were 27% and 33%, respectkely. The twenty-one
support plate regions from the other seven pulled Plant L tubes had corrosion more
typical of other plants: a small to moderate number of axial IGSCC, minor to moderate
IGA components to the cracking, and little or no separate IGA (patch IGA). While the
IGSCC on ther.e tubes had IGA components, the appearance was more that of stress
corrosion cracking than that of |GA fingers as was observed at the first support plate
region of tube R12 C8. Finally, cellular IGA / SCC was locally observed at the first
support plate crevice region of tube R16 C74. Cellular IGA / SCC may have also been
present, and even played a major roll, in the corrosion degradation at the first support
plate region of tube R12 C8. Non-confirmed cellular IGA / SCC was also suspected in
beal areas of the crevice regions of anc her eight of the total 24 crevico regions
examined.

4.4.2 Cellular IGNSCC at Plant E 4

EdF steam generator tubes at support plate crevice regions at Plant E-4 have developed
cellular IGA /SCO. The ceUutar IGNSCC is localized in the crevice region such that most
of the crevice region is free of corrosion. The second page of Table 4,4 presents
summary corrosion morphology data available from five crevice regions. The crevios
regions had moderate crack denstiles, moderate IGA components associated with
Individual major cracks, and no significant IGA independent cracking. Burst lests
conducted produced the expected axial opening through complex mixtures of axial,
circumferential and obilque cracks. For the more strongly affected areas, while the
cracking remained multidirectional, there was a predominance of axial cracking.
Figures 4 28 and 4 29 provide radial section photomicrographs through two of the

,

more strongly affected areas showing cellular IGA / SCC at Plant E 4.
1

I
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4.4.3 Comparison of Plant L Support Plate Corrosion to Support Plate Corrosion
at Other Plants

It is difficult to compare conosion morphology from one plant to another since the :

visual, metallographic and SEM fractographic data are frequently not comparable and t

seldom prodde a completa description, it is especially difficult if the person doin0 the
comparison has not directly worked with the raw data since it will not be known if the -

reported data represents typcal or the more spectacular and extreme data. With these ;

cavests, 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 characterization
were utilized. AN three need to be considered to characterize the corrosion. The first
measures cracking density. Since most crackin0 within support plates is axial in
nature, cracking density is usuaNy measured from a transverse metallo0raphic section.
if a complete section is available, the oracking density at the given elevation can be
directly measured. If only a partial sectbn is avaliable, an estimate by extrapolation >

oan be made. Crecking densities were arbitrarily divided into three density categories:
bw (1 to 24 cracks); moderate (25 to 100 cracks); and hl0h (Greater than 100
cracks). Note that since most axial cracking is composed of short microcracks, usually

,

less than 0.05 inches long, a oracking density of say 25 at a given elevation would *

correspond to several hundred microcracks within a suppo4 plate region. The second
way of charactertaing the data involved measurin0 the amount of IGA associated with a
gkon crack. To do this the depth of the crack was divided by the width of the IGA as
measured at the mid4epth of the orack, creating a ratio D/W. A0ain, three arbitrary
D/W categories were created: minor (D/W > 20) (all or most PWSCC would be included
in this ostegory if it were being considered in this analysis); moderate (D/W 3 to 20);
and si nifkant (D/W < 3) where for a given orack with a D/W of 1 or less, the .0
morphology approaches that of patch IGA. The third way of characterizing the data -
involved considering the extent of !GA 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 lGA
Into three categories: negilolble (lGA < 5% deep); moderate (IGA 5 to 10% deep); and
alonificant (IGA greater than 10% deep).

Table 4 A presents a conosion morphology comparison of Plant L support plate region
' '

.

data, similar data imm other plants examined by Westinghouse, and data from -
laboratory cormelon tests conducted in model boilers. With respect to cracking density
at support piste locations, it is obvious that the oracking densities at Plant L for the
first support plate region of tube R12 C8 are considerably hl0her than experienced at,

L other plants examined by Westinghouse. However, similar cracking densities of several
hundred cracks at a gNon support plate elevation are 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 from Plant L are more typloal of other power plants with low to
moderate crack densities. With respect to the amount of IGA associated with the axial
|GSCC, the Plant L data are similar to those at most other plants; moderate IGA

i components are found in association with the axial lGSCC.- With respect to IGA that is '
,

- present to a signifcant extent (i.e., excluding isolated IGA patches), only Plant L (tube
'

R12 08 only) and Plant M 2, among the plants examined by Westinghouse, were found

4 14
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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 anct IGA aspects acsociated 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 cf Plant M 2, the typicallGA morphology
was that of uniform IGA as is shuwn in the 'ower two photomicrographs in Figure 4 30.
The top photomicrograph in Figure 4 30 also shows uniform IGA but with some axial
IGSCC appearing thiough the uniform IGA.

While not examined by Westinghouse, the :ollowing presents data regarding Plant J 1
and Plant N.1. Figure 4 31 and 4 32 show photomicrographs from the first and
second support plate regions of tube RB 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 presonts qualitative morphological data. While there is a slightly lower crack
density, the extent of |GA associated with Individual cracks is similar (moderate D/W
ratios), the extent and depth of IGA is sim!!ar and the origin of the IGA also appears to be
that of cbsely spaced axial IGSCC Interacting near the surface to form local lGA patches,
it is also interesting that the maximum depth of IGA compared to the depth of IGSCC is
similar, typically one third to one half of the IGSCO 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 alsc presents art atiernpt to force
conclusions from the data available to We:,tinghouse. Averaging the data from the three
support plate regions,it is concluded that a corrosion morphology similar to Plant L
(tube R12 C8) and Plant J 1 exists at Plant N 1.

4 17
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Table 4.1

Laboratory Eddy Current Data for Tubes Removed from Farley Unit 2

Results at Bottom TSP Location for All Tubes
*

Examination Tube R4 073 Tube R21022 Tube A38 C.48

RPC Exam AxialIndication with AxlalIndication 0.6 AxlalIndication
faint parallelindication inch bng,76 81% 0.4 inch bng,
20 to 30 degrees away; deep. 90% deep.
0.44 inch Eng,
77 82% dean.

Bobbin Exam

Echoram Indicatbn 86 88% deep; indication 86-87% Use field data
Probe voltage ranged from 34 deep; voltage ranged only: 1.4 volts,

to 4.3 volts depencing on from 9.6 to 11.6 68% deep.
specimen orientation. volts depending on

specimen orientation.

Zetec indicatbn 86-91% deep; indicatbn 86-90%
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.

.

1

.

|

1

i
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Table 4.2

Leak and Burst Data for Tubes Removed from Farley Unit 2

Results at Bottom TSP Location for AllTubes

Test Tube R4 073 Tube R21022 Tube R39 C46

Leak Test

Operating Leak Rate 0 0.3 mVhr 0 a7 mVhr * No Leak
(delta P = 1500 psi)

Steam Une Dreak Rate 174 ml/hr 106 ml/hr No Leak
(delta P = 2650 psi)

Burst Test

Burst Pressuro [ ]9
(psig)

Burst Ductility 5.6 6.8 7.6
(% detta D)

Burst Opening Length 0.459 0.784 0.881
(inches)

Burst Opening Width 0.135(0 0), 0.210 (OD), 0.167
(inches) 0.100 (ID) 0.148 (ID)

,

*

Problems with back pressure regulator increased the measured leak rate.

|

|

|
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Table 4.3"

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

Plant L Tube R12.C8 j
*

Circumfarantla! Location Marlmum Danth of Panatration
(degrees) (%)

0 62
'

10 90-
20 91
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
.a50

' ~ 14 ' '-

260 16
270 14
280 44
200 40

,

300 44
310 18

-320 18 +

330 0-
340 16:
350- -0-

- 4 20
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Table 4.5

Summary Data on Tubes Burst from
Third Tube Pull Campalon at Plant L

,

i

intergranular
Macrocrack

Burst Langth On Maximum Average
Tube / TSP EIAMMIA Burnt Face dad & DADM

(psi) (inch) M) (%)

R8 C60 TSP 1 7500 0.83 98 58
,

R8 066 TSP 2 8750 0.88 75 44

RB-C66 TSP 3 10600 0.50 '53 32

.

RB 069 TSP 1 5900 0.92 98 72

R8 C69 TSP 2 7700 1.00' 88 57

H-C69 TSP 3 9700 0.49 60 51

R12 070 TSP 1 7100 0.92 98 68

M12 C70 TSP 2 9500 0.85* 63 43,

R16 074 TSP 1 8600 0.56 70 58

R16 074 TSP 2 9500 - 0.?? 62 38
.

R16 C74 TSP 3 10400 0.25 51 33

R20 C66 TSP 1 8150 0.60 80 46

R20 C66 TSP 2 8750 0.68 - 58 .47

R20-C66 TSP 3 9300 0.60 58 44 -

.

.

Direct measurement shows that the pre-burst lon0th does not erosed 0.75 inch.*

,

4
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Figure 4 2 Schematic of simple IGSCC and branch IGSCC. ' Note that
b' rat.ch and simple IGSCC are not distinguist able from a
longitudinal metallographic section. From a longitudinal

.

section, they also look sistlar to IGA (See Figure 4,3).
|
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fingers. Note that neither of the above variations can.be
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Sketch of Burst Crack
e

Macrocrack Length = 0.52 inch

Throughwall Length = 0.02 inch

Number of Microcracks = at least 3

Morphology = JGSCC with moderate ICA components

\
'

.

0.?i. enches - SP top-

3

1
0

.ll3
;\
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0.0 inches - SP botton-

0 0180 - 270 ' 0' 900 '1800

~ Sketch of Crack Distribution

,

Figure 4 - 5. Summary of crack distibutJon and morphology observed on the first support. A

plate cravice region of tube R31 C46, Farley Unit 2.
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Figure 4 - 6. Secondary crack distribution and a photomicrograph of one of the cracks in a
transverse metallographic section of the first support plate crevice region
of tube R31-046. The crack morphology is that of IGSCC with maderate IGA
conponents.
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Sketch of Burst Craq.(

Macrocrack Length = 0.4 inch

Throughwall Length = 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) - t

4

0.75 inches - -- SP top

s

f ~5
l

i

/d
,

0.0 inches -- SP bottom-

180 2700 0'I 90 18000 0

Sketch of Crack Distribution-

Figure 4 - 7. Description of OD origin corrosion at the fifth support plate crevice region of
tube R4-C61, Plant B-1
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Figure 4 - 8. Photomicrographs of tube R4-061 corrosion degradation. Top photo shows
axial crack morphology (transverse section) at the eighth support plate
location (no transverse metallography was performed at the fifth support
plate region). Bottom photo shows circumferential crack morphology (axial
section) at fifth support plate region.
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Sketch of Burst Crack

Macrocrack Length = 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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Sketch of Crack Distribution

Figure 4 - 9. Description of OD origin corrosion at the first support plate crevice
region of tube R4 C73.

4 -37

.



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

T

1 A

O' r'

-100%
! .

69%
4

e

\
345 10%

'
185

'

90'

. .

205
.

.

.

. . .
,

..
-

Figure 4 10. ~ Sketch of crack distrbution and depth within the center of the first support
plate intersection in tube R4-C73.
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| Figure 4 - 11. Top photomicrograph is from a transverse section through one half of the main I

burst crack. The crack morphology is that of IGSCC with some IGA

characteristics (width of IGA is 0.006 inch on one side of the crack). Bottom >

micrograph is from a transverse section through a typical crack located neat
the burst crack. The morphology is that of IGSCC with only minor IGA
characteristics. (Note: crack is opened wide by tube deformation).
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Sketch of Burst Crack

Macrocrack Length = 0.50 inches

Throughwall Length = 0.15 inches

Number of Microcracks = 4 (two ligaments with intergranular
featt.res, one with ductilt overload features)

Morphology - Intergranular SCC with significant IGA
characteristics (width of IGA C.030 inches)
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|
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Sketch of Crack Distribution

i

Figure 4 - 12. Description of OD origin corrosion at the first support plate crevice
region of tube R21-C22. j
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L Fhure ~ 4 - 13.- Sketch of crack distrimtion and depth within the first support plate crevice
region in tube R21-C22. .
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Figure 4 - 14. Top micrographs are from-a transverse section through one half of the main
burst crack. The morphology is that of IGSCC whh significant IGA
characteristics (width of IGA is 0.015 inch on one side of the crack). Bottom
micrograph is from a transverse section through the only other crack found
in the crevice region. Its morphology is (note that of IGSCC. (Note: crack has
been opened wide by tube deformation).
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Sketch of Burst Crack

Macrocrack Length = 0.37 inches

Throughwall Length = 0 (78% throughwall)'

Number of Microcracks = numerous (ligaments have intergranular
features)

Morphology = Intergranular SCC with minor IGA features
(Unusual spider-shaped crack distribution)
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Figure 4 - 15. Description of OD origin corrosion at the first support ptate crevice -
region of tubo R38-C46.
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Figure 4 :- 16.' Summary of distrbution and maximum depth of cracks found within the first
support plate crevice region of tube R38-C46.
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Figure 4 - 17. Photmicrographs of a transverse metallographic section through the first I
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of IGSCC with minor IGA characteristics. Mag.100X.

4 -45

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



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

,

.

| I

,

\
, |

|
,

>

I

i

.

: vs. ..

h$ "

h ?h
%?*'"&h>k+fiki%W6$

s
. f uxW%

.:hdMRIE@fR:nn
,

. '

' Ei,

:

, . .. .
. .

1
..

I

|
|

bs i
: s . M.r?%p.M.'?.$&.g,'.?(s 'b' .f? ~.r }k Q*i:')*}s$>hW-.+?4:.. - 3

,

- M;1.%.NC b -.e..~ u ..n.- b; '.sm. W n.p%.Sf.
? .'; *

: w+ n. ,fJmvcQ%r,..%. A-u;
-%. . .

.h.,p.,1 %,.e,.g . , [.;**)ffy.;[$NU C'*.3 p;.- .3.k-
a

.. e,w

.i . #sy %.

C. s3, ,,..c:,'.:. .t.:.;mB:=.$. w~s .,- 4. r;/.;m;.[- ,
.-.n.ep:.. p
cu w..w. x%e

a. 4 v,e . ~ e A .,.v.

,...

: ., .
,e.s vyw a+ :.w.gn: .::,

. . .~ x c . ;;. v;. . ,1.1n :n,. 's s.n
.

'

1 cs ..,...v...,.. . - u..... , # . ..

. #...
s

:..i.... .. .. -*,. .c..4

..

.A . -

.,, , h.; [?.. . ...
A. g.* '

,,.%* g
**.

., , m ,g
t- T. ?, .*

..

;

. p' J :. .; . . .e
.

- -:: , . . .

.

.:c'. :s :.. 3.,. 4 f ..?... .; s - - .. m
.

-

.*
."

' [Y''3[ '' .Y.f.'.[$ :( p e ~ [ *C'. '~'-[f;
<.

* i j
,.. , . . .-:... ..: . - .. .;., ~ - :,,r n,.. .e.

|

|
|

|

,

Figure 4 - 18. Cracks at the OD surtace of Farley.2 tube R16.C50 at the first tube
support plate crevice. Mag.100X.

4 -46

-_ - . - - _ --



h

hihhfk([f hh

'

- - '

:

4$ \ .$dW6. EYE.Y?.. MkfN
fM

IOsW9?y $ w m .(',.' W N. q s$Je s U!*~f |'- N
. u.$a < .-

ws car. ,. Y.5.=. . x.
M.n, ,,'q, uQ.go.c.[ic%% =?.
w,. -. ..%. >>.s; - .ng:a%n .

, .tE:w..,;p'7.GC?Q< 1 d'' [['; 6,,.>",i"0,e- . ,.

~.a :. > u. m., ,.7.1..:r Qy., m. .
4 N , . .q

R f , s r'-4ML #,. 85 iGS'] .> -, . 'd* ,t.
. .- ,%ns

(, i:-"T&h;, Mil i . .F.J .C?.$$#W['Yyy0
- ADC,*

,

| E

|
|

|

hNr :- : i
'

fese-s#e,w;@:,.w' e;.w% 3.d.223%wr
*

+w n g
f .N'.' i m f %;31.t**'f.go$i'r-@k*g ?

gy. . sy .

P.,

hf E'' Wjf$$fNY.- k.''?.

EMp, bbkEMJ'3.4 %6CT|.<WA*cdid!6 ?4d8 M17h'b.8D-tM%bli
.

I

: .

*
. . .e

?.? . *$. h $.||. U ~ k it h & ~ d : ' Y k W.. Ml <x g.. . r y .-sv .

h )e.
- N[h$; $D''.i.'M-7;, kh>

.

n :- b k, ' -MC [xw%,%.d L.

& c ~i&-t=,.y.,.4:: W .:,?.'.; % eg' . QF....w .D.?,fo% y % K.V
:

~ .a.?
.-

-
.. u r "pze : -

.+f.:,'- V p't'f:

N:,M. NWS=|}. . &g..u o **.Cg%.8
\r 2.|~Q -

f t:f - '

.
-

&.'. M 3-QWA f
6A?.eS4L$fd#.Ma./m

J

Figure 4 19. Photomicrographs of a transverse section from the first support plate
crevice region of tube R16 053. Mag.100X.
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: Figure 4 - 25. Transverse optical micrographs obtained just below the circumferential
i fracture at the center of the support plate. The circumferential location is

that where the deepest corrosion was found. The deepest axlal IGSCC is 85%
i through wall and three IGA patches are observed: one 43% through wall and
| 0.015 inch long, one 33% through wall and 0.05 inch long, and one 28%
'

through wall and 0.015 inch long. The axial IGSCC had IGA aspects to
individual cracks. These aspects can be characterized by ratios comparing
the crack length (depth from OD surface) to IGA width at the mide, rack
location.1/W ratios vary from 6 to 18. Plant L, R1208
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Figure 4-28 Radial metallographic section through a portion of the third
support plate crevice region of tube R19-C35 from Plant
E-4. A cellular IGA / SCC structure is observed. The depth
of the section was not specified.
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5.0 FAkLEY EDDY CURRENT INSPECTION RESULTS

5.1 Farley Unit 1, March 1991 inspectbn

The scheduled program of EC Inspections performed at Farley Unit 1 in the 10th
refueling outage included fulliength bobbin probing of 100% of the available tubes.
Supplementalinspoetion was performed with rotating pancake ooit (RPC) probes to
characterize distorted Indications 6dentified at tM TSP elevations. A summary of the
inspection results is oivan in Table 5.1.

The TSP bobbin EC Indications were observed randomly across the tube bundle with SG A
having 194, SG B 135 a v CG C 219. The bobbin Indications were further
characterized using RPL ,M;,oesilf the data tevealed crack tube behavior, then tne tube
was removed from service by plugging.

The total tube plugging during the outsgo was 265, with 97 being plugged for ODSCC
indications tf the support plates,43 for indications at the top of the tubesheet. 70 for
PWSCC in the WEXTEX region, and 49 for U bend PWSCC.

In a manner similar to Unit 2 (see Section D.2 below), prior eddy current data (1908
and 1989 inspections) were icviewed to assess the progression of ODSCC indications at
the TSPs, The results of this ie evaluation show that the rate of progression of ODSCC at

j
'

the suppori plates is very slow. During this re evaluation, porcent through wall !

estimates were made for the distorted indications. Over the last two operating cycles,
the average growths in indicated through wall penetration were 5% in 1988 89 (with a
standard deviation of 16%) and 6% in 1989 91 (with a standard deviation of 24%);
see Figure 5 3.

Histograms depleting the distribution of signal amplitudes for distorted indications for
each SG are given in F6gure 51; Figure 5 2 Illustrates the axial distribution of the
TSP Indications. The dependenco of voltage change on observed ampittude is displayed in
Figure 512 for the data recorded in both the 1989 and 1991 inspections. Voltage
growth rate data are discussed in section 5.3.

.

It may be noted that the growth rates during the tast two cycles have been very small,
both in depth of wall penetration and in bobbin coil amplitude. This is attributable to the
improved secondary systern chemistry operation during the recent cycles. It is believed
that ODSCC inillated as a consequence of the chemistry excursions which occurred during
the 1985 B6 cycle. Inhibiting effects of boric acid treatment and the improved
secondary side chemistry control have resulted in low nucleation rate and reduced
progression of CDSCO. This is reflacted in the very small growth rate of ODSCC observed
at the TSP Intersections.

5.2 Farley Unit 2, October 1990 inspection

The Cycle 7 refueling outage provided the last Farley Unit 2 steam 00nerator inspection
in October,1990. Bobbin probG EC testing was performed fulllength on 100% of the
tubes in service; all TSP Indications greater than 40% in estirnste'! depth of wall
penetratbn at well as all distorted indications of any amplitude were subjected to MRPC
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testing to assist in characterizing the extent and nature of the degradation. Tubes found
to exhbit degradation suggestka of 0D700 were plugged; this resulted in plugging 244
tubes,30 in SG A,64 in SG B and 150 in SG C. Estimation of the growth in tube wall
penetrations during Cycle 7 yieldtd 0.6% for SG A. 2.3% for SG B and 3.6% for SG C.
The composite changes for the three SG's combined was 3.3* In phase angle and ~2.8%
depth of tube wallincrease for the last cycle, based on evaluation of 327 signals. Only
14 of the 327 Indications reported for Farley.2 exceeded 1.75 volts in amplitude.

Along with the Farley.1 data, Table 5.2 displays a breakdown of the EC ind cations
reported for the Farioy 2 SG TSPs in the October 1990 inspection, it is rioted that all
indications a40*/. as well as almost all the distorted indicatbns (208 of 210) were
reported on the hot leg side of the tube bundle. Though 248 of the 308 hot leg indications
reprobed with ths MRPC were verifled to exhbit signs of degradation, the bobbin
amptitude o'"xte signals was below 1,75 volts for at least 94% of them. Figuro 5 4
summarizes no axlat distrbution of the TSP Indications.

'

Figure 5 5 displays the voltage levels recorded for all TSP Indications in Farley 2. A
discussion of voltage growth is given in Section 5.3.

In order to provide a definitive understanding of the Farley 2 historical context
concerning TSP ODSCO, a re evalua' ion of the prior EC tape records hat; been performed i
beginning with each Indication reported in the 10/90 inspection, working back in time i
for these indications while adding in the previously plugged tubes and their prbr tapes;

'

all these records were analyzed using the EC Interpretation guidelines employed in the
field in 10/90, so that a normalized or rationalized data base could be constructed. 1

Growth rates, more correctly change rates, were developed over four oporating cycles !
from 1985 to 1990. The phase angle changes for the four cycles are disdayed in Figure !

5 6, from which it can be seen that only a slight negative shift in average phase angle
has occurred sinos 1985. For conservatism, summing only the negative average phase
shifts since 1985 yleids .7.4' over four cydes, or approximately 6% total growth in |

(quivalent depth of tube wall penetration over that four cycle,5 year time period,

it must be recognl ed that these ;hanges reflect the behavior of tubes which in large part .

were affected by the inhbiting effects of boric acid treatment after 1986. The tubes
plugged in 1986 were those that exhbited an enhanced sensitMty to caustic attad(,
resulting in EC indications greater than th'. plugging limit. However, a second
population of tubes was also affected. The data obtained during the reevaluation
demonstrate that the rate of progression of the EC signals is very slow. Further, the
statistics suggest that the nucleation rate in the presence of boric acid is very small in
short, the tube p;ugging observed can be attrbuted to a fixed population.

5.3 Voltage Growth Rates for Farley SGs

This section summartzes the evaluation of voltage growth rates, including historical
trends, for Farley Units 1 and 2. The growth rate data are utiltzed in Section 12 to
develop the tube plugging limits.

Table 5.4 shows the historical data on voltage growth per cycle for both Farley units.
Percent growth ratus are given as the increase in voltage amplitude over an operating
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cycle relatka to the beginning of cycle amplitude. Average growth is given as the direct
average of all data and as the conservetka average obtained by setting measured negative
growth Changes to Zero in defining th0 average. Also shown are the number of indicalbnn
contributing to the averages and the average voltage amplitudes for allindications. The
standard deviations are also gNon as an Indicator of voltage variability. Hc,vever, as
notod below, the growth distributions are not representative of a normal distribution so
that cumuletko probability distributions are providad for analysas such as SLB leakage
projections that incorporate growth rate uncertainties.

Figures 510 and 511 show scatter plots of paroent growth versus the 800 (beginning
of cycle) amplitudes for the last two operating cycles. Both units show a decrease in
percent growth with increasing amplitude with the weighted averages, shown as solid
I!nes, tending toward negathe values at BOC amplitudes above about 0.75 volt. The
negative growth values typically result from changes in callbf allon stand.trds and
analysis guidelines tecognizing that no major effort was applied to achieve 0:esistency
in voltage evaluations. Negative growth can be assumed to represent 2er:, growth for
determining average growth. This is conservative since the random, negative
fluctuations are ignored while positive fluctuations are retained in computing averages.
The scatter in growth values is much larger at low amplitudes as expected since those
amplitudes are near the detection threshold where measurement accuracy is less |
reliable than for larger indications, j

The data also show a few growth values considerably above the overall trend. Most of
these occur at low BOC amplitudes where modest growth can significantly increase
amplitudes and enhance detectability. Since a relatively large number of Indications are
included in the database, the frequency of the outllers in growth can be considered to be
representatko of the population and conservative when extrapolated to growth trends at
higher voltago levels such as for statistical SLB leak rate analyses. Figures 512 andi

513 show histograms and cumulatke probability curves developed from the data of
Figures 510 and 511. Figures 514 and 515 show the cumulative growth
probability expressed as growth per EFPY and as growth per cycle, respectNely.
Figures 514 and 515 are appropriate for SLB leakage and burst analyses as discussed
in Section 12A. Growth per 6FPY is appropriate if cycle lengths change, while growth
per cycle can be applied if cycle lengths are not varied as is common at Farley. As can be
seen in Figure 515, the groMh trends do not follow a normal distribution at the large
AVs. For this reason, cumulative distrbutions such as Figure 515 are used for the

,

SLB analyces required by the Section 12 repair criteria. Use of standard deviations to
I project growth to EOC conditions would be non-conservative compared to the actual
| cumulativo probability distributions. For example, more than four standard deviations

are required to achieve the large AV tails of the actual distributions of Figure 515.

| The larger growths of Figure 5-15 tend to occur for BOC voltages less than about 1.3
'

volts. The trend for larger growth at icw voltages can be seen in Figures 511 and
512. Upon implementation of the repair criteria of this report including voltage
callbration standards, the voltage growth rates for SLB analyses would be based upon the
larger population of the largest 200 BOC voltages or the EOC voltages within about 1,5
volts of the tube plugging voltage limit.

, Figure 516 shows the historical average growth rate trends for the Farley units,
Shown are the overall average of all data as well as averages for < 0.75 and > 0.75 volt
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BOC amp!'tudes. The data show the st.ong trend for reduced percent growth at higher
amplitudes. For conservatism in establishing the plugging criteria, the overall average
growth rates are used to project growth at higher amplitudes in Sectbn 12 to develop
the voltaDe-based tube plugging limits. Section 6.7 compares voltage growth trends
from other available plant data with the Farley data,

i

5.4 Denting and TSP Corrosion Review

The condition of the Farley steam generator tube support plates with respect to the
incidence of denting has previously been regarded as in the minor, nearly negligible,
category. However, during investigations of the condition of the R20 C26 tube at the
first hot leg TSP (tube cample from Farley.1 taken in October 1989), tne difficulty in
identifying the presence of the 62% ODSCO found in the laboratory from the field EC
Inspection was attrbuted in part to interference from dents. Since the influence of TSP
oorrosion and denting in limiting displacement of the TSP's dunng accident cond!tions
may be substantial, a review of selected portions of the Farley steam generator tube
bundles was undertaken.

Hot leg support plate elevativos in all SG's exhibit only smati numbers of tube
deformation (dent) sJgnals, but examination of the TSP signals at now frequency (10 |
kHz) shows positive effects of corrosion product bulldup in the TSP annull; this effect is |
attributed to magnethe formation whidi accompanies the incipient stage of denting, j
Dent related corrosion as defined in NRC Bulletin 88 02 was evaluated for tubes in '

regions not close to the stay rods. The cold leg portions of the tube bundle show less
influence of the presence of TSP corrosbn, due to the reduced corroslor ratas assock;two
with lower tube temperatures. For example, Figure 5-7 summarizes the results of the
EC review for Farley.1 in the cold legs of the longest tubes of each steam generator.
Table 5.3 displays the data for all regions of SG A.

Thus the existence of TSP oorrosion in the Farley.1 steam generators is confirmed. An
evaluation of TSP oorrosion was also performed for the Fariey 2 SG A as given in Table
5.4. TSP corrosion has been confirmed for this SG and it can reasonably be assumed that
the other cgs in Unit 2 also have similar TSP corrosion.

5.5 RPC Data

Although TSP /ODSCC Indications detected by the bobbin ooil tend to exhibit complex
lissnjous patterns in the Farley steam generators, characterization of the degradation at
these locations with the rotating pancake coil probe (RPC) ohen clarifies the dimensions
and distrbution of the major crack features. A selection of four (4) such RPC
characterizations from each unit are provided in Figures 5 8 and 5-9. For Farley.1
the figure exhibits the data for the pulled tube (SG C: R20 C26) and the tubes plugged
for TSP!ODSCC in November 1989, SG B: R12-03 and SG B: R31.C50; similarly the
Farley 2 examples indude two tubes pulled in November 1990 SG B: R4 073 and
SG B: R21 022 as well as two with large bobbin signal voltages plugged during the same
outage (SG C: R38 C65 and SG C: R40-043).
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Table 5.1

Summary of EC Indications in Last inspection of Farley SGsa

!

SG.A SG B SG-C

E a E a E a
UNIT 1 (MARCH 1991)

Bobbin SIDnals
<20% Depth 0 0 0 1 0 0

'

20 29% 0 0 0 2 0- 1

30 39% 0 0 0 0 0 1
*

40 49% 0 0 0 0 0 0
50 59% 2 0 2 0 0 0
60 69% -2 0 1 0 1 0 i
70 79% 2 0 2 0 1 0 !
80 89% 4 0 0 0 0 0
90 100% 0 0 0 0 0 0
Distorted 180 0 126 0 208 0

'

RPC Results
'

Degradation Verified 72 0 24 0 20 0

Tubes Plugged for
'
i

ODSCC Indication 55 24 16

UNIT 2 (OCTOBER 1990) ,

Bobbin Signsis
<20% Depth 3 2 2 4 1 0 .

20 29% 7 2 0 2 1 1

30 39% 3 2 5 0 4 1

4049%' 1 0 1 0 6 0
50 59% 1 0 4 0 11 0
60-69% 1 0 8 0 17 0
70 79% 4 0 9 0 23 0
80 89% 1 0 4 0- 8 0
90 100% 0 0 0 0 0 0
Distorted 40 0 54 2 114 0

RPf; Results
indications Probed 48 L0 ' 81 2 179 0
Degradation Verified 31 0 66 0 151 0

Tubes Plugged for
ODSCC Indication - 29 64 147

_

,
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Table 5.2

TSP Corrosion Evaluation
Farley.1 Steam Generator A

October 1989

H/C
Regbn Lag., 1 78% _TSE3 ISEd IS25 .TSEA IfiEZ

| Hot | Tubes Examined 9 O t'l 49 49 49 59
Periphery | Leg | % Corroded Crevice L1 N' tab 900 100 100 100 -

Perpendicular | |

to Tubelane | Cold | Tubes Examined 98 70 70 70 70 70 _70 |
| Leg |% Corroded Cravice 10.2 24. ) 11 A 40.0 81.4 97.1 91.4 |

I

Periphery | Hot | Tubes Exarnined 63 63 63 63 63 63 63
at High | Log - | % Corroded Crevice 77.8 83.3 97.2 100 100 100 100
Columns |
Parallel | Cold | Tubes Examined 50 50 50 50 50 50 50 ,

to Tubelane | Leg |% Corroded Crevice 77.8 66.1 100 100 100 100 100 |

Periphery | Hot | Tubes Examined 36 36 36 36 36 36 36
atLow | Leg | % Corroded Crevice 80.9 82.5 92.1 100 100 100 100
Columns |
Parallel | Cold | Tubes Examined 36 36 36 36 36 36 36
to Tubelane | Log |% Corroded Crevice 28.0 66 94 100 100 100 100
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Table 5.3

TSP Corrosl9n Evaluation
Farley 2 Steam Generator A

October 1990

H/C
B22bu .122. ISE1 ISE2 ISE3 ISEA ISE5 ISEfi ISEZ

| Hot | Tubes Esamined 20 20 20 37 60 102 150
Periphery | Leg | % Corroded Crevice 90 95 95 100 95 88.2 94
Perpendicular |
to Tubelane | Cold | Tubes Examined 20 20 20 37 82 90 150

| Leg | % Cortoded Crevice 75 95 95 86.5 72 81.8 90.7

Periphery | Both | Tubes Examined 34 35 36 151 151 163 163
at High | Legs | % Corroded Crevice 79.4 88.6 88.9 96.7 98.7 99.4 89.6
Columns |
Parallel |
to Tubelane |

Periphery | Both | Tubes Examined 37 37 37 66 139 138 143
allow | Leos | % Corroded Crevice 70.3 62.2 59.5 82.5 94.6 93.9 97.3
Columns |
Parallel |
to Tubelane |

57

.- - ... - - . _ - . . . - . . , . . - ,-



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

i

; Table 5.4

Voltage Growth Per Cycle for Farley Units 1 and 2 (1)

Number of Average % GrowtNCycle % a 0 GrowtWCycle
Unit / cvels Indientbnt MQh80g Average Std Dev. Averace Std. Dev.

Farley.1 Cycles

1985 to 1986 123 * 0.45 45% 72 % 50% 67%
1986 to 1988 274 0.48 59% 82% 64 % 77%
1988 to 1989 431 0.62 36% 68 % 43% 61 %

1988 to 1991
1 Entire voltage ran00 499 0.70 33% 51 % 37% 46%

l

VBOC < 0.75 volt 306 0.51 48% 54 % 50% 51 %
'

V80C a 0.75 voit 193 1.01 8% 33% 17% 24 %

Average over last 3 cycles 40% 66 % 46% 61 %

Farley 2 Cycles ;

-|

1986 to 1987 291 0.55 24 % 72% 38% 60%
1987 to 1989 316 0.59 34 % 79 % 45% 70%
1989 to 1991

Entire volta 0e range 326 0.71 15% 68% 29% 58%4

V800 < 0.75 volt 207 0.52 30% 74 % 40% 66%

VBOC a 0.75 voit 119 1.04 13% 45% 10% 32%

Average over last 3 cycles 24 % 74 % 37% 63%

,

blalas

1. Voltage growth percyde determined as (VEOC*VBOC)/ VBOC
,

2. Growth per cycle obtained by conservatively setting volta 0e change (VEOC * VSOC)
to zero if rnessured change is negative.
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j Figure 51
.

I
Distorted Indication Signal Amplitudos in Farley.1 S/Gs (March 1991)
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Figuro 5 2

Axlal Distribution of Distorted indication Signals in Fartcy 1 S/Gs (March 1991)
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; Figure 5 3
i

Average Growth in Depth for Farley.1 S/Gs Over Last 2 Cycles
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Axial Distrbution of TSP Indications in Farley 2 S/Gs (October 1990)
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j Figure 5 5
j

Distribution of TSP Indication Amp!!!udes in Faricy 2 S/Gs (October 1990)
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Figure 5 6

Support Plate Indication Progression in Farley 2 SGs
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Figuro 5 7

Cold Leo TSP Corrosion Assessment in Farley 1
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Figure 5 t

Farley 1 RPC Chara0terization (November 1989)
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Figuro 5 9

Farley.2 RPC Characterization (November 1990)
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Figure 510
,

Scatter Plot of Voltage Growth in Farloy.1 for Last Two Cycles
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Figure 511

,

Scatter Plot of Voltage Growth in Farley 2 for Last Two Cycles
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Figure 512

Histogram and CumulatNo Probab!!lty of Voltage Growth in Fariey.1 for Last Two Cycles
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Figure 613

Histogram and Cumutatke Probabl!!ty of Voltage Growth in Farley 2 for Last Two Cyctos
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Figure 514

Cumulative Probability of Voltage Growth per EFPY for Fariey Units 1 and 2
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Figure 515
~

i Cumulath/e Probabitity of Vohage Growth per Cycle for Farley Unhs 1 and 2 !
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Figure 516
,

Historical Average Voltage Growth Trends in Farley SGs
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6.0 FIELD EXPERIENCE SUMMARY: PWed Tube, Plant Leakage and Inspection Data

Th:s section Identifies the field experience data from operating' SGs that are utilized in
the development of tube plugging criteria for ODSCC at TSPs. The field data utilized
include pulled tube examination results, occurrences of tube leakage for ODSCC
Indicatiuns at support ple.tes and field inspection results for relatively large crad
indications wnh no ider blable leakage.

6.1 Utilization of Fiold Data in Tube Plugging Criteria

Operating SG experience represents the preferred source of data for the plugging
criteria. Where the eval!able operating data are insufficient to fully define plugging
uiteria, data developed from laboratory induced ODSCO specimens were used to
supplement the field dsta base. Table 6.1 summarizes the utilization of field and
laboratory data to develop the tube plugging criteria. The field data utilized for the
plugging criteria are 6dentified in this repor1 section. Sections 7 to 11 describe the
development of the laboratory data. The field and laboratory data are combined in
Sections 9 and 12 to devebp the tube plugging limits.

The overall approach to the tube plugging criteria is based upon establishing that R.G.
1.121 Quidelines are satisfied. ||Is conservatively assumed that the tube to TSP
crevices are open and that the TSPs are displaced under accident conditions such that the
ODSCC generated within the TSPs becomes free span degradation under accident
conditions. Under these assumptions, preventing excessive leakage and tube burst under
SLB conditions is required for plant safety. Tube rupture under normal operating
conditions is prevented by the constraint provided by the drl!Ied hole TSPs with small
tube to TSP clearances (typically - 16 mit diametral clearance for open crevices). For
the plugging criteria, however, the R.G.1.121 criteria for burst margh.s of 3 times
normal operating pressure different!als are applied to define the structural
regulroments against tube rupture,

in addition to providing margins against tube burst, it is necessary to limit SLB leakage
to acceptable levels band on FSAR evaluations for radiological consequences under .

accident conditions. Thus SLB leakage models are required for the plugging criteria in '

addition to tube burst data.

Based on the above cuisiderations and the plugging criteria objective of relating tube
integrity to NDE measurements, the primary data requiremente for the plugging criteria
are the correlation of burst prussure capability and SLB leak ratas with bobbin coil
voltage. For plant operational considerations, it is desirable to mintmlze the potential
for operating leakage to svoid forced outages. Thus an additonal ob}ective is to relate
bobbin coil voltage to operating leakage. The field data of th*s t.ection indicate very low
leakage potential for ODSCC at TSPs even at voltage amplPudes much higher than the

'

plugging limits.

Within the above overall approach, fleid data are ut!!! zed tes follows:

61
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!

A Pulled Tube Data |

The test results for pulled tubes having had leak rate and burst tests performud, such as
! the three Farley.2 tubes, are used directly in supporting the plugging limits. If
I metallographic data on the crad morphology is available but leak / burst tests were not
'

performed, the crack depths and lengths were evaluated to assess the potential for
"

leakage and to estimate burst pressure margins. Howevor, only tubes with measured
burst pressure are used in the voltage / burst pressure corrolation. The pulled tube data
base is discus.vo in Section 6.2.

B. Plant Leakage Experience for ODSCC at TSPs

Domestic and international data for operating leakage within Westinghouse plants was
reviewed for identification of leakers attributable to ODSCC at TSPs. No occurrences of
identifiable leakage due to ODSCC at TSPs were found in domestio units. Three
occurrences were identified in European units. The latter data (Sco 6.3 below) together
with field inspection data are used to assess the potential for operating leakage at
plugging limits that meet tube burst and SLB leakage requirements.

C Field inspection Data for Tubes With No identified Leakage

it is shown in Section 9 that tubes with voltage levels up to about 6 7 volts meet the
requirements for burst pressure margins under free rpan burst conditions. Therefore
field inspection data for indications above and beluw this voltage level, and with no
identified operating leakage, can be used to assess the potential for significard operating
leakage.

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

6.2 Pulled Tube Data Base

The available pulled tube data base for ODSCC at TSPs in Westinghouse SGs includes 23
pulled tubes for which 62 tube to TSP intersections have both NDE and destructive
examination results. This group includes four tubes from Farley 2 and one tube from i

Farley.1 with one Intersection destructively examined for each pulled tube. None of the
1

| 29 pulled tubes have been reported as leakers during plant operation. The crack |
morphologies were reviewed for 1 A tubes with TSP Intersections having no lealage or
burst test measurements. This review indicates that no leakage would be expected for
these tubes even under SLB cond:ti ,ns and that the burst pressures would exceed 3 times
normal operating conditions. The field oddy current data for all pulled tubes were <

reviewed for voltage normalization consistent with the standard adopted (see Sections
5.6,8) for the plugging criteria development. Indications for 3/4 inch diameter tubing
were normalized to 4.0 volts in the 550 kHz channel and evaluated for the 550/100 kHz
mix.

Table 6.2 provides the leak rate and burst pressure data for the 14 pulled tubes (30
intersections) for which these tests were performed. The extenslye pulled tube data

I from Plant L were reevaluated to the eddy current data analysis guidelines of of Appendix
A of' this report, This reevaluation is descrbed in Appendix B. The leak rate and burst

j 62
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tests were conservatively performed as free span (without collars) tests. Also shown in
the table are the estimated leak rates and burst pressure based upon the actual crack
morphok)gy for Facioy 2 tube R31C46 with the 7.2 voit Indication. The 1990
Failey 2 tube leakage tests showed [ }9 of leakage at normal operating
conditions but these low values cannot be clearly separated from test system leakage.
The measured SLB leak rates are | Jg. The pulled tubes in Table
6.2, with up to 10 volt indications, all show burst pressures for the test conditbns
(room temperature, as built material properties) in excess of 4380 psi,3 times the
normal operating pressure differential (adjusted for temperature, the 3 times normal
operating pressure differential equivalent is $250 psi).

The pulled tube NDE data are shown in Figure 61 as bobbin coll voltage versus indicated
depth. All pulled tube results at normal operating pressure differential represent no
leakage conditions while two smallleakers at SLB conditions were found from Farley 2.
Figure 6 2 shows the same data plotted as voltage versus actual depth from destructive
examinstion.

Correlations of the bobbin coll phase angle based depth estirnates with the maximum
depths from destructive examinations have shown an uncertainty of 15% for the depth
Indications. The pulled tubes have typically shown ons dominant axlal crack network
with multiple, small cracks around the tube circumference. With multiple, large axial
crack networks around the tube circumference, 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% with a few Indications uo to 98% depth. An occasional, very short.100% through
wallindication, such as the 1.9 volt Indication, could potentiatly occur at these low
voltage levels although the pulled tube examination results indicate that the associated
crack length 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 tubs data base is 1.9 volts for 3/4 inch diameter tube R4C61 as noted in
Table 6.2. Figure 6 3 shows the field bobbin and RPC data for this indication.

Between 3 and 10 votts, the limited pulled tube data indicate the potential for through
wall cracks with negligible leakage at nonnal operating conditions and very small leaks
at SLB conditions.

6.3 Operating Plant Leakage Data for ODSCC at TSPs

Table 6.3 summartzes the available information on three suspected tube leaks
attributable to CDSCO at TSPs in opsrating SGs. These lenkers occurred in European
plants with two of the suspected leakers occurring at one plant in the same operating
cycle, in the latter case, frve :ubes including the two with Indications at TSPs were
suspected of contributlag to the operating leakage. Leakage far the two indications at
TSPs was obtalcad by a fluorescelne leak test as no drpping was detected at 500 psl

| secondary side pressure.

For the Plan! B 1 leakage Indication, other tubs 3 also contributed to the appmximately
63 gpd totalleak rate. Heliuni leak tests !dentified other tubes leaking due to PWSCC

1
'
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Indications. Using relative helium leak rates as a guide, it was judged that the leak rate
for the ODSCO indication was less than 10 ppd.

These leakage events Indicate that limited leakage can occur for Indications Ebove about
7.7 votts, No leakage at Forley 1 or 2 has been found that muld be attributable to ODSCC
at TSPs.

..

G.4 Plant inspection Data for Tubes with No identified Leakage

Additional guidance on the voltage levels at which significant operating leakage might be
spected can be obtained from plant inspection results for tubes with large indications
but no identified tube leakage, inspection results from 8 units were reviewed to identify
indications above about 1 volt with no suspected lankage. Data from this review are
shown in Figure 6 4. These data show la large number of Indications below 6 volts and a
few larger indbations that can be assodated with no leakage conditions. This is
consistent with the pulled tube results of Figure 61. The overall Farley data support
no operating leakage below about 10 volts even though the Farley pulled tubes Indicate
short, through wall crack penetrations.

,

6.5 RPC Data Considerations

Examples of RPC Indications for the Fariey SGs were given in Section 5. Although the
pulled tube data of Sectbn 4 show muttlple small cracks in additloh to the dominant one
or two cracks, the smaller cracks are typically too short and shallow to be detecied. The
higher voltage cracks found in Farley SGs tend to be single, dominant cracks although a
second crack network can sometimes be found.

RPC inspections are required above 1.5 votts (See Section 12) to support the continued
presence of ODSCC as the dominant degradation mechanism. In addition, the dats obtained
would support further development of SLB leakage models which may utiltre leakage
correlated with RPC parametels. The RPC Inspection results can be optionally cpplied to
verify the presence of the bobbin ooilIndiction.

0.6 Voltage Renormalization for!. amate Calibrations

To increase the supporting data base, it is desirable to be able to renormalize ava!!able
data to the calibration values used 10 this report. When 400/100 kHz mix or 400 kHI
data normalized to an ASME stanoard are available, the renormalization is a straight
forward ratio of the calibration voltage values. However, when different frequencies are
used, the normalization ratio is phase angle or depth dependent and this nonnattration
has been evaluated as described below.

For data on $4 inch diameter tubing, voltage renormalization has been obtained by I
applying a normalization of 4.0 volts for the ASME 20% holes in the 550 kHz channel

l
and evaluated using 550/100 kHz mix. Westinghouse, under EPRI sponsorship, is |
further evaluating attemate voltage normalizations for 3/4 inch tubing to compare with ;

the normalization adopted in this report for 7/8 inch tubing. Comparisons of responses
'

64

I
;

,- . . . , . . _



_ - _ _ _ _ -

to drilled holes and EDM slots as w6|| as burst corsations will be applied to adopt a 3/4
inch tubing voltage normalization for use in attemine dugging criteria. Until this study
is complete,3/4 inch tubing tests are not used in the voltage! burst correlation for 7/8
inch tubing applied for Farley.

The voltage normalizations applicable to the calibrations used in this report are:

ASME 4 hole,100% deep,0.03310.001 inch dia. 6.4 volts at 400/100 kHz
ASME 4 hole,20% deep,0.18710.003 inch dia. - 2.75 volts at 400/100 kHz
ASME 4 hole,20% deep. 0.18710.003 inch dia. - 4.00 volts at 400 kHz

'he through wall hole with tighter than ASME hole tolerance: has been selected as the
primary voltage normalizaton for application of the voltage plugging limits. The
through wall holes result in lowerinfluence of manufacturing tolerances on the voltage
callbration than partial depth holes. Calibration at the 400/100 kHz mix used for data
evaluation is recommended to minimize potential uncertainties from normal!zation at
other than the evaluation frequency. The above calibrations can be applied to normalize
most of the @mestic inspectbn results for 7/8 inch tubing,

in France and Delgium, a 240 kHz differential inspection is most commonly applied.
Voltage renormalization was evaluated by fabricating the French and Belgian standardr
and comparing their procedure with that of this report. Results of this study are ghten
in Table 6.4. The U.S. to French voltage ratio was further evaluated using ar,
intercontrole probe commonly used by EdF and applying this probe as well as a domestic
probe to the calibration standard and to several model boiler specimens with ODSCC. The
results of this evaluation are given in Figure 6 5. These results show a consistent ratio
(within -10%) for both probes and between calibration standards (so!id symbols) and
model boiler specimens with ODSCO. In Figure G-5, phase angles of 30* and 100*
correspond to 100% and 20% / 3ME hole depths, respectively.

Giv i Table 6.4 and Figure 6-5, most bobbin coil voltagc measurements can be
moormalized to the ca'!Mation applied in this report.

.

6.7 Comparisons With European Plant mspection Results

The pulled tubo data described in Gection 6.2 and the field inspection results of Section
6.4 were obtalnad frem domestic and European plants that apply essentially the same
vr.tage calibrailon standards and comparable frequency mixes for indications at TSPs.
Tas operating experience data base uan be increased substantially by including plant data
f om French and Belglan pla".ts. However, these plants utilize different vcitage
.:allbrations and frequencies for TSP Indications. To compare the domestic plant data
with these 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 b Figure 6 5 because it depends on the varying crack responses to different
frequencies as well as procedural / environmental conditions. Remgnizing unartainties
in the voltage conversion factors, comparisons with the European data are particularly
valuable for the tollowing comparisons:
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o Trends in indications and growth with time for equivalent voltages hsher than
avahable in domestic plants which have applied 40% depth criteria for tube i

plugging. None of the European data at higher equivalent voltages have had '

identifiable operating leakage so thesa data substantially increase the high voltage
data base supporting negligible 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 these comparisons between domestic and European exportance, the domestic data for
Farley 2 and Plant F are compared with French and Belgian data.

DiMribution of Indications

Data for ODSCC at TSPs for French Unit H 1, SG 1 are available for four successive
inspections with no tube plugging as shown in Figure 6-6. The upper figure shows the
number of indications versus voltage amplitude while the lower figure shows the
percentage distribution of indications within each outage. Without tube plugging to
eliminate the larger indications, t * distribution becomes more heavily weighted at the
larger indicatbns with increasing uperating time.

European data is currently available for French Units H.1 and J.1 and Belgian Unit
K 1. It is useful to compare the percentage voltage distributions for these Units with
the Farley 2 data and another domestic unit, Plant F. This is shown in Figure 6 7. The
bwer figure is scaled to include all available data while the reduced scale of the upper
figure is included to emphasize the small voltage range of the U.S. data compared to the
European data. Plant J 1 was excluded from the upper figure since breakdown of the
data into small ranges was not available.11 may be noted that over 97% of the domestic
data falls below 0.5 volts when normalized to the French procedure and none of this
domestic plant data falls above 1 volt. The French and Belgian data, on the other hand,
extends above 3 volts.

Overall, it is seen that the U.S. plants w' n 4M.1epth plugging Smits are operating
with voltage amplitudes notably bwer' .an that in European units.

The European units of Figure 6 7 with higher equivalent voltages have operated with no
identifiable operating leakage. This result indicates that operating leakage due to ODSCC
at TSPs is expected to be insignificant. This is supported by the fact that only 3 cases of
small operating leakago, as shown in Table 6.3, have been identified to date.

French Pulled Tube Data
|

| Fourteen tubes have been removed from French units with destructive es. amination
!

results currently available. Figure 6-8 shows the crack morphology for a tube with a
0.7 voit (-3.7 U.S. volts) indication. The tube exams irdcate many axial cracks of
comparable depth around the tube circumference. The cracks are dominantly ODSCC
with somewhat more IGA participation than seen in most domestic pulled tube data such
as the Farley data. The multiple crack networks would be expected to increase bobbin
coil voltage compared to one or only a few deep cracks as typical of the domestic data.
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6.8 Comparisons of Voltage Response for ODSCC and IGNSCO

Figure 6 9 shows the available pulled tube data plotted as bobbin mil voltage versus
maximum depth from destructive exam! nation. The French and Belglan (Plant E) data
are included in the figure as well ar M hrley data. Solid symbols represent tubes with
crack morphologies reported to incluos IGNSCC. Open symbols are reported to be ODSCC
w|th minor IGA. The Plant L data include both IGNSCC and ODSCC crack morphologies a ;
shown by the solid and open symbols. The separation of ODSCC and IGA / SCC is
judgemental for many Plant L tubes as minor IGA / SCC is present in a number of
indications. The Plant L Indications identified as including IGNSCC have voltage
amplitudes toward the higher range of the data compared to ODSCC ind! cations.

The French and Belgian data with IGA / SCC and multiple cracks show the trend toward
higher voltage amplitudes associated with these crack morphologies. The pulled tube
from plant M had IGA up to 26% deep with an amplitude of 1.8 volts which is high
compared to indications principally ODSCC at comparable depths. Three pulled tubes
from Plant N with egg crate supports are also shown in Figure G-6. The two indications
with IG A also support IGA response at voltage levels comparable to or higher than that
for equivalent depth ODSCC with minor IGA.

The ODSCC crack morphologies often show short microcracks separated by uncorroded
ligaments. The maximum depths of a short microcrack in the overall macrocrack or
crack network are mmmonly deeper than the average crad depths which tend to
dominate tube burst capability. This combination of deep microcracks in shallower
average macrocrack depths 16 ads to a variation in maximum depth at a given voltage
amp!!!ude. Voltsgo amplitudes therefore are not a function of maxircum crad depths but
rather an Indicator of crack f ace area (length, average depth, ligaments).

Overa!!, the available pulled tube results show that IGA / SCC crack morphologies tend to
have as high or higher voltage amp!!tudes than associated with ODSCC morphologies at
equivalent depths. Detectability of IGA / SCC at TSP intersections can be expected to be
enhanced compared to ODSCC at equivalent depths. This trend is supported by the .

domestic de's as well as the European data which show greater IGA / SCC Involvement than
the domestic data.

!

:

6.9 Growth Rata Trends

Of particular interest to establishing the plugging limits of this report is voltage growth
rate as a function of the voltage amp!!tude. 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 amplitudos of the European data
provide guidance on growth rate progression. Figure 6-10 shows growth rate data for
Plant H-1 both as voltage amplitude and percentage growth as a function of voltage
amplitude. The data of Figure 610 tend to indicate perceruge growth rates are not a

| strong function of absolute voltage amplitude. As generally expected, the spread in the
| data at low amplitudes is greater than for larger voltages due to the greater influence of

voltage uncertaintios and measurement repeatability at low amphtudes, i

67
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Figures 611 and 612 compare the percentage growth rates per cycle between
domestic plants Farley 1, Farley 2 and Plant F with that for Plant H 1. Figure 6-11
shows the indkidual data points while Figure 612 compares average growth rates and
standard deviations. The averages are displayed for different ranges of the inillal
amplitude. The first range is 0 to 0.75 volts, the second range is 0.75 to 2.5 volts and
the third is for initial ampfltudes greater than 2.5 volts. In the case of the U.S. plants

,

there is very little data above 2.5 volt ampiltudel hence such data is included in the
second range. The French data (Plant H 1) indicate percent growth rate nearly
independent of hitial amplitude whereas the domestic units display percent growth rates
decreasing with increase in initial amplitude.

The domestic plants dominate the growth rate data of Figures 611 and 612 for low
amplitudes with the French data extending to larger amplitudes. The results indicate
that percentage growth rates are roughly comparable between domestic and European
plants. In the calculation of average growth rates, the negative growth rates (see Figure
611) were conservatively treated as zero growth rates, ignoring the negative growth
rates blases the average growth by including all positive but not all negative random
fluctuations. Part of the apparontly larger number of negative voltage growth rates for
the domestic data may result from variations in ca!!bration standards for the 20% depth
normalization which may be more sensitive to fabrication tolerances than the 100%
depth normalization standards employed for the European data.

6.10 Field Data Conclusions

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

1. Burst tests performed on pulled tubes, which 10 dat; include 61gnal levels up to 10
volts, show burst pressures exceeding 3 times normal operating pressure
differential, adjusted for operating temperature effect on material pmperties.

2. The pulled tube, leak rate test results indicate 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 lengths are short with no
measurable leakage at operating conditions.

4. The smallest voltage identified for a through wall crack is 1.9 volts.

5. Leakage at operating conditions has not been identified for bobbin coil voltage below
[ ]9 volts with only 1 Indication of leakage below 13 votts.

6. Negligble leakage is expected from ODSCC at TSP:; based on domestic experience as,

| well as European experience with voltage amplitudes higher than the domestic
operating experience.

| 6-8

.



_ _ _ . - _ . . . _ __

i

7. Percent growth in voltage ampiltude tends to be approximately independent of voltsgo !

amplitude for the available French data while decreasing with amplitude for the
domestic plants, including Farley. Assuming growth in voltage is independent of
amp!!!ude appears to be very conservative for the Farley RGs.

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

o improved definition of tube burst capability as a function of bobbin colivoltage to
better define voltage levels that meet Reg. Guide 1.121 guidelines for burst
pressures of 3 times normal operating pressure differentials,

o improved resolution of leak rate potential for normal operating and SLB conditions
above about 2 volt signal amplitudes.

o Determining NDE uncertaint!ss associated with application of voltage plugging
lim!!s.

<

|

1

|
|

|
!
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Table 6.1

Field and Laboratory Data Utlitzed for Tube Plugging Criteria Development

.

Tube Burst Capability: Burst Pressure vs Voltage Correlation
o Pulled Tube Data
o Model Boiler Specimens

SLB Laakage Model
o Pulled Tube Data -

o Model Boller Specimens
o- Plant inspechi Results - v

- ODSCC Indcation Distributions
- Gexth P.3:ss

Operating Laakage Assessment
o Pulk!d Tube Data .
o Operating SG Laakage Occurrences

.

. . .

: o Field inspection Data for Tubes Without identifed Leakage
Larger (>1 volt) Indications

o Model Boller Specimens.

NDE Evaluation: Specimen Characterization |nepech SensitMiy/ Uncertainties
o Model Boler Specimens
o Pulled Tube Data

influence of Tube Denting on Leaktp
o Fatigue Specimens
o Doped Steam Specimens ^

Effects of SLB Loads on TSP Displacement
o Pull Tests on Laboratory Dented Specimens
o Thermal-Hydraulic and Structural Analyses

.

6-1o
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Table 6.2 t

Pulled Tube Leak Rete and Burst Pressure Measurements

Bobbin Coll - RPC Destructive Eram I ask RatatWri Burst
fj&D1 BDWCOL M % 211A( 9 D B a h .VGd1A Mar Death Lanoth)(1) NormalOoer. -SLEL- Pransure

'W (ps0
_ _

Q

L i

:

.

'

|
!

!i

,

:

,

8'

+

%

|

L

i .-
.

|-

1. Crack network length for burst crack with through wsH crack length given in parentheses. -
The Plant L date is preliminary pending final corrections for deformation caused by burst.

2. Negligible leak rate evaluated as no leakage for this report. -
3. Measurements were not made and values are estimated based upon crack morphology _

obtained from destructive examination.-
4. AR voltages normalized to the recommended values of this report.
5. Field measurement using 550/100 kHz mix for 0.75 inch diameter tubing.
6. _ Determined by applying a factor of 1/3 to the 300 kHz voltages reported in field analysis.

--
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Table 6.3

Field Experience: Suspected Tube Leakage for ODSCC ATTSPs(1)

.

Bobbin Cell
Ejant insc9etion YrJ1s Depth Comments

-

Q

.

. . _
_

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

data are known to be available for tubes with 0.875* OD.

2 Reported voltages were adjusted (values given in parentheses) to the normalization in this
report of 2.75 volts for 20% ASME flaw and 400/100 kHz mix. The adjustment factor -

was developed based on ve!!sge ratios measured between a metric calibration standard as
used to obtain the original data and the reference ASME standard of this report. This
adjustment provides an order of magnitude 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 / environmental conditions and thus may vary from
Case to Case,

,
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Table 6.4

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

U. S. ASME Standard French Belgian U.S.
4. hole. 4. hole. 4. hole
1mm 1.25 mm 33 mil
dia. dia.-- dia.

Support holes holes holes
Channel 2Q% fQ% ' gQ% RQ% 1QQ% Ela!g 1Qg% 1Q0% 10.Q%

U.S. Calibration Procedure O
400/100 mix 2.75 2.8 5.3 5.6 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 0.66 0.56 0.82 0.76 0.99 1.8 1.3 *
200 kHz 0.69 0.58 0.84 0.74 0.95 2.09 1.3
400/100 mix 0.33 0.34 0.64 0.67 1.04 - -0.1 1.3

Belgian Calibration Procedure
240 kHz 0.59 0.51- 0.74 0.68 0.90 1.64 2.0"
200 kHz 0.62 0.53 0.76 0.67 0.85 1.87- 2.0
400/100 mix 0.29 0.29 0.55 0.59 0.91 -0.1 2.0
400 kHz 0.46 0.41 0.63- 0.63 0.91 0.95 2.0

0 U.S. procedure involves setting up the signal for 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 channel.;.

*
_ 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, it is 1.3 volts for 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 -8.2.

When using the U.S. calibration procedures, the Belglan 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 -
-10.75. U.S. values at 400/100 kHz mix /Belglan values at 240 kHz equals -9.5. For - |
general data comparisons, Belgian and French data can be reasonably compared without
adjustments or by multiplying the Belgian data by ~0.9 to obtain French volts.

~ |
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Figure- 61

Pulled Tube Data: Bobbin Coll Voltage and Indicated Depth g
-

t

:

.

._
_

Chart Fig 61 2/1022

.
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Figure 6 2

Pulled Tube Data: Bobbin Coll Voltage and Depth from Destructive Exam

O
_

9

-

.

Chart Fig 62 2/10/92
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Figure 6 3

Field Bobbin Coll and RPC Traces for 3/4 inch Tube
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Figure 6 4

FleId inspection Data for Tubes Without Operating Leakage
;
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Figure 6-6

Distribution of TSP Indications for Plant H 1 (1986 to 1990)

10C

.
U.S. VOLTAGE NORMAUZATIONgo. . . . . . . . ~ . . . . . . . . . . . _ . . . . . . .

90- ----- + - - - - --

yo. . . . . .. . . . . _ . . . . . . . . . . . . .

so. : . . ~ . _ . . . . . . ~ - . . - - _ = . . _

. . . . . . . . . .

h so- - - -- - - - - - - - - -

-
g e. . . . . .. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . _ . .

I20-
3o. . . . . . , _ . . , . . . . . . . . . . . . . . . . _ . . . . _ . . . . . . _ . . . . . . - - ..

m
ud

* -- - - -- ~ ~ - - - - - - --<--- --
- <

N
....4 .. ..

A
.. .._

.

.....g......<.jg. . - . . . . . . . . . . . . .

< -

.

C ,n . m rmm
, i i i i i

-0-1 12 2-3 34 45 58 67, 78 >8
BOBBN AMPlJTUDE, VOLTS

E12/1988 iigi 3/1988 S En989 7/1990m

So

- U.S. VOLTAGE NORMAUZATION
yo. -

-
:
-
,
-

:so. _. .. _ . _ . _ . _ . . . . . . . . . _ .

y-
- -

: ;.- _ . _ _ . . _ _ . . _3o .

- -
N -
N p

. _ _ . : ;- 4o. _ _. . . _ _ _

- -
N 4
= -

% ;30- -< - - - - - - - - - - - - - - - - -

N p
, -
N p

g 20- ;-- --- -- -- - - - - - - - - --

. , -
N p
N p

- 10- -- - - - - - - ---~~ - - - - - - -
- -

,b, J| _n,
, ., _c , , ,

0-1- 1-2 23 3-4 4-5 -58 6-7 7-8 >8
BOBBN AAFLITUDE, VOLTS

,

i

l
r

I

6 19

,



. - - . - -

|

|
|

Figure 6 7

Cornparison of Voltage indications at TSPs Between U.S. and European Plants
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Figure 6 8
:

I Crack Morphology for Pulled Tube from French S/G
!

!
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Coupe transversale 2 (cf, annexe 8)

| Aspect de la fissuration sur differents plans de polissage
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Figure 6-9

Pulled Tube Destructive Exam Data including French and Belgian Data
9

-
. . _

,

-,_

Chart Fig 692/10/92
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Figuro 610

TSP Indication Voltage Growth Rates for Plant H.1
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7.0 1.ABORATORY SPECIMEN PREPARATION

7.1 Model Boller Specimens

The Forest Hills Single Tube Model Doller test facility consists of thirteen pressure
vessels in which a forced flow primary system transfers heat to a natural circulation
secondary _ system. Test specimens are placed around the heat transfer tube to simulate
steam generator tube support plates. One to six tube support plate crevice assemblies

| are typically included in a gNon test. A schematic of the test facility is presented in
'

Figure 71, and typical thermal and hydraulic specifications are presented in Table 7.1.
As indicated in the table, thes6 cpecify ations are repress-ntatNe of those in a
pressurized water reacter steam generator.

! Four series of Single Tube Model Boller tests have been performad to provida test pleces
having through wall crccks for subsequerst nondcstructive SS .ingt5n, lekk id3.

measurements, and destructive examination. The first seriu., concisted of 15 archive
crevice assemblies which were produced in previous WeJJnfiouse40ndedesting; the
second and third series each consisted of eight crevice asser$!!cs, while the fourth
series consisted of 45 crevice assemblies. The crevices in the thPd and fourth series
were speelfied so as to produce crack networks having 6we@Mca probe voltages.

MdE1 Tests: A summary of the archive test piecnt .s presented in Table 7.2. The test
pieces are listed by their tube designation and tne loc etica. en the tube. The sludge type
refers to the manner in which sludge was plecod h, the tube support plate crevices,

j Chemically cansolidated studge is formed by baking a mhturo of sodium hydroxide,
'

sodium silicate and sodlum phosphate whh the sluQe; racchanically consolidated sludge
is formed by nydraulically pressing the sludge into the it >e support plate, drilling a
hole 16 the sludge, and sliding 'he tube thnaugh the hoic; the fritted design uses an
?nconel sinter at each end of the crwice to f,old the sludge in place. The test containing
ar ecceritrically mounted tube support plate in which the sludge was removed from the
crevice was used to slimlate chemical cleaning. All tests utilized simulated plant sludge,
cx)ns,59ng of approximate!v 65 magnetite,32% copper,5% copper oxide,2% nickel

|
oxide, and 1% chromiurr o de, -

The cracks were proc. aced in wnat is termed the refemnce cracking chemistry,
consisting of either t 6 J ppb (1X) nr a 6 ppm (10X) sodium carbonate solution in the
makeup tank. Because of hideout in the crevices, the boller concentration is typically

| about 75% of the makeup ta.1k concentration. Hydrazine 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. This huat of mill annealed Alloy
600 was fabricated by Westinghouse and 17s been used extensively in other stress

! corrosion cracidng programs. The tubing has a 0.875 inch outside d!ameter.

Series 2 Tests The inlila! program test pieces 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. One test utilized chemically cx)nsolidated simulated plant
sludge (tube 543), wh!!e the other used mechanically consolidated sludge (tube 542).
The sludge filled the entire crevice volume.

7- 1
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Primary to secondary leakage was noted in the chemically consolidated test after 10 days -|
,

of boiler operation, and in the mechanically consolidated test after 24 days of operation.
During the subsequent nondestructive examination (NDE), indications were identified
adjacent to the teflon collars used to support the tube support plates, as well so within
the support plates. The bobbin probe voltages were found to be higher than those
typically encountered in plant oddy current examinations. As a consequence, subsequent

,

tests were designed to produce smaller cracks.

Sedes 3 Tants! Since the NDE of the archive and series 2 test pieces produced higher
volta 0es than are measured in steam generator tube support plate crevices, the sludge
configuration of the seriet 3 tests was modified to produos shorter cracks. Two tests
were specified, with each containing four test specimens. Both tests utilized chemically
consolidated sludge, with the sludge occupying a CO* are and half of the 0.75 inch height
of the tube support plate crevice. As in the series 1 tests, Westinghouse heat 2675 was
used for the tubin0

Tube 557 utilized simulated plant sludge and was treated with the 10X reference
cracking chemistry, in order to produce accelerated SCC. Tube 558 utilized chromium -
oxide for crevice packing and was treated with the 1X cracking chemistry. Previous -
testing has found that using 2romium oxide rather than simulated plant slud0e promotes
1GA rather than SCC,11 was believed that field experience with IGA produces lower

- bobbin probe voltages than does SCC. The 1X demistry was specified because it was
hypothestzed that it would produce less Orain boundary corrosion, and therefore lower
voltages.

Through wall cracking of tube 557 was produced after 16 days of operation. NDE of the
,

| tube indicated the volta 0es to be generally lower than in the previous tests, but still well
above what is typicany found in the field in TSP crevices.'

,

Operation of tube 558 oontinued with the 1X chemistry for 56 days, at which time the
specification was changed to the 10X chemistry in order to accelerate the oormslon rate.
The test was then operated for an additional 52 days, at which time a primary to
secondary leak occurred. Eddy current inspection identified a throu0h waN crack at the *

,

bottom tube suppcrt plate elevation, with the crack producing a 6.5 von signal and a :

69% Indicated depth. The volta 0e is typical of field indications of through wall crads, .
while the indicated depth is shaBower than what is typically found in the field.
Following inspection, the remaining three tube support assembiles were retumed to -
test. Testing continued for an additional 50 days, extendin0 beyond the scheduled '
program completion date.- -

'

Series 4 Tants! This test series was undertaken after it was found that the test -
.

specimens produced in doped steam erwironments exhbited hi h leak rates compared to0
those found in tests of tubes puNed from the field. The high leak rates of the specimens
produced in doped steam were attributed to the plastic deformation of the tubing required
to obtain accelerated corrosion. Consequently, the series 4 tests were intended to!

| produce both bobbin probe voltages and leak rates i ,pc::2M of those expected to be
'

. found in the field.

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

7-2
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Teflon collars were ut!!! zed because the cracks beated beneath the teflon collars in the
f.eries 2 tests typicaHy produced bwer bobbin probe voltag3s 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 Center. Tubing Heat 96834, not 6, was originally fabricated by another
NSSS vendot, and is the same as was used in the doped steam testing (see Section 7.2).
The heat of material was changed because the doped steam testing found that this heat
produced more accelerated corrosion than did the Westinghouse heat.

The design of the test specimens was also modified in order to reduce the reagnitude of the
oddy current voltages. These modifications are outlined in Table 7.3. The specimens in
test 1 were. configured to fit snugly around the tube (as did the teflon collars in the
series 1 tests), but the height of the collars was varied be' ween 025 and 0.7 inch. The
expectation is that the shorter collars should limit the length of the cracks which can be
produced.

The inside face of the specimens in test 2 were machined to produce a grid pattom to
limit the crevice area between the tube and the col!ar. S!x holcs were first drilled
around the periphery of the inside face of the specimen, so that the crevice would have an
approximate 40' arc width. Two rings were milled on the face of three of the specimens.
The rings had a width of 0.125 inch, so that the face was divided into three contact
regions, with the outer regions having a 0.125 inch width and the central region having
a 025 inch width. A helical pattern was machined into the face of the remaining throe
specimens, with the width of the helix being 0.125 inch and the pitch of the helix being
0.25 inch.

The specimens in test 3 all had a 0.75 inch height, but the diametral gap width was
varied between a snus St (as in test 1), a 10-mil gap, and a 20-mil gap. The gap width
was varied because previous testing has found that the gap width affect * the rate and
location of corrosion.

Tests 4 and 5 both utilized chemically conse." dated simulated plant sludge located
adjacent to carbon steel tube support specimens. Two sets of specimens having

| thicknesses of 0.25,0.50, and 0.75 inch were used in each test. The sludge was
| consolidated over a 40' are width witnin the crevice. The 0.25 inch specimens contained
| one sludge region, which occupied essantla!!y the full thickness of a specimen; the 0.5

inch specimens contained two sludge regions, ceparated 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 steel speelmens having the same range of thicknesses as in tests
4 and S. Instead of using simulated plant sludge, however, the crevices remained empty,
with the specimens being held in place with porous inconel sinters located at each end of
the crevice. This design has been used to produce accelerated intergranular corrosion in
previous tests.

| The 10X reference craddng chemistry was specified for use in tests 1 through 6.,

Because of concem that this spec!fication may produce execssive grain boundary
corrosion and therefore high bobbin probe voltages, two additional tests (7 and 8) were
specified to utilize the 1X chemistry. Test 7 utilized five Teflon specimens, while test 8

|
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ut!!! zed four carbon steel specimens. The specimeiis utilize a range of designs selected
from tests 1 through 6. |

|

The eight tests accumulated between 96 and 328 d ays of operation, depending upon the I

test. Through wall cracks had been produced in fivn test pieces, with a few additional
test piecen conte.ining partial through wall cracks. The designs of the test specimens
having ti..ough wall cracks are presented in Table 7.4. / ' indicated in the table, three of
the through wall cracks were produced adjacent to taflo,i t.nulants in test 3, while the
other two through wall cracks were produced adjace 11 to carbon steel simulants. The
only common feature of the crevice configurations which produced the cracks is that the
crevice length was always 3/4 inch, perhaps suggest.ng that the shorter crevices could
not produce sufficient superheat to promote accelerated corrosion.

Series 5 Tests Two additional tests were conducted when it became apparent that
accelerated corrosion was not being produced in Series 4 tests. Both tests ut!!ized tubing
from heat 2675, the same heat used in the first three sories, rather than heat 96834,
which had been used in Series 4. Test 575 contained iouMube support simulants having
the same fritted design used in the Series 1 tests. The test was conducted because the test
piece had been assembled for a prevbus program, but had mot been used. Since this
design was known to produce accelerated corrosion, it was hoped that the test could also
provide additional crevice assemblies having smallindications. While throJoh wall
cracking was produced after 25 days of boiler operation, the associated ecdy current
signals were on the order of 20 volts, so that no further evaluation of the crevice
assemblien was performed.

Test 576 was configured to produce small cracks, as was the stentico of the Series 4
tests, while maintaining beal crevice superheats in the sc,ne region as in the tests
whldi produced accelerated corrosion. The crevices contained two sludge teolonc: a
larger outer region of chromium oxide and a smaNr inner region of s!rnulated plant '

sludge. The expectation was that the cracking would be confined to the inner region,
while the outer region would increase the superheat to values comparable to tnose in the
early tests. Two of the crevice asserablies were specified to have the simulated plant
sludge occupying the center of the tap half of the chromium oxide region, while the other
two crevice assemblies were spect' led to have the simulated plant sludge centered !n the

| chromium oxide. In both cases, the inner region had a width of 0.125 inch and a height

| of 0.375 inch.
|

The test operated for 49 days with the 1X reference cracking chemistry, plus an
additional 56 days with the 1CX chemistry, when it was shut down because of a primary
to secondary leak. Subsequent eddy current evaluation identified indications at two
locations, et outlined below:

Loention Vottace DAQ1h

576 2 8.41 80%
576-4 8.43 86 %

Both locations correspond to crevice configurations in which the simulated plant sludge vias
centered both axially and circumferentially with respect to the chromium oxide. An RPC|

evaluation identified three cracks; two were in the simulated sludge, while the third was in the
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creomium oxide. These results suggest that the two-region sludge configuration is a promising I

means of producing smallor r<acks In model boller specimens.

i

7.2 Doped Steam Specimens

| Axial stress corrosion cracks and crack networks were produced in 30 mill annealed Alloy 600
tubes through exposure to a doped steam environment. The steam was produced from water
containing 30 ppm each of chloride, fluoride, sulfate and nitrate anions as salts of sodium. The
steam pressure was 3000 psi at a temperature of 750' F. Individual speelmens were eight
inches in length. Stressing was accomplished by clamping the tube at mid length between two flat
steel plates, as shown in Figure 7-2. Chralization of the tube resu!!ed in outer fiber tensile
yleiding on the OD surface of the tube at the maximum diameter. The tube ends were sealed to
permit intemal pressurization of the tube during the autoclave exposure. The OD surface of the
clamped tube was exposed to the 3000 pst doped steam environment in a cqe ga!!on autoclave.
Nitrogen gas was used to pressurize the inside of the tube to 4500 psi producing a differential
pressure across the tube wall of 1500 ps!. The devek,pment of through wall cracking was
detected by a drop in the internel pressure of the tube.

Table 7.5 summartzes the specimens tested in the doped steam environment. Two heats of miil
annealed Alloy 600 tubing were used, Heat 2675 and Heat 96834L The width of the clamp in
contact with the tube was typically 0.25 inch but larger clamp widths were also used in an
attempt to vary the crack morphWogy. All of the tubo displacements were sufficieni to cause
outer fiber yiGiding. These displacements ranged from OED to 0.005 inch. In general, the
smaller displacements resulted 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 confusec' i @ the eddy current results provided in
Section 8 for the same samples using representative 1% ispection procedures. The crack
lengths shown in Table 7.5 are from optical measuremerus on the tube OD surface obtained at low
magnification and may differ significantly from later destructive examinations. Some attempt to
control the length of crack initiation sites was made on the 9st 7 specimens listed in Table 7.5.
Selected portions of these specimens were grit blasted. This procedure had no discemible effect
on crack initiation. Selected specimens from Table 7.5 were forwarded for full NDE examination,
leak anci burst testing as described later.

;

7.3 Fatigue Precracked Specimens
|

Through wall axial fatigue precracks were developed in 12 mill annealed A!!oy 600 tubes by |
cyclic intemal pressurization. A starter fiaw was spark machined half way through the wallof |
the 0.050 inch thlck by 0.875 inch diameter tubing with a length of 0.25 inch. Cyclic intemal
pressurization then was used to grow the crack through wall. A soft plastic bladder seal was then
inserted in the tube and cracks up to 0.70 inch in length were grown by a fatigue process. The
pressure wr19d}usted during fatigue procracking to maintain the maximum applied stress
intensity factor below 25 ksi-Vin.. The maximum plastic blunting of the crack tip was thus
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

i pravious evaluations, 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.
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7.4 Chemicalry Dented Tubes

Fatigue procracked tubes and tubes with stress corrosion cracks were used to simulate cracked
tubes in tube support plates which are t'so dented. Carbon steel collars were used to simulate
tube support plates. These collars were drl!!cd with the nominal clearance hole for 0.875 inch
diameter tubing. The collars were then packed with magnetite using a hydraulic press. The
pressed magnetite was drilled out to a tight fit hole for insertion of a precracked 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 were exposed to a 0.2 M cupric chloride solution in an autoclave at 572*F.

Corrosion of the carbon steel and a smaller reaction layer with the Alloy 600 tubing resulted in
coirosion products which tightly packed the tube tube support plate crevice and led to a small
amount of denting of the tube. Table 7.7 lists the dented specimens, the oddy current dent voltage
and the average estimated radial dont 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 and Iron maps of Figure 7 4
show 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 steel collar appears to have
the same Iron content as the packed magnetite layer. The corrosion product layers in general
appear to be relatively denso and any leakage path would be highly tortuous.

7.5 Crack Morphologies

Plugging criteria which are partially based upon eddy current charactertration, leak rate and
burst strength testing of laboratory specimens depend upon a reasonable simulation of actual
service produced cracks. The cra::k morphologies of service tubes, doped steam test specimens
and model bo!Ier test specimens are presented in this section. An intergranular mode of
cracking is common tn cracks produced in these three environments. Figure 7 5 Illustrates this .
fact with scanning electron fractographs. A further !llustration of intergranular cracking is
provided by the metallographic details shown in Figure 7 6.

Stress corrosion cracking pattoms on the OD of f.Iloy 600 tubes at tube support p! ate
Intersections range from a few to many axial cracks distributba around the circumference of the
tube. The model boiler test specimens also show this characteristic. Figure 7 7 shows several
arrays of cracks and a larger single 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 leada to a 180 degree symmetry of j'
stresses, bending across the wall thicimess and outer fiber bending stresses beyond the yield
point. In model boiler specimens, as 5 actual tube support plate intersections, the stresses are )
uniform around the circumference of the tube and the occurrence of single or multiple axlal ;

cracks is controlled by the crevice conditions. The differential pressure hoop stress is
relatively low, about 12 ksi. Hence the model boiler specimens experience essentia!!y
prototypic loading while the doped steam specimens experience stresses far beyond actual
service conditions. The doped steam environment is substantielly ! css aggressive than that
produced in the model boller tests and thus clamping loads are required in addition to the
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pressure stress to produce cracking in reasonable lengths of timo. The high stress clamped
condition of the doped steam specimens led to a higher degree of through wall cracking for a given
total axlal crack network length and hence higher leak rates at a given eddy current bobbin coil
voltage. Another r,;omplicating f actor is the fact that relaxation of the through wall bending
stresses when the cismping fixture is removed can lead to contact across the faces 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 bol:ar specimens. The above considerations indicate
that the clamped test condition of the doped steam spocimens produced non prototypic stre:;s
corrosion cracks, particularly as they relate to any correlation between bobbin coil voltage, leak
rate and burst strength. Therefore, only the rnodel boller specimen test results were added to the
data base used to develop tube plugging criteria.

.

j
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Table 7.1

MODEL BOILEH THERMAL AND HYDRAUUC SPECIFICATIONS

Primary loop temperature 327'O (020*F)

Primary loop pressure 13.8 MPa (2000 put)

Primary boller inlet temperature 324'O 13'O (610'F i 5'F)
.

Primary boiler outlet temperature 313'O i 3'O (595'F t 5'F)

Secondary T..t at 5.5 MPa (800 psi) 271*C i 3'C (520'F 15'F)
,

8cm3 min (continuous)Steam bleed /

1 cm3 min (8 hr/ day)Blowdown /

Nominal be, t 16.28 x 104 kcat'm2.hr
,

2(60,000 Blu/ft hr) '

,

b

b

| ,

,

t
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Table 7.2

DIRECTORY OF Sli4GLE TUDE MODEL BolLER TEST SERIES 1,2. AND 3

INITIAL LEAK
TUDE PIECE SLUDGE TYPE THRU WALL TESTED

Series 1. Archive Test Ploces '

52811 Chem. Cons. Yea tb
52821 Chem. Cons. Yes tb
53011 Chem. Cons. Yes Yes
53012 Chem. Cons. Yes tb
53021 Chem. Cons. Yes ib
53031 Chem. Cons. Ysa Ib
530-4 1 Chem. CNis. Unknown tb
53311 Mech. O?ns. Yes tb
53322 Mech. Cons. Yes tb
5334 1 Moch. Cons. Yes Yes
$321 1 Fait Yes tb
53221 Frit Yes tb
50011 Mech. Cons. No Yes
52511 Frit No Yes
53511 Mech Cons. No tb
53511 Eccentric No ias

Geries 2 Test Ploces

54211 Medi. Cons. Yes YesI 54221 Teflon Sup. Yes Yes
54222 Mech. Cons. No tb
54231 Mech. Cons. No Yes .

54241 Mech. Cons. Yes Yes
54311 Chem. Cons. Yes Yes
64321 Chem. Cons. Yes Yes
54331 Chem. Cons. tb Yes .

543-3 2 Chem. Cons, ib Yos
543-3 3 Teflon Sup, tb Yes
54341 Chem. Cons. No Yes

Series 3 Test Plecos

55711 Chem. Cons, tb Yes
55721 Q om Cons. Yes Yes
55811 Chromium Oxide Yes Yes
55821 Chromium Oxide No ib
55831 Chromium Oxide No ib
55841 Chromium 0+Ja No ib

79
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Table 7.3

SUMMARY OF SERIES 4 TEST OPECIFICATIONS

Collar No. of Thld. Crevice '
1c11 lub0 Material ISE1 IlD.} Confleurstion Chemkiry

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

2 507/9 Tefbn 3 0.75 Mach'd Rings 10X
3 0 75 Mach'd Helix

3 508/12 Teflon 2 0.75 Snug Fit 10X
2 0.75 10 MilGap
2 0.75 20 MllGap

4 570/2 C. Steel 2 025 Sim. Plant 10X
2 0.5 Sim. Plant
2 0.75 Sim. Plant

5 571/4 C. Steel 2 025 Sim. Plant 10X
2 0.5 Sim. Plant
2 0.75 Sim. Plant

6 572/5 C. Steel 3 025 Frits. Empty 10X
3 0.5 Frits, Empty

7 57W6 Teflon 2 025 Snug Fit 1X .

1 0.5 Snug Fit
1 0.75 Snug Fit
1 0.75 Mach'd Rings

0 574/3 C. Steel 2 0.75 Sim. Plant 1X
1 025 Filts, Empty
1 0.75 Frits, Ernpty

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

degree are width within the crevloel the machined rings are formed by d!viding the tube
suppor1 plate circumferentially into six land regions, and axially into two rings having
a 1/8 inch thicknessi the machined helix is formed by dividing the tube support plate
circumferentially into six land regions, and axially into a helical pattem having a 1/8
inch thickness and a 1/4 inch pitch,

,
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Table 7.4 !

SUMMARY OF SERIE& 4 TEST PIECES HAVING EDDY CURRENT SiONALS
;
,

Collar Thick. Crevios Thru wall Leak
Ia11 Iubt Maladal O confiauration tank g

3 56811 Teflon 0.75 Snug Fit Yes Yes
56821 Teflon 0.75 10 Mil Gap Yes- Yes
56841 Toflon- 0.75 Snug Fit Yes* Yes*
$6851 Teflon 0.75 .10 Mil Gap No it -

56861 Toflon 0.75 20 Mil Gap No 2
1

5 57111 C. Steel 0.75 . Sim. Plant Yes Yes
.

8 57421 C Stoef 0.75 Sim. Plant No No
57431 C. Steel 0.25 - Frits, Empty No- tb ;

57441 C. Steel 0.75 Fr ts, Empty - Yes Yesn

Seoarate cracks were klontified at the top and bottom er. tis of the crevice.
*

Both cracks were included in the leak test.

,

!

|
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Table 7.5

Summary of SCC Behavior in Doped Steam at 750'F

Spoclmena 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 a75 0.25 0.005 175.0 122 0.1
SL.FH 8 2675 0.25 0.005 207.80 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 025 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
SLBW1 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 025 0.020 64.5 1.10; 1.44 7.5; 4.1; 4.3 '

SL BW.5 96834L 025 0.020 164.4C 0.37; 0.50 0.48; 0.53
SL.BW 6 96834L 025 0.030 71.0 2.07; J.35 8.0; 7.2
SL DW.7 96834L 025 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 B'N 11 96834L 0.25 0.005 213.0 0.34 2.2
SL BW 12 96834L 025 0.005 693.0d e 2.5
SL BW 13 96834L 025 0.005 87.0 0.63 3.2; 3.4; 7.6
SL BW 14 96834L 0.25 0.005 64.0 0.33 4.0
SL BW 15 96834L 025 0.005 667.0d a 1.2; 2.3

! SL BW 16 96834L 0.25 0.005 500.0 020 4.9; 7.7; 4.6
SL BW 17 96834L 0.25 0.005 146.0 0.14 1.8; I1.3: 2.8SL BW.18 96834L 0.25 0.005 366.0d a NDD
SL BW.19 96834L 025 0.005 480.0d e NDDI
SL BW 20 96834L 0.25 0.005 257.0d a NDDIr

'

SL BW 21 96834L 0.25 0.005 243.0d a NDDI

a SL FH 13 rejected because of basoline NDE indication,
b Lesked 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 cracks visible,
d Did not leak at 750'F.
e No OD vacks visble at termination,
f No detactable degradation.
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Table 7.6

Fallgue Procracked Specimens

Soncimen Crack Lenoth Number of Ovelen

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 0.499 226,000-
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Table 7.7

Summary of Dented Specimens

.

Dent Average Radial Exposure
Specimen Vohace Dent Uncher) Time thours)

Trial 1 24- -
,

FAT.1 7.39 0.00037 24 I

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 0.00014 6
'BW1 14.67 0.00073 24

BW3 6.27 0.00031 24
BW 9 6.38 0.00032 48
BW 14 7.03 0.00035 48

|
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8.0 EON DESTRUCTIVE EXAMINATION (NDE)

An extensive NDE program was implemented to charactortte the laboratory cracked
specimens and to assess the sensitMty associated with application of the bobbin coll

|
voltage limits for the tube plugging criteria.

The test program included ter,ta to sddress some of the variables associated with field
characterizatbn of degradation as follows:

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

2. Muttlpte probes to address probe to probe vatlations utilizing probes from
Echoram and Zetec.

3. Influence of tube to TSP crevice condition on bobbin coil response including open
i crevicos, packed crevices, inciplent denting and fully devebped denting.
|
'

4. Bobbin probe voltage sensitivity to probe wear to establish fi6ld inspection
requirements for acceptable NDE uncertainties.

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

6. Use of RPC to augment bobbin probe inspections, although the RPC data are not
| considered essential to the development of the plugging criteria of this report.

|
| The NDE results for the laboratory specimens are utilized in later sections to establish

the relat;on of eddy current voltage res.ponse to potentialleakage and burst pressure as
the basis for the tube plugging criteria.

Establishing a relationship batween the bobbin coil responso and tube integrity (leakage,
borst considerations) is impo" ant to inspection planning. A relationship helps
determine the importance of detecting degradation with a small amplitude. That !:', can
'smair indications be left in servloe and have negligible consequences for safe operation.
Degradation exceeding present plugging limits, whose bobbin coli eddy current response
was not 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 eddy current
response for small cracks. The observed field degradation, multiple short cracks
coupled with an intergranular nature, allows paths for the eddy currents to pass
uninterrupted through the degradation. An appreciation for why this phenomenon can
account for the lack of an oddy current response has come from the use of liquid metal
modeling techniques. Using this technique, degradation is simulated as inserts in liquid
metal, and degradation morphologies that are difficult or impossible to machine can be
easily simulated. The difference in response between ' rear cracks and notches have
been modeled by varying the contact between the faces of the crack. In that work,
Intstfaelal contact of 50% reduodd the eddy current response by a factor of S. An
example of this behavior was found for the doped steam specimens cracked with high
applied hoop stresaes. These specimens were found to have lower voltages than expected

81
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lor the crad stres present in these tubes. This res.utt is judged to be the consequence of
crack face contact as a result of removing the applied stress. Similarly, the voltage
r,ensitMty tests reported here show large voltage increases as ligaments between cracks
are lost. The presence of crack ligaments and partially degraded grain boundaries
provides an explanation for the lack of eddy current response associated with field
induced degradation. Further, the presence of these ligaments and the low instance of

*

primary coolant leakage associated with this degradation mode suggests that there is
residual strength assoolated with these ligaments. Thus. significant degradation depths
may result in less severe ess of strength than was assumed in determining the plugging
limits based only on crack depth. For this reason, plugging criterla are based on voltage
responses correlated to tube in9grity through the voltage versus burst pressure and
leakage correlations.

8.1 Voltage SensitM:, to Crack Morphobgy

A series of oddy current tests were performed to establish voltage trends with crack
morphology to characterize voltage as a measure of tube integrity. In most cases,
machined specimens were used to simulate degradation febtures. This section describos
using simulated cracks and volumetric indications, in addition, voltage measurements
for laboratory specimens and pulled tubes with IGA degradation are Summarized to assess
detectabil!!y of IGA.

Voltsee SentitMtv Udna Stits in Conner Fojj

To establish the general trends of bobbin ooit voltage amplitude to crack morphology,
sensitMty tests were performed using slits in a cylindrical copper foil to simulate
varying crad lengths, ligarnents and parallel cracks around the tube circumference.
The copper foil was placed around a plastic tube. The various crad morphologies
simulated by the slits in the copper foil , and the associated voltage responses are shown
in Figure 81. For each combination of simulated cra&s in Figure 81, the total crack
network length is equal to the TSP thickness of 0.75 inch. The vertical cuts betwen the
parallel axial cracks simulate loss of ligaments beween eracks.

The voltage trends of Figure 81 show that the voltage incisases with:
o increasing crad length
o increasing number of cracks around the tube circumference, and
o I.oss of ligaments between crads,

Voltace SentitMtv Tests thina Slots in inmnal 800 Tuhkm

Additional information on the functional dependence of bobbin signal voltage on length and
depth of axial cracks was obtained using EDM sbts in 7/8 inch 00,50 mil wall alloy
600 tubing as shown in Figure 8 2. The signal voltages for the slots represent the
upper bound for the signal voltages expected for actual crads of similar length. For the
100% deep slots, the signal volt.nge increases steepPy with slot 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 about 0.250
inch after which it levels off. The signal amptitude increases by a factor of about 50 for
100% deep slots as the Cat length increases from 0.03 inch to 1.0 inch; it increases by
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a factor of about 4 for the 50% deep OD sbts over the same range of crack length.11 may
further be rh. that for longer slots, there is a greater increase in the signal voltage as
the depth increases from a shallow depth to 100%. For example, for 1/4' slots, the
voltage increases by a factor of about 50 as the depth 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 change. Voltage increases in an exponential manner with depth for a gken slot
length. For example, the voltage for a 1/4' slot increases from about 5 volts at 80%
depth to 40 volts at 100% depth. Overall, the voltage amplitude is particularly
sensilbe to deep wall penetration and crack length! this is the desired dependence for
voltage as a severity 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 each slot had 100% depth which tapered off to 0% at the ends. The signal
amplitudes for these slots 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 wall slot resulting from the tapers as a futution of the 100% deep portion of the
slot length. As the through wall length 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 influence on the voltage amplitude.

Figure 8 4 shows the signal amplitudes for the axlat sic.re obtained by using the rotating
pancake probe with a 125 mil diameter coll. This data lo qualitatively similar to the
bobbin data of Figure 8 2. Figure 8 5 gNes a plot of bobbin voltage vs. RPC voltage for
the slots showing a correlation between the signal amp!Itudes expected from the two
types of probes.11 may be noted that for both the bobbin and the RPC probes, the
amplitudes are dominated by the deepest part of the slots. A well defined correlation
between bobbin and RPC voltages is seen for the single slot data.

The effect of ligament within the crack length on the eddy current signal voltage was
studied by varying the axlal distance between two 0.125 inch long 100% deep axist
riots. The results are shown in Figure 8 6. The bobbin signat voltage drops by
approximately a factor of 2 when a ligament as thin as 8 mas is placed in the middle of
the two slots. The bobbin signal voltage is relatively inser.sittve to any significant
increase in the spacing beyond 16 mil. RPC voltage is also seen to decrease with
increasing ligament size although the rate of decrease for small ligaments is less than
for the bobbin coll. Since the small 16 milligaments within a crack cannot be
distinguished by eddy current, the voltage increase with loss of lipaments supports
voltage as a severity index for tube integrity.

A variatbn in bobbin signal amplitude is expected in case of parallel, multple axial
crarAs, 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
amplitude of varying the spacings between four through war axial slots. The signal
amp!!!ude increases by a factor of about three as the spacing between parallel slots
increases from a few mils to 700 mils. Cluely spaced paranel slots do not show an
increase in voltage 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 OD ax!al slots.
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The positioning of degradatbn near the end of bio TSP can potentially influence the
responses, with the principal contribution due to the mix residual that occurs at these
beations. This response is typically small compared to the voltage plugging limits so
that the amplitude of significant degradation will not be influenced by this resUual. 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 conter
of the TSP and at the inside and outside edges of the TSP Results nf those measurements '

'

are given in Table 8.1. It is seen that the voltage values for the crack within the TSP are i

essentially the same at the center and at the inside edge of the TSP. Variations in voltage |
with the slot inside the TSP are <2% for both 50% and 100% deep notches, while !
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

s

outside edge of the TSP. These results support the conclusbn that amplitude responses to )
degradation on the order of the 3-4 volt plugging limits will not be significantly
impacted by the bestion of a crack within 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 upo
to about one Inch for 100% deep slots.

o The voltage increase is inuch smaller for partial depth OD axial slots and voltage
does not increase significantly with length for slots greater than about 1/4' long,

o Signal amplitude la dominated by the 100% deep portion of the sbt.

Bobbin 0011 signal voltsgs is e function of spatial separation between parallet axialo

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

o A correlation exists. between RPC and bobbin voltages for single slots. However,
bobbin voltages Ircrease for parallel sb3 while RPC voltage can be isolated to a
single slot provided slots are adequately separated to permit resolution of each slot. .

o The presence of a small ligament between two axlal slots reduces the signal voltage,

o Amplitude reponses to degradation on the order of the voltage plugging limits are not
significantly influenced by the location of a crack within the TSP.

o Both bobbin and RPC voltage amplitudes from slots represent an upper bound for
the 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 assessments. Voltages increase with increasing crack length, with
increasing depth particularty near through wall penetration and with loss of ligaments

|
between cracks.

1
1

The general concept of relating voltage to burst pressure can be demonstrated by
cx>mbining data for voltage vs. slot length with burst pressure vs. slot length data.
Figure 8-8 demonstrates the resulting voltage! burst correlation. Voltages for slots are
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not typical of cracks but the general trend and slope are almtlar 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
morphology. Thus a spread in butst pressures for a given voltage is expected. This
spread is accommodated in the plugging criteria by using a voltage / burst correlation at
the lower 95% confidence band of the test data. Various crack morphologles involving
variables such as lengtr., depth, ligaments, multiple cracks, etc. Influence the spread of
the data and thus the r 'sulting tube plugging limit.

Vohane SentitMtv to Vntumetric rNon Crackt Indientiont

it is desirable to mmpare voltage amplitudes for volumetric Indications to those

associated with plugging levels for ODSCC cracks. Gken defect specirc plugging
criteria for ODSCC at TSPs, these comparisons help to guide the importance of
distinguishing ODSCC from other types of degradation. The plugging criteria of this
report establish a bobbin voltage threshold above which RPC inspection is required to
facilitate identification of ODSCC from other types of degradation. These voltage
comparisons provide guidance on setting the bobbin voltage threshold for RPC Inspection.

Typical bobbin coil voltage amplitudes were developed from laboratory simu'allons of
volumetric degradation as developed below and summarized in Table 8.2:

Wastage: Flat rectangular shaped flaws of different depths were machined to simulate
tube wastage: the bobbin signal amptitudes as a function of maximum OD depth
for 1/4" and 1/8"long machined flaws are shown in Figure 8 9. In addition,
tapered flaws were machined to simulate the tube wastage shapes observed at
some plates. Figure 8 9 shows the bobbin signal voltage as a function of
maximum OD depth for tapered flaws.

Fretting: Flaw shapes somewhat similar 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 810 shows the bobbin signal amplitude vs diameter of machined
through wall holes simulating 100% deep pits. Pitting observed in operating
SGs occurs as multiple pits for which voltages are significantY higher as
rcted in Table 8.2. The data from ASME flat bottom holes of partial depths
may be used for estimating the signal voltages expected from partial depth OD

ipits.
(
|Cold Leg Thinning: Pulled tube data from two different plants with cold leg thinning were
!

reviewed and are summarized as follows, in one case, a flaw at the second TSP 1

in the ood leg with a maximum wa|| penetration of 48% had a bobbin
amplitude of 4 volts. Figure 811 shows a photograph of the OD surface at the
degraded location. In the second example, which was also at the second TSP in
the cold leg, a maximum wall penetration of 59% yielded a bobbin amplitude
of 4.9 volts. Examina!1on of the pulled tubes showed no cracks in these tubes
and the degradation was identified as 'mld leg thinning."
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The data of Tablo 8.2 and supporting figures indicate that bobbln voltages would exceed
about 2 volts, as limiting by pitting degradation, before being a conectn for tube
integrity. A single pit, simulated by 30 and 60 mil through wall holes would have

'

voltages of about 2 and 7.5 volts, respectively. Pitting typically occurs as multiple pito
|

In operating SGs with higher voltage levels as notod in Table 8.2. Cold 100 thinning at !
50% depth will yield a bobb!n amplitude of over 4 volts.

.

Dased upon the above noted voltage lovels, volumetric Indications with bobbin voltage
amplitudes exceeding about 2 volts should be inspected using RPC probes to aid
characterization of the causative mechanism Volumetricindications loss than this
voltage amplitude would be expected to be acceptable for continued service and separation 1

of the causative mechanism from ODSCC would not be critical to assure tube integrity. I

!
JGA Detectabmtv

Umlted laboratory specimens and pulled tubes at TSP intersections with significant IGA
are currently ava!lable for assessments of detectability and tube integrity. Available
laboratory IGA specimens were prepared as long (4 to 6 inches), uniform IGA to assess
detectability in uneganded regions of tubesheet crevices. Data from three domestic tube
to TSP Intersections from Plant L (R12C8), one from Plant M 2 (see Section 4), and
three from non Westinghouse plant N are available. Some French data obtained from EdF
for TSP Indicatbns can also be assessed. The general morphology of the French
Indications is more like Plant L tube Rt2C8 than Farley indications.

Three sets of laboratory lGA specimens are available for NDE assessments. Two are
Westinghouse samples and the third represents samples prepared by Westinghouse
under EPRI sponsorship (EPRI NP.5503). The two Westinghouse sets of specimons
represent laboratory IGA under accelerated conditbns and provide uniform wa 1
penetration IGA over 4 to 6 ladi lengths. Bobbin ooli detection for these specimens is
shown in F60ure 812. Figure 812a represents specimens prepared using sensitized
tubing and shows very high bobbin ooit amplitudes. Figure 812b shows bobbin cr.:1
responses using non-sensitized material. The non senshlzed material shows much
bwer amp!!tudes. Methods of sample preparation were refined for the EPRI program to
further improve comparisons with field experience.

The EPRI specimens were prepared using a 50% caustic and 12% chromium oxide
environment at 650'F for up to 10,000 hears. Temperatures in some cases were
increased to 700 'F to accelerate the corrosion rate such that 21% penetration was
obtained in 35 days. Even under the accelerated laboratory conditions, the times to
create IGA are very long compared to preparation of ODSCC specimens. Specimens in the
rango of 2 to 30% nearly uniform wall penetration were obtained in th!s program.
Figure 813 shows typical NDE results for 29% deep IGA, The bobbin coli differentla!
tests reveal the uniform IGA whereas the RPC results are not particularly revealing.
Voltage amplitudes are not available for the samples that were destructively examined.
Bobbin coil measurements of library samples were performed with the results given in
Tablo 8.3 These samples show voltage amplitudes of about 12 votts where the IGA depth

!
is expected to be <30% deep and are NDD where depths of a few percent are expected.
Deep cracks within the samples were detected with amplitudes of 4 40 volts. These
samples are more representative of field IGA than the Figure 812 samples although
limited pulled tuoe data for uniform IGA are available for direct comparisons.
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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 principal y ODSCO at comparable depths as shown in Figure 6 9. The signal
ampDtude ls comparable to the laboratory specimens of Table 8.3, although bwer than
the specimens of Figure 812.

Three pulled tube results from Plant N 1 with egg crate supportA 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 (R12C8) Indications from Plant L were detected by pre pull
bobbin 001l Inspection. Table 6.2 and Figure 6 9 show the voltage and maxirnum depth
for the three Plant L indications that were found to have significant IGA invoNement as
compared to other pullod tube results including Plant L data with negligible IGA
involvement. It is stan that the Plant L vollage levels are typical of the rest of the
population of pulled tubes with less lGA Involvement than the Plant L tube R12C8 crad
morphobgy, 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 rerponses toward the high range of the data.
The French crack morphobgy is lGA + SCC as shown in Figure 6-8. The Plant L
(R12C8), Plant M and Plant N morphologies also show IGA + SCC.

'
Tube removal analyses performed in Belglan P!snt E during 1991 showed ODSCC with
shallow IGA at all support plate Intersections examined. Again the affected areas were
beated entirely within the TSP Interse:tlons, mainly at mid height. The affected
circumference was small when shallow depths prevalled, and reached nearry 360' in
strongly affected intersections: at shallow depths, many initiation sites with
muttl-directional creding were visiblel in strongly affeck .1 areas, axial cracking was
predominant, with only shallow associated IGA. For tube R19C35 2H, the burst cracks,
developed with a loose fitting TSP collar, were axial in direction, showing 100%
intergranular depth. Several tube sections bmke upon pulling; the maximum corrosion
penetration was 60% in a dense array of axial cracks, with shallow IGA in some places.

Figure 4 28 lilustrates the cellular morphobgy of the Belglan tubes and Figure 8 24
shows the EC traces collected in the field for the corresponding location prior to pulling.
The 2.27 volt signal recorded at 300 kHz, when converted to US voltage calibration in
accordance with Table 6.4, corresponds to approximately 23 volts, well in excess of any
voltage-based allemate criteria under consideration. The stated repotting threshold for
TSP ODSCC in Belgium is 0.2 volts at 300 kH:, or approximately 2 volts at U.S. voltage
calibration. Nearly all tubes plugged in the U.S. for TSF ODSCC would escape reporting
under the Belgian criteria.

It is plain that since Belglan practices are based on the absence of safety implications foi
ODSCC/lGA contained within the TSPs, that only the most severe degradation is plugged
and most indications are not recognized. Since the Plant E tubes are pingered in the
manufacturing process, the periodic noise in the tubing complicates detection of minor
degradation; thus the relatively high reporting threshold dovetails nicely with the S/N
limitations in the EC data.
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in summary, the conditions which went ' unreported'in the Belgian tubes were not
simple IGA, which is easily idenilfied as the U.S. field and lab data show; rather the
voltage calibration and reporting threshold combined to create the impression that
signifcant cracking and associated shallow IGA. comprising the cellular degradatbn
observed in the lab, had not been detectable. In the U.S. NDE calibration system, these
are prominently visible and pose no challenge to evaluativn.

.

CNerall, the available pulled tube results show comparable vcitage responses relative to
maximum depth with no definable dependence on IGA involvement within the broad
scatter of the data. The laboratory unifo;m IGA samples show significant voltage
responses at 30% depth. The available pulled tubes with significant IGA levels show IGA
with cracks and have been found to be detectable indicatbns.

8.2 Probe Comparisons

To address concems that the results of the study might be limited to a specific probe,
probes from different eddy current probe vendors (Echoram and Zetec) were used. Both
probes were nominally 0.720 inch in diameter and !ncorporated the latest technobgy
for centering. The coils on each probe were nominalty 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 l) was 400,200,100 and 10 kHz. The second (configuration ll) was
600,400,100, and 10 kHz Review of the data Indicated no significant differences in
the results from the differsnt probes for the different frequency configurations.

Compar! sons 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 since it is designed for higher frequency operation than the Zt probe. This
difference is not a significant issue and is noticeable only as a consequence of the way in
which the voltage calibrations have been derived. Table 8.4 Olves the voltage measured
by probe Zt divided by the volta 0e 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 not&es. This apparent variation between the
probes can be eliminated by calibrating each of the frequencies ind!vidually rather than
using the 400 kHz calibration factor, or by calibration at the planned mix frequency.
The latter approach is recommended 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 814 to 816). The
correspondence between the mix channels of tia two probes is due to the fact that the
400 kHz channells being used both as the 'pdmary* mix frequency and to set the
calibration factor, if another frequency is used as the primary mlx frequency (i.e.,100
kHz) the apparent mix amplitudes willdiffer. Table 8.5 O es the measurement of thek
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 indkidual
) frequencies, this factor can easily be accommodated by using a different callbration
! procedure.
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The bobbin collinspectbr.fi were supplemented by two RPC examinations, also with
probes from the two eddy current probe vendors noted above, However only one set of
frequendes (400,200,100, and 10 kHz) was used for both RPC probes. The data
gathered during this phase of the program were used prirnarily as a qualitatke toolin
assessing the extent of the degradation.

B.3 Influence of TSP Crevice Conditbn

For some spedmons, the crevloe between support and the tube was packed with
magnetite and the samp!e was inspected ogain with the bobbin coll. Table 8.6 compares
the data from the two inspections. With the exception of sample DW.11 the arnp!!!ude of
the responses from the samples changed by approximately 1'O %. Sample BW 11 showed
a 50 % increase in amplitude. When the support was removed from the sample the
degradation response had indeed increased, Indicating that the presence of magnetite in
the crevice did not cause the increase in tesponse, rather the process of pading the
crevice had mechanicaUy deformed the sample causing further loss of ligamems and a
subsequent increase in ' response. Additional evidence for the minimalimpact of the
presence of magnetite in the orevice is derked from the comparison of the data from
conos}on samples with tight packed crevloes. A comparison of the samples prior to
support tornoval and after msgnetite removal with the packed support ring (Figure
B-17) in place show a $% increase in response with the magnetite present with a
scatter of approximately 10%.

As part of the toct program,6 fatigue crack and 3 doped steam corrosion crack samples
were leak testMi to determine the influence of the dented support plate crevice condition.
Table 8.7 summartres the ret.utts of the eddy current inspection of these samples before
and aher denting (rote samples FAT 1,2, and 3 had been leak tested previously),
Denting resulted in a signihcant change in the amplitude of the fatigue crad eddy
current responses. Prior to denting, all but one of the fatigue cracks tM amplitudes
which approached that of the through wati EDM notch (80 Volts). After denting, two of
the fatigue cracks could not be distinguished from the response of the dents, der.pite the
fact that the dent response was an order of magnitude smaller than the inillal fatigue
crack response. Initia!!y the corrosbn crads produced smaller responses than the
fatigue cracks. However, their responses on average, could be detected in the presente of
the dent. However, these results represent large indications in the presence of smat
dents, in field applications, small to moderale indications typically cannot be separated
from dont signals that exceed the amplitude of the indication.

The difference in the behavior of the fwo cmck types (and further within the fatigue
samples)in the presence of denting is a consequence of the heavier oxide coating on t-
crack faces of the corrosion samples and the leak tested fatigue cracks. Under the
corrg 1ssive loads of denting, the crack faces are forced together. The presence of the
oxides on the corrosion crack faces prevents interfacial 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 permitting the eddy currents to
fbw unirnpeded across the crack, significantly reducing the response. The significant
loss in response of the fatiguo crais dernonstrates thailnterfacial contact does indeed
result in a reducod oddy current response. However, it is not expected that service-
Induced degradation will respond to denting as have the fatigue cracks. Rather, it is
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I

expected that the compressive stressos from denting would not play a direct role in
providing Interfacial contact such that field induced cracking would respond as d.'d the
doped steam samples, with little change in amptitude. However, it is recogn! zed that
bobbin 0011 detection of cracks at dented inters 6ctions is unreliable when the degradation

| amplitude is smaller than the dont amplitude.

.

BA SensitMty to Probe Wear'

Eddy current test parameters can exist over which there is little systematic control and
which may vary between tubes or along the length of a tube. The centering of the eddy
current probe as it passes the degradation poses the greatest concem of this type. This
study has shown that probo centering can vary the amplitude of a $lgnal, in the worst
case, by a factor of two. The l@ratory study used field probes which had excellent
centering characterivics. At the beginning of a field inspection sequence, the probe
centering characteristk s would mimic those found in the laboratory. As the inspection
continues the probe is tixpected to wear and its centering capability to degrade. The time
frame for this to occur is unknown b%2use it is a complex function of inspection extent,
tube geometry, the presence of o/ des, etc.

A means of assessing the probts centering capab'lity is through the use of an
appropriate verificallon t.tanda d as !!!ustrated in Figure 818. Such a standard can be
na simple as four holes drilled in a segment of tubing. The holes are displaced exially in
different planes with each spaced 90 degrees around the circumference from hs,

i neighbor. The ampillude ratio between the holes then determines the degree of centering
of the probe. A star dard of this type could be put in line to provide continual
verification of probe centering during the inspection.

;

The bobbin probe centering mechanism wears with usage. Thlt could affect the eddy
strent signal. The effect of wear on sigt.al voltage was evaluated using a *4-hole

| standard.' The four holes were 67 mils in diameter,100% deep, 90 degrees apart
circumferentially, arid 1.5 inches apart, axially. A 0.720 inch diamoter probet

fabricated by Echoram was used for this evaluation. The centering mechanism in this .

probo consists of three sets of spring loaded plastic buttons (hemispherical) 120
degrees apart and protruding approximawty ( ja mils frem the probe body. Tha test
runs were made with the tubes in a vertical position. The probe pull speed was
approximately 12 inches per strcond. The tubes were rotated 90 degrees after each run

| to provide for thn randomness in the probe to tube orientation expected in the field. For
the new probe, the scatter in the voltages obtained from the four identical holes for -
repeated test runs was [ la,

lhe centcring buttons of the probe were wom by repeatedly running the probe through a
tube with an abraske tape on the tube 10. The data from the 4 hole otandard was
collected for different levels of probe wear. At the level of probe wear represented by a|

50% reductbn in height of the centering plastic buttons (ie, about { 3a mils), the
scatter in the whage for the four holes was found to be within [ la. Increasing
the probe wear beyond this level resulted in rapid deterioration of the quality of the data.
The resnits of the tests are shown in Figure 819. The 50% reduction in height of the
centering buttons appears to envelope typical field wear between probe changeouts

| )
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during an inspection. Thus an allowance of [ ja uncertainty for probe wear is
consistent with current field experience.

The remaining concerns over probe centering are the impact of tube to tube variatens in
diameter and ovality Neither of these are anticipated to be major sources of variability.

8.5 Eddy Current hspection and Analysis Practices

To lay the foundatbn for field application of the results of the tests, the data oc!!ection
and analysis procedures were made as close to those used in the field as possible, while
conducted 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 coil data was conducted from a 400/100 kHz mix data
channel. The mix was established by elitolnating the rerponse from the support ring on
the calibration tube. The voltage for all channels was calculated from the conversbn
factor found by settin0 the response of the 20% ASME cal!bration he',. at 400 kHz to 4
volts (save/ store mode). This corresponds to setting the 400/100 kHz mix channel
voltage of the 20% holes to 2.75 volts or to 6.4 vo'ts for the four.100% hole standard.r

A similar procedure,in which the 400 kH: response of a through wall EDM notch was
set to 20 volts and the voltage of all other channtels esttblished using the Save/ Store
mode, was used to catbrate the RPC probes.

Because each calbration standard la potentla!!y un!que, a system to assure consistency
of the data must be established. Currently, the fie'd data ls tied to the calibration tube
used during an inspection and the correlation between that standard and all others used in
the industry is through the certification provided by the manufacturer of the standard.
Typically, the controlled parameterc of the standards are the depth of the calbration
holes amd rihether the phase response Of the machined holes is within acceptable
tolerance.The amplitudes of the hole responses are not controlled parameters. Small
dan 0es in tube dimensions, hole placement and other subtleties can cause variationt ''
the hole response and therefore systematic offsets in the measured degradation respone.
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 altamate 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 and limits voltage variations to
principally the hole diameter hierance. Consequently, the recommended voltage
normallzation is 6.4 vorts 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 Altemate inspection Methods: Rotating Pancake Coll (RPC)

The primary objective of this program was to arrive at hspection and plugging criteria
based upon the bobbin coli inspection. Howehr supplementd RPG data was also acquired
from the test samples. This data served two objectives:(1) to establish a data base that
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if needed could be used to augment the bobbin coll 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 determining tube plugging.

|| Is believed that combinations of deposits and other spurlous conditions can result in
bobbin 0011 responses that have degradation-like chcracteristics. To minimize plugging
tubes with such responses, the philosophy of using the bcbbin coil as a screening tool and

*

the RPC as a confirmstory tool has developed. For the samples that were leak checked,
Indica ~llons were present in both the bobbin and RPC data. Table 8.8 oontains a
comparison of the bobbin coli and RPC results respectively for the leak tested modci
boiler samples, it is noted that the samples with the largest bobbin responses generally
had large multiple RPC responses, it can be noted thL specimen 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 8 20 shows
examples of RPC traces for typleal model boiler specimens at 0.6,12.7,26.5, and 67.7
volt! (tobbin to!.'). It can be seen that for bobbin collvoltages above about 25 volts,,

multiple axial cracks of comparable amplitudes are found. Specimen 543 2 (67.7
i

volts) shows closely spaced, long axial crads with large RPC amplitudes.,

An example of an apparently spurious bobbin response, similar to those observed in
;

pulled tubes, was identified in the model boller tests (model boiler 568). During l

interim inspections these samples d! splayed the characteristic of having bobbin coll
in$ cations without showing discrete RPC Indications. The bobbin coil mix response had
amplitudes on the order of one volt, with depths based upon phase measurements on the
order of 80% througn wall. However, the phase of the Indications did not change as a
function of frequa ey consistent with that of the ostibration tubes. Rather, as the
frequency was oecreased the phase remained essentially constant such that the apparent
depth of the in$ cation decreased. RPC Inspection in the heliooll scan rnode did t'ot '

con &m 80% flaws and gave a response indicating a band of material with
elecomagnetic 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 obtained which behaved similar to the bobbin coll response. That .

Is, as the inspection frequerrj is decreased the apparent depths of the in$ cations '

appeared shallower. The underlying mechanism which causes this shift in he tubing's
electromagnetic properties has not been identified. Ultimately the samples showed both
significant bobbin coil responses and dec ete RPC Indcations,. Post-burst examination
of the samples shi,,wed no apparent degradation apart from that identified in the RPC
results. This example tends to lend support for the RPC probe as an arbiter of bobbin
coil indications for identifying diso ste crack responses and to avoid plugging of
undegraded tubes with electromagnetic property changes.

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
utillzed in the laboratory, the tesi program yielded the following modircations to the
field addy current procedures which are necessary to assure proper control of tho i

uncertainties in the data acquisition:

a 12
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1. The 4. hole ASME (Sectbn XI, Article IV 3220) standard with 0.033 inch diameter
holes spaced 90'spart in a single plano shculd be used for field voltage
normalizations. However, hole diameter tolerance rnust be 10.001 inch rather
than the ASME value of 0.003 inch.

2. An additional standard should be used in line with the ASME standard to limit the
effect of probe wear (probe centering) on the field data. Use of this stancard
indicates when data uncertalnties due to probe wear become greater than acceptable
for the tube plugging criteria, requirin; use of a new probe.

3. The calibratbn should be nortnalized to 6.4 V for the 400/100 kHz mix channel for
the 100% 4 hole ASME standard to eliminate ;..) 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.

A. The NDE data acquisition and analysjs guidelines of Appendix A should be
implemented to enhance concistency and repeatab!!ity of the inspection data.

i

8.8 Eddy Current Uncertaintles for Tube Plugging Criteria

in most prior evaluations, SG NDE uncertainty is determined as the difference between
bobbin coil indicated deMh versus actual depth from destructive tube examinations.
This is not the case for voltage measuremer.ts such that the NDE uncertainties for voltage
do not have such a unique interpretation. For voltage plugging criteria based upon
voltage versus burst pressure correlations, the NDE voltage *uncertaintles' affect both
the voltage measurement and the spread or uncertainty in the burst pressure
correlation. The goal for the voltage measurementr, is to minimize the uncertainty on
repeating a measurement so that the uncertainty on the burst correlation is reduced to
the extent practical. The re nalning voltage measurement uncertainties end up as part of
the burst correlation uncertainty. For example, assume that a number of perfectly
identical samples were prepared such that burst pressures would be identical. Il voltage
measurements were then made with different probe diameters, calibration standards, .

open crevloes, packed crevices, copper deposits in crevices, etc., the voltage
measurement variability would then result in a spread in the voltage versus burst

| correlation. Clearly the goalls to minimize the burst correlation uncertainty (lower
95% confidence limit used for plugging criterla) by controlling the voltage varlab!Ilty.
The voltape measurement procedures must be consistent between laboratory and field
implementation to apply the laboratory specimen NDE/ burst data for developing
plugging limits. Inclusbn of feld voltage measurements for tubes 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 betwuen the laboratory and
the field measurements.

As applied for the plugging I,mit development, the variables affecting the burst
ooirelation are sp|ll into NDE uncertaintles for determining voltage and burst
correlation uncertainties as given in Table 8.9. The potential contributors to the NDE

| repeatability uncertainty are probe centering (pdncipally probe wear), calbration

i standards, probe design differences, eddy current analysis variability and eddy current

i
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| system variabmty. Eddy current system varlebnity results from noise due to>

ear u certa [ lor ah tions t p ng$m sn a w p

i

Probe design differences are el!mhter; by requiring that only bobbin coil probes with
0.06 inch ooils and 0.06 inch spacing between coils be used for voltage measurements.

- .

*

These values are commonly used by noarty all probe vendorsi The vo!tage mplitude is a j

function of coil to co8 spacin0. For differential responses and a conter to coi ter ooli :
spacin0 of 0.12 inch, the influence of small changes in coil spacing such as associated
with manufacturing tolerances is sma!!. Thls consitivity is shown in Floure 8-21.

The calbration uncertainty results from dimensional tolerances in fabricating the>

'

standards. The effects of omensional tolerances in SG tubing result in a spread of the
voha0sturst correlation as the tolerances may affect both voltages and burst pressure
and thus.are not categorized as an NDE uncertainty. The calbratloa standard variaWN
for Farley SG applications is eliminated by requiring that the field standards be
calibrated against the laboratory standard. The differences between calibration
correction factors have been minimized by normalizing volta 0es to a four through wa#
hole ASME standard rather than the 20% depth holes. Volta 0e sensitivity to 1t

manufacturing tolerances for the throu0h wall holes is expected to be smaller than found
for 20% depth holes.i

The probe centering unoertainty is limited by requiring pmbe replacem9nt if individual
hole voltages for an axially staggered, four through wall imie wear standard vary by
more than a probe wear showanos between the initial or new probe values and

-

subsequent measureme,nts. Thus this uncertainty is limited by field data collection
requirement 4 The probe wear allowance includes vohape repeatability uncertaintles
(found to be - 5% as shown in Floure 819) for a new probe and a wear slowance for
auditional repeatability variation.- For the Farley data acquisition requironients, the
probe vcsar allowance represents the principal NDE voltage uncertaintyi Pending >
additional field experience with the probe wear standarA the expected 10% NDE -
uncertainty for probs wear has been increased to a 15% limit for the EC guidelines of -,

Appendix A. From Figure 819, the standard deviation on probe wear is about 10%.; At -
-

90% cumulative probability, which is weed for the NDE uncertainty in establishing
the Farley SG repair limits, the probe wear uncertainty would be about 13%.- Probe
replacement is required by Appendix A at a 15% volta 0c change using the probe wear 1 !

standardi -

- Table B.9 identifies variables whi& led to spread or uncertainties in the volta 0elburst
correlation. Crack morphology variations are the principal contributor to spread in ths . ;

burst correlation. Voltara amplitude does not define a unique orack morphology but :
rather a ran0e of morphologies and associated burst pressures with the empird.1
retailonsh5 establisheri by the volta 0eburst correlation. The correlation relates the EC

- sensitivity and burst pressurels to the degradation morphology. To date, emphasis in
dovuloping the burst correlation has txen placed on axial ODSCC with crack branchin0 -
arW lirnited IGA which represents the Farley SGs and many ottwr plants based upon pulled
tube examinations. Assessments of increased IGA irwolvement will be performed as data
become available. The history of crack morphology for Farley puued tubes shows :

.

Ernited IGA involvement such that the model boiler generated CDSCC specimens are ~
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representatNe of Farley SG tube degraadation. Cuirently available data for increased IGA
Invokement Indicates that the current burst correkition tends to envelope IGA and
IGA / SCC modes of degradation. Sectbn 8.1 shows e.,.1 parable 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 IGA spW:Imens are consistent with the burst correlation,

Data analysis guidelines for voltane amplitudes are given in Appendix A to minimize the
human factor variability in intcrpreting s!gnal ampfitudes. Some uncertainty will
remain and becomes reflected in the spread of the vultage/ burst correlation. For
mr:servatism, the eddy current analyst variability is also included in the NDE voltage

'

uncertalnty. However, this issue is less significant for application of the voltage
plugging limits than for 40% depth limits, for which Indications are evaluated at or
near the detection threshold such 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 tr,ove the
amplitude of concern for tube plugging to generally higher signal to noise ratios so that
human factors and details of interpretation guidelines become less signifcant.

To assess analyst variability on voltage measurements, an assessment was performed by
mmparing voltage measurements from two analysts evaluating Farley.1 and Farley.2
Indications at TSP Intersections. The Appendix A guidelines aare provided to both
analysts who independently evaluated the same indications for voltage amplitudes. The
differences in amplitudes between the two analysts were then evaluated as a function of a
bwer cutoff voltage. Table 8.10 Summarizes the analyst variability evaluated at the
90% cumulative probability of the difference in voltage measuremt.nts. Examples of
distrbutions for the voltage differences between analysts are shown in Figures 8 22
and 8 23 for Farley.1 and Farley 2. The mean difference between analysts is
approximately zero. The percentage difference from the mean is essentially independent
of the lower cutoff voltage. The cumulative probability of the measurement differences
is used as NDE uncertainty since the distrbutions are not representative of a normal
distrbution. From Table 8.10, the eddy current analyst variability at 90% cumulative
probability is about 10%.

As noted in Table 8-9, the use of field voltage measurements for pulled tubes obtained .
prior to implementing the present voltage calibration requirements contrbutes to the
spread or uncertainty b the burst correlation. Uncertainties associated with feld
crevice conditions, like the human factors, are more significant at the low ampiltudes
near detection tYesholds than at the voltage plugging limits. This has been the
everlence in Farley SGs where distorted sadications have been primarily low amplitude
indications. Agaln, the larger amplitudes near voltage plugging limits provide more
reliable quantification of the indications than associated with current experience with
depth l> nits 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 concem for axial indcations, 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 voltages are commonly higher than prepull values.

8-15
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I Based on the above, the contributions to the NDE uncertainty at 90%' cumulative
'

probability are 13% for probe wear and 10% for analyst variability. These
contributors can be considered independent variables and combined as root mean square4

(RMS. to obtain the not NDE uncertainty of 16%. This value is appiled in Section 12 to
develop the tube plugging voltage limit. For probabilistic SLB leak rate and tube burst
evaluations, as required for the tube plugging criteria of Section 12, a distribution for
'' P'- <tainty is required. The 16% uncertainty al 90% probabaty can be

*

R -. : 9 Mulvalenced to 1.3 standard deviations to obtain a standard deviation of
atout ti cr.- trobe wear uncertainty is bounded at 15% by the probe replacement
'+1ul" - a a an upper bound on the total NDE uncertainty distrbution is -
er A m3 125% representing the RMS of 15% for probe wear and 20% for>

- A ' The distribution for the NDE uncertainty is then represented by a
a n of 12% with a distrbution cutoff at 25%'

0%. . rJDE uncertainty reflects measurement repeatat,Ility and is dominated by
probe wear allowances which can be limited to 1015% by field implementaten 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 on the burst correlation for tube plugging limits.

8.9 Conclusions
'

1. The use of probes from Echoram or Zetec has negligible influence on the data _ -

acquisition 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. Small indcations, where their amplitude approaches the size of the mix residual,
can be influenced by the presence of the support.

4. The eddy current response is essentially unaffected for a packed tube to tube
support plate crevice as compared to an open crevice.
'

5. l.arge amputude crads which are Ikely to have oxide'ouating on the crad surfaces

L - remain _ detectable by addy cxment in the presence of minor _ denting. 'Small

| amplitude cracks and cracks with clean crack surfaces (i.e., fatigue generated .
L cracks) may be masked by the dont algnal for dented intersections.

6. Probe centering characteristics, related to probe wear, can contritrate to the
. uncertainty of the addy current signal. This uncertainty was found by probe ~ wear
test simulations to be about[ - }a to envelope typical field probe replacements.
Probe wear influence on the signal uncertainty can be controlled by the use of an
appropriate wear standard. The staggered 4-hole standard will be applied at Farley -

. to limit the voliage amplitude uncertainties from probe wear to [ ' Ja 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 recommended for appiication of the tube plugging -

8-16
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criteria. Calbration at the mix frequency is recommended to minimize effects of
variations in frequency response between probes.

8. NDE uncertainties contriteute 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 m!nimizing the NDE
uncertaintles associated with voltage measurement repeatability. Other NDE
ovnsiderslions remain as part of the burst correlation uncertainty although the
princ!pa! variable In the burst uncertainty is crack morphology differences.

9. The NDE voltage uncertainty can be represented by a standard deviation of 12% with
a distribution cutoff at 25% or 16% at a 90% cumulative probabi!!ty..,

8-17
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Table 8.1

Effect of Flaw Location on Bobbin Coll Measurements *

.

50% Deep Sbt 100% Deep Sbt
Finw Location MQUA28 QADlh Y% DED1h

i

1. Sbt centered in TSP 0.95 43 % 47.4 100%

2. Sbt extending from 0.95 72 % 48.1 100 %
TSP edge inside TSP

'

3. Sbt extending from 1.07 36 % 49.3 99%
TSP edge outside of TSP

4. Sbt without a TSP 1.07 49% 48.7 99%

* Measursments for 0.25 inch long EDM slot in 0.75 inch diameter tubing.

.
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Table 8.2

Typical Voltage Amp!!tude for Volumetric Types of Degradation

Tvoe of Dearnelation Vohnse Framoles Qgmments

Wastage -
o Characterizedbymachined ~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 S

tapered flaws @60% depth (1)

Pitting
o Single drilled hole ~7.5 volts for 60 mil Data of Figure 8 9 -

simulation dia.,100% deep
~5.3 volts for 109 mil Data of Table 6.4 -
dia. 60% deep
-2 volts for 30 mit Data of Figure 8-9
dia.,100% deep-

o Mu!:lpte pits -2 volts multiple . Pulled tube example
Indications for multiple -
pits up to 60 mils in

-diameter and 64% deep

_.

Note 1. Typicallimiting depths for continued service allowing 10% for EC uncertainty -
and about 5% for growth between inspections.

.
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Table 8.3

Bobbin Coll Detectability of EPRilGA Samples *

Differential B. C. Absolute B. C.
*

Soecimen No. yolls Depth Valls Depth Comments

.9

-

_.

i

* Voltage measurements represent the peak at the start or end of the IGA. Peak to
. peak differential voltages would be about twice the single peak values for
I

comparisons with the absolute voltages and for comparisons or correlations with
ODSCC degradation atTSPs.
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Table 8.4

Comparison of the EDM Notch Amplitude Response of Probe ZT and Probe ER
(Ratio Probe ZT / Probe ER)

Notch Mix
Qggib 400 kH2 203 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 Response of ProbeIT and Probe ER
(Ratio Probe ZT/ Probe ER)

Response Ratio
Hole Death 100/400 kHz Mir

100 % 1,58
80 % 1.54
60 % -1.55 -

40 % 1.53

8-21
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Table 8.6

Comparison of Tight (Magnetite Packed) and Open Crevices
for Probe ZT and Probe ER

(Ratio Tight /Open)
,

Samole 400/100 kHz Mix
Probe 21 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-pccked
response with the tube response after removal of the magnetite ps, dng.

Table 8.7

Influence of Dentlag on Indication Flesponse

400/100 Mix Amotitude
Sample Before Dentina Aher Dentina Dent Size

volts volts volts

Fatigue

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-B 69.0 NDD 17.4

Doped Steam

BW1 8.9 18.0 14.7
BW-3 12.5 3.97 6.27
BW9 4.21 4.9 6.36

hT NoTest
NDO No Detectable Degradation

'd - 2 2
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Table 8.8
,

Laboratory Specimen NDE Summary (1) '

Flaw' Flaw (4) Flaw (4) No. ofSample Probe
_

Number M Amolitude (V) Phase M Deoth (%) Lenath(d h
,

.9.

500 1 Bobbin
RPC

500 1(3) Bobbin
RPC

509 2 Bobbin
FFC

509 3 Bobbin .

RPC

510 1 Bobbin
IPC

525 1 Bobbin
1FC

525 1(3) Bobbin
RPC

528 1 Bobbin
FFC

526 2 Bobbin
FFC

530-1 Bobbin .

IFC

532 1 Bobbin
FFC

532 2. Bobbin -
FPC

-.

(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 &wpest crad and length for the total crack network.

,

e
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Table 8.8 (continued)

Laboratory Specimen NDE Summary (1) I

Sample Probe Flaw Flaw (d) Flaw (4) No. of
Numbct Iyng Amolitude IV) Phase (*) Death (%) Lenothfin.) Flaws

'

i

~

533 4 Bobbin '

RPC
533 4(3) Bobbin

RPC

535 1 Bobbin
RPC

536 1 Bobbin
RPC

542 1 Bobbin
RPC

542-2 Bobbin
RPC

542 3 Bobbin
RPC

542 4 Bobbin
RPC

542-4(3) Bobbin
RPC

543 1 Bobbin
RPC

543 1(3) Bobbin
RPC

543-2 Bobbin
RPC

543 2(3) Bobbin
RPC

'
_

-,

(1) As receNed 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 inillal leak testing.
{4) RPC depth is for the deepest crack and length for the total crack network.

8-24
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Table 8.8 (continued).

Laboratory Specimen NDE Summaryb) .

| Sample Probe Flaw Flaw (4) Flaw (4) No. of -
Number IXDa Amolitude (V) Phane (*) Death (%) Lenathun.) f,lagg

_0 -
543 3 Bobbin

RPC

543 4 Bobbin
RPC

543 4(3) Bobbin
FFC

555-1 Bobbin
FFC

555 3 Bobbin
RPC

557_1_ Bobbin
RFC

557 2 - Bobbin
RPC

557 4 Bobbin
RPC

558-1 Bobbin
IVC -

568 1- Bobbin -
L FFC

.

568-2 Dobbin
IVC

'568-4 Bobbin'
E

568-6 Bobbin
FFC -

.

,

(1): As received Specimens, Prior to Leak Test. Data are average resul's for

Echoram EE 720-FsbM-UF and Zetec A 720 ULC(775) Bobbin Probes and ~ ,

Echoram EB 720-2XSRPC and Zeiec 720 MRPC Pancake Probes.
(4) RPC depth is for the deepest crad and length for the total crack network.

8-25
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Tablo 8.8 (continued)

Laboratory Specimen NDE Sumrnary(1)

Sarnple Probe Flaw Flaw (4) Flaw (d) No. of
Number IyA2 Amofitude (V) Phasel') Deoth (%) Lenothfin.) Sayzs

,

9_ _

571 1 Bobbin
RPC

574 4 Bobbin
RFC

576-2 Bobbin
RPC

576-4 Bobbin
RPC

a

(1) As received Specimens, Prior to Leak Test. Data are average results for
Echoram EE 720-FtJoM 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.

.

|

|
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Table 8.9

Variables influencing NDE Voltage ani Burst Correlation Uncertainties
,

NDE Voltage Uncertaintles (Voltage Repeatability)

Probe centering: probe diameter and wear considerations (1)o
o Calibration standards: dimensional tolerances (2)
o Probe design differences (3)
o Human factors affecting voltage repeatabl!!ty that are not adequately

controlled by data analysis guidelinen

Burst Correlation Uncertainties

o Crad morphology (length, depth, ligaments, multiple cracks, IGA involvement) .
variability for same voltage amplitude -

o Tubing dimensional tolerr.nces(4)
o- Variations In field crevice conditions (open, packed, deposits, TSP oorrosion,

small dentsietc.)(S)
~

Effects of tube pull forces on crack morphology and associated burst pressures (6):o
o Utilization of voltage measurements for pulled tubes obtained prior to . !

implementing voltage measurement standards of this report (7)
~

,

&ics:

1. Minimized in the field during APO implementation by use of a 4 hole probe wear
'

standard.

2. The influence of dimensional tolerances of the calbration standards on voltage
normalization is eliminated by calibrating the field standards to the laboratory -
reference standard.

3. Uncertainty minimized by specifying coil to coil spacing (coll' centers are separated by -
120 mils).

4. -The influence of tubing dimensional tolerances as tttsy affect burst pressure are
inherently included in the spread of burst pressures from pulled tuoes and .
Laboratory specimens.-

5. The influence of field crevice conditions as they'affectburst pressure are inherently
included in the spread of burst pressures from pulled tubes.

.

6. Results as pre-pull field measured voltages rather than post pull' voltages are used in
burst correlation.

71 The .use of field voltage measurements for pulled tubes obtained prior to implementing |
'

the volta 0e_ calibration requirements contributes to the spread or unwrtainty contained !

in the burst correlation.

8<27
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Table 8.10

EC Analyst Verlability for Farley SG Bobbin Voltage

VMa0e Mean 90% Cumulative 90% Cumulative
'

Rz .ne V.gjlg Probabiltv Noltd Probabilliv (%)

Mall.1

>0.00 1.15 0.15 13%
:.0.78 1.31 0.13 9.9%
> 1.00 1.42 0.16 11 %
>1.25 1.60 0.20 12%
>1.50 1.82 0.19 10%

Unit 2

>0.0 0.91 0.08 8.8%
>0.75 1.14 0.10 8.8%
>1.00 1.37 0.13 9.5%
>1.25 1.58 0.21 13.3 %
>1.50 1.96 0.13 6.6%

>

'I''
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Figure 81 i

Voltage Sensitivity to Crack Network Morphology
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Figure 8 2

Bobbin Coil Voltage Dependence on Slot Length and Depth
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Figure 8 3

Bobbin Coll Voltage increase due to Tapers at Ends of Through Wall Axla! Slots
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Figure 8-4

RPC Voltage Dependence on Slot Length and Depth
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Figure 8 5

Correlation of Bobbin Coll to RPC Voltage
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Figure 6 6

Voltago Dependence on Ugament Size Between Axial Slots
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Figure 8 7

Bobbin Coil Voltage Dependence on Circumferential Spacing Betwoon Axla! Slots
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Figure 8 8

Burst Pressure vs. Voltage for EDM Slots
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Floure .8 9

Typical Bobbin Coil Voltago vs Depth for Simulated Vclumetric Tube Degradation
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Figure 8 10

Boboin Coll Voltage Dependence on Diameter of Through Wall Holes
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Figure S 11

Photograph of the CD Surface of a Pu'Jed Tute With Cold Leg Thinning

,9-y x .,n,

r e:

. . .. .

W ef

%

. .

~&

ms w

' Steppe

*
e

e gaup G

,

# d6 .-

, *
. .

b

I $e=,
h

.
?*W m;, _ _ _ -- e' &*

, , ; ,'- ~ , ' . - a,n . 2 *" a s i ?:

8-39

I

s

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



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

|

;
'

!
!

.R, w

$E f h
.n@ 1 |

,
: -.

|

5I ) g W -

@ b$ 8 't h
" * *

px gI y --

e sd gia |
S' .i .s l i !,

*
e

gg
E Eg 8 .g

E I

5]$
=

2 6 4

|-ag.
-"@ 8

a e
Ea ., - .
g-

SJ.D'3Kntnaw Mesoe &,

<
9
6
S1
m ,

t )o
,. .m # c.na , , a =.e.. :

b. $ ' 2;,W;:.. ;t W!y:
..

# E |3 - , . .% g

-3 ? '4. : . ,,. . . .'. ) , ' u.p | | |.
*w. < .(.a suc> a-

E

h
.

{. >. h

|!|
a

y<.;.:fr x ,2.3. '' n,.:
gg! q!

$|s
,

.f . . R .%~;, .| <: x

I|! ciI

| h
'

-

sg 3 4

EGe
5

1 8
\ o u
| f 4, . . .

| ,e .s c , , ., g' . . . . . . . . .c-
. . . .

' .

. c::.. fe,s;.'4.*
-

am wwww. ann. : -

[OM
|
1

. ,--



, _ - " /'', --

%o

b
-
-

5 k \ | i
#

i y

E e

h*g g
-

e D g

i

i M L

e- 1e i u
\

'

t
t .

\ -

g- b.4

.\
- .

g
-

4
.

s
o e

a. 9
%=

-

e

k.
e

*

E
.

g d .

1 1 7 *
%,

.

* M* 'N,5 $a ''
y' ' :'.''a. '9c ,

5-
i ,.

"kA9 z , }:>:. : Q. *.
:
S

*1 is?~
s

'

k '~.

* 5 $20% ' f! 1- : '. g % A.s s

k. * 4* |?{ t. 'h
* .

. e.

&*'. i :. a (^
. ,,3

3

. &,.
.

f.a
.

# g''
**(.. \g' o . -

.

'g.
.

.

f*
,

g
,

h
o

;. 6
D
o

!
)



.- . __. --_ -

Figure 814

Voltage Comparison of Indhations Found With Two Eddy Current Probos
(400/100 kHz Mix)
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Figure 8 15

Comparison of 400/100 kHz Mix Amplitude Response from Two Probes (Model Boller Sample)
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Figure 8 16-

Compa;ison of 400/100 kHz Mix Phaso Response form Two Probes (Model Boller Sample)
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Figure 8 17

Comparison of Tight and Open Crevice Indication Responso
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Figure 8 18
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: Probe Wear Calibration Standard
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Figure 819

Bobbin Coll Amp!!!ude Dependonce on Probe Wear
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Flpure 8 20

RPC Traces of Typical Model Boller Specimens
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Figure 6 21

SI nal Amplitude (Arbitrary Units) vs. Cent 9t to Conter Coll SpacinDD
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Agure 8 22. EIamnies of Analyst Variabihty for Fariey.1 Vohage Measurements
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Figure 8 23. Examples of AnaWt Variab!Dty for Fariey.2 Voltage Meat.urert.ents
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Figure 8 24

Fieb EC Traces for Third TSP Crevice Region of Belglan Tube R19C35
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9.0 LEAK AND BURSTTESTS

9.1 Objectives

The objective of the leak rate tests is to determine the relationship between eddy current
characteristics and the leak rates of tubes with stress corrosion cracks. Leak rates at
normal operating pressure differentials and under steam line break conditions are both
of ( Test, since leakage limits are imposed under both circumstances. The SLB leak
rate data are used to develop a formulation between leak rate and bobbin co!! vo!! age.

Crevice condition is another important factor. Tightly packed or dented crevices are
expected to significantly impede leakage through cracked tubes. Since denting is readily
detectable by non destructive means while crevice gaps cannot be readily assessed, the
emphasis is placed upon open crevices and dented crevices as the limiting cases.

Given the mumption that significant support plate displacements cannot be excluded
under accio.at conditions, burst tests of tubes with stress corrosion cracks are
conducted in the free span condition and burst pressure is correlated with bobbin 0011
voltage. This burst pressure correlation is then applied to determine the voltage
amplitude that satistles the guidelines of Reg. Guide 1.121 for tube burst margins.

E

9.2 Leak Test Procedure

Leak testing of cracked tubes is accomplished as follows. The ar'ds of the tube are plug
welded. One and has e fitting for a supply of lithlated (2 ppm L,, borated (1200 ppm
B) and hydrogonated (1 psla) water to the tube inner diameter. The specimen is placed
in an autoclave and brought to a temperature of 616'F and a pressure of 2250 psl. The
pressure on the outer diameter is brought to 1000 psi. A bad pressure regulator on
the secondary side maintains the 1000 psl pressure. Any leakage from the prirnary side
of the tube tends to increase the seconuary pressure becauso of the superheated
conditions. The bad pressure regulator then opens, the fluid is releaseo, condensed.

|collected and measured as a function of time. This provides the measured leak rate. The
cooling 003 is located prior to th3 back pressure regulator to prevent overheating and to
provide good pressure control. Typicalleakage duration is one hour unless leak rate is

s
excessive and overheating of the back pressure regulator occurs. Pressure is controlled
on the primary side of the tube by continuous pumping against another bad pressure
regulator set at 2250 psl. The bypass fluid from this regulator is retumed 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 side is vented
within one to three minutes to a pressure of 350 ps!. The pressure differential across
the tub? 's thus 2650 psl. Temperature fluctuations settle out in several minutes and
the leakage test period laats for cpproximately 30 minutes.

91
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9.3 Leak Test Results

A summary of leak test results is providad in Tabte P.1. The first serios of leak rato
tests were conducted at the normal operating pressure differential. Some of the model
boiler specimens had tightly packed crevicos as a result of corrosion product buildup.
These specimens were tested as is. Following this first series of leak rate tests, the
wolded end plugs ware cut from the leak specimens. Because of the crack location andr '

short length of some specimens additional leak rate tastir'g could not be performed.
Specimens with tight collars were subjects 1 to extenshre eddy current testing. This
required removal of the tight collars. Hence ati rspent testir*g of the first series of test
specimens was performed under open crevice conditions. Repeat testing led to higher
leak rates elthor as a consequence of the test liself, hantiling or forceful removal of tight
collars. Only in one case did a non leaker become conve 19d into a lenker as a result of
retesting. This case,533 4,is one of forceful tomoval of a tight collar.

The steam line break conditions increased the leak rates by about a factor of three
compared to normal operating conditions. More variation in this factor can be expected.
Prolor$ged leak rate testing under operating conditions is expected to lead to lower rates.
The increase in the leak rate upon transition to accident conditions then becomes more
variable.

.

From Table 9.1, tight crevices are seen to bo sometimes of benefit in reducing leak
ratos. Spec! men 542 4 had a very high eddy current voltage and a low leak rate of
I }9 while specimen 543 2 had a high voltage and a leak rate of
[ }0. The four other tight crevice specitnens were non leakers. Three of
these remained non-loakers after ra'noval of the tight collars. Damage during removal
of the tight collar is suspected as the reason the fourth non leaker became a loaker.
Tight crevices can be of benefit in reducing leak rate but cannot be telled upon. Further,
pending future developments, eddy current techniques have not been shown to be able to
confiden'iy distinguish between open and tight crevices although the presence of
magnetite can often be detected in the crevice.

Eddy current inspection techniques are very sensitive to denthg at tube support plate
intersections. Dents of a fraction of a mil are easily detectable. Specimens with large
through wall crads which were then dented to less than one mil have not leaked
significantly either at operating pressure or under steam line break conditions. A tight
through wall fatigue crad 0.50 inch in length will leak at more than the typical lect
spec limit of 0.35 gpm. From Table 9.1 It is evident that a smati dont has tumed such a
cracked tube into a non leaker. [

10

9.4 BurstTest Procedure

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. Sealing
was accomplished by use of a soft plastic bladder. Burst tests of tubes with stress
corrosion crackc were dono in the free span condition. No foil reenforcement of the
sealing bladders was used since the crack location which was to dominate the burst

32
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behavior was not always readily apparent. Some of the maxim'Jm openings developed
during burst testing were not sufficient to cause extensive crack tearing and thus
represent lower bouncts to the burst pressures. The openings were large enough in all
cases to lead to large leakage.

l

. 9.5 Burst Test Results
|

Burst test results are summarized in Table 9.1. Figure 91 Illustrates a plot of burst
pressure versus bobbin coil voltage for specimens from model boiler and pulled tube
tests which are mnsidered reasonably representative of the range of field observations
of ODSCC of tubes at tube support plate intersections. Note that some of the burst data
points are lower bound estimates since extensive crack tearing did not develop. In these
cases the crack openings were large enough to cause large leakage events in service.
From Figure 91 11 IS seen that burst pressures remain above about [5000 psl even for
voltage up to 30 volts]Q. As discussed later, reasonable limits on bobbin 0011 voltage can
assure maintenance of required burst pressure ma^ gins with respect to both operating
and accident pressure differentials.

9.6 Correlation of Burst Pressure with Bobbin Coll Voltage

As noted in an eariier section, a broad interpretation of the physical significance of we
voltage of an oddy current bobbin coilindication is that the voltage ref'ects the volume of
material over which eddy currents are perturbed by the geometrical mnfiguration
producing the indication. Hence, there is a very broad range of different geometries
which can produce the same voltage Indication, in the case of ODSCO in the tube suppo1
plate crevices of steam generator tubes, the bobbin coil Indication voltage reflects the
volurne of material where eddy currents are perturbed by cracking. Obviously at a given
indication voltage any one of a broad range of crack morphologies can be present. From
past experience with pulled tubes it is known that cracking pattems are typically
mnfined to the crevice region and thus restricted in length. Additionally, the typical
cracking pattern consists of an array of essentially axial cracks. Thus, at a gNen .

Indication voltage one of many crack pattems can be present but there are observed
restrictions in these patterns. Other restrictions to cracking pattems, within perhaps
rather wide limits, are expected from the operation of a given SCC cracking mechanism.
Just as crack morphologies are many valued but bounded at a given Indication voltage,,

burst pressures wl!1 be consequently many valued but bounded.

! The burst data of Table 9.1 (model boller samples) and of Table fi.2 (pulled 7/8 inch
tubes) provide a total of 60 data points that have been used to develop a mrrelation
between bobbin coil voltage and burst pressure. The data used in the octretation for
7/8 inch tubing are as fe'Jows:

Bobbin Burst
Volts Pressure
(V) (ksi)

- _g

, _
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An higher order regression analysis of this data has been performed providing an
equation for the mean curve using a second order polynomial equation. The equation for
burst pressure (BP) as a function of volts (v) ob'*Jned is:

.,

[ IS :

The coeffielent of correlation for this regression fit is 0.90 and the error of the BP
estimate is 1.014. A .95% prediction Interval is established using the expression:
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Since the burst tests were peformed at room temperature conditions, the 95% -
,

prediction interval curve was factored by the LTL to-room temperature strength |

property ratio of 0.857, the Lower Tolerance Limit (LTL) strength properties of Alloy -
600,7/8 x 0.050 inch, mill annealed tubing at 6501 divided by the strength at room
temperature of the tubing material tested. The strength properties utilized are the sum
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of the yield and ultimate strengths. The LTL strength (yleid + ultimate) of the tubing
material at 650*F is 120.0 ksi and the room temperature strength of the materlat tested
is 147.0 ksi gking a ratio of 0.857.

The curves and data points are plotted in Figure 9 2. The 95% prediction interval,
LTL. Is used to establish the voltage correspondng to the burst pressure capabl!!ty
required of th.*ee times normal operation pressure differential (4380 pal),3AP. The ~

3AP voltage at the 95% prediction intervalis [ Ja. The voltage corresponding to
steam line break (SLB) pressure (2650 psi) is [ Ja. It should be noted that the
burst capabilities developed conservatively assume no potential benefit of interaction
with the tube support plate.

A probabilistic analysis (similar to Section 11.4) has been performed using Monte
Carlo techniques for the Farley 2 voltage distributions (Figure 5 5) including
Indication voltages < 3.6 volts at BOC to determine the probability of burst during a
postulated SLB. Accounting for EC uncertainty and growth rate,100,000 cases were
run to obtal.i the lowest burst pressure for each BOC distribution. A orobability of
3x10 5 of having burst capability <2650 psi (SLB) was determined for the worst SG.
This compares favorably with NUREG 0844, which Indicates a required probability of
less than 2.5x10 2 or single tube ruptures.f

9.7 Correlation of Leak Rates with Bobbin Coll Voltage

The distribution of crad morphologies at a given Indication voltage gkes rise to an
associated distrbution of burst pressures. Since some of these crack morphologies may
involve through wall cracking, a distrbution of leak rates will be also associated with
each indication voltage level. The expected totalleak rate from a glvsn population of eddy
current Indication voltages can be determined in a statistical fashion from a knowledge of
the distribution of possible leak rates at oach voltage level. This is accomplished by
performing a probabilistic analysis for SLB conditions as described in sectien 11.4. The
basis for the probabilistic analysis is the correlation of leak rates at SLB conditicns to
bobbin coli voltage. The correlation is estab!!shed utilizing linear regression analycis of

'

the logarithms of the corresponding leak rates and voltages thereby establishing a
leakage rate modelof the form:

[ ]S

where,

[

]8

Predletion intervals for leakage rate at a given voltage are then established to statistically
define the range of potentialieakage rates.
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The SLB leakage rate data listed below from Table 6.2 for pulled tubes and Table 9.1 for model
boiler samples are used to establish the corrolations for 7/8 inoh tubing:

Bobbin Volts M Leak Rate (lohi

_. g-

o

.

M
m.

Unear regression analysis of the locarithms of this data results in the following mean
leakage rate correlation:

I 18

The coefficient of correlation for this regression fit is 0.77 and the error of the estimate
is 1.465. A prediction intervalis established using the expression:

[ ]8
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where,

[

.

J'
Figure 9 3 is a plot of the SLB leakage rate correlation versus bobbin voltage showing
the data, the linear regression fit and t 95% confidence prediction intervals. Sinon a fu
using logarithms of voltage and leakage is required to obtain the correlation, the zero
leakers were input with a leak rate of 0.0001 liters per hour, three orders of
magnitude below the lowest measured leak raie. This is judged to be sufficiently low to
maximize the slope of the curve providing conservathre predictions of leakage rate in the
higher voltage range. In addition, only the zero leakage tubes with 90% or greater
through wall penetration are included, again, maximizing the slope of the curve. Plant L
data taken at room temperature were added to the data base since CRACKcLO analysis of
leakage through axial cracks indicates a very small differenca between hot osnditions and
room temperature for the same crack lengths.

At sufficiently low voltages the degree of through wall crailng will not be suffielent to
lead to measurable leakage. There will be a threshold voltage below which leakage is not
expected. [From the model boiler specimen leak rate data of this socilon and the pulled
tube test data of Section 6, the threshold voltage for leakage at a normal operating
conditions is somewhere between 6.5 and 2.3 votts. Consideration of field experience
argues for a threshold closer to the 6.5 volt value as discussed in Section 12. In Section
12.4 it is shown that SLB leakage below about 3.2 volts is negligible and 3.2 volts can be
applied as an deceptable EOC threshold for SLB leakage analyses. This corresponds to
about 2.0 volts at BOC as the leakage threshold applied for SLB analyses. The indicated
thresholds to date point to the conservative nature of the regression analy, ts.]9

; Section 12 discusses the application of burst pressure and leakage correlations in the
formulation of plugging criteria. The subsections above show that burst pressure
margins can be maintained by limiting maximum allowable bobbin voltage indications
and that any associated leek rates with a given population of voltage Indications can be
appropriately determined.

9.8 Burst Testing ofIGA Specimens

Thies sets of laboratory IGA specimens were utillzed for NDE measurements and burst
testing. Two are Westinghouse samples sod the third represents samples prepared by
Westinghouse under EPRI sponsorship (EPRI NP 5503). The two Westinghouse sets of
specimens represent laboratory IGA under accelerated conditions and provide uniform
wall penetration IGA over 4 to 6 inch lengths. Figure 812 shows bobbin cell voltage
amplitudes for these specimens. The IGA specimens from Figure 812b with depths of
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9%,35% and 52% in non senrJtized,7/8 inch OD tubing were burst tested to compare
the voltage vs burst characteristics of lGA to that of the available data base of Figure
9 2. In addubn, a 3r4 inch dhmeter, sensittred specimen of Figure 812a with 58%
deep unliorm IGA was burst tested. These specimens had IGA from one end of the tube to
the other and hence differential bobVn ooil measurements could not be made. As noted in
Figure 812, the bobbin amplitudes were measured in the absolute mode. It la expected
that for uniform step change in depth, the peak to peak differential voltages would be a
factor of 1 to 2 higher than the absolute voltages which are typleal of single peak
amplitudes. Thus using the absolute amplitudes of the specirnens appears to be a
conservative representation of the differentialatoplitudes. However, due to the
associated uncertainty on the voltaQO amplitudes, the burst results for these specimens
are provided for information only and are not included in the voltage / burst correlation

| used to establish tube repalt limits. g

I

The EPRI specimens were prepared using a 50% caustic and 12% chromium oxide
environment at 650*F for up to 10.000 hours. Temperatures in some cases were
increased to 700*F to accelerate the corrosion rate such that 21% penetration was
obtained in 35 days. Even under the accelerated laboratory conditions, tha times to
create IGA are very long compared to preparation of ODSCC specimens. Specimens in the
range of 2 to 30% neariy unliorm wall penetration were obtained in this program.
Bobbin coll measurements of library samples were performed with the results given in 3

Table 8.3. These samples show voltage amplitudes of about 12 volts where the IGA
depth is expected to tw < 30% deep and are NDD where depths of a few percent are
expected. Deep cracks within the samples were dalected with amplitudes of 4 40 votts.

Destructive examination of Sample 13 found that the 40 volt crack (See Table 8.3) was
0.86 inch long and 0.42 inches through wall with no significant IGA at the crack
location. Sample 14 was cut and the 9 volt ocack was found to be 1.32 |nch long and
approximately 90% deep with no significant IGA. The 4 volt crack was isolated to obtain
a burst specimen. NDE performed on the isolated specimen identified a 1.8 volt bobbin
indicatior,. This sample burst at 8,315 psi. Destructive examination idontified a 0.36
inch crack partlal through wall with 80% maximum depth. This sample had cellular
IGA / SCC in a patch about 0.4* by 0.4* at the crack location. The IGA / SCC ranged in depth
from 10 to 20%.

Figure 9 4 shows the IGA burst results added to the bcst fit and 95% confidence bands of
data of Figure 9 2. From Floure 9 4, it is seen that the IGA specimen burst pressures
are near or above the mean fit to the Figure 9 2 data even though the IGA specimens are
degraded over 4 inches compared to the 0.75 Inch TSP thickness which controts the
indication lengths for the data points of Figure 9 2. These results indicate that the
burst p essure correlation of Figure 9 2 represents a lower bound for uniform or
jeneral lGA tube degradation, in general, this result is expected at least for IGA depths
up to about 65%. The voltage amplitude for uniform ICA !s expected to be as high or

i higher than for a single axialIGSCC Indication of the same depth due to the greater
,

volumetric invokement of the IGA. Burst test results for uniform thinning of 0.75 inch!
i length show higher bual pressures than for a 0.75 inch long single crack of the same
l depth for depths up to about 65% while cracks have higher burst pressures above ~65%

depth. Thus the higher burst pressures for uniform IGA together with equal or higher
voltage amplitudes would ylend the Figure 9-4 results showing IGA burst pressures at or
above the ODSCC results.
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The IGA burst test results show that uniform IGA bahsves effecthrely as uniform thinning
of a tube. That is, the burst pressures of uniform IGA correlate well > fth results
obtained for uniform wall thinning. For beal IGA patches of limited circumferentlal
involvement, the burst pressures would be expected to approach that of a crack. Thus an
IGA patch combined with an SCC emanating deeper than the IGA patch, as commonly found
in pulled tubes, would be expected to reflect burst properties associatt,d with the cra$
alone. This is shown for the EPRI specimen 14 which had ce!!ular IGA / SCC up to 20% *

depth. Similarly, the bobbin coil voltage responses are erpected to be comparable. The
results for the Plant L tube R12 C8 of Table 6.2 reflect this effect. The maximum IGA
patch depth was about 30% for this tube in the region of th6 maximum 55% crack depth.
The voltage kmplitude was 1.30 volts with a burst pressure of 10,500 psl. This data
point lies just above the mean fit to the data of Figure 9 2. Overall, the results for IGA
and IGA /SCO types of degradation are enveloped by the burst pressure correlation of
Figure 9 2.
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Table 9,1

Summary of Leak and Burst Test Results
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Figure 91

Burst Test Results Versus Bobbin Coll Voltage
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Burst Pressure Cortolation With Bobbin Voltage
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Figure 9 3

SLB Leak Rate Oc/retatbn With Bobbin VoltaDe
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Figuro 9 4

Burst Pressure Corretalbn With Bobbin Voltage -
IGA Specimen Durst Test Results included
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10.0 SPECIMEN DESTTIUCTlVE EXAMNATOJS

10.1 Objective

The objective of this task 18 to characterize the 212e, shape, and morphology of the
laboratory created corrosion in Alloy 600 tube specimens which have been tested for
leak rate and burst pressure. The crack morphobgy is kiso to be compared generally to
the corrosion morphology observed in tubes pulled from operating stoam generators. A
summary of the resutts is presented in this sectbn. From information in Sectbn 9, one
can compare the leak rak and burst pressuro data to the actual size of the track opening
and relate eddy current s.- e to crack aggregate size and corrosion morphobgy.

10.2 Examination Methods

Examinatio'1 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
spedmen were selected for destructive examinations. Six of these were examined
following leak and burst testing (all model boiler specimens), one fotbwing leak testing
but without burst testing being performed, and one (the doped steam spedman) with

,

l neither leak nor burst testing being perforrned. The six model boller spedmens were
543 4,5251,533 4,53& t,5581, and 571 1. The leak and burst data for these
spedmons are gNen in Table 9.1 which also lists the eddy current (bobbin col 0 test
results. The two specimens without burst test data were 533 3 (model boiler
spedmen) and SL FH 11 (doped steam spelmen).

The specimens were initially examined visually and with a low power microscope. The
burst :pening and visible cracks around the circumference of the tube with'n the tube
support plate intersection were photographov 2nd their location in relation to the burst

i

j crack noted. The major burst crack was then opened for fractographb observations
| Including crack surf ace morphology, crack length, and crack depth using SEM. One

metallogtaphic cross sectbn containing the majority of secondary cracks within the tube
support plate regbn was selected for each tube specimen. The beation of the cracks
within this metailographic cross sectbn was noted, the cracks measured as to their
depth and a crack was photographed to show the typical crack morphobgy. Note that the
one metallographic section through each specimen will provide the secondary crack
distrbution at that location. Secondary cracks at other elevations we'Jtd not be recorded
unless the burst test happened to open the secondary cracks suffidently for visual

|
examination to record their location.

10.3 Results

Tube 541-1
i

Visual examinatbn was performed on the secondary cracks adjacent to the main burst
opening. The short secondary cracks were orientated axially, inclined, and in some

'

instances drcumferentially.

10 1
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Fractography of the burst crack showed that the environmental crads were
intergranufar and typical of stress corrosion cracking (SCC). The macrocrack was 0.52
inch long and did not penetrate the ID wall although it was at many locathns up to 98%
through wall. The macrocrack was composed of at least six micmcracks, all of which had
joined together by intergranular SCC. A meta!|ographic cross srction through many of

| the secondary cracks observed on the circumference within the 'abe support plate
| Intersection revealed five cracks with depths ranging from 45 to 08% through wall. A

,

sketch of the location of these cracks rotative to the burst fracturo is shown in Figtire
10-1. A typical crack morphology of a secondary crack is shown in this figure. A
summary of the observed OD origin secondary cracks and merphology of the main crack
are shown in Figure 10-P..

Toho 525-1

The burst crack was r65tively short (0.16 inch long) but deep,95% through wall. The
secondary cracks were all short and axla!!y orientated. A tammary of the shape,
morphology and distribution of cracks found in Tube 5251 is presented in Figures
10 3 and 10-4.

.Ilth?l33ci

A network of axial and circumferential secondary cracks was observed near the burst
crack. The axially orientated burst crack we.s composed of at least five microcracks
which joined to form the macrocrack. Ldges separating these microcracks showed
partially ductile features (shear dimplet) while the crack face was entirely

j intergranular. The OD origin major er k was 0.34 inch long and penetrated the ID wall
| for a length of 0.14 inch. The secondary crack distribution found in the metallographic
l

cross section is shown in Figure 10-5, and a summary of the cracks observed in the
support plate region of the tube is presented in Figure 10-6.

Tube 536-1

Many secon2Vy crads were observed clustered amund the burst opening. Other larger -

secondary one ks were found at a locaiion 95 and 145 degrees from the burst opening.
The main burst crack and the largest of the secondary crads located at 95 degrees were

| opened and examined by SEM. In both cases the OD origin cracking morphology was
intergranular and typical of SCC. The burst crack was u 4 inch long and 90% through
wall. The macrocrad aansisted of at least five microcacks which joined to form the
macrocrack. The largest secondary crad was 0.3 inch long and 95% through wa!!. It
was also formed by several microcrads. A metallographic cross section through the
remaining piece of the tube at the support plate intersection showed two intergranular
OD origin stress corrosion crads (Figure 10 7). The larger of these two cracks was
40% through wall. A summary of crad observations on Tube 536-1 is shown in Figure
108.

Tube 558-1

The major bu:st crack originated from a cluster of smaller secondary cracks which
joined in an irregular pattem to form the macrocrack. Visual examinations of the
rernalning tube support plate region indicated that no other sxoxiary cracks existed.

10 2
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The opened fracture face of the burst crack revealed rnore clearly the irregular cracking
pattem of this major crack caused by the joining Of the wide!y separated microcracks.
The macrocrack showed at least five major ledges which separated six microcracks. The
features of the OD origin macrocrack were intergranular. The crack was 0.4 inch long
and it penetrated the ID vnll for approximately 0.32 inch. A summary of the etack
observations is shown in Figure 10-9. No metallograph; *ms done on this tube since so
secondary cracks away frem the burst opening wers < cae.* *.

Tube 571 1

The burst crack may have consisted of om major axial crack whose length was 0.44
inch. No obvious separation of the :r Wocrack into different microcracks was found
within the burst crack, attematwely there were hints of four microcrach which
nucleated in almost identical pbmes. The CD origin crack penetrated the wall for a length
of 0.36 inch. It was entirely intergranular and typical of stress corrosion cracking,
based on examination of the fractographic details. No other secondary cracks were '

observed along the circumference of the tube. A metallographic cross section through
the center of the support plate regbn found no secondary cracking. A summary of crack
observations is shown in Figure 1010.

Tube 533 3

The collars of this model boiler specimen were removed. Several small axial cracks
were observed at the support intersections. One was located under the Teflon collar and a
few were located under the top steel ooitar. The crack within the Teflon collar
intersection was opened and examined tsy SEM. The macrocrack face exhibited
intergranular features with some ductile trsaring on a ligament separating two ,

microcracks. The macrocrack was 0.27 Irch long and was compused of four
microcracks. The OD origin crack penetrated the ID wall for a length of 0.17 inch. A :
metallographic cross section through the c. enter of the Teflon collar intersection
revealed numerous small intergranular stress corrosion cracks. The location (on the
tube) and depth of these cracks is shovm in Figure 1011, together with one
micrograph. A metallographic cross section through some of the cracks within the steel
collar intersection revealed the crack distribullon shown in Figure 1012. The
characterization of the through wall crack found under the Teflon collar and the crad
distribution around the tube within the Teflon support is shown in Figure 10-13.

Tube SL FH.11

Doped steam specimen SL-FH 11 developed a larDe number of OD origin crads. The
largest agglomeration of these cracks was opened for fractographic examinations and
cross sectbnal cuts made above (A) and below (B) the opened section of the macrocrack
for metallographic examinations. The opened section of the tube showed an intergranular
macrocrack,0.37 Inch long. The ligaments separating the 4 microcracks of the
macrocrack had only intergranular features. Th9 crack penetrated the 10 wall for a
length of 0.23 inch. The cross sectionalcuts made through planes A and B produced the
crack distributions and typical crack morphologies depicted in Figures 1014 and
10-15. A summary of the crack observations made at this locolon is shown in Figure
10-16.

10 3
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A bnger but more shallow crack network was found on the opposite side of the tube from
the crack described above. The crack network was opened and examined
fractographically. The macrocrad< was 0.46 inch long and was composed of at least
three microcracks. It penetrated the 10 walllocally for a length of only 0.03 inch. The
crack morphology was intergranular with some ductile features at ligament locations. A
summary sketch of the crack profile and character is shown in Figure 1017.

.

10.3.1 Additional Results

Results for specimens completed since WCAP 12871 was originally issued are
presented below.

Tube 528-2

A grouping of many small, OD origin, axial cracks, interconnected by ligaments and by
circumferential extensions, formed the curved major burst opening shown in Figure
1018. Other small axial cracks with circumferential involvement were observec in
other areas of the simulated tube support plate crevice region. Fractographic
observations of the major burst opening revealed that the corrosion cra0k consisted of at
least six microcracks with intergranular ligaments. These ligaments often ran in the
circumferential direction. The combined length of the microcracks that formed the
marocrack was 0.67 inch. Thro >gh wall cracking extended for 0.50 inch. The
morphology of the mr:rocrack was IGSCC with no to negligible IGA componen:s, as shcwn
in Figure 1019. Circumferential, btergranular extension of the axialcrack can be
observed in this figure. Transverse metallography through the conter of the crevice
region revealed the crack distribution shown by a sketch in Figure 10 20. An example
of the morphology of one of the secondary OD cracks is also show'11n this figure; the
morphology is again that of IGSCC witti negligib!e IGA aspects. A summary of the major
crack shape and corrosion morphology and the distribution of OD cracks observed within
the crevice region of tube 528 2 is shown in Figure 10-21.

Tubo 532-1

A large number of long and short, OD origin, axial cracks were observed in the simulated
tube support plate crevice region of tube 5321, many of which were through wall.
Floures 10-22 and 10-23 show photographs of the burst tube and convey the extensive
cracking around the tube within the crevice region. A grouping of src211 axial cracks
combined to form two of the burst crack openings which were examined in some detall.
The longer of the two was 0.70 inch long and was formed from five microcracks
Interconnected with ledges having intergranutar features. The length through wall was
0.52 inch. The crack morphology was lGSCC, Cracks seen on a metallographic cross
section through the center of the crevice are depicted in a sketch in Figure 10-24
together with two micrographs showing typical crad( morphologier of secondary cracks.
A cummary of the major burst crack and its morphology together with a distribution of
cracks seen the crevice region is shown in Figure 10-25.

Tuba 532-2

OD origin cracking within the simulated tube support plate crevice region of tube
532-2 can be seen in the post-burst test photographs of the tube in Figares 10-26 and

10-4
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10-27. Many of the axial crads were through war. A group of many through wall i
microcracks formed the weakest area in the tube where the main burst fracture
occurred. Fractography of this macrocrack showed at least six microcra$s combined to
form the main burst fracture. The total length of the macrocrad was 0.75 inch and it
was through wall for 0.58 inch. While most ligament features were intergranular,
occasional areas had ductile features, indicating that the ligamerc.s had not completely
interconnected by intergranular corrosion. The corrosion crack morphology of the main -
burst crack was that of IGSCC. A metallographic cross section through thw center of the
crevice region revealed many crads shown by a sketch in Figure 10-28. Typical crack
morphologies are also shown in photomicrographs for two secondary crads in this
figure. A summary of the main burst crack description, morphology, and crack
distr;bution are given in Figure 10-29.

Tube 5351

The burst opening in tube 5351 formed from a cluster o'small axial OD origin cracks.
Numerous secondary, but smaH, microcracks were 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 macrocrack was relatively short (028 lach in longth) and penetrated through wa!!
for 0.11 inch.- A metallographic crecs section through the center of the crevice showed
numerous seconcar) crads, some of which had negligible to minor IGA aspects. The
distribution of crads from the cros.t nection is shown in Figure 10-30 along with a
photomicrograph of a secondary crack. A summary of the of burst crack description and
of the overall crack distribution is given in Figure 10-31.

Tube EEE-3

The most degraded area in tube 555-3 was confined to one location within the crevice
region, the location where the burst opening occurred. The crack distrbution was -
mmplex in this region, with numerous phrallel axial cracks with snort circumferential
branches. Allcracks were of OD origin. Fractography showed the nmjor macrocrack to -
be composed of two or three microcracks which joined in an irregular pattom to form
the burst crack. The connecting ledges showed ductile fracture features, while the .
Individual microcracks had intergranular features. The macrocrack was 0.75 inch long .
with a through wall length of 0.42 inch. Metallography of a tube cross section through

__

the region with the highest crack density showed a morphology of IGSCC with some IGA or
SCC branch characteristics near the main fracture. A photography of the burst opening
and a photomicrograph of the fracture face at the burst opening is shown in Figure
10 32. Other crack detalis are summarized in Figures 10-33 and 10-34.

Tube 576-2

Only one, OD origin, single axial crad was observed after burst testing of tube 576-2.
Fractography showed the cred to be 0.30 inch long and it was through wall for 0.22
inch. The macrocrad appeared to be composed of a single microcrack and its '
morphology was that of IGSCO. A metallographic cross section through the center of the
crevice region found no secondary cracks around the circumference. Crack details and
crack morphology data are shown in Figures 10-35 and 10-36.
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Tuha 576-4
-

Tube 576 4 Liso 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 intergranular
macrocrack was composed of threa axial microcracks joined together by ligaments with

, intergranular features. Visual examination showed a few small axial cracks nearby the '

L
burst crack. The rnorphology of the burst crack was lGSCC with negligible IGA aspects. 'i

\ metallographic section cut through the center of the crevice found only the burst
crack. Crack details and crack morphebgy data are shown in Figures 10-37 and
10-38.

'

10.4 Comparison widi Pulled Tube Crack Morphology'and Conclusions

Section 4.0 of this report describes the crack morphology observed on tubes pulled from
operating steam generators. Most of the support plate cracking was OD origin,
intergranular stress corrosion cracking inat was axially orientated.- Most cracks had
minim 61 IGA features in addition to the overall stress corrosion features. Even when the
IGA was present in significant amounts, it usually did not dominate over the overall SCC
morphology. Large macrocracks were composed of numerous short microcracks
(typically < 0.1 inch long) separated by ledges or ligaments. The ledges muld have
ehher intergranular or dimple rupture features depending on whether or not the -
microcracks had grown together during plant op? ration,

it is concluded that the laboratory generated corrosion crads descrbed in Section 10.3 -
have these same basic features. The laboratory created specimens poss!bly had even less
of a tendency 2 develop IGA components to the overall stress corrosion cred features.

|

|

L
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Figure 10-14 Crack distribution and a micrograph of one of these cracks
in a metallographic cross section of Tube SL-FH-11 in Plane
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Figure 10-35 Sketch of a metallographic cross section throu0h the center
of the crevice region of tube 576 2, showing only the single
burst crack, and a photomicrograph of the burst crack.
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Figure 10-36 Sumary of burst crack observations and the overall crack
distribution observed within the crevice region of' tube
576 2.
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Figure 10 37 Sketch of a metallographic cross section through the center
of the crevice region of tube 576 4, showing only the single
burst crack, and a photomicrograph of the burst crack.
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.-Figure 10 38 Sumary of burst crack observations and the overall crack '

distribution observed at the crevice region of tubt 576 4. '
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11.0 STEAM LINE BREAK (SLB) AND COMBINED ACCIDENT CONSIDERATIONS

This section gives considstation to the limiting su: Met conditions and their implications
relative to tube plugging criteria applications. First, the SLB analysis methods to obtain
the tube support plate (TSP) displacement responses (motions) are described and
results are developed for open crevices, small gap, and dented tube conditions.

|| the TSP displacements from normal operation positions are large compared to the
crack lengths which can lead to burst during an SLB event, then the benefit of the TSP to
prevent tube rupture could be lost. Assuming unifonn through wall cracks (not typical
of ODSCO) appron;hing the TSP thickness, displacement of the TSP during the SLB event
excooding approximately 0.75 inch would exposo sufficlont longth of the crack with the
possibility that burst margins would not be met. TSP displacements were evaluated
using non linear, dynamic time history analyses to assess the potential for crack
exposure, assuming an men crevice.

The mitigating effects of t @ corrosion and tube denting on these tube support plate
motions and associated stresses are quant!fied based on test results. Then, the evaluation
focuses on the oanst.alnt against TSP displacement provided by corroded, packed
crevices (gap closuto).

A combined accident condition evaluation is completed and an allowable SLB leakage is
determined. Allowable leakages during an SLB event are developed for the Farley plant
based upon radiological analyses associated with the determination of acceptable primary
to secondary side leakage during accident conditions. An example calculation of a
probabilistic analysis of potential end of cycle SLB leakago is presented for Farley 2
based on the 1990 laspection results for comparison to the allowable value.

11.1 Tube Support Plate Loads and Responses During Steam Une Break

Tube support plate deflection will occur during a postulated steam line break as a result
of the loads generated by the blowdown transient. These loads were determined for a
typical 51 Series steam generator using the TRANFLO Code. This is a network flow based
code which models the hydraulic characteristics of the rteam generator Intemals. Code
output gives pressures anr1 support plate pressure drops as a function of time for the
simulated steam line break transient.

.

The Inillat cond| tion for the simulated steam line break Venslent is no load with the
water level at the top tubs support plato. These conditions lead, conse'vatively, to the
highest lAu 6.upport plate loads for the transient. The water level assumption is more
severe than required by the licensing bases as described in the following section.
Additiona!!y, the steam line flow area is assumed to be limited by a flow restrictor. The
basis for this assumption is also detailed in the following section. The resulting primary

I and secondary pressurcs are shown on Figure 11 1 and the tube support plate pressure
drops are shown in Figures 112 and 113.

The licensing bases for two key assumptions used in the determination of the expected
deflection of the steam generator tube support plates are provided below. These
analyses assumptions are: the pipe break area used in determining blowdown loads sad

|
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corresponding stressna on the steam generator intomals during a postulated steam line
break event is limited to the size af the effectNo flow area of the restriutor; and the
steam generator water level at the beginning of the event is conservats 'ely assumed to be
at the top TSP.

Relatko to expected blowdown loads, the design bases 10: the main steam n;oe flow
restrictors (whether integral to the steam generators or part of the main steam line) '

inc:ude, among other criteria, the following:

1. Plant protection in the event of a steam line rupture, in such an event, the (bw
restrictor reduces stoam f t w from the brcak, which then reduces the cooling rate of
the primary system.

2. The flow restrictor must malutain its integrity in the event of a double ended break
of the main steam line immediately downstream of the flow restrictor.

Although not explicitly mentioned in the design bases, the reduced steam generator
blowdown rates / bads discussed in (1) above result in reduced stresses devebped in the
intemal steam generator components, particularly the tubes and tube support plates,
compared to other scenarios.

The limiting radiobgical consequence as a result of a secondary system piptro failure is
during the steam release from a postulated main steam line break outside of contalnment.
The activity from the affected steam generator contaln!ng tubes with potential through
wall cracks (and hence potential primary to secondary leakage pathways) as a result of
the implementation of steam generator tube plugging criteria is relassed directly to the
environment. The unaffected steam generators are assumed to es.itlnually discharge
steam and entralncd actkity via the safety and relief vakes up to wtien the inillation of
the RHR system can be accomplished.

As noted in (1) and (2) above, it is crpected that the fbw restrictor wouki remain
functional during a postulated maY steam line break event. Thoruio% .ny rupture of
the stJam line downstream of the flow restrictor and outside of containment with a break .

area greater than the effectNe area of the flow restrictor would be limhed to
radiological consequence's from a break she equivalent to the effectka area of the
restrictor. Plants such as Farley with integral steam generator flow restnetors already
take codit within FSAR accident analyses for the presence of the flow restrictor and its
ability to limit the efter,,ts of such a break on core heat flux and reactor coolant system
temperature and pressure, steam generator blowdown loads, and radiological
consequences as a result of the presence of a direct release path to the environment.

Relatke to expected steam gienerator water level at the beginning of the transient, the
accident analyses assume a conditbn worse than a no load condition at time zero for a
posh.hted steam line break event. Therefore, it is very conservative to utiltre steam
generator water level at the uppermost tube support plate in establishing the effects of
the blowdown loads on the steam generator !nternals, including the tubes and support
plates.

.

11 2

.

______.m _ . . ___--_.-___ -- -----------



. _ _ _ _ _ . . _ _ _ _ _ _ _ _ _ _ _ _ _

k

11.1.1 TSP / Tube Rotative Displacements for Open Crevices Under SLB Loadings

The purpose of this subsection is to describe how the analyses to obtain the relative
motions between the tubes and tube support plates under SLB loadings are performed.
These relative motions are required to determine the potential crack length uncovered
during the SLB event if relative motion can occur (as in the non dented case).

Structural Model!na and Methods

The analytical moc%Is to which ;''e (above) loadings are applied, the methods of obtaining
the analytical solutions, end the results obtaln6d from performing the analyses (both
initial static and many dynamic t!me history solutions) are presented below.

Two completely different models were used to obtain a fina! set of TSP displacement
solutions during an SLB. First, a conservative solution was obtained using a global
(multiple plate) model. Based on this solution it was determined that: 1) the degree of
refinement in the plate superelements w;.1 not fine enough in the global model to
eliminate potential solution inaccuracles due to numerically inoampatible stiffnesses
(le'v stiffness from the plate and ver"large stiffness associated with the local rotation of
a la 7e number (-80) of tubes), anc,2) the stay rods remain elastic during response to
the SLB loadings.

Based on the observations from the global model solution (above) a 1/8 symmetric
single plate model was developed. Individual plate solutions for each of the seven Series
51 TSPs were obtained. This model considers only 16 tubes at any node. Solutions from
this model, obtained with the same loadings as input to the global model, and individual
plate superelements with stay rod boundary conditions based on the global model
solution, provide the bases for the plate displacements repoded below.

,

For the global model, the stiffness and mass representations of all the linear components
of me structural system comprised of the tubesheet, tubes, tube support plates, and
interconnecting structures are required for the SLB time hlstory analysis. These
required representations are established through the use of a finite element model
utilizing superelements (or substructures) to define appropriate mass arc atiffness"
matrices for each linear component. Due h tha support system for the tuoe support
plates (TSPs), it is necessary to include the mass and stiffness of the tubesheet, channel
head, lower shell, all seven TSPs, and the tie rods and spacer pipes. In order to account
for possble interaction (nonlinear gap closures) between the TSPs and the tubes due to
denting, or due to TSP local rotations, tube superelements are also irr.luded in the
analysis. The Westinghouse proprietary gcneral purpose finlle element program,
WECAN, is used in developing the linear superelements to represent these components in
the analytical models.

The TSPs are supported vertically using a central tio tod/ spacer group and four cuter
tie rod' spacer groups located around and near the edge of the plate. The tie rods have a
nut on the upper side of the top TSP, Around the outside of the tie rods are spacers which
t a located between each of the support plates and between the bottom TSP and the
tubesheet. For the central tie rod and spacer groups the spacers are welded to each of
the TSPs with the exception of the spacer betweert the tubesheet and first TSP which is
not welded to the tubesheet. For the spacers located at the periphery of the TSPs, there

11 - 3
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Is no rigid link between the spacer and the support plates. The lack of a rigid link
between the spacers and TSPs results in a nonlinear system. in order to treat this
nonlinearity, the central spacer between the tubesheet and first TSP, and all the outer
spacers, are incorporated explicitly in the dynamic analysis.

The overall finite element gicbal modells shown in Figure 114, with an enlarged view
of the tubesheet region shown in Figure 115. For the central tie rod and spacer, the '

arua and moment of inertia are spocified as one fourth of tne properties for the full
geometry.

As shown in Figure 115, four tube representa!!ons are included in the model.1hese
four tubes are used to generatu superelements which can be incorporated at different
locations in the dynamic model to be representalke of tubes anywhere in the bundle.
Four separate tubes are neeoed due to the different displacement boundary conditions at
the plate center, along the symmetry boundaries (one for either side), and for intemal
plate r91ons. A summary of the different superelements generated for this analysis is
provided in Table 11.1,

Relatko to the generic nature of thls analysis, one of the design variations between the
various Series 51 steani generators is the methoct of tube expansion inside the tubesheet.
In some plants, a full depth WEXTEX expansion with a partial hard rollis used, while

'

other plants have partial hard roll or full depth hard roll. The expansion process
effects the stiffness of the tubesheet, as well as the stiffness of the tubes between the
tuwsheet and first TSP. Farley Unit.1 has WEXTEX expansions and Unit 2 has hard
roll expansions. For this analysis,it is conservatke to consider the case where th$
tubes are unexpanded inside the tubesheet, as this results in somewhat higher plate
motions due to the decreased tube stiffness. This affects severallnput parameters, one of
which is the modeling of the tubes, in preparing the model, the plate representing the
tubesheet is located at the base of the plate (rather than at the tubesheet centerline), and
the tube span between this plate and the TSP. In the case where the tubes are considered
to be unexpanded, the free axlallength of the tubus runs from the base of ths tubesheet to
the first TSP. Because the tubesheet is 21' thick, this can significantly affect the
stiffness of the tubes. In order to properly model the tube stiffness, the properties
specified for the tubes are modified to account for the length variation. Finally, in order
to account for the entire bundle, the tubes are separated into thirty-one separate
groups, with the number of tubes in each group based on a .'atio of the plate area covered

| by each group to the total plate area.

The material properties for the analysis are taken from the 1968 edition of the ASME
Code, which was determined to be the applicable code edition for the majority of plants
with Series 51 steam generators. Since semperature dependent properties cannot be
used in superelements, the properties are specified at the average temperature during
the transient, approximately 537F. The material properties for the tubesheet and tube
support plates are modifisd to account for the tube penetrations and flow holes. In the
case of the TSPs, the denalty is further modified to sooount for the added mass of the
secondary side fluid. in setting up the superelernents for subsequent dynamic analyses, it
is necessary to define dynamic degrees of freedom. The degrees of freedom are of
primary importance for interconnecting structures and adequately defining mode shapes
for the tubesheet and each of the TSPs. Tne locations of the nodes cpecified as dynamic
degrees of free:Mm are shown in Figure 116.

11 4
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Tha disptacomerst boundary conditions for the various supertilements consist primarily
of prescribing symmetry conditions ..iong the 'X' and T axe,s for each of the
components. Vertical constraint le Movided at channel head nodes conesponding to the
approximate location of the support pads.

Ano!ication of Pretture Londina

The SLB pressure loads will act on the tubesheet and each of the TSPs. To accommodate
this, load vectors are prescribed using reference bads of 1 psi. Later, these vectors are
scaled to the actual time history (transient) loading conditions as defined in Section
11.1 for the dynamic analysis.

The loadt. e.;e applied to each component in separate load vectors to allow for individual
component scaling. The transient pressures summarized in Section 11.1 are relative to
the control volume for the thermal hydraulic ar,alysts. The area over which the
hydraulic pressure acts corresponds to the area inside l'a wrapper minus the tube area.
These pressures must be scaled based on a ratio of the plate aren in the structural model
to the control volume crea in the hydraulic model.

WERWOLF Coreuter Procram and Solution Canabttitles

The global model superelements discusstd previously, which represt...t each of the linear
structural components (,i the Series 51 S3 tubes, tubesheet ant' tube support plates
physical system, provide the appropriatt, mass and stiffness matrices necessary to
obtain both the required static and dynamic global model solutions.

These superelement properties are appropriately coupled together in the nonlinear
solver program WERWOLF. Additional required model capabilities to simulau important
physical effects are also implemented in WERWOLF For these APC SLD analyses, the
additional capabilities include: gap elements to simulate geometric nonlinearities; tube
bending stiffness; potential for plasticity in the tie rods; a procedure to obtain the
nonlinear static solution; and a procedure to obtain the dynamic (time-history)
displacement solution. More detail with respect to each of these capabilities follows. It
is noted that each of these capabilities are available for use in both the global and local
models.

The gap elements (geometric nonlinear!!ies) are used to represent the closure of plates
on tubes by way of local plate rotational deformations due to bending. The curvature
induced by the bending will eventually cause the plate to mntact the tubes
simultaneously at both the upper and lower surfaces of 15e plate. Once one of the above
descrfbed gaps close in this manner, the bending stiffness associated with ti;e local tube
wall deformations will act to oppo.se further (loca!) plato rotational motion.

Potential for plasticity response (material nonlinearities) due to large deformations is
modeledin the tie rods.

An iterative procedure to obtejn the nonlinear static solution is used. This static
solution is then used to deline the initial conditions for the global model dynamic
analysis.

11 5
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A special fast procedure which integrates the differential equation of motion to obtain the
(dynamic) time-history displacement solution (dynamic analysis) is utilized in these
analysos.

The local model roquires only tube (local) rotational stiffness and plate superetomonts.
Here, the plate is assumed to have 45 degreo symmetry. Effects from all other
structures are reflected in the displacements of the stay rods whlch are obtained from *

the global model and applied to the local (single plato) model as boundary conditions.
There is no friction modoled either before or attor gap closure. The requitod level of
solution accuracy is obtained by checking for gap closure on a single tube level and
integrating thesa stiffness effects on a 16 tube level. For comparisons,it is noted that
the global model uses 80 tube clustars so that the relatko stiffnesses are in the ratio of
B0/16 = 5.

Results for Onen Crevlee Conditions

The global model solutbn shows that the tie rods remain clastic.

The local model timo history nonlinear solutions provida the basis for the following
observations:

-

-g.

-

-

The above analyses utlitze conservative assumptions. One such particularly
conservative assumptbn concorr's the wedge supports for the TSPs. In manufacturing,
the wedges are forced into the TSP to wrapper gap with welding of the TSP to the
wedges. However, neither the wecQe installatbn forces nor the weld size were measured
during assembly and have been ignored in the above analyses. This permits the TSPs (in
the model) to displace vertically at the edges with no constraints. Tube to TSP friction
has also been ignored. In addition, local stiffening of the plates along the tubelane and at
the periphery where flow holes are not present were also ignored. All these assumptions
lead to conservative TSP displacements. Rather than pursue termements in the
analytical models, ar.alyses were performed that reflect the corroded TSP conditions
iden fied by eddy current evaluations for the Farley Unit I steam generators. Theseu

conoulons are typical of operating units with carbon steel TSPs.- Analyses reflecting
small crevice gaps and tube to magnetite contact forces are described in Sections
11.1.2 and 11.1.3 below.

11 6
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11.1.2 Effects of Gap Size on Tube Support Plate Respons6

The purpose of this subsection is to estabilsh the effects that corrosion buildup and'or
incipient denting would have on TSP response to the SLB loadings.

For this parametric study, a series of time.hlstory solutions were obtained using the
local model for the seventh TSP only. Each of those individual solutions was obtained in
the same manner as was the Initial solution which provided motions and stresses (see
previous subsections) using the nominal tube / support plate gap value of 16 mils.
However, in each succeeding analysis, the gap was reduced (made smaller) by one mil
(1/1000th of an inch).

Results are shown on Figure 117. For the nominal gap case (16 mils), the maximum
dynamic motion [ la. From the parametric study
results, it was determined that when the gaps become smaller, the bending of the plate
starts to be restricted due to multiple gap closures. At each gap closure point (in
space), the tube invoked becomes active in the stiffness matrix and works to impede
further (locah plate rotation (in time). This newly introduced tube walllocal
deformation stifhess is rnuch greater than the tube bending stl'fness and, thus,
significantly leduces the plate bending deformation relatNe to the case of plate bending
without tube :nteractions. [

ja,

From the analytical results above, it is seen that corrosion buildup and/or inciplent
denting would act to significantly restrict plate deformations during an SLB. Further,
these restricted deformations would cause them to remain elastic and, hence, to
generally retum to their original positions following removal of the SLB loadings.

11.1.3 Bases for TSP Motion Constraints During SLB

From the Farley ECT database, it is dear that tube cracks are situated within the length
(thickness) of the tube support plates at the ECT conditions. ECT data are obtained at
cold temperature conditions.

Steam generator tube denting (due to TSP oorrosion) and cracking Initiate and progress
at high temperature (normal operation) conditions. At these conditions the tube is
lengthened by pressure and temperature effects when compared to the TSP system and
stayrods. Since the tubes and plates are in an equilibrium situation and the causes of
cracking occur at the tube / plate intersectioris,it is clear that the cracks are also
situatnd within the plates at normal operation conditions (high temperatures),

it follows from the facts presented in the above two paragraphs that cracks both are
created and must remain inside the TSPs during the complete plant operat'ng cycle, it
also follows that any loads due to differential thermal expansion of the tubes, plates, and '

stayrods structural system, which are generated during the operating cycle, are in f act
supported by the combination of tube / support plate interaction loadings comprised of
denting, incipient denting and friction effects, each gking rise to cumulatNe plate / tube
relatNe axial motion constraints. Further, and perhaps more importantly, plate
rotatioral constraints, which form a backup resistance to plate displacements, are

11 7

, .. .. . ..
. ._



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

provided by the corrosion deposits and tubes themselves (see the SLD analyses of Section
11.1.2, above).

These rotational constraints due to corrosion and the tubes work to ensure that existing
tube cracks would remain situated within the plates in the unlikely event of an SLB.
Finally, it is noted that these cumulatNe integrated plate displacement constramt forces,
even without those due to rotational constraints, typically would qukaly sum to *

magnitudes greater than 2 (dynamic impulse loading factor) times the SLB loads on the
plates. This is demonstrated in the following subsection..

11,1.4 Demonstration of Corrosion Induced TSP Motion Constraints

The purpose of this subsection is to show, on the basis of interpretations of field ECT
data, that the vertical teaction forces generated by corroded an$or dented tube / TSP
Intersections will, by themsekes (i.e., without friction or plate bending effects), quite
readily integrate to values sufficient to counteract the SLB loading and, thus, constrain
the TSPs to zero displacements relatke to the tubes during and after a postulated SLB.

The above concept is demonstrated numerically in Table 11.2 where the minimum
number of tubes required to support SLB quarter p! ate (quadrant) dynamic loadings are
calculated for use as a criterion for each of the plates. TSP quadrants are considered
(rather than the entire plate) because that 13 the spacing of the stay rods and, therefore,
the mode of the relevant displacement > under SLB loads. Note that the tubes considered
in the region of concem are chosen specifically because their position in the tube bundle
will ensure that they have the highest loaded tube / plate intersections under SLB
loadings.

The third column of Table 11.2 is obtained as the peak SLB load (on a plate and at any
time) divided by 4 to obtain the cun"9r. plate load, and then multiniled by 2 es a
dynamic load factor. Nute that the reaction load per denteWoorroded intersection is
taken as the mlnlmum measured value from a test program periormed to measure both
breakaway and sliding force values associated with a significant number of laboratory
generated tube / TSP Intersection corrosion samples. These samples included specimens -

both with denting and with incipient denting.

Column 4 gives the equivalent static loading divided by the mlnlmum single Intersection
(tube) reaction load capability. This is rounded up to the next nearest integer in column
5 to pt. vide the criteria sought.

|.

Results from the ECT interpretations from Farley Unit 1, SGs A, B and C, for each
!quadrant and each of the seven TSPs, were compared to the criteria of Table 11.2. From

these comparisons, and based on a rather large number of Indkidual intersection ECT
interpretations, it was confirmed that the number of intersections with corrosion

andor denting in the appropriate regions of the verbus quadrants of each of the plates
in each of the SGs exceeds the required number (the criteria of Table 11.2)in the vast
majority of cases. For those few cases where this is not confarrr Xf a simple
extrapolation of the percentage of affected tubes actually obtained over the region where
support is most effective in constraining TSP motions shows that there is an extremely
small probability that further interpretations would not produce the deficit number of
affected tubes. '

11 8
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Dased on the above described results it is judged that the capabillry of resisting SLB
badings in Unit 1 by means of axial tube festraints arising from cortodon related
effects only is fully expected.

11.2 Combined Accident Considerations

This s'sclion deals w!!h combined accident condition loadings in terms of tube deformation
and it.e effects on tube burst pressure. The most ilmiting eccident conditions relative to
thests concoms are scismic (SSE) plus loss of coolant accident (LOCA) for tubo
deformation, and SSE plus steamline/feedline break (SLB/FLB) for tube burst. Details
of the analysis methods usud in calculating tube stresses and tube support plate loads for
these loading conditions are also provided.

11.2.1 SSE Analysis

Seismic (SSE) loads are developed as a result _of the motion of the ground during an
earthquake. A seismic analysis specific to Series 51 steam generators has been
completed. Response spectra that umbrella a number of plants with Series 51 steam
generators, including the Farley Plant, have been used to obtain tube suppo 1 plate
(TSP) loads and the displacement time history response of the tube bundle. A nonlinear
time history analysis is used to account for the effects of radial gaps between the
secondary shell and the TSPs, and between the wrapper and shell.

The seismic excitation defined for the steam generators is in the form of acceleration
response spectra at the steam generator supports in order to perform the non-linear
time history analysis, h is necessary to convert the response spectrum input isto
acceleration time history input. Acceleration time histories for the nonlinear analysis
are synthestred from El Centro Earthquake motions, using a frequency
suppresslorvraising technique, sudi that each resulting spectrum cbsoly envelopes the
corresponding specified spectrum. The three orthogonal components of the earthquake
are then applied simultaneously at each support to perform the ana'ysis.

The seismic analysis is performed using the WECAN computer program. The
mathematical model consists of three dimensional lumped mass, beam, and pipe
elements as well as general matrix input to represent the piping and support stiffnesses.
In the nonlinear analysis, the TSP /shell, and wrapper /shellinteractions are

'

represented by a concentric spring-pap dynamic element, using impact dr. aping to
account for energy dissipation at these locations.

The mathematical model which is used is shown in Figure 11 8. The tube bundle
straight leg region on both the hot and cold leg sides of the bundle is modeled by two
equivalent beams. The U-bend region, however, is modeled as fWe equkalent tubes of
different bered radii, each equkalent tube representing a group of steam generator tubes.
In addition, a single tube representing the outennost tube row is also modeled.
Continuity between the straight leg and U bend tubes, as well as between the U bend
tubes themsekes, is accomplished through appropriate nodal couplings. Note that the
five equkalent tube groups are extended down two support plates before the single tube
representation begins. This allows dissipation of tube response differences due to the
variaton in U bend stiffnesses.

11 9
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For rcasons that will be discussed latr, tube deformat|on calculations are performed for
three TSP groupings, TSP 1, TSP 2 6, and TSP 7. The highest selsmically induced TSP
forces am 82 klps for TSP 1,102 kips for TSP : * and 70 kips for TSP 7.

11.2.2 LOCA Analy$1s

LOCA loads are developed as a result of transient how, and temperature and pressure '

fluctuations following a postulated main coolant pipe bronk For the Farley analysis,
LOCA loads are developod for frve different pipe break locations. These include three
primary pipe breaks and two minor pipe breaks. Tlie primary pipe break locations
include the steam generator inlet anWutlet lines, and the reactor coolant pump outlel
line, while the minor pipe breaks include the pressurizer surge line and the
accumulator line. As a result of a LOCA event, the steam generator tubing is subjected to
the following loads:

1) Primary fluid rarefaction wave loads.

2) Steam generator shaking bads due to the coolant loop motion.

3) Extemal hydrostatic pressure loads as the primary side blows down to
atmospheric pressure.

4) Bending stresses resulting from bow of the tubesheet due to the
secondary.to primary prer.sure differential.

5) Bending of the tube due to differe itial thermal expansion between the tubesheet
and first tube support plate fotbwing the drop in orimary fluid temperature.

6) Axistty induced loads rssulting from differential thermal expansion between the
tubes 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 intersections are considered to be light. Because the majority of the
intersections are tight, the TSP will respond with the tubes, and the resulting -

bads on the tubes are judged to be small for this loading.)

Loading mechanisms 3) througn 5) above are not an issue since they are a non cyclic
loading condition and will not result in crad growth, an&or result in a compresske
membrane loading on the tube that is beneficl&lln terms of negating cyclic bending
stresses that could result in crack growth.

11.2.2.1 LOCA Rarefaction Wave Analysis

The principal tube loading during a LOCA is caused by the rarefaction wave in the
primary fluid. This wave initiates at the postulated break location and travels around
the tube U-bends. A d!fferential pressure is created across the two legs of the tube
which causes an in plane horizontal motion of the U-bend. This differential pressure,
in tum, induces significant lateral loads on the tubes.

The pressure-time histories to be input in the structural analysis are obtained from
transient thermal hydraulic (T/H) analyses using the MULTIFLEX computer code. A

11.Io
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break opening time of 1.0 msee to full flow area (that is, instantaneous double-ended
rupture) is assumed to obtain conservatNe hydraulle loads. A plot of the tube model for
a typical T/H model for detumining LOCA pressure time histories for the tubes is shown
in Figure 119. Pressure time histories are determined for three tube radil, Identified
as the minimum, medium, and maximum radius tubes. For the structural evaluation,
the presseres of concem occur at the hot and cold log U bend tangent points. Plots of the
hot to cold leg pressure drops for the limiting major and minor pipe breaks, the steam
generator inlet break and the accumulator line break, are provIdod in Figures 11 10
and 11 11, respectively, for each of the three tubes considered. These results show
that significantly higher pressure drops occur for the primary pipe break than for the
minor pipe break.

, For the rarefaction wave induced loadings, the predominant rnotion of the U bcnds is in
the plane of the U bend. Thus, the individual tube motions are not coupled by the
anti vibration bars. Also, only the U bend region is subjected to high bending loads.
Therefore, the structural analysis is performed using single tube models limited to the
U bend and the straight log region over the top two TSPs. The LOCA rarefaction pressure
wave imposes a time varying loading condition on the tubes. The tubes are evaluated
using the time history analysis capab!!!ty of the WECAN computer program. The
structural tube model consists of three dimenslor al beam elements. The rnass inertia is
input as effective material density and includes the weight of the tube as well as the
weight of the primary fluid inside the tube, and the hydrodynamic mass effects of the
secondary fluid. The geometry of the three tube models used for the LOCA analysis are
shown in Figure 11 12, with the node numbors identified.

To account for the varying nature of the tube / TSP interface with increasing tube
deflection, three sets of boundary conditions are considered. For the first case, the tube,

| Is assumed to be laterally supported at the top TSP, but is free to rotate. This is
designated as the " continuous * oondition, in reference to the fact that the finite element

model for this case models the tube down to the second TSP location. As the tube is
loaded, it moves laterally and rotates within the TSP. After a finite amount of rotation,
the tubo will become wedged within the TSP and will no longer be able to rotate. The
second set of boundary conditions, therefore, considers the tube to be fixed at the top TSP.
location, and is referred to as the * fixer case. Conthued tube loading causes the tube to
yield in bending at the top TSP and eventually a plastic hinge develops. This represents
the third set of boundary conditions, and is referred to as the * pinner case.

Using the pressure time histories from the T/H analyses, lateral loads are calculated for
each tube length at each time point and the dynamic response of the tube is calculated.
The analysis shows the continuous set of boundary conditions to give the largest TSP
loads for the mlnlmum and medium tubes. For the maximum radius tube, the fixed
condition is found to be most representative due to its increased flexibility and higher
tube rotations at the top TSP. Each of the dynamic solutions results in a force time
history acting on the TSP. These time histories show that the peak responses do not
occur at the same time during the transient. For the Farley analysis, howevei, it is
assumed that the maximum reaction forces occur simuttaneously. Using the results for
these three tubes, a TSP load corresponding to the overall bundle is then calculated.

Summaries of the resulting TSP forces for the inlet break and the accumulator line
break are shown in Tab!e 113. Based on the plots shown, a bi-linear representation is
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assumed for the peak amplituoes as a functbn of tube radius. Summaries of the overall
TSP forc9s ato provided in Tables 114 and 11.S for the top TSP for the inlet and
Accumulator line breaks, respectively. Note that for tube rows 16, the peak response
is assumett to be constant and equal to the Row 6 responte. Shown in Figure 11 13 is,

the distributbn of TSP load for the inlet 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 Table 116. ,

11.2.2.2 LOCA Shaking Loads

Concurrent with the rarefaction wave loading during a LOCA, the tube bundle is subjected
to additbnalbending loads due to the shaking of the steam generator caused by the break
hydraulics and reactor coolant loop motion. However, the resulting tube stresses from
this motion are small compared to those due to the rarefactbn wave loduced motion.

To obtaln the LOCA Induced hydraulic forcing functions, a dynamic blowdown analysis is
performed to obtain the systern hydraulle forcing functions assuming an Instantaneous
(1.0 msee break opening time) double. ended gull'otine break. The hydrau!!c forcing
functions are then apolled, along with the displacement time.hlstory of the reactor
pressure vessel (obtained from a separate reactor vessel blowdown analysis), to a
system structural mocol, which includes the steam generator, the reactor coolant pump
and the primary piping. This analysis yields the time history displacements of the steam
ger. orator at its upper lateral and lower support nodes. These time.hlstory
displacements formulate the forcing functions for obtalning the tube stresses due to LOCA
shaking of the steam generator.

Past experience has shown that LOCA shaking loads are small when compared to LOCA
rarefaction loads. For this analysis, these loads sie obtained from the results of a prior

,

analysis for a Model D steam generator. To evaluate the steam generator response to
LOCA shaking loads, the WECAN computer code is used along with the selsmic analysis
model discussed previously. The steem generator support elements are removed,
however, bechuse the LOCA system model accounts for their influence on the steam
generator respont,e. -

Input to the WECAN modelis in the form of acceleration time histories at the
tube /tubosheet interface. These accelerations are obtained by differentiation of the
system model displacement time histories at this location. Acceleration time histories
for all six degrees of freedom are us6d. The resulting LOCA shaking loads used for the
Farley analys!s arc 17.1 kips for TSP 16 and 15.5 kps for TSP 7 for the large bteak
LOCA, and 7.75 kips for all TSP for the minct breaks. The small break bads are scaled
from the large break loads based on a comparison of support displacements from system
anatyses for the two types of breaks.

11.2.3 Combined Plate Loads

in calcu!aling a combined TSP load, the LOCA rarefaction and LOCA shaking loads are
combined directly, while the LOCA and SSE loads are combined using the square root of
the sum of the squares. The overall TSP load is transferred to the steam generator shell
through wedge groups located at discrete locations around the plate circumference.

11 12
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For the Series 51 steam generators, there are six wedge groups located every 60'
around the plate circumference (see Figure 11 14). The distribution of load among
wedge groups is approximated as a cosine 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 locat%n as far the top TSP.
Thus, if TSP deformation occurs at the lower plates, the same tubes are affected as for
the top TSP. For the top TSP, howeser, the wedge groups have a 10 inch width,
compared to a 6 inch width for the other plates. This larger wedge group width
distrbutes the load over a larger portion of the plate, resulting in less plate and tube
deformation for a given load level. For the bottom TSP, the wedge group width is 6
inches, and the wedge groups art rotated 36' relative to the other TSPs. The
distribution of load among the various wedga groups for the LOCA load, which can on'y set
in the plane of the U-bend, is sliown in Figure 11 15 for TSP 2 7. Altho:qh, the wedps
are rotated for TSP 1, the rotations are such that the same load factors result. For
selsmic loads, which can have a random orientatior., the maximum wedge load is 2/3 of,

the maximum 1SP load.

Summaries of the resulting TSP and wedge loads for the inlet and Accumulator line
breaks are provideo in Tables 11 7 and 11 8, respectively.

11.2.4 Tube Deformation
_. a

.

El I. m
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11.2.3 Efte:t 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 bendLg stress is induced at the TSP -
intersections. This bending stress is distributed around the circumference of the tube

.

cross section, tension on one side and compression on the other side, and is oriented in
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the axlal (along the tube axis) direction. Axial cracks distributed around the
circumference will therefore either experlence tension stress that tends to close the
crack or compresshte stress that tends to open the crack. The compressive stress has
the potential then to reduce the burst capability of the cracked tube due to the crack
opening,

r- a-.

i

f

-

11.3 Allowable Leak Rate for Ar.cident Conditions -

A calculation has been completed to determine the maximum permissible steam
generator primary-to secondary leak rate during & steam line break for the Farley Unit
1 and 2 st,.am generators. Based on a 30 rem thyn>id dose at the site boundary, a leak
rate of 55 gpm is determined to be the upper limit for allowable primary to secondary
leakage in the ruptured loop. Each SG in the intact loops is assumed to have primary to
secondary leakage of 150 gpd, which is the maximum value defined by the proposed
technical specification. The Icakage in the faulted loop ' .f be distributed among
tubeshee! arid support plate locations as shown in Figu., t1 19.

Thirty rem was selected as the thyroid dose acceptance criteria bastd on the guidance of
Standard Review Plan (NUREG-0800) Section 15.1.5, Appendix A. Only the release of
iodine and the resulting thyroid dose was considered in the leak rate determination.
Whule-body doses due to noble gas immersion have been determined, in other
evaluations, to be considerably less limiting than the corres~anding thyroid doses. The
salient e sumptions used in the evaluation are those presented in FSAR Section 15.4.2,

,
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with ths exception of the lodine partition coefficient assumed for the steam generator in
tne ruptured loop (1.0 versus 0.1). The salient assumptions follow:

o initial primary coolant lodine activity 1% fuel defects
initial secondary coolant activity 0.1 pCl/gm of dose equivalent 1131 (Tech.o

Spoc. LCO)
o Steam released to the environment (0 to 2 hours)

,

from 2 SGc in intact loops 479,000 lb (plus primary secondary leakage)-

from ruptured loop 91,000 lb + primary secondary leakage-

(the entire initial SG water mass)
o lodine partition coefficient for primary secx>ndari leekage during accident -

SGe in intact loops - 1.0 since !aakage is assume'i to be above the mixture
level
SG in ruptured loop - 1.0 due to dry SG (FSAR assumes 0.1)-

o Atmospheric disperslo.1 factor 7.6E-4 sec/cu m
Thyroid dose conversion factor for 1131 1.48E6 rem /Cl(TID.t4844)o

The radioactivity released to the environment due to a main steam line break can be
separated into two distinct releases: the release of the initiallodine activity contained in
the secondary coolant and tha release of primary coolant iodine activity that is
transferred by tube leakage. Based on the assumptions stated previously, the release of;

the activity initially contained in the secondary coolant (3 SGs) results in a site
boundary thyroid dose of approximately 2.4 rem. Th!s is independent of tna leak

<

location.

Relative to activity release due to primary to-secondary leakage, the dose contribution
from the ruptured loop SG or from the intact loop SGs when the leaks are at a TSP is
approximately 0.5 rem /gpm. Because of the SG tube uncovery issue that is currently
under investigation, treatment of the leakage is different depending on its location.
Following a reactor trip, the mixture level in the SG can drop below the apex of the tube
bundle. For the SGs in the non-faulted loops, leakage that occurs in the tubesheet region
is assumed to mix with the secondary coolant (partition coefficient associated with
steaming is 0.1), while the leakage that occurs at a suppor1 plate is conservatively
assumed to transfer diractly to the environment without mixing or partitioning since the
leakage site is assumed to be above the mixture level. Although less than 4 feet of the -
bundle is expected to be above the mixture level, any leakage at a support plate is
conservatively assumed to bo uncovered for the duration of the accident recovery. The
SG in the ruptured loop is assumed to steam dry (no mixture level). Hence leakage to
this SG is assumed to transfer directly to the environment regardless of the location of
the leak.

The radiological assumptions utilized in the allowable leak rate determination are more~

( conservative than those of of the FSAR steam line break offsite dose analysis. The salient
differences are with regard to the treatment of primary to secondary leakage and the '

offsite dose acceptance criteria. These differences are described in detall below:

o Ruptured loop primary to secondary leakage

The allowable leak rate determination assume that all primary coolant leakage
activity is released directly to the environment. The SG is assumed to steam dry,

11 - 1 6
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Thus, there is no iodine retention or partitioning in the SG. The current FSAR
steam line break analysis assumes a retention factor of 0.1;i.e., only 10% of the
primary coolant leakage actMty is released to the environment.

o intact loops primary to secondary leakage

The allowable leak rate determination assumes that all primary coolant leakage
actMty is released directly to the environment. The tube leakage sites are
assumed to be located above the mixture level. Thus, leakage activity is assumed
to neither mix with the secondary coolant nor partition. T5e current FGAR steam
line break analysis assumes complete mixing of the leakage actMiy with the
secondary coolant. The iodine partition coeffieler,t associated with steamlng is
0.1.

o Offsite dose acceptance criteria

The allowable leak rate determ! nation is based on a site boundary dose limit of 30
rem to the thyroid (10% of the 10 CFR 100 guideline). The current FSAR
analysis specifies an acceptance criteria of less than 10 CFR 100.

The accidents thst are affected by primary to secondary leakage are those that include
modeling of leakage and secondary steam release to the environment. These accidents
include:

o Loss of External Electrical Load and/or Turbine Trip, FSAR 152.7
o Loss of All AC Power to Station Auxiliaries, FSAR 15.2.9
o Major Secondary System Pipe R';pture (SLB), FSAR 15.42
o Steam Generator Tube Rupture (SGTR), FSAR 15.4.3
o Single Reactor Coolant Pump Locked Rotor, FSAR 15.4.4
o Rupture of a Centrol Rod Drive Mechanism Housing (Rod Ejection), FSAR 15.4.6

in addition to these list of accidents, there are also the following events which have
secondary side releases associated with them: .

o Uncontrolled RCCA Bank Withdrawal from a Suberitical Condition, FSAR 15.2.1
o Uncontrolled RCCA Bank Withdrawal at Power, FSAR 1522
o RCCA Misaligament. FSAR 152.3
o Partial Loss of Forced Reactor Coolant Flow, FSAR 15.2.5 -
o Loss of Normal Feedwater, FSAR 16.2.8
o Accidental Depressurization of the Main Steam System, FSAR 152.13
o Complete Loss of Forced Reactor Coolant Flow, FSAR 15.3.4
o Single RCCA Bank Withdrawal at Power, FSAR 15.3.6

The reason that the steam line break is generally limiting is because of the assumption
that leakage to the faulted steam generator is assumed to be released directly to the
environment,i.e., no tnixing with the secondary coolant or partitioning of actMty is
assumed, 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 secondary side steam release thore is Justification for
mixing and lodins partitioning in the steam generators following the potential initial
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uncov9*y el the top of the tube bundle after the reactor trip. These factors, along with a
Fmailer primary to secondary pressure differential, significantly reduce the release of
iodine to the environment for accidents other than steam line break.

As noted above, mixing and lodine partitioning is dependent upon the elevation of the
degradation. For the non SLB accidents in which there is a secoidary side steam release,
there is justification for mixing and partitioning if the primary to secondary leakage is '

at the tubesheet region (below SG water level). If the degradation is at a TSP, such that
the reactor coolant leakage could directly get into the steam space, the release path (for
radioactivity) is assumed to be direct to the environment, just as it is for the faulted SG
following an SLB.

Following the impicrmtation of the voltage plugging criteria, tubes are not expected to
burnt during SLB conditions; however, it cannot be assumed that the tubes will not leak.
SLB is the bounding accident condition for which the primary to secondary leakage is to,

! be limited so as to maintain radiological consequences within acceptable levets. Thus the
potentialleakage during an SLl3 mid be kept below the maximum allowable value
determined above.

11.4 SLB Leakage Determination

A number of tube intersections with voltage signals that satisfy the proposed criteria
will remain in service until inspected and reevaluated at the next refueling outage. Some
of these would have the potential for leakage uncler SLB conditions as leak rate testing
has demonstrated some potential for leakage u;. der SLB pressures in tubes with voltage
signals less tnan 3 volts. Therefore, leak rate during SLB conditions is to be evaluated
for the tubes remaining in service at each outage. The methodology used in the evaluation
is a probabilistic approach based on the bak rate versus voltage correlation and the
population of voltage signals at TSP intersections left in service. Uncertainties in
voltage signal, growth allowance and leak rate versus voltage are accounted for using
Monte Carlo techniques. Thus, an end of cycle voltage population is assessed (accounting
for uncertaintles) for its potential for leakage during a postu!sted SLB.

A current distribution of number of Indications versus voltage signal will De obtained at
i each outage similar to those presented in Section 5 for each steam generator for Farley 1
l

and 2. Also, the most recent change in voltage (voltage rate) between the last two
inspections will be obtained on an effective full power year (EFPY) basl The current
voltage distribution (cut off at the vcitage p!ugging limit) is then combined with the
voltage growth rate using Monte Carlo techniques to establish an end of cycle (EOC)
voltage distribution. Uncertainty in the voltage signets for the current inspection is
exounted for in a riatistical manner via the Monte Carlo simulations. Finally, the EOC
voltage distribution is evaluated for leak rate using Monte Carlo techniques and the leak

l rate versus voltage relationship given in Section 9.7 and in Figure 9 3. This is
repeated 1000 tirges to establish a cumulative probability distribution cf potentialleak
rate for each SG. i

The methou described above has been applied to the Farley 2 voltage distribution in
1990 for each steam generator. The methodology utilizes the following data for
Farley-2.

11 - 1 8
|

,

1

.. -



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

.e

Current Outace D!stribution of indications

The outage inspection of Figure 5 5 with a voltage cutoff of 3.6 volts defines the
distribution of indications retumed to service assuming application of the current
plugging criteria.

Eddv Current Uncertalnty

Section 8.8 defines the eddy current uncertainty distribution for the voltage amplitudes

| as 12% (one standard deviation) with an upper limit of 25% This uncertainty is |
Cpplied statistically (by Monte Carlo simulation) to the above distribution of
Indications.

Growth Rate

39g F'gure 5-15 shows the growth rate distribution from the last Farley-2 operating cycle.
iSi The distribution is provided as a cumulative distribution function for voltage growth.

The Figuie 515 growth rates are given as growth over the last cycle and are multiplied
by the ratio of the planned EFPYs for the next cycle to the EFPYs for the prior cycle.
This growth rate distribution is randomly sampled for the Monte Carlo analysis and
added to the current distribution with sampling for eddy current unct rtalnties to obtain
the projected end of cycle distribution. Equal operating cycle lengths for prior and
projected cycles are assumeo for the Farley 2 analysis results given oelow. '

SLR Leak Pata

The linear regression fit of Figure 9 3 is used to obtain a leak rate for a projected
voltage. A Monte Carlo selection is made at each voltage within the prediction interval
described by the statistical parameters developed in Section 9,7, and summed over the
total distributior of Indications to obtain the projected totalleakage at SLB conditions for
each steam generater, Curr.ulative probability is obtained based on 1000 cases.

A maximum expected leak rate of a single SG during a postWad SLB was determined to-
be 0.4 gpm for Farley Unit-2 at the 90% cumulative probability level, compared to the
55 gpm allowable. Therefore, the cetoff value of 3.6 volts conservatively limits the
potential for leakage during SLB and no further restriction would be required.
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Table 11.1

Summary of Component Superalements

Component Superelement

Tubesheet '

'

a. Perforated Region 1 '

b. Solid Outer Rim 1

.,

Tube Support Plates
.

a. TSP 1 2
b. TSP 2 3 -

c. TSP 3 4 '

d. TSP 4 5
e. TSP S 6 ,

- f. - TSP 6 7
g. TSP 7 8

ChannelHead
a. Tubesheet Juncture 1
b. Spherical Bowl i

Shell

a. Stub Barrel 1

b. Lower Shell 1

Wrapper
.

-

Stayrod
a. Central 9
b. Outer 9

,

: pacer.

a. Central- Pass 1 , -

b. Central- Paes17 14
c. Outer - Pass 1 -

d. Outer - Pass 2 7 - -

Tubes-
a. Central- Pass 1. -10
b. Central e Pass 2 7 ' 10-;

- c T Axis Pass 1 11
. d. T Axis - Pass 2-7 111
e. T Axis - Pass 1 -12-
f. Y Axis Passi 7 - 12
g. Interior Pass 1 - 13 :.

h. Interior- Pass 2-7 13- "

.
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TABLE 11.2 : CRITERIA AND BASES FOR FARLEY (S51) ECT INTERPRETATIONS
TO DUPPORT SLB EVALUATIONS.
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TAutt-11-3
SUMMARY OF TSP FORCES - TOP TSP
DYNAMIC TIME: HIsTony ANALYSES

LOCA RAREFACTION PREssunt Wave LOADING
,
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TAntt 11-4
SUMMARY cr TOTAL TSP force - TOP TSP

LOCA RAREFACTION PRESSURE HAVE LCADZHG

$ TEAM GENERATOR INLET BREAK
,

a-- _

1
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*
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e
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TABLE 11-5

SUMMARY or TOTAL TSP FORCE - TOP T$P
LOCA RAREFACTION PRESSURE WAVE LOADING

ACCUMULATOR LINE BREAK
,
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TABLE 11-6
SUMMARY or TJP FORCES

LOCA RAREFACTION PRESSURE WAVE LOADING
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TAsLE 11-7
SUMMARY OF WEDGE LOAD 5

COMBINED LOCA + SSE LOADINGS >-

STEAN GENERATOR INLET BREAK',_
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TABLE 11-8
SUMMARY oF WEDGE LOADS

COMBINED LOCA + SSE LOADINGS

ACCUMULATOR LINE BREAK.
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TABLE 11-9

SUMMARY OF CALCULATIONS TO DETERMINE AREA

UNDER FCRCE / DEFLFCTION CURVE
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CRuss TEsr No. 2 |
_ , a,b |
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TAsLE 11-10
SUMMARY OF NUMBER OF DEFORMED TUBES

As A FUNCTION OF LOAD
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TABLE 11-11

SUMMARY OF NUMBER OF DEFORMED TUBES AT WEDGE LOCATIONS

TSP 1

ab.
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TABLE 11-12
SUMMARY OF NUMBER Or DEFORMED TUBES AT WEDGE LOCATIONS

TSP 2-6

_ a,b-
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!
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-
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TABLE 11-13

SUMMARY OF NUMBER OF DEFORMED TUBES AT WEDGE LOCATIONS

TSP 7
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a .b -
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TABLE 11-14
APPLICABILITY OF TEST RESULTS

To WF.DGE LOCATIONS 4

.

a,b
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TAELE 11-15
,

COMBINED BENDING AND INTERNAL PRESSURE BURST TESTS

oN TusEs WITH THROUGH WALL SLOTS
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: Figure 11-1

- Steam Une Break Primary and Secondary Pressures .-
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Figure 112

TSP Pressure Drops During SLB; TSPs 1 - 4
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Figure 113

TSP Pressuro Drops During SLE: TSPs 5 - 7
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Figure 11 4
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Figure 11 - 5

Enlar V e o Tubesheet Region
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Figuro 11 - 6

Tubesheet/ TSP Dynamic Degrees of Freedom ,
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Figure 117

TSP 7 bisplacement vs Gap for SLB Loadings
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FIGURE 11 19

Allowable Primary to Secondary Leakage During SLB
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12.0 TUBE PWGGING CRITERIA 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 Crlieria
.

The general approach taken to develop the tube plugging criteria for the Farley S/Gs,

#

includes:

1) Specifying conservative burst correlations based on free (uncovered) span ODSCC
under accident conditions to demonstrate structuralintegrity.

2) Conservatively assuming open crevice conditions to maximize leakage potential.

3) Satisfying the R.G.1.121 structural guidelines for tube burst margins by
establishing a conservative structural limit on voltage amplitude that assures 3
times normal operating pressure differential for tube burst capability.

4) Satisfying the FSAR requirements for allowable leakage under accident conditions by
demonstrating that the dose rate associated with potentialleakage 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 condhions for these specimens, the generally tight
model boller 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
12.1.

Field data supporting the criteria are given in Table 6.2 for pulled tube burst
pressure / leak 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 cnd Figure 6-1 are
combined in Figure 121 with the model bo!!er data of Table 12.1 to show an integrated

12 1
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data base. Also shown in Figure 121 are the data points with leakage under SLB
mnditions. Only the data of Tables 6.2 and 12.1 are used in the voltage versus burst
pressure and SLB leak rate correlations. Tha voltage / burst correlation is given in
Gection 9.6. The SLB leakage correlation and analysis model are developed in Sections
9.7 and 11.4. These data together with the Farley growth rates given in Section 5.3 and
the NDE uncertainties developed in Section 8.0 define the data base used to develop the
Farley tuba plugg!ng criteria for ODSCC at TSPs.

i

The actualln-service leakage from ODSCC at TSP intersections has been very limited on
a world wide level. No leakage from ODSCC has been reported for U.S. plants with
nondented tubes. This experience is consistent with a 40% depth repalt policy, even if
deeper defects cannot be precluded and mcy exist. Other countries following a polley
similar to that currently used in the United States have reported only one leakage event.
This event occurred at a Spanish plant and resulted from a pluggable indication that was
missed during the previous outage,

in European countries 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 have been affected by ODSCC |

for a number of years). A 1990 leakage event reported for plant E 4 cannot be
quantithlively mrrelated with the two detected lenkers at the TSP level because of three
Isaking tubes attributed to pimary water stress corrosion cracking (PWSCC) in the
expansion zones (EZ) of rc 11 transitions. In France,11 units with ODSCC at 'ISP
intersections have been op erating for e significant period (more than five years for at
least two units) without detectable leakage. I

This insignificant in-service leakage from TSP ODSCC, even when no criteria are set to
prevent through wall defects,is likely to result from a combination of the following
factors:

Crack morphology is such that wall penetration is not readily achieved (relativelyo

long cra&s are prevented from leaking by a thin ligament on the ID side 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.

l
l

The small opening areas of throug> wall cracks can get clogged easily by circulatingo
corrosion products, impurities, or precipitates,

The crevice chemistry may block the leak path, s!!her by corrosion producto

accumulation (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 .
concem, consideration is given in Section 12.5 to tube leak before-break (LBB) to deal
with possible uaanticipated 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 probability of tube break to a negligible level also addresses
the issue of a single large leaker (outside the predicated range) during postulated faulted
loads.

12- 2
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12.3 Tube Plugging Criterion for Margins Against Tube Burst

The tube plugging criteria are developed to preclude free span tube burst if it is
postulated that TSP displacement would occur under accident conditions. The plugging
limits to provide R.G.1.121 tube burst margins are developed in this section.

12.3.1 Voltage for Structural Requirement

Tube burst test results are given for pulled tubes in Table 6.2 and for model boiler
specimens in Tables 9.1 and 12.1. The combined field and laboratory burst test results
are evaluated in Section 9.6 to develop a correlation between bobbin coll voltaga and
burst pressure. This correlation was adjusted to account for operat|ng versus test
temperatures and for minimum material properties to obtain a reference, burst
pressure correlation at the lower 95% confidence level. The results gNen in Section
9.6 show that a bobbin voltage amplitude of [ ]Q 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 structural requirement for the tube plugging

| criteria ls a llmit of []g volts 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 16% uncertainty.
The 16% is applied at the voltage limit requiring tube plugging. To support this
uncertainty, voltage calibration standards normalized to the reference laboratory
standard are utilized for Farley S/G inspections applying the plugging criteria of this
report, in addition, Appendix A provides data collection and analysis guidelines to be
implemented upon application of the plugging criteria.

| The probe wear standard of Appendix A is used to maintain probe centering capabilitywithin a 10% probe wear 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 constraints of the channel head with the associated limited vertical height
where bending of probe leads can influence probe centering. Pending turther field .

experience with the probe woar standard, the probe wear limit has been increased to
15% for the EC data acquisition guidelines of Appendix A. The total NDE uncertainty is
conservatively increased to 20% for development of the plugging limits in Section
12.3.4.

12.3.3 Allowance for Crack Growth

Voltage growth reies for the Farley S/Gs are developed in Section 5.3 and compared with
other plant data in Figure 6-12. Growth rates are defined in terms of percent growth
per cyde and are applied at the voltage amplitude requiring tube plugginc. The Farley
percent growth rates from historical data are shown to decrease with increasing BOC
(beginning of cyde) amplitude while data from a European plant indicates percent
growth may be essentially independent of amplitude. It is thus conservative to assurre
percentage growth is independent of BOC amplitude and to use overall average growth
from Farley operating experience for the growth rate allowance in the plugging limits.

12- 3
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Table 5.4 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 5.4 that zeroing negative growth tends to increase implied growth
rates by 5 to 13%. Farley growth rates have decreased since 1987 with averages ovqr
the last 2 cycles of 40% and 37% for Units 1 and 2. Growth rates over the last
operating cycle were 37% and 29%.

To provide margin for variations in future cycles, an average growth allowance of 50%
per cycle is conservatively applied to estabr.sh tube plugging limits, Average growth
rates nre considered to provide an adeouste allowance for growth in satisfying R.G.1.121
structural guidelines for burst pressure capability of three times normal operating
pressure differential. Per R.G.1.121, an allowance for NDE uncertainties 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 agalnst burst at SLB conditions as described in Section
12.4.

12.3.4 Tube Plugging Criterion

The structural voltage limit must be reduced by the allowances for crack growth and NDE
uncertainty to obtaln 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 + VNDE+VCG = VSL (12 1)

where: VRL = voltage limit for tube repair or plugging,

Vg- NDE voltage measurement uncertainty,
Vcn - voltage growin rate per cycle, and

.

Vst - voltage structurallimit from the burst pressure
versus BC voltage correlation.

The NDE voltage uncertainty and voltage growth rate terms are provided 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, cnd

VCG- VRL x %VCG/100.

Using these expressions for VNDE and VCG, Eq. (12-1) can be rewritten as:

VRL= Vst (1 + %V/ NDE 100 + %VCG/100). (12-2)/

_ 12- 4
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Values for Vst. %VNDE and %VCG are given in Sections 12.3.1 to 12.3.3 above and are

VSL - [ }9 volts, %VNDE - 20 and %VCG - 50. Substituting these values into
'

Equation 12 2 gives

VRL- VSL/1.70 - 3.6 volts (12 3)

An attemate 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 3.6 volts. This criterion is applied independent of the bobbin coil

Indicated crack depth.

12.4 SLB Tube Burst ar.J Leakage Evaluation

This section describes analysis requirements for both margins against tube burst at SLB
conditions and for demonstrating acceptable SLB ieakage. In Section 11.3,it was shown
that the bounding accident condition for primary to secondary leakage is the SLB event
and that the allowable SLB leak limit is 5'i opm.

12.4.1 Margins Agalnst Burst at SLB Conditions

Margins against burst at SLB conditions are demonstrated by considering the through
wall crack lengtn required for tube burst and by a Monte Carlo analysis considering
cracks left in service, growth and the voltage burst correlation. The tube repair litnits
developed above and shown in Table 12.2 are based upon currently available voltage
growth rates at low voltage levels compared to the tube repair limits. To minimize the
potential future impact of new growth rates on the repair limits, percentage growth
rates have conservatively been applied at the higher voltage levels even though current,

data show a decreasing percentage growth at higher voltage amplitudes. As new gmwth
rate data is obtained upon implementation of the repair limits of this report, the
pctential imp!! cations of these growth data will be assessed following each outage. The
development of repair limits in Section 12.3 and Table 12.2 will be reviewed for
acceptability of the repr.ir limits in addition, margins against burst at SLB conditions
wl!I be evaluated following each outage for the distribution of indications left in service.
The burst analyses will apply Monte Carlo analyses as described below to calculate the
probability of tube burst at SLB conditions. If the new growth data indicates that either
the repair limit of 3.6 volts should be revised or that the SLB burst probability
approaches or exceeds a guideline value of 2.5x10-2 or a single tube burst, thesef
results will be reported to the NRC together with an assessment of potential revised tube
repair limits.

Burst pressure versus axial crack length data from multiple sources are shown in
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 techniques for applying the required
pressure for tube burst. In testing of tubes with through wall slits [

) a.c

12- 5



._

l

]a.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 falls along the burst '

curves where seal reinforcement was used. Therefore it is appropriate to remove the
conservatism of the Westinghouse axlal crack burst curve and use the Belglan 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 can be calculated by Monte Carlo methods
for the distribution of bobbin voltage indications left in service. The Monte Carlo
methods are described in Sections 9.6 and 12.4.2. The 80 indications left in service
are projected to the EOC utilizing distributions for NDE uncertainties and voltage growit,
per cycle. For each EOC Monte Carlo sample of bobbin voltage, the voltage / burst
mrrelation is randomly sampled to obtain a burst pressure. The probability of tube
burst at SLB is obtained as the sum of samples resulting in burst pressures less than the
SLB pressure differentialof 2650 pst divided by the number of times the distribution of
indications left in service is sampled.

The probablFry of tube burst was evaluated by Monte Carlo analyses for a BOC 3.6 volt
indication at the tube repair limit. Based on 100,000 Monte Caric samples for the EOC
voltage, the EOC SLB burst probability per indication was obtained as 3x10-5,
Sim!!arly,100,000 Monte Carlo samples at 2.0 and 2.5 BOC volts resulted in no
occurrences of burst at SLB conditions. The results indicate that the probability of
burst at SLB for a distrbution of indications left in servios would be primarily
influenced by indications of about 3.0 to 3.6 volts. The Farley 2 distribution of
indications from the last outage (Figure 5 5), if a 3.6 voh
would yleid a probability of burst at SLB of about 3x10 5. plugging limit were applied,.

As noted above,the
probability of burst at SLB conditions will be evaluated following each outage for
Indications left in service to confirm the adequacy of the tube repair limits as new
growth rate data are developed.

12.4.2 SLB Leakage Analysis

The SLB leakage limit of 55 gpm per S/G was developed in Section 11.3. It is required
that SLB leakage analysis be performed following each inspeca to demonstrate that the
potential SLB leakags for tubes left in service is less than the 55 gpm ilm|t. If combined
with a!!omate plugging criteria for tubeshcet region Indications, the total SLB leakage
must be evaluated against the requirements developed in Section 11.3.

Laboratory measurements on cracked tubes indicate no significant leakage 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 Farley
Tubes R4C73 (0.18" TW), and R21C22 (0.15" TW) and Model Boller Specimens

-

12 6

,



. _ _ _ _ ___- ___-

5094 (0.16' TW) and 5351 (0.11' TW). Wuh 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.

For normal operating conditions, the data show: a 6.5 volt model boiler specimen with
operating leakage; a field leaker at 7.7 volts; no reported field leakage below this 7.7
volt leaker including a substantial number of field indications below about 4 volts; and
no measurable leakage for the Farley 2 pu!!ed tube at 2.8 volts. Thus a reasonable
judgment is that the voltage ampiltude for the leakage threshold at operating conditions
is between 2.8 and 6.5 volts. Furthermore, there is significant likelihood that the
voltage threshold for operating plant leakage detectability would exceed 6 volts.

For blB conditions Farley 2 tube R4C73 at 2.8 volts had a very smallleak rate of 0.17
Phr (<0.001 gpm) while pulled tubes at 1.44,1,82,2.3,2.7 and 3.83 volts, but not
through wall penetration, had no leakage. The lowest voltage found for a pulled tube with
a through wall crack (0.01 inch long) was 1.9 volts (3/4 inch diameter tube) and this
tube had no detectable leakage in the laboratory. Figure 12 3 shows the pulled tube and
model boiler data for SLB leakage for various bobbin votage intervals. Data obtained
from 3/4 inch diameter and 7/8 inch diameter model boller specimens are included in
Figure 12-3. From this figure,it is seen that none of 32 specimens below 2.0 volts
have shown SLB leakage while only 1 of 8 specimens between 2.0 and 3.2 volts had any
leakage (a negligible leak rate of <0.001 gpm). Thus a voltage amplitude of 3.2 volts
appears to be a reasonable lower voltage threshold for significant SLB leakage, This
would correspond to a BOC cutoff voltage of about 2.0 volts based upon allowances at 95%
cumulative probability for NDE uncertainty (0.4 volt) and growth (0.8 volt, Figure
515). Monte Carlo analyses using 100,000 samples were run for a BOC Indication of
2 volts. The EOC results showed no samples with burst pressures below the SLB
pressure differential of 2650, which implies a burst probability at least less than
10 5 per BOC 2 volt indication. Similarly, Monte Carlo analyses indicate that 4000
indications at 2.0 volts would be required to obtain a leak rate of 1 gpm (much less than
the allowable limit of 55 gpm) at 90% cumulative probability of the Monte Carlo

results. Thus the Indications of 2.0 volts or less can be omitted from the Monte Carlo
analysis and the burst probabilities and leak rates would be dominated by the larger
indications left in service that approach the tube plugging limit. The 2.0 volt cutoff for
SLB analyses is provided to facNtate completion of the SLB analyses during an
inspecilon outage to expedite finalization of tube plugging lists. Preparation and
checking of the voltage indications and completion of the analyses can be expedited by not
including the potentially large number of indications below the 2.0 volt cutoff value.

Guidelines for performing the Monte Carlo analysh include a minimum of 100,000
samples for each indication left in service above the voltage threshold value of 2.0 volts
and voltage growth rates developed from the prior operating cycle. Voltage growth rates
are to be developed as a cumulative probsbility of the chaned in voltage per cycle or per
EFPY. Figure 515 shows examples of voltage growth distrbutions. The growth rate
distribution should be based on the fargest B00 voltage amplitudes approaching the tube
plugging limit to be representative of growth of the largest indications left in service.
For example, the largest 200 voltage EOC indications or all indications above about 2.0
volts (1.6 volts below the tube plugging limit) for tubes left in service at the beginning

12 7
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; of the prior cycle can be used to develop the cumulatke distribution of growth rates.
| The NDE uncertainty distribution for the Monte Carlo analysis is developed in Section

8.8.

For bach EOC Monte Carlo sample voltage, the SLB leak rate vs. voltage correlation is
randomly sampled to obtain a sample leak rate. The leak rates from each f.tonto Carlo
sample are summed to obtain a distribution of totalleak rate per SG for the indications
left in service. The leak rate obtained at 90% cumulative probability from the Monte
Carlo generated distribution will be utilized to compare with the 55 opm allowable leak
limit. A 90% cumulative probability provides adequate conservatism based on the
following considerations: the SLB leak rate correlation is based on model boiler
specimens which show higher leak rates than available puUed tube data; 4 of 13 model
boHer specimens between 5 and 9 volts (bounding EOC voltages) show no leakage; and

! margins /conservatisms are included in developing the alkwable SLB leak ilmit of 55

| gpm as described in Section 11.3.

If it is found that the potential SLB leakage for degraded intersections plar.ned to be left
in service exceeds 55 gpm per S/G. then additional tubes would be plugged to reduce SLB || leakage potential to below 55 Opm. As also noted in Section 11.4 applying the current
leakage model to the distribution of indications found at the last Farley outages would
yield a maximum of 0.4 ppm per S/G at SLB conditions (at the 90% cumulative
probability level) which is well beiow the 55 gpm limit per S/G.

12.5 Operating Leakage Limit

R.G.1.121 acceptance criteria for establishing operating leakage limits are based on
leak before break (LBB) consideration such that plant shutdown is initiated if the
leakage associated with the longest permissible crack is exceeded. The longest

| permissible crack is the length that provktes a factor of safety of 3 against bursting atnormal operating pressure differential. As noted above, a vottage amplitude of [ ]9
volts for typical ODSCC cracks corresponds to meeting this tube burst requirement at
the lower 95% confidence leve' on the burst correlation. Attemate crack morphologies -

could correspond to [ 19 volts so that a unique crack ler7 ac not defined by the burst |
pressure to voltage correlation. Consequently, typical bursmn.=ure versus through
wall crack length correlations are used below to define the Wy:.. permissible crack"
for evaluating operating leakage limits.

The CRACKFLO isakage model has been developed for single axial cracks and compared
with leak iate test results from pulled tube and laboratory specimens. Fatigue crack and
SCC leakage data have been used to compare predicted and measured leak rates as shown

| in Figure 12-4. Generally good agreement is obtained between calculation and
measurement with the spread of the data being somewhat greater for SCC crr.cks than for
fatigue cracks. Figure 12 5 shows normal operation leak rates including une:,rtainties |
as a function of crack length. *

The through wall crack lengths resulting in tube burst at 3 times normal operating
pressure fifferentials (4380 psi) and SLB conditions (2650 psi) are about [

la, respectively, as shown in Figure 12-2. Nominalleakage at normal
operating conditions for these crack lengths would range from about [ ]a

12 8
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ja would cause undue restrictions on plant
operation and result 10 unnecessary plant outages, radiation exposure and cost of repair,
in addr.1, it is not feasible to ensure LBB for all tubes by reducing the leak ratc !!mit.
Crevice deposits, presence of smallligaments and irregular fracture faces csn,in some
cases, reduce leak rates such that LBB cannot be ensurnd for all tubes by towaring leak
rate limits,

i

An operating leak rate of 150 opd (-0.1 gpm) will be implemented in conjunction with
| application of the tube plugging criteria. As shown in Figure 12 5, this leakage limit

provides for Ostection of [
la. Thus, the 150 gpd lim' r des for plant

shutdown prbr to reaching critical crack lengths for SLB conditic ., at ,cak rates less
than a 95% confidence level and for 3 times normal operating pressure differentials at I

less than nominalleak rates.
I

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 opd limit povides the
capab!!ity for detecting a rogue crack that might grow at much greater than expected
rates and thus provides additional protection against exceeding SLB leakage limits.

12.6 Supplemental Requirements for implementation of the Plugging Criteria

!

Upon implementation of the tube plugging criterion and assoced limits on operating
SLB leakage, additional requirements as noted in this section are to be implemented.

A 100% bobbin 0011 inspection is required for all hot leg TSP intersections and for cold
leg intersections down to at least the bwest TSP with ODSCC Indications. This
requirement provides confidence that all ODSCC Ind' nm which could contribute to
SLB leakage are identified for the leak rate evaluatk a. 't , '4% inspection is.

performed below cold N TSP Intersections with pre %Mdentified ODSCC -
indications, and indW as at TSPs are identified, thA. 4xK: tion must be extended to
100% of the affected MP or the 40% depth limit for tube p!ugging must be applied for
allindications.

An RPC inspection is regulred to estabilsh that the principal indications can be
characterized as ODSCC. For Farley, the RPC inspection will be performed for all ODSCC
Indications left in service that exceed a 1.5 volt bobbin coil amp!1tude. The RPS results
are to be evaluated to establish that the principalIndications can be characten ed as
ODSCC. As discussed in Section 8.1, bobbin coilIndications <1.5 voit for degradation
other than ODSCC are not expected to impact tube integrity, for potential tube
degradation at Farley. Thus, characterization of the type of degradation abcve 1.5 volts
by RPC is adequate to determine appropriate plugging limits, if Indications o;her than
ODSCC are identified, these ind ations should be evaluated against a 40% depth
requirement for tube plugging. The >1.5 voit bobbin coil amplitude for RPC inspection
also is below the 3.2 voit threshold below which SLB leakage is expected to be negligible

!
as noted in Section 12.4.2. Once an Indication at a TSP is confirmed to be ODSCO,
reconfirmation by RPC inspection at attemate refueling outages is acceptable.

|
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Branching of cracks in the circumferential direction is acceptable within the tube
plugging criterion. Circumferential branching has been found in pulled tubes and model
bollar specimens. Examples are summarized in Table 12.3. These data are included in
the voltage / burst correlation. The branching includes sorne IGA effects as well as SCC.
At the higher voltages (r20 volts) summartzed in Table 12.3, the effects of branching
and tearing of ligaments between axlat microcracks can be seen in the orientation of the
burst crack opening. Even for these tubes, the burst pressures are comparable to burst
pressures for indications without circumferential branching. The burst tests tend to
indicate that at very high voltage levels (model bntler specimens $431,543 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 circumferentirs! branching effects influence
tube integrity fer ODSCO at TSPs. Thus no specialinspection techniques are required to
inspect for Indications with circumferential branching.

Circumferer tlat cracks at TSPs have only been found in one Westinghcuse plant that has
sli,nificantly more and larger dents than found in the Farley S/Gs. No circumfortntlat
cracks have been found at the TSPs in the Farley SGt by either RPC inspection (RPC) or
by pu!!ed tube examination and none are expected base J on operating experience in other
plants. The RPC inspections required for indications >1.5 volt are adequate to continue
to monitor for potential occurrence of circumferential cracks. RPC resolution is
considered adequate to define separation between circumferential and axial cracks. It is
not necessary to resolve potential circumferential cracks between closely spaced axlal
cracks since circumferential cracking is not anticipated at Farley. Any initial
identification of circumferential cracks by RPC should be based upon a well defined
circumferentialindication as contrasted to inadequate RPC resolution, if a well defined
circumferential Indication should be Mcntifled at the TSPs Iri the Farley S/Gs, guidelines
for RPC interpretation would be reviewed at that outage and consideration given to
supplemental UT Inspection for resolution of the degradation moJe. Tubes with identified
circumferential Indications would be plugged or repaired.

I
12.7 Summary of Tube Plugging Criteria

,

As developed in the sections above, the plugging alteria for ODSCC at TSPs can be
summartzed as follows:

Tube Pluccino Criterion

Tubes with bobbin coil indications exceeding 3.6 volts will be plugged or repaired.

SLB Lenkace Orlterion

Predicted SLB leak rates from tubes left in service must be less than 55 gpm for each
S/G, including considerations for NDE uncertaintles and ODSCC growth ratu.

IntoecticaReculrements

A 100% bobbin 0011 inspection shall be performed for all hot leg TSP intersections and
all cold leg intersections down to the lowest cold leg TSP with ODSCC indications.

12 10
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All tubes with bobbin coilindications>1.5 volts at TSP htersections shall be inspected
using PPC probes. The RPC resu!!s tha5 be evaluated to support ODSCC as the dominant
degradation mechanism. Indications at 7SPs confirmed to be OD3CC shall be reinspected
by RPC at allemate refueling outages (once in two outages) for reconfirme!'on as ODSCC.

Doeratino Lenkace Limits

Plant shutdown will be implemented if normal operating leakage exceeds 150 ppd per
S/G.

Erelotions from Tube Pluacino Criterion,

Tubes with RPC Indications not attributable to ODSCC and circumferen . . Indications
shall be evaluated for tube plugging based on a 40% depth limit.

12. I t
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Table 12.1_

7/8 inch Diameter Model Boller Specimens: Test Data Summary

Modet Burst Destructiv. Exam. -

Boiler Debb% Ce!! APC t enk Anto n'h*) press, temeth iach
1, SDec. # M % Deoth M r Crackt it On AP SLB AP 2 R1L h IhNwt!)

*

~

i 500 1 ~

2 509 2
3 509 3
4 510 1
5 52b 1
6 528 1
7 528 2

4 8 532 1
9 532 2
10 533-4
11 535 1
12 536 1
13 542 4
14 543 1
15 543 2
16 543 4
17 555 3
18 557 1 -

19 557 2
20 557 4
21 558 1
22 5C81
23 568 2
24 568 4
25 568C
20 $71 1 '

27 574 4
28 578 2
29 576-4
30 605 2
31 605-3
32 607 3-
33 607 4

,,

*
For specimens without throughwall penetration, maximum capth of p netration is listed,

,

Destructive examination and review of RPC data shows that only 1 crack has a signifcant
"

response that contributes to the bobbin signal.

'"
Tube not burst tested due to physicallimitation of specimen,

.
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|
Table 12.2

Tube Plugging Limits to Satisfy Structural Requirements

Pam h nvu
l

Maxirnum Voltage Urrit to [ }a Section 9.6, Figure 9 2, fSatisfy Tube Burst Burst Pressure vs. Voltage
Structural Requirement Correlationat 95%

confidence level.

Allowance for NDE 0.8 (20%)(1) Section 8.8 shows
Uncertalnty development of 16%

uncertainty at 90% cumutative
probability. Conservatively
increased to 20f.to establish
plugging Enits.

.

Allowance for Crack 1.8 (50%)(1) Section 5.3, Table 5.4
Growth Between shows average growth / cycle
inspections of 37% and 29% for Urnts 1

and 2. Allowance increased
to 50% of Tube Plugging Umit
to provide conservative margin
for variations in future cycles.

Tube Plugging Voltago 3.6
Umit

o Acceptable Urfit
to Meet Structural
Requirement

Hola
1. Voltage percentage allowances for NDE and growtNeycle applied to Tube

Plugging Voltage Umit of 3.6 volts.

12 13
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Table 12.3

Examples of Circumferential Branching for ODSCC at TSPs
,

Burst Pressure DestruaVe -

Plant:Tubg B C. VoMace Puffed Tubet Exam Ficures Cirmmferential Grnrrhina Deteridbn

Pulled Tubes

A 2:R3BC46 0 411 to 413 Numerous microcracks of axlaland
circumferential orientation

A 2:R31046 41 to 4 2 Minor circumferentialbranching

B 1:R4C61 4 3 to 4 4 Short circumf erential cracks with IGA patches

Model Boller Specimens

52v 2 101B to 10 21 Burst opening includes circumferentlally
oriented ligaments

532 1 10 22 to 10 25 Burst opening includes minor circumferential
orientation

532 2 10 26 to 10 29 Irregular burst opening involving tearing of
interconnecting ligaments

535 1 10-30 to 10 31 Example of minor branching within tube wall

555 3 10-32 to 10 34 Burst invokes irregular pattem with tum
connecting ledges between cracks-

12- 14
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Figure 12-1

FicId and Model Boller Data Base: Leakago Under SLB
Conditions

8
_

.-

T

- __

Char! Figure 12-1 2/1122
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Figure 12 2

Burst Pressure vs. Crack Length
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Figure 12 3.
Field and Model Boller Data for Steam Line Break Leskage
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Figure 12 4
m

Comperison Between Predicted and Measured Leak Rates
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Figure 12 5

Normal Operating Condition Leak Rata vs Axial Crack Length
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Appendix A

NDE Data Acquisition and Analysis Guidelines

A.1 It#RODUCTION

This appendix documents techniques for inspection of the Farley 1 and 2 S/G tubes
related to identification of ODSCC at the tube support plate regions. ODSCC at the TSP
Intersections was first observed in 1986, when tubes were pulled rit Farley Unit 2. No
tube leakage has been attributed to this degradation mode in either Farley Unit 1 or 2.

This appendix contains guidelines which provide direction in applying the ODSCC
attemale repair limits described in this report. The procedures for eddy current
testing using bobbin coil and rotating pancake coil (RPC) techniques are summarized.
The procedures given apply to the bobble collinspection, except as explicitly noted for
RPC Inspection. The methods and tecMiques detailed in this appendix are requisite for
implementation of the attemate repair limit and are to be incorporated in the applicable
inspection and analysis procedures. The following sections define specific acquisition
and analysis parameters and methods to be used for the inspection of the steam generator
tubing.

A.2 DATAACQUIStrlON

The Fariey Units 1 and 2 steam generators ut'Ibe 7/8" OD x 0.050' wA Alloy 600
mill annealed tubing. The carbon steel support plates are designed with drilled holes.
The following guidelines are specified for non-destructive examination of the tubes
within the TSPs at Farley 1 and 2.

A.2.1 Probes

bbbin Coll Probes

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

- 0.720* outer diameter
two bobbin coils, each 60 mits long, with 6.0 mils between colts (coll
centers separated by 120 mils)

- non-magnetic blas,

in addition, the probe design incorporates centaring features that provide for minimum
probe wobble and offset.

Rotatino Panenke Cell Preben

The coil diameter shall be s0.125*. The maximum probe pu!!ing speed shall be =0.2
in/sec (or 0.4 IrVsec, for the case of 2 x RPC probe). The maximum rotation speed
shall be =300 rpm. This would result in a pitch of -40 mils.

A1
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A.2.2 Calibration Standards

Bobbin Coll Standards

The bobbin 0011 calibration standards shall contaln:

Fout 0.033' diameter through wall holos,90' apart in a single plane around-

the tube circumferencol the hole diametar tolerance shall be 10.001*.
One 0.109' diameter flat bottom hole,60% through from OD-

One 0.187* diameter flat bottom hole,40% through frorn the OD-

Four 0.187* diameter flat bottom holes,20% through from the OD, spaced-

90' apart in a single plane around the tube circumference.
A simulated support ring,0.75'long, comprised of SA.285 Grade C carbon-

steel or equivalent.
This cal!bration standard will need to be calibrated against the reference-

standard used for the APC laboratory work.
A probe wear standard for monitoring the degradation of probe-

|

centering devices leading to off center coll positioning and potential
variations in flaw amplitudo responses. This standard shallinclude four
through wall holes,0.067' in diameter, spaced 90' apart around the tube
circumference with an axial spacing such that signals can be cleart/
distinguished from one another (see Section A.2.3).

APC Standnrd i
l

The RPC standard shall contain: )

Two axlal EDM notches, located at the same axlat position but 180' apart-

circumferentially, each 0.006* wide and 0.5' long, one 80% and one 100%
through wall from the OD.
Two axlel EDM notches, located at the same axlal position but 180' apart-

circumferentially, each 0.006' wide and 0.5" long, one 60% and one 40%
through wall from the OD.
A simulated support segment,270' in circumferential extent,0.75" thick,-

comprised of SA 285 Grade C carbon steel or equivalent.

The conter to center distanco between the support plate sl:nulation and the nearest slot
shall be at least 1.25*. The conter to center distance between the EDM notches shall be
at least 1.0". The tolerance for the widths and depths of the notches shall be 10.001".
The tolerance for the slot lengths shall be 10.010*.

A.2.3 Application of Bobbin Coll Probe Wear Standard

A calibration standard has been designed to i onitor bobbin coil probe wear. During
steam generator examination, the bobbin ooil probe is inserted into the wear monitoring
standard; the inillaf amplitude response from each of the four holes is determined and
compared on an ladMdual basis with subsequent measurements. Signal amp!!tudes or
voltages from the IndMdual holes compared with their previous amplitudes must
remain within 15% of each other for an acceptable probe wear condition. If this
condition is not satisfied, then the probe rnust be replaced, if any of the last probe wear

A2
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standard signal amplitudes prior to probe replacement exceed the 15% limit, say by a
variable value, x%, then indications measured since the last acceptable probe wear
measurement that are within x% of the plugging limit must be re inspected with the
new probe.

A.2.4 Acquisition Parameters

The following parameters apply to bobbin coil data acquisttlon and should be
incorportled in the app!! cable inspection procedures to supplement (not necessarily
replace) the parameters normally used.

Test Frecuendes

This technigt,e requires the use of 400 kHz and 100 kHz test frequancies in
the differential mode, it is recommended that the absolute mode also be
used, at test frequencies of 100 kHz and 10 kHz. The low frequency (10
kHz) channel should be recorded to provide a positbe means of veritying
tube support plate edge detection for flaw location purposts.

RPC trequencles should also include 400 kHZ and 100 kHz.

Dialthino Rate

A minimum bobbir' ':oll digitizing rate of 30 samples per inch should be
used. Combinations of probe speeds and instrument sample rates should be
chosen such that:

Sample Rate (samples /sec.)
2 30(samples /in.)-

Probe Speed (in/sec.)

Sonns and Rotations
.

Spans and rotations can be set at the discretion of the user andor in
accordance with applicable procedures.

1d1123

A bobbin coli differential mix is established with 400 kHz as the primary
frequency and 100 kHz as the secondary frequency, and suppression of the
tube support plate simulation should be performed. This channelis also
used to assess changes in signal amp!!tude for the probe wear standard.

A.2.5 Analysis Parameters

This section discusses the methodology for establishing bobbin col data analysis
variables such as spans, rotations, mixes, voltage scales, and calbration curves.

.

Although indicated depth measurement may not be requked to support an attemative
repair limit, the methodology for establishing the calibration curves is presented. The
use of these curves is recommended for consistency in reporting and to provide

A-3
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compatibility of results with subsequent inspections of the same steatti generator and
for comparison with other steam Generators an$or plants.

400 kHz Differentlaf Channel

Rotation: The signal from the 100% through wall hole should be set to 40'($1')
with the inillal signal excursion down and to the right during probe withdrawal.

'

Voltage Scale: The peak.to peak signal amplitude of the signal from the four 20%
OD flaws should be set to 4.0 volts.

Calibration Curve: Establish a curve using measured signal phase angles in
combination with the "as built * flaw depths for the 100%,60%, and 20% flaws
on the calibration standard.

400/100 kHz Differential Mix Cht .1

Rotation: Se* as signal from the probe motion to be horizontal with the initial
excurslor' , she 100% through wallhole signal going down and to the right during
probe wi.adrawal.

Voltage Scale: The peak to peak signal amplitude of the signal from the four
100% through wall flaws shall be set to 6.4 volts. The RPC amplitude shall be set
to 20 volts for the 0.5 inch through wall notch.

Calibration Curve: Establish a curve using measured signal phase angles in
combination with the "as built * flaw depths for the 100%,60%, and 20% flaws
on the calibration standard.

A.2.6 Analysis Methodology

Bobbin coilindications at support plates attributable to ODSCC are quantified using the
Mix 1 (400 kHz/100kHz) data channel. This is Illustrated with the example shown in -

Figure A 1. The 400 kHz primary analysis channel (Channel 1), along with other
appropriate frequency channels, can be used to locate the indication of interest within
the support plate signal. Locate largest amplitude signal representing Indication in
Channel 1 or any other frequency. One then switches to Mix 1 (shown in the lower
part of the figure), establishes the peak to peak voltage and records the relatNe
Mix 1 channel signal amplitude. This voltage is then entered as the analysis of record
for comparison with the repair limit voltage.

A.2.7 Reporting Guidelines

The reporting requirements identified below are in addition to any other reporting
requirements specified by the user.

Minimum Recutrements

At a minimum, flaw signals in the 400/100 mix channel at the tube
support plate intersections whose peak to-peak signal amplitade exceeds
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1.5 volts, requiring RPC Inspection, must be reported. Signals, however
small, should also be reported for historical purposes and to provide an
assessment of the overall condition of the steam generator (s).

Additbnn! Recu!rements

For each reported indication, the following information should be recorded:

Tube Identification (row, column)
Signal amplitude . (volts)
Signalphase angle (degrees)
Indicated depth (%)T
Test channel (ch#)
Axialposition in tube (location)
Extent of test (extent)

i 11is recommended that an indicated depth be reported as much as
possible rather than some letter code. While this measurement is not
required to meet the alternate repair limit, th!s information might be
required at a later date an$or otherwise be used to develop enhanced
analysis techniques.

RPC reporting requirements should include a minimum of; type of
degradation (axlat, circumferential or other), vollege, phase angle, crack
lengths, and loca%n of center of crack within the TSP.

A.3 DATA EVALUATION

A.3.1 Use of 400/100 Differential Mix for Extracting the Flaw Signal

in order to positively identify a discontinuity in the composite signal as an Indication
of a flaw in the tube wall, a simple signal prooossing procedure of mixing the data from '

the two test frequencies is used whis reduces the interference from the support plate
signal by about an order of magnitude. The test frequencies most often used for thit
signal processing are 400 kHz and 100 kHz where 50 mli wall inoonel-600 tubing is
involved. The processed data is referred to as 400/100 mix channel data. This
procedure may also eliminate the interference from magnetite accumulated in the
crevices. Any of the differential data chuanels including the mix channel may be used
for flaw detection (though the 100 kHz chwnel is subject to influence from many
different ettects), but the final evaluation of the signal dstection, amplitude and phase
(although a depth estimate is not required in the allemale plugging limit) will be made
from the 400/100 different!al mix channel. Upon detection of a flaw signalin the
differential rnix channels, confirmation from other channels is not required. The
voltage scale will be set from the 400/100 differential channel on the basis of 6A

-

volts for the 4 holes,100% ASME standard.

The present evaluation procedure requires that there is no minimum voltage for flaw '

detection purposes and that all flaw signals however srnall be identified. The
intersections with flaw signals 21.5 voit will be inspected with RPC in order to
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confirm the presence of ODSCC. Although the signal voltage is not a measure of the flaw
depth, it is an Indicator of the tube burst pressure when the flaw is identified as axial
ODSCC with or without minor IGA.

The procedure urIng the 400/100 mix for reducing the influence of support plate and
magnetite does not eliminate the interference from copper, alloy property change or
dents. These are discussed below. _

A.3.2 Amplitude Variability

it has been observed that voltage measurements taken off the same data by different
analysts even when using identical guidelines may differ. By observing the graphical
output produced by each analyst, it can be seen that the dots which mark the lissajous
traces for computer amplitude calculations are sometimes placed at different locations;
this reflects a degree of analyst judgment within the specified guidelines for
peatto-peak voltage measurements. Figures A 2 to A 5 lliustrate such differences.
This source of error becomes more noticeable when the data involves complicatirig
factort or interferences which make the process cf flaw identification more difficutt;
the contrast bstween Parley 1 which exhibits sign', of minor denting In the TSPs and
Farley 2 which is essent; ally free from corrosion induced dent'ng presents such
circumstances.

In order to minimtze the chance thamobbin flaw voltages near setpoints will not be
underestimated, e.g. the plugging Fmit or the RPC testing threshold. It is
recommended that the placement of dots be done in such a manner as to obtain the
maximum voltage censistent with the lissajous figure portion which represents the -
flaw. Placement of the dots to effect maximum amp!!!ude measurement is illustrated
in Figure A 6. The Mix 1 lissajous trace shows the dots placed at the extremes of the
vertical displacement to be consistent with the apparent flaw segment in the 200 kHz.
It may be necessary to iterate the position of the dots between the Identifying frequency
cata (e.g. 200 kHz) and the Mix 1 data to assure propsr placement of the dots. Figure
A 7 shows that initial placement in the 200 kHz channel identified only part of the
flaw segment, while Figure A 8 shows that a small change in the 200 kHz channel dot -

placement identified more complotely the flaw extent in the Mix 1 data, with ~50%;

change in amp!!tude,

it may be difficult to determine the conect portion of the lissajous trace
cx)rresponding to the possible flaw in the TSP. Figure A 9 presents a situation in
which identif cation of the correct portion of the Mix 1 lissajous as the flaw segment la

: difficult because the flaw featurras in the 200 kHz channel or 400 kHz channel are
! overviritten. By expansion of tho viewir g window (200 kHz, for example), the region

of overwriting is expanded and the identification of the flaw segment is made easier;
Figure A 10 confirms that the 64* portion of the trace represents the flaw segment.

It is noted that by employing these techniques, identification of flaws is improved and
that conservative amplitude measurements are promoted. The Mix 1 traces which
result from this approach conform to the modelof TSP ODSCC which represents the
degradation as a series of microcrack segrr'ents axially integrated by the bobbin coll;
i.e., short segments of changing phase direction represent changes in average depth
with changing ax!al position. This procedure is to be followed for reporting voltages
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for the plugging critetta of this report. This procedure may not yleid the maximum
bobbin depth cali. If maximum depth is desirh! for information purposes, shorter
segments of the ovcf all crack may have to be svaluated to obtain the maximum (4 pth0
estimate. However, the geak to peak vohages as descr! bed he Jin, must be reported
even if a different tegment is u>fd for the dhpth call,

|
A.3.3 Copper Interference

in situations where significant cooper interference in the eddy current data is noted,
the eddy current technique basicaHy becomes unre!!able. This results from the
unpredictability of the amount and morphology of copper deposit on the tubes which
may be found in operating steam generators. The above observation is true both for
bobbin and RPC er say ether eddy current probe. Fortunately, significant copper
interference does r.of c: cur in the support olste crevice regions of Farley 1 and 2.
This is confinned by destructive examination of the support plate intersections pulled
from Farley 1 and 2. No plated copper was found on the tube OC within the support
plete crevice although some minor copper patches outside the crevica region were
sumetimes observed. Copper is not a significant issue for evaluating the support plate
intersections of the tubing of Farl6y #1 and #2 steam generators. If copper
interference is observed at Farley Units 1 and 2, the existing rules and procedures for
complying with the technical specificatiaa plugging limit based on depth of wall
penetration w!!I apply.

A.3.4 Alloy Property Changes

This signal manifests itself as part of the support plate ' mix residual"in the
400/100 differential channel and as an offset in the 400/100 mix absolute channel.
11 has often been confused with copper deposit as the cause. Such signals are found
ofien at support plate intersections of operating plants, as well as in the model boller
test samples, and are net necessarity indicative of tube wall degradation. Six support
plate intersections of the Farley 2 plant judged as free of tube wall degradation on the
basis of the 400/100 differential channel using the guidelines given in Section A.2.5
and A.2.6 of this document were pulled in 1989. Examples of the bobbin ooil field data -

are shown in Figure A 11 to A 13. The mix residuals for these examples are between
2 and 3 volts in the 400/100 cifferential channel and no discontinuity suggestive of a
flaw can be found in this channel. All of them have an offset in the 400/100 absolute
chsanel which could b6 confused as a possible indication. These signals persisted
without any significant change even after chemically cleaning the OD and the ID of these
tubes. The destructive examination of these intersections showed very minor or no
tube wall degradation. Thus, the overall mix residual of the 400/100 differential

channel and the offset in the 400/100 absolute channel themselves are not an
indication of tube wall degradation. One needs to examine the detailed structure of the

" mix residual"(as outlined in Sections A.2.5 and A.2.6) in order to assess the
possibility that a flaw signalis present in the residual composite. Such offsets in the
absolute channels have been observed at the top of the tubesheet in plants with partial
length roll expansions; in such cases, destructive examination of sections pulled from

j operating plants have shown no indication of tube wall degradation.

|
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A.3.5 Dent Interference

There are essentially no corrosion induced dont signals of any significance at the
support plate IntersTtbns of Farley Unit 2. A small population of original condition
Onte, mair!y at ths upper support plates, with voltages up to about 1015 volts, are
presenti thic is typcal of '.Se as bul", cotidition of a typical steam generator, which
may have random local dents ("dingr), come at support plate elevations. Farley Unit
2 has a small population of corrosion induced dents, Figure A.14, at the support pWe
intersections. These locations, when tested with bottin probes, produce signals which
are a composite of the dont signal plus other contrt>uting effects such as packed
magnetite, conductke deposits, alloy properly change (artifacts) plus flaw signals if
present and the support plate itself.

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

The average signal amplitude of the dont population in the most affected steam
generator at Farley (S/G C in Unit 1) is 3.2 volts peak to peaki very few of the dents
observed exceed 10 volts measured at the 400 kHz calibration settings, it can be seen
that only a few hundred intersections (<1% of the tubes) exhibit TSP dents greater
than 2 volts.

'

The effect of the dent on the detection and evaluation of a flaw signal depends on both the :
relatNe amplitudes of the flaw and dont signals and the relative spatial relationship
between them if the flaw is located near the conter of the dont signal, interference
with flew detection may become insl0nifloont, even for relatively large dont to Raw
signal amplitude ratios. The flaw signal in a typical support plate dont in this event
occurs mid-plane away from the support plate edges where the dont si nal has0
maximum voltage; thus the flaw in the middle section of the support late shows up as a,

discontinuity in the middle of the composite signal. Some examples of such cases in the
field data are shown in Floures A 15 to A 20 for dents with peak to-peak amplitudes
ranging from -4 to 10 volts. The top pictures in these fleures show the composite
signal voltages; the pictures in the bottom half give the flew volta 0es. For example, in
Figure A 15, the dont voltage at 400 kHz is -10.3 volts and the flaw signal voltape in

.

the 400/100 kHz mix channelis -1J volts. It can be observed from these flouros -
that one can readily extract a flaw signal when the signal to noise (S/N) ratio is less'
than unity. The question of S/N ratio requirements for the detection and evaluation of
the flaw signalis answered by examination of Floures A 15 to A 20. In all cases
shown, S/N is less than 1, and the flaw signal can be detected and evaluated.

The greatest crialienge to flaw detection due to dont interference occurs when the flaw
occurs at the peak of the dont signal. Detection of flaw signals of amplitude equal to or

- greater than 1.5 volts-the criterion sw:sted with sw,T.,J.csi RPC testin0-in :
the presence of peak dont voltages can be understood by vectorial combination of 1.5 -
voit flaw signals across the range of phase angles associated with 40% (110 ) to -0

0100% (40 ) throughwall penetrations with dent signals of various amplitudes. It is
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easily shown that 1.5 volt flaw signals combined with dont signals up to ~13 volts (1
mil equivalent) per.k to peak will yield resultant signals with phase angles !sss that
170* ~ within the Farley flaw reporting rangelin all cases the rmplitudo will exceed
1.5 volts. All such s'anals will be subjected to RPC testing under the Farley guidelines
in the normalcourse of events. To demonstrate this one half, the dent peak to peak
voltage (entrance or exit lobe) at 180' is combined with the 1.6 volts flaw signal at
the desired phase angle. The Farley 1 Inspection data is shown in Figures A 15 to
A 20 to permit flaw detection and ovaluation for flaws situated away from the peak
dent voltages. The vector combination analysis shows that for moderato dont voltages
where flaws occur coincident with dont entrance or exit beations, flaw detection at the
1.5 volts amplitude level is successful via phase discrimination of combined flaw /dont
signals from dent only signals. SupplementalInformation t reinforce this phase
discrimination basis for flaw identification can be obtained by examination of the
200/t 00 kHz rnix channell dent response would be lessened while the flaw response is
increased relative to the 400/100 kHz mix. RPC testing of indications identified in
this fashion will confirm the dependability of flaw slpnal voltages identified in this
fashion.

A.3.6 Flaw Chracterization

The RPC inspection of the intersoctions with bobbin 0011 flaw indications >1.5 volts is
recommended in order to ver!fy the applicability of alternate repalt limit; this is
based on establishing the presence of ODSCO with minor IGA as the cause of the bobbin
Indications. Once an Indication is characterized by RPC es ODSCC, inspection of the
indication at altomate refueling outages is acceptable.

The signal voltage for the RPC data ovaluation will be based on 20 volts for the 100%
deep, OS kmg EDM notch at all test frequencies. The nature of degradation will be
determined from cariful examination of isometric plots of the RPC data. The presence
of axial ODECC at the support plate intersections has been well documented, but the
presenc6 of circumferential ODSCC at the support plate in.ersect;ons has been
estab!!shed by tube pullin only one plant. Thus, the examplos shown in Figures A 21
to A 23 show examples of multiple / single ar'al ODSCO. Figure A 24 gives en example -

of circumferential ODSCC from anr'her ut!!!!y at tube support plates. The examples of
circumferential ODSCC given here show that if me circumferentialinvolvement is

( 60' to 90', one can unambiguously establish the existence of circumferent!al ODSCC
although it may be possible to estab!!sh this in cases of arc lengths as small as 45'.

RPC resolution is considered adequato for separation between circumferential and axial
cracks. Circumferential cracking is not expected in the Farley SGs, since denting is
small and affecting a limited number of tubes in Farley 1. Figure A 25 shows an
example of an axialindication call for dosely spaced axial cracks. Also shown is a
picture of the cracks from the destructive examination for these tubesheet crevice
indications. The axial RPC call was based on the detected length o' the Indications, if a
weli defined circu.nferentiall1dication is identified at the TSPs in the Farley SGs
(>60% circumferential extent), guidelines for RPC interpretation will be reviewed at
that outage and consideration given to a suppfornental UT inspection if necessary for
resolution of the degradation mode.

|

A9



____.. _ _ _ . .. . _ _ _ _ - _ _ _ , _ _ _ _ _ _ _ _ _ _ _ _ ._ _ -.- __ _ . _ _
-

A.3.7 Confinement of ODSCC/lGA Within the Support Plate Region

in order to establish that a bobbin indication is within the support plate, the
displacement of each end of the signalls measured relative to the support plate center.
If this distanos exceeds half the support plate axiallength (0.375'), the crack will be'

considered to have progressed outside the support plate.

.

I
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400 kHz Primary Analysis Channel
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Figure A 1. ODSCC at TSP Bobbin Coll Amplitude Analysis
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Appendix B

Evaluation of Pulled Tubes frem Plant L

Data from Plant L provide the most extensi.e pulled tube support for the voltage / burst
carrelation of this report. The Farley pulled tubes include higher amplitude indications
than Plant L Thus the data from Farley and Plant L are complorrientary. The eight
pulled tubes from Plant L include 24 intersections of which 23 were destructively
examined and 21 were burst. Due to the importance of the Plant L data to the
voitage/ burst correlation, the field eddy current data tapes were reevaluated by
applying the analysis guldelines of Appendix A. In addition to reanalysis of the bobbin
and RPC voltages, this reevaluation included adjustments for differences between ASME
calibration standards for Plant L and the reference laboratory standard. These results as
well as general considerations of crack morphology are described in this report.

B.1 Summary of Plant L Data

Table B.1 provides a summary of the field eddy current inspection results as well as a
surnmary of the destructive examination results. From the pre pull bobbin coil data in,

Table B.1, it is seen that all 24 intersections were detected by the bobbin coll inspection
of Plant L The bobbin results represent a Phase 2 inspection that used anelysis
guidelines for calling Indications that are essentially the same as Appendix A. Voltage
amplitude analyses in the field inspection did not have the emphasis required by
Appendix A for application to the repair criterla of this report. For this reason, the
voltage amplitu6es are reevaluated from the field data tapes in Section D.3.

As noted in Table B.1, the RPC analysis guidelines were progressively refined cs the
inspection progressed with Revision 3 as the final guidelines. The differences between
Revision 2 and Revision 3 are that signals with a high noise to signal ratio were called
3:1 Indications in Phase 2 while calls of sal, MAI or NDD were made for the 3:1
Indications in Phase 3. Tha RPC Phase 3 guidelines are generally consistent with
Appendix A In that specific calls other than 3:1 are required in Appendix A.
'nterpretation of the noisy signals for indications near the threshold of detection can,
however, be sub}ective calls,11 can be noted that the average crack depths are <: 40%
for the RPC 3:1 and NDD indications and thus these Indications do not represent a
challenge to tube integrity, in addition, the bobbin voltages for the 3:1 and RPC NDD
nndications are about 1 volt or less and would be acceptable for continued service by the
plugging limits of this report,

11 is noted that two Indication %n tube R16C74 were NDD by RPC while all were detected
by the bobbin inspectiort These results support the use of the bobbin coll as the
principalinspection fer the repair limits of this report. These pulled tube results as ,

f
well as other historical results show that, for indications near the detection threshold,
some indications may be detected by either the bobbin or RPC probes but not both
probes. As the indica 41ons become more significant and become closer to the repair
limits of this report, the indications are detectable by both the bobbin and RPC probes.

B-1
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B.2 Voltage Corrections for Calibration Standards '

The field voltages for Plant L differ from the Appendix A guidelines both by differences
in voltage normalization to the ASME standard and by differences between the as
manufactured feld and laboratory reference ASME standards.

The Piant L field voltages were normalized to 5.0 volts at 400 KHz for the 20% ASME
holes. Appendix A requires this calibration at 4.0 volts. Thus the Plant L field voltages
need to be multiplied by a factor of 0.8 for comparisons with the amplitudes of this
report. This difference is further addressed in the reevaluation of the field data as :
described in Section B.3.

The influence of the as manufactured tolerances of the ASME standards on voltage-
amplitudes was evaluated in two ways. First, a transfer standard calbrated against the
reference laboratory standard was sent to Plant L and the Plant L ASME standards were
cross calbrated against the transfer standard and thus cross calibrated against the
reference standard. Secondly, the Plant L ASME standards were sent to the laboratory
and directly calibrated against the reference standard. The resulting calibration ratios
of the Plant L ASME standards to the reference standard provide an assessment of the-
effectiveness of the transfer standard process.

The calibration ratios obtained in the field using the transfer standard are given as the :
fald data in Table B.2. The calibration ratios represent the average of five ;
measurements with the variability between measurements limited to < 4%.- At 400 KHz,
the calibration ratios for both Plant L standards were obtained as 0.86.~ However, at the .
400/100 KHz mix, standard Z 7981 showed a calbration ratio of 1.12 compared to an --
average of about 0.86 for standard 2 7980. The calibration ratios would be expected to -
be similar for the two frequencies. This difference was further evaluated by sh5 ping the
field standards to the laboratory for further evaluation.' Standard Z 7981 has a dont at
the TSP simulation which could have some influence on the evaluation.

In the laboratory, calibration ratios were developed through application of the transfer
standard and by direct comparison with the reference standard. In addition, both -

Westinghouse and Zetec probes were used. The results for the laboratory developed
calibration ratios are given in Table B.2. The laboratory results show caubration ratios
of essentially 0.86 for Z 7980 and 0.96 for Z-7981 at 400 KHz and 0.76 for Z 7980 -
and 0.88 for Z-7981 at the 400/100 KHz mix. No significant differences were found
between use of the transfer or laboratory standard or between the Westinghouse and
Zetec probes. The laboratory and field results show good agreement only for Z-7980 at
400 KHz. -

_~

To assess the differences between standards, the 20% ASME hole diameters and depths -
| for the laboratory, Z-7980 and Z 7981 standards were accurate */ measured for the

20% holes. The laboratory standard had al hole diameters and capths within 0.5 mil of
' the ASME dimensions (0.187" diameter,20% deep) and less than 1 mil variation in '

|

wall thickness. Standard Z 7981 also had all dimensions within 0.5 mil of the ASMEu

dimensions, although on the average 'slightly smaller than the laboratory standard.
- These dimensions are consistent with the calbration ratio near unity (0.96). Standard
Z-7980 had holes and depths undersized with up to 2 mils undersize for one hole. These
dimensions are consistent with the lower calibration ratio for the standard. The

-

|
'

' g. g-
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tolerances on all standards wste considerably better than the three mils permitted by
the ASME Code. Both Z-7980 and Z 7981 had wall thickness variations up to about 3
mils.

Based on consistency of the laboratory calibration ratios with the measured hole
dimensions, the laboratory calibration ratios are applied in this report. However, as
noted in the footnote of Table 7, three additional standards were used in the pre-pull
inspections. Direct calibration ratios were not obtained for these standards. Bobbin data
for tube R8C66 was available for both the Z 7980 and Z 6743. Bobbin voltages
evaluated for the two data sets showed an average ratio of 1.03 for Z-7980/Z 6743.
This ratio was applied to obtain an estimated calibration ratio of 0.9 for Z 6743. For
stancards 2 6738 and Z 70'79, the calibration rah' M assumed to be 0.95.

B.3 Voltage Evaluation

The field bobbin coil data tapes were reevaluated using the analysis guidelines of
Appendix A. For the reevaluation, the voltage was normalized to 4.0 volts in the 400
KHz mix for the 20% ASME flaw, which is consistent with the pulled tube and model
boiler data normalization of this report. This is essentially equivalent to 4.0 volts at
400 KHz. The results of this evaluation are given as the Reevaluation Evaluated column
of Table B.3. The laboratory evaluation results of the field bobbin tapes are shown in
Figures B 1 to B-8 for each intersection of the 8 pulled tubes. The field columns of
Table B.3 show the as reported field values from Table B.1 and as renormalized to 4.0
volts at 400 KHz for the 20% ASME flaw. For voltages less than about 1 volt, the
reevaluated voltages tend to be somewhat higher due to the guidelines emphasis on
obtaining peak to peak voltages. For the 7 indications above 1 volt by both evaluations,
the differences in voltage amplitudes are small.

The reevaluated voltages were then mut!iplied by the calibration ratios developed above

in Section B.2 to correct for dif'erences in ASME calibration standards. The corrected
voltages are given in the Calibration Corrected (Cal. Corr.) column of Table B.3. These
values are used for the Plant L data in the voltage / burst correlation and given in the -

pulled tube data summary of Table 6.2.

The Plant L RPC voltages were also reevaluated to the calibration standards of Appendix
A. The field RPC voltaces for the axial coil of the 3 coil probe were normalized to 20
volts for the 100% ASME hole at 300 KHz. The Appendix A calibration is based on the
pancake coll normalizad to 20 volts for a 0.5 inch long slot,100% deep at 400 KHz. To
obtain a renormaltration fac!cr for the field RPC voltages, field RPC data for 13
indications were reevaluated using the Appendix A calibration. The results of this
reevaluation are given in the last column of Table B.3 for tube R16C74 and lower in the
Table. The reevaluation Indicates about a factor of 3 reduction in the field RPC voltages
for the Appendix A normaliztstion. This factor of 3 reduction was then applied to estimate
the renormalized RPC voltages for the remaining tubes in Table B.3.

B-3
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B.4 Post Pull Eddy Current Conalderations

To assess the potentialinfluence of the tube pull loads on the crack morphology,
post-pull bobbin coil data tapes were reevaluated for selected tubes. The indications

1

were reevaluated by locating the position of the TSP based on identifying bobbin signals
typical of the ' Alloy Property Change' as discussed in Section A.3.3. Once the TSP
location is identified, the bobbin data were evaluated for flaw voltages. *

The results of the pre and post pull evaluations are ghten in Table B.4. The data show
that, except for a few intersections, the post-pull bobbin voltages are much larger than -
the pre pull voltages. As noted in Table B.4, the post-pull bobbin data commonly show
clear evidence of tube deformation signals, which occurred dur!ng the tube removal
process. The deformation signals are not present in the pre-puR data while the -

>

post pull flaw signals are greatly distorted (where noted in Table B.4) by the
deformation signals.- Examples of the post pull bobbin data are shown in Figures B 9
and B-10. Figure B 9 shows examples of indications influenced by tube deformation
resulting from the tube pulling process. The large horizontal excursions of the Figure
B 9 data are typical of dent like deformation and are present in almost all post-pull
data (Table B.4) and are totally absent in the pre pull data (Figures B 1 to B 8). The
horizontel distortion of the bobbin signalis most noticable in the high frequency channel
(400 or GOD kHz when available), in the extreme cases, the small flaw indications in
the post-pull data are difficult to identify because of the contribution of the dent like
signals (TSP 2H of R29C70, for example). In a few cases, the post-pull data show
almost no evidence of tube degradation on the bobbin signal as shown for the second TSP
of R8C66 in Figure B 10. It should be noted that the presence of dent like signals
results in conservative voltage calls compared to the pre-pull data. It is generally more -
difficult to identify the pure flaw signal from the larger, more complex dont plus flow -
signal.

Where noted in Table B.4, the defonnation has led to conservative increases in the flaw
signal. - in these cases, the bobbin data cannot be confidently used to imply evidence of .
crack opening as the cause of the increased voltages. _Only the R8C69 indications and the
second TSP of R8C66 appear to have post-pull Indications useful for comparing with
pre-pull bobbin. The R8C69 firtit TSP Indication shows an increased voltage while the
R8C66 Indication is unchanged. The RPC data of Table B.1 and Table B.4 should be more
useful than the bobbin data for assessing the effects of tube puling forces as the RPC is
less sensitive to tube deformation than the bobbin probe. Except for R20066 and to a c
lesser extent R12C70, the RPC post-puu voltages of Table B.1 show significant voltage
increases compared to pre-pull data for at least one intersection per tube.- The increases
in RPC voltages may be attributable to changes in crack morplclogy such as opening of -.
cracks or tearing ofligaments. .

_

B.5 Crack Mop,eiegy Considerations

The Plant L pulled tubes cover a range of crack ir,ep,e;egies as descrbed in Section 4.
Table B.5 provides a summary of the crack morphologies for the Plant L pulled tube
intersections for which burst pressures were obtained.' _ For corr.parisons, the burst
Farley pulled tube morphologies are also summarized. While ODSCC is the principal

B4

- __-___ _ _ _ - _ - _ - - _ _ - _ _ _



- - --

crack morphology for all the indications in Table B.5, the Indicatbns involve varylrg
degrees of volumetric IGA and cellular SCC.

The influence of the combined crack morphologies on the burst capabi!!ty of the tubes
can be assessed by comparing the measured burst pressures with the predicted burst
pressures obtained from burst models for single cracks simulated by EDM slots, if the
combined crad morphologies are influential on the burst pressure, the measured burst
pressures would be lower than obtained for the single crack model. For these -

- comparisons, the crack lengths and average erack depths as determined from destructive
examination are used for the predicted burst pressures, The lengthn and average depths
for the Plant L tubes are given in Table B.1,

Cracked tubes have been evaluated based on tubes with EDM slots to various depths
(WCAP 8429). The burst pressure of partial depth slots has been verified to be

_ predictable using the equation,

[ }a,b

I
--

Ja,b -

Figure B 11 shows the comparison between the measured burst pressures for Farley,
Plant L, and Plant P, and the calculated burst pressures using the single crack model
The circles in the figure represent the burst test data on EDM slots used to formulate the
burst model. The above slot equation was applied using the nominal tubo dimensions and
tower tolerance limit material properties as the actual material properties are not
available for all the pulled tubes.

The cak:ulated burst pressures were obtained at room temperature for direct ._ _
comparison with the measured burst pressures. From Figure B _11,i is seen that the:
measured burst pressures exceed the predicted burst pressures for a single crack equal -
to the length and average depth of the pulled tube intersections. The higher measured
burst pressures s' e Ikely due to material pmporties exceeding lower tolerance values :
Oudged to be about 510% increase in burst pressure) and to presence of ligaments in
the corrosion cracks which are not accounted for in the model.-

Overall, it is concluded from Figure B-11 that the combined crack morphologies of the -.
Farley, Plant L and Plant P tubes result in burst capability associated with the limiting -
single crack in an otherwise undegraded tube. That is, the combined crack morphologies
do not significantly reduce the burst pressure of the limiting ODSCC crack.

u

B.6 Assessment of Tube R8C69
4

The burst pressure of 5900 pel for the 1st TSPof tube R8C69 is bwe' *han the general
trend of data for the voltage / burst correlation. Additional destruction examinations '

were performed on this tube to look for potential contributors to' either a low burst
pressure or a low bobbin voltage as described in Section 4J

From Fgure B-9, the 5900 psi burst pressure is consistent with the crack length and -

B5-
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1

average depth. Tensile tests performed on pieces of the pulled tube show materia! -
~

properties above nominal such that the material condition would not lead to a reduced z
burst pressure. In addition, uncorroded ligaments were found in the burst crack which
would tend to increase rather than reduce the burst pressure. Thus, the burst pressure |
is in the expected range for the crack size found by destructive examination. Thus, a
lower than expected bobbin oltage for the crack size is the most likely contributor to

,

,

the lower probability position of this indication on the voltage / burst correlation, '

Potential contributors to lower than expected voltage for this indicat6on could include:
eddy cunent analysis variability in defining the voltage from the bobbin data;lnfluence
of deposits in the crevloe or on the tube surface or crack face; or small uncorroded '

ligaments which could conceptually reduce the voltage amplitude but not significantlyi

l

increase burst pressure. As shown in Table B.3 for R8C69,1st TSP, the_ voltage
|

difference between the field and Westinghooe analysis is only 0.17 volts which would ,

not significantly influence the voltage / burst correlation position for this point. The EC -
signalis not particularly difficult to evaluate and the 0.17 volt difference between
analyses is primarily due to the emphasis on calling peak to peak voltages in the
Westinghouse analysis. '

Energy dispersive spectroscopy (EDS) analyses were po'rformed on the crack surface
and crack face to examine for surface deposits such as copper plating which might

._

influence the eddy current response. No copper was present on the crack faos and only _ '

discrete spots of copper indicating a particulate form were found on the tube surface.
The particulate form of cooper would not significantly influence the oddy current
response. No deposits were identified that would be expected to signifcantly influence .
the voltage response. Similarly, deposits in the tube to TSP crevice, which cannot be .

specifically evaluated for the pulled tube, are not expected to substantialty influence the
ec'dy current response.' Thus there is not data to indicate that deposits influenced the
measured bobbin voltage.

,

SEM fractography was performed on all three intersections of tubes R8C69. R12C70
and R30064 to quantify .TJciverack sl es (depth / length) and the size of unconoded _
ligaments between mkrocracks. Evaluations of these data were made with ramrd to -

I .
average microcrack length, average length between unconoded ligaments, . 1 .

. uncorroded ligament widths. Average microcrack lengths were within a factor of 2 for -
all nine indcations with no substantial difference between the 1st TSP of R8C69 and the

- other indcations. Similarly, the sum of unconoded ligament widths for this indcation !
Is toward the middle of the range found for the 9 indicatens, Overal, no particular
features of the crack morphology were identitled that could explain the low voltage _
amplitude.'

-

|_ The post pull bobbin and RPC data of Tables B.1 and B.4 show voltage increases of about -
~

|
L a factor of two for the first TSP of R8CS9 compared to pre-pull data. These results -

would indcate that some change to_ crack morphology occurred as a consequence of the -
tube pulling forces, such as tearing of ligaments _ at the openings of tight cracks.
However, there is no way to quantify this effect.; For conservatism,' only pre-pull -

! bobbin voltages are used in the voltage / burst correlation of this report.
_ 1

in summary, the ourst pressure for the first TSP of R8069 is consistent with the crack -

B6
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1

I

cize while the bobbin voltage is lower thari nonnally found for the associated crack size.
No specific cause for the lower voltage amplitude has been identified other than poteritial
changes to crack morphology during the tube pull, such as loss of ligaments.

,

*

k

.
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Table B.2. Calibration Ratlos of Plant L ASME Standards to Reference Standard (1)

Laboratorv Mensurements

Plant L Field Dafn(2) Transfer Standard ) Laboratory Standardf2

Tro!an Sd 400 KHz go/100 KHz gDEdt 400/100 KHz 400 KHz 400/100 kHz

Z 7980 0.85 0.84 0.87(5) 0.76(5) 0.68(5) 0.78(5)
'

O.86 0.87(3) 0.85(6) 0.76(6) 0,g4(6) 0,7s(6)

Z.7981(4) 0.86 1.12 0.96(5) 0.86(5) 0.96(5) 0.88(5)

0.96(6) 0.89(6) 0.95(6) 0.8B(6) i

Notes:

1. Calibration ratios are ratios of voltage for Trojan ASME standards to reference
laboratory standard for 20% ASME hole set to 4.0 volts at 400 KHz and 2.75 volts at
400/100 KHz mix.

2. Plant L calibratien ratios relative to laboratory standard as obtained using transfer
standard and guide!!nes applied for field data. -

3. Repeat measurement.

4 Values obtained on 1/2 TSP rino due to small dent on standard TSP,

S. Values using Zetec probe (Z 720 SFRM/HC).

6. Values usin0 Westinghouse probe (EP 720 BBM).
.

7. Appilcation of Plant L standards to pulled tubes:
o 2 7980: R8066
o Z 7981: R8C69 R12C70, R29070, R30064 (1H,3H)
o Z 6738: Not cross calibrated to lab std.: R30064 (2H)
o Z 6743: Not cross calibrated to lab, std.: R16074, R20066, RBC66
o Z 7979: Not cross calibrated to lab. std.: R12C8

B9
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Table D.3.' Voltage Amp!!tudes for Plant L Pulled Tubes

_ Field . Bobbin tab neevatnut or Det, tin . RPC Vottnes
Igba T3E Reoorted Renorm.(1) Evaluated Cat Cort.(2) E1gld Renorm.(3) ,

R12C8 1 5.17 4.14 4.03 3.83 4.35 1.45(4)

2 1.72 1.38 1.45 1.38 0.50 0.17(4)
*

3 1.14 0.91 0.90 0.85 0.52 0.17(4)

R29070 1 0.31 0.25 0.67 0.64 0.16 0,094)

2 0.37 0.30 0.29 0.28 0.34 0.11(4)

3 0.34 0.27 0.61 0.59 0.25 0.08(4)

R30064 1 0.62 0.50 0.70 0.67 0.15 0.05(4)

2 1.13 0.90 1.33 126 0.57 0.19(4)

3 1.12 0.90 1.13 1.08 0.59 0.20(4)

R16074 1 1.12 0.90 0.96 0.86 0.66 0.24

2 0.87 0.70 0.67 0.60 NDD < 0.1 (NDD)

3 0.99 0.80 1.08 0.97 NDD < 0.1 (NDD)
R20066 1 2.58 2.06 2.02 1.82 1.10 0.33

2 2.25 1.80 1.74 1.57 1.51 0.45

3 0.99 0.80 0.69 0.62 0.80 0.36

R8C66 1 3.12 2.50 2.66 229 2.16 0.75

2 1.66 1.33 1.49 1.28 0.56 0.2

3 0.5 0.40 1.03 0.88 0.18 0.07

R8C69 1 1.08 0.86 1.03 0.99 0.96 0.46

2 0.89 0.71 0.97 0.93 0.30 <0.1(5)
-

3 1.13 0.90 1.08 1.04 0.25 <0.1(5)
| R12C70 1 1.34 1.07 1.24 1.19 0.40 0.33

2 0.73 0.58 0.7 0.67 0.27 < 0.1(5)

3 0.J s 0.47 0.56 0.54 0.20 <0.1(5)

Notes:

1. Reported field volta 0es renormalized from 5.0 volts to A.Dvolts (normatization of
this report) for 20% ASME hole at 400 KHz.

2. Volta 0es corrected for calitxation standard differences between field and reference
standard (See Table B.3)

3. Reported field RPC voltages reevaluated and renormalized from 300 KHz par *ake coil
amplitude of 20 volts for 100% ASME hole to 20 volts for 0.5 inch,100% slot at
400 KHz.

4. Voltages reduced by factor of 3 based on other reevaluated results Otv6n in this column.
S. Noisy sl nals preclude further refinement of voltages. Irxlecations are present.0
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Table 83.4. Comparison of Pre and Post Pull Voltages

Pre pull Post pull
. lube. M V0haSe M0llagg Comments on Port null Data

Bobbin Vettnags

R12C8 1 4.03 12.5 D9nt influence on flaw voltage'
2 1.45 3.3 Dont influence on flaw voltage
3 0.90 7.8 Dent influence on flaw voltage

R29070 1 0.67 1.39 Dent influence on flaw voltage
2 0.29 4.64 Dent influence on flaw vohage
3 0.61 5.00 Not sure of signal

R30C64 1 0.7 2.7 Dent influence on flaw voltage
2 1.33 7.44 Deniinfluence on flaw voltage
3 1.13 4.5 Dent influence on flaw voltage

R16C74 1 0.96 1.6 Dent influence on flaw voltage
2 0.67 1.45 Dent influence on flaw voltage
3 1.08 4.3 Not sure of signal

R20066 1 2.02 7.1 Dent influence on flaw voltage
2 1.74 7.7 Dent !nfluence on flaw voltage
3 0.69 2.35 Dent influence on flaw voltage

RBC66 1 2.66 3.4 Dent influence on flaw voltage
2 1,49 1.39 No dent inf!vince
3 1.0 0.6 Not sure of signal

RBC69 1 1.03 2.0 Dent influence on flaw voltage
2 0.97 0.9 Minor dent influence
3 1.08 1,53 Minor dent influence

'

R12070 1 1.24 3.39 Dent influence on flaw voltage
2 0.7 1.37 Dent influence on flaw voltage
3 0.56 0.91 Dent influence on flaw voltage

RPC Vohnnes

R8C66 1 0.75 1.3
2 0.2 0.8
3 0.07 0.5

R8C69 1 0.46 f.6
2 <0.1 0.35
3 <0.1 0.46*

Dent influences on signals are tw of tube deformation during the tube pulling
process such as bending, indentae. us, etc.

B.1 1
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Table B.S. Summary of Crack Morphologies for Burst Farioy and Plant L Tubes

Attmuthat
General Crack

i

Iuba Ig Descriotion Density Additions! Observnflons on Corrosion

Farlev Pulled Tubps
R4073 1 E Low * Minor IGA (-12 mils) at crack face {R21C22 1 E Low Minor IGA (-30 mits) at crack f ace
R38046 1 E Low Cellular or spider shaped crack

distrbution in one local area

Plant L Pulted Tuben

R12C8 3 IG/VSCC Moderate * Intermittent pitch IGA presont
(max. 21% deep)

R29070 1 E Low
2 E Low
3 EEC Low

R30C64 1 E Moderate Localcellular IGA / SCC possbly
present

2 2 Moderate
S E Moderate

R16C74 1 E Moderate A few patches of IGA present
(19% rnax depth) cellular IGA / SCC
locally present

2 E Moderate A few patches IGA (17% max)
3 E Moderate

R20066 1 E Moderate Cellular IGA / SCC probably locaty
present

2 E Moderate
3 E Moderate Cellular IGA / SCC possbly locally

present '

R8C66 1 E Moderate Cellular IGA / SCC probably locally
present

2 E Moderate Cellular IGA / SCC possbly locally
present

3 E Moderate
RBC69 1 E Moderate Cellular IGA / SCC probably locally

present
2 E Moderate intermittend patch IGA (<10% max)

Cellular IGA /SCO possbly locally
present

3 2 Moderate Cellular IGA / SCC probablylocally
present

R12C70 1 E Moderate
3 E Moderate CellularIGA/ SCC possblylocally

present
* Low <25 cracks, moderate 25100 cracks

.
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Figure B 1

Laboratory Evaluation of Bobbin Data from Tube R12 C8 at TSPL 3H,2H and 1H
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Figure B.2

Laborstory Evaluation of Bobbin Data trom Tube R29 C70 at TSPs 3H. 2H and iH
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Figure B 3

Laboratory Evaluation of Bobbin Data from Tube R30 C64 at TSPs 3H,2H and 1H
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Figure B-4

Laboratory Evaluation of Bobbin Data from Tube R16 C74 at TSPs 3H. 2H and 1H
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Figure B 5

Laboratory Evaluation of Bobbin Data frem Tube R20 C66 at TSPs 3H,2H and 1H
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Figuro B 6

Laboratory Evaluation of Bobbin Data from Tube R8 C66 at TSPs 3H,2H and 1H
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Figure B 7

Laboratory Evaluation of Bobbin Data t om Tube R8 C69 at TSPs 3H. 2H and 1H
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Figure B-8

Laboratory Evaluation of Bobbin Data from Tube R12 C70 at TSPs 3H,2H and 1H
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Figure B.9

Examples of Post. Pull Bobbin Indications influenced by Tube Deformation
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Figure B 10

Examples of Post Pull Bo! bin Indications With Minimal Tube Deformation influence

u oi. o. s . . i. i s .i i n . e to oi s = -

_ , , , , , ,,
*

n .ui n aiu nien n
' nes H .mu n ins:

9 j m n i .. . i i n.
I 1

. . s1911 sta 1 it. | >(

wre ITTE 6we., fruin
-

s
w e si uni w us w a as M is us

3 -' 'e_~~~ ~

%> -_

.

A
a se ese t= cm a se e as aos ans cm 6 es

h
|
1

%
.

l

s
effEp $ Stt > gang

DelP 4 SJ B 114 8. Der ~$ St M 4) $1A S.*e- itsespiegeMe
tenn

NME 5 # I 4 5 5 7 5

__ D_ 2
L EE,j__,j

_

A ,,r
~ _

%_

8

M 01 $9 CBI $E 4.74 t il Als a = 4 .e fee she 01 $ .
l

g , g ,g g~

3 ...g n > m.8L81
,,.

g t/l i

au ] *4 = |'| h14
cmuti van I ten 1 >q

~
mne ---- au finnem]

/
d

. .n - u ~ . . . - u u.

-
k - k s_

% V % s
f 2 f {^''

1 /= 7 >
. 34 cm i = .. i = == c. .

,

/
_

h8 .sts une
ter $ ,M M 18 eLa tur 2.M M $4 4M h* 8'". Il M'#' M 8W

h e FE4 6 5

% % % s_ iT
~~3 4 5 7 5

'

. e e e r - , .
) ,) 7 )

" ' '

B 22

.

_ _



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

Figure B 11

Comparison of Measured Burst Pressures for Farley, Plant L and Plant P

With Calculated Burst Pressures Using Single Crack Model
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