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1.0 INTRODUCTION

This report provides a tube integrity assessment to Reg. Guide 1.121 criteria for
end-of-Cycle-9 conditions of the North Anna Unit 1 steam generators. The 1992
mid-cycle inspection results are adjusted ¢ 2btain expected end-of-Cycle-9 (EOC-8§)
maximum crack sizes and crack distributions. Considerations of reduced Tpqy and the

demonstrated effects of an initial RPC inspection (called an "inspection transient”) on
subsequent cycle indications are used 10 adjust the mid-cycle inspection results to
EQC-9 conditions. Assessments are provided to demonstrate EOC-9 marging against
tube burst and tube vibration-induced crack propagation. Potential leak rates under
SLB conditions are also evaluated for the EOC-9 crack distributions.

The 1992 mid-cycle inspection program included full length testing with bobbin

probes of 100% of the available tubes in each steam generator, RPC examination of all
hot leg WEXTEX transitions and all hot leg TSP intersections, and RPC testing of all Row
2 U-bands. The results of the inspection program are evaluated along with planned
changes in operating conditions for the remainder of the current tuel cycle to determine
the expecied end-of-cycle (EQC) crack distributions, including the number and sizes o!
circumferential cracks. The expected circumferential crack distribution is based on
operating cycle length considerations, planned changes in operating conditions for the
second half of the fuel cycle, and inspection transient considerations. Although the first
and second halves of the current fuel cycle have approximalely the same number of
effective full power days of operation, a reduction in Thot of 3°F for the second half of

the cycle and a coastdown to lower power levels during the last four months of the cycle
are expected 1o result in a reduction in tha number and size of circumferential
indications at the end of the current cycle. Furthermore, based on industry experience
with inspection transients, the number and sizes of T 5P gircumterential indications at
the end of the current cycle are expected 1o be smaller than the indications observed
during the first 100% RPC inspection of the hot leg TSPs performed during the1992
mid-cycie inspection.

The WEXTEX transition and TSP circumferential crachs can be considered "strong" for
tube burst considerations in that throughwall crack angles of | 1€ meet three
times normal operating pressure differentials and throughwall angles greater than

[ )b.c meet SLB burst pressure conditions. North Anna inspection practices and
1-1
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plugging of all circumferential cracks reduce the likelihood of tube burst at SLB
conditions 10 extremely low levels. During the 1992 inspection program, two cracks
which exceeded the 226° crack angle for 3AP burst capabllity were found. Thus, one of
the principal objectives of this report is 1o demonsirate that the ECC circumterential
crack distributions will satisty 3AP and APg, g burst pressure requirements. The

EOC-9 crack distributions are developed from the 1992 mid-cycle 100% RPC
inspections of the hot leg WEXTEX and TSP regions. Evaluations of multiple
circumferential cracks and mixed mode (axial and circumfererdial) cracking sre
performed to demenstrate tube integrity for the EOC-9 conditions. The eva uation of
circumferential cracks also includas an assessment of the potential for crack
propagation by tube vibration under normal operating and SLE flow conditions.

Tube vibration assessments are particularly sensitive to throughwall crack angles, as
small ligaments such as 10% remaining wall or ligaments between microcracks add
substantially to the tube stiffness and can effectively eliminate tube vibration soncerns.
The RPC data provide very limited data on crack depth and generally overestin.ate the
length of the throughwall pontic» of the indicated circumtgrential crack length. The
tube vibration analyses to assess potential propagation of corrosion cracks are most
confidently performed for assumed throughwall cracks. Thus it is necessary to bridge
the information gap between RPC crack angles and potential throughwall crack angles
which, if present, would be considerably smaller than the RPC crack angles. Based on
the extensive North Anna inspections for circumtareritial cracks, it is reasonable to
expect little throughwall crack penetratic ‘he remainder of Cycle 9, particularly

with operation limits on leakage of 50 g . However, it is the goal of this evaluation to
prov.de conservative but realistic asses. .ents of potential crack propagation due to
tube vibration. To this end, assessments of the potential for vibration induced crack
propagation in the WEXTEX and TSP regions are made using the tube vibration analysis
methodology of WCAP-13034.

in the very unlikely event that throughwall or near throughwall cracks may be present
that do not leak during normal operation but may leak during a postulated steam line
break, SLB leak rates are calculated based on end-of-cycle crack distributions. The
SLB leak rates for axial and circumierential cracks are calculated for the expected EOC
crack distributions, which are based on reductions in the number and sizes o;
indications expected at the EOC-3 when compared 1o those found in the February 1992

1-2






20 SUMMARY AND CONCLUSIONS

During January - Fsbruary 1982, mid-cycle inspections of the steam generator tubes
were performed for Cycle  of North Anna Unit 1. The eddy current inspe.tions Included
RPC testing ¢! 100% of the hot leg TSP intersections and WEXTEX expansion transitions.
Tha number of tubes pugged for indications at the TSPs was sianificantly higher than the
number plugged in previous inspections. The increase in the number of TSP ‘ndications
and the large crack angles observed have been attributed to the initial application of RPC
probes 10 all of the HL TSP intersections; it is judged that a significant number of the
indications detected in 1992 existed during previous inspections, but weie not detectud
due to denting at the TSPs until the use of the more sensitive RPC probes. This report
evaluates the acceptability of continued operation for the remainder of Cycle 9, ard
updales the Cycle @ operating cycle evaluation performed in WCAP-13034. Cycie 9

prior 10 the mid-cycle inspection included 254 effective full power days (EFPD) at
essenually 100% power. The remainder of Cycle 9 includes 252 EFPD with about 2/3

of the Cycie at 85% power and the remaining time in & coastdown mode at lower power
levels.

21  Overall Conclusions

From the results of this evaluation. it is cong) .

+  Operation of the North Anna Unit 1 $Gs 1o the end of the second half oi Cycle 9 is
acceptable and Reg. Guide 1,121 criteria will be mat at 1he end of the cycle. This
conclusion is based on the expected lewer and smaller indications at EOC-9 compared
tothe m* . ' ingpection results, which satisty Reg. Guide 1.121.

« Based on the reduced power level and four manth coastdown period planned for the
second nall of Cycle 9, it is expected tha! there will be at least a 7% reguction
in both the the number of newly initiated cracks anc *he growth rates of existing
cracks which were undetected during the 1992 mid-cycle inspections.

+ The use of RPC probes 1o inspect 100% of the hot leg TSP intersections in all three
SGs during February 1492 produced a significant increase in the number of tubes
plugged for indications at the TSP elevations. Industry experience has shown that

-1
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during the next irspection following the initial application of more restrictive eddy
current analyss guidelines or the use of the mcre sensitive (a! tube diametra!
changes such as dented intersections) RPC probe, there is a significant decrease in
buth the number and size of indications observed. Based on such inspect.on
transients for the WEXTEX regions of the North Anna steam generators and for
tubesheet and TSP regions of other operating plants, the number of axial and
circumferential indications at the | SPs at the end of the current cycle are expected 10
be reduced 10 about 2/3 of the mid-cycle Inspection resu'ts. The inspection

transient is also expected 10 result in a reduction of about 8% in the circumierential
crack angles at the TSPs. The 8% reduction in crack angles is based on North Anna
Unit 1 experience for WEXTEX indicatiors.

The 7% reduction in crack growth from the reduced power condition, would apply 10
both growth in depth and in crack angle. However, the RPC probes zan only measure
crack ang'e with confidence. Thus, the 7% reduction is only applied 10 the crack
angle growtk rate. The largest crack growth rates tound at the TSPs were 39° and
45 for the first half of the current tual cycle. A 7% reduction in the largest crack
Qrowth rates would reduce growth by about 3°. Hence, the reduced power operating
condiions are expected 1o result In a reduction in crack angles of about 3° in
comparison 10 those measured in the 1982 mid-cycle ingpection. This reguction is
applied for circumierential indications at the WEXTEX transition and at the TSPs.

The 'argest WEXTEX circumferential indication observed in the 1992 mid-cycle
inspection was 199°, which is less than the 226° and 297° required 1o meet 3AF
bu st capabilit *ar throughwall and segmented cracks, respectively. Two
circumierential indications at the TSrs had overall crack lengths (240° and 239°)
which exceeded the 226° imiting crack angle for 3aP for a uniform, throughwall
crack, However, the deepest pans of these cracks measured 134° and 96°, much
less than the 226° limiting throughwall crack angle. Furthermore, applying the 8%
and 3° reductions in TS® crack angles expected for the end of the current cycle
results in maximum expected TSP circumferential crack angies of 218° and 217°.
Therefore, all EOC circumferential indications are expected to meet the 3AP burst
capability guideline of Reg. Guide 1.121.



+ The TSP intersections of the North Anna Unit 1 SGs have experienced denting 1o the
exient that axial cracks within the TSP thickness are judged not 10 open, even during
a postulated SLB event. The denting would pre ini the TSPs from moving
re'ative 10 tha tubes during a SLB. Therefore, only axial cracks extending above or
below the TSP edges are accounted for in the tube integrity and SLB evaluations. The
Tadmum axial crack length measured outside the TSPs during the 1992 mid-cycle
ingpection was 0.49 inch; this is less than the crack 'ength of 0.72" which meets
3AP burs! criteria for the segmented crack morphology. The axial crack lengths
from the 1992 mid-cycle inspection are conservatively applied for the expected EOC
crack distribuidon. Therefore, all EOC axial indications are expected 10 meet 3AP
burst vapability for Reg. Guide 1.121.

+ Potential leakage at SLB conditions can be bounded by leakage from the estimated
crack distributions at EOC conditions. The SLB leak rate for the expected EOC criack
distribution is | |P:€. The bounding SLB leak rale, assuming the crack

distributions rom the 1892 inspection apply for the EOC, is calculated 1o be
| bc.

«  The administrative leak rate limit of 50 gpd provides large leak before braak
margins against tube burst ' ' 3APy o for assumed throughwall cracks and against
burst at SLB conditiony, even for leak limiting segmented crack morphologies.

+ Corrosion crack propagation due 10 tube vibration is not expected for the range of
circumferential crack sizes expected at the end of the current cycle. Even in the
very unlikely eveni that crack propagation should occur, the North Anna leakage
monitonng system and administrative procedures would provide detection and plant
shulcown prior 10 a large leakage event approaching tube rupture. The North Anna
leakage monitoring procedures would initiate plant shutdown following leakage
exceeding 50 gpd in a single SG; plant shutdown would be completed within 2 hours.

22 Summary ¢! Principal Results

The January - February 1992 mid-cycle inspection at North Anna Unit 1 encompassed
full length testing with bobbin probes of 100% of the available tubes in each steam
generaio.. The bobbin data was used 1o evaiuate the condition of all free length tubing,
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expected for the 1982 TSP sircumferential indications. Since the detectable threshold
depth for RPC probes is about 50% depth for OD circumterential cracks, the model for
TSP circumferential cracks has 60% of the total RPC measured crack angle as thi sugh
wall and the portion ¢f the tube circumference apparently free from degradation har
50% deep undetected cracking. While this model is applied for SLB leakage analvsis,
tube burs' capatiiity for EOC-# is conservatively demonstrated assuming the total RFC
angle is throughwall,

A 10tal of 286 tubes were identified with axial cracks at the TSP elevations. Almost half
of these indications were al the first TSP, and /7% waere at the first two TSPs; this
distribution was similar 10 those found in earler inspections when ¢..ection was
accomplis* d by bobbin probes. The dominant crack morphology of the TSP axia!
indications is PWSCC, based on tube pulls performed ir * 785 and 1987, The TEP
PWSCC axial cracks exhibit multiple initiation sites with - grous microcracks
comprising the macrocrack lengths identi‘ied in the IPC ingpection. As observed in the
WEXTEX PWSCC circumferential cracks, the microcracks comprising the TSP axial
cracks exhibit aspect ratios of 4/1 10 6/1 and are separated by nearly full depth
ligaments. Due 1o the presence of denting at nearly all of the TSP intersections, the axial
cracks within the dented TSP crevices are not expected 10 open up, even during
postulated SLB conditions the denting would keep the TSPs from moving relative 10 the
tubes during a postulated SLB event. For the tube burst and steam ine break leak rate
analyses, only the portions of the arial cracks extend.ng above or below the edges of the
TSP are considered. All of the axial indications detected at the TSP elevations have been

plugged.

The largest WEXTEX circumferential indization, measuring 199°, was observed in
R25C36 of SG B. Throughwall crack angles of up 1o 226° and segmented crack angles of
up 10 287 are shown 1o meet the 3AP burst capability requirement of Reg. Guide 1.121,
Therefore, all of the WEXTE - indications observed satisfied the 3AP burs! requirement

Two circumfarential indications at the TSP elevations had RFC crack angles which
exceeded 226° for a uniform, throughwall crack; these tubes were R34C42-2H (240°)
and R18C38-1H (239°), both in SG A. The deepent parts of these cracks measured
~134° and ~96°, respactively. Hence, the potential throughwall port ans of these
cracks were less than the 226° throughwall angle required for 3AP hurst capability.
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Based on operating cycle considerations and inspection trans ent considerations, the
larges! crack angles for the crack distribution at the end of the current operating cycle
wouid be smaller than found at the last inspection and are expected to meet 3AP burst
capability aven if the RPC crack angles are very conservatively assumed 10 be uniformiy
throuvghwall cracks. These considarations are discussed below.

During the second half of the current fuel cycle, the North Anna Unit 1 steam generators
will be operated at reduced load (95% power) with a lower primary coolant

temperature than during the first half of the cycle. During the final four months of the
fuel cycle, the plan' will be in a coasidown mode at progressively lower power levels to
conserve fuel. The durations of the first half or the current cycle (254 EFPD) and the
second half of the cycle (252 planned EFPD) are approximately the same. Rased on this
data, the relalive corrosion rates during each half uf the current fuel cycle have been
evaluated. Assuraing that the operating chemisiries 121 the two periods are comparable
the variation in reiative corrosion for normalized corrosion activation energies ranging
fren 160 keal/mole 1o 50 kealmole has been determined. For the highest activation
energy evaluated, the 10tal coirosion during the second hall of the fuel cycle is expected
10 be 63% of that obser ed during the first half of the cycle. Using the lowest, mozt
conservative activation enerQy evaluated, the lotal corrosion during the second half of
the fuel cycie is expected to be approximately 93% of that observed following the first
half ¢’ the cycle. The variation in relative corrosion based on the most conservative
actvauon energy is applied for the EOC crack distribution, even though the reduction in
the number of indications with TSP elevation would imply a larger activatior energy.
Hence, the reducea power and EOC coastdown for the second hall of the current fuel cycle
are gxpected to lead 10 at ieast & 7% reduction in the number of newly intitiated cracks
and in the growth rates of existing cracks which were undetacted during the mid.cycle
inspection. For the circumferential cracks at the WEXTEX region and TSPs, the 7%
reduction in growth rates would result in a reduction of the largest crack angles by

about 3°.

In addition 1o a reduction in the sizes and number of indications due 10 op+ iling cycle
considerations, the TSP crack distribution for the end of the curvent cycle is also
expecied lo show a reduction in the number and size of TSP indications based on the first
time application of RPC testing at 100% of the hot leg TSPs in 1982 Industry

experience has shown that during the first use of revised EC analyst guidelines or the
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initial application of the more sensitive RPC probe 10 100% of the lubesheet region, the
number of indications increases subetantially over the indications observed during
previous inspections. During the first inspection atter the initial application of the
revised analyst! guidelines or more sensitive probe, both the number and size of
indications decrease substantially when compared 10 the previous outage. This
phenomenon is called an “inspection transiert”. Section 3.11 prasents inspection
transient data for the tubesheet regions of five plants, including North Anna Units 1 and
Z,andfor the " regions of three plants, including North Anna Unit 1. BaseJ on the
data presented, it is judged that many of the tubes plugged for indications during the
inspection iransients had cracks which oxisted during prior inspections, but were not
detected untii the use of the more sensitive probe or revised analysis puidelines.
Furthermore, it is judged that the significant level of denting in the North Anna Unit 1
SGs has contributed 1o the inability 1o detect the cracks at the TL .-s until the use of *he
more sunsitive RPC probe at all TSP intersections The number of TSP circumferantial
indications at the end of the current cycle is axpected 10 be less than 2/3 of the
indications observed during the mid-cycle inspections.

The first RPC inspection of 100% of the WEXTEX region at North Zinna Unit 1 ovcurred
in the Spring 1991 inspections prior to Cycle § operation. Hence, 1« second 100"

RPC inspection of the WEXTEX transitions during January - February 1.92 resulted in
fewer tubes plugged for WEXTEX circumferential indications; theretore, no ci.ange in the
number of WEXTEX indicaiions is expected for the end of the current cycle, other than

that associated with the lower Ty as described above.

For the TSP axial indications, the crack lengths observed during the 1892 ingpections
are conservatively applied for the end-of-cycle crack distribution. However, based on
the significant increase in the number of axial indications at the TSPs as the result of the
100% RPC inspection transient, the numbar of axial ir Jications at the end of the

current cycle is expected 1o be /3 of that observed in the 1392 mid-cycie inspection.
The crack distributions expected at the end of the current fuel cycle, based on operating
Cycle considerations and inspection transient considerations, are based or. moditying the
19892 mid-cycle distributions as follows:



WEXTEX Circumierential indications
- reduction in crack angles by 3°
+ no change in the number of indications

TSP Circumiterential indications
+ reduction in crack angles by both 3° and 8% of the las! inspection results
« humbeér of indications reduced 1o 2/3 of last inspection

TSP Axial Indications
- No change In crack length
- umber of indications reduced 10 2/3 of last inspection.

The reduction in WEXTEX indications for EOC -9 s negligible and acceptable burst
capability has been demonstrated for the indications found at the mig-cycle inspection.

For the TSP circumferential indications, the reduced T, and the RPC inspection

transient lead 10 expected EOC crack angles less than 218°. Since the expected cracks
are less than the 226° for 3AP bui st capability of throughwall cracks, the EQC-9
conditions satisty Reg. Guide 1.121 even If the total RPC angle is assumed 1o be
throughwall.

Cteam line break leak rate analyses have been perfor;.ed icr the expecied end-of-cycle
crack distributions. The leak rate contributions from the expected WEXTEX
circumferential, TSP circumierential and TSP axial crack distributions are calculated to
be 0.6 gpm, 12.8 gpm, and 3.4 gpm, respectively. Axial cracks in or above the WEXTEX
region are not considered 1o contribute 1o the SLB leak rate, since all axial cracks
exceeding 40% through wall depth are plugged belore returning to power and
throughwall cracks are not expected during the remaining one-half cycle of operation.
The to*~' SLB leak rate for the expected EOC crack disiribution is estimated 1o be 1€ 8
epm.  In addition, a bounding SLB ‘eak rate is calculated by conservatively applying
the 1982 crack distributions for the WEXTEX and TSP regions for the end-of-cycle. The
bounding SLB leak rate would be approximately 30.5 gpm.

A tube vibration assessment has been performed 10 determine the potential for crack
propagation driven by turbulent and fluidelastic tube vibration. The minimum crack
angles for crack propagation are calculated for circumferential cracks at the WEXTEX
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transition and at the TSPs. None of the WEXTEX circumierential cracks observed after
the first half of the current cycle had crack argles which were subject 10 crack
propagation due 10 tube vibration. For the TSP regions, the potential for tube vibration
induced crack propagation is significant only for indications at the bottom edge of the
first TSP. None of the circumferential indications observed at thz hotic m of the first
TSP during the 1892 mid-cycle inspection program had crack angles v.hich exceeded
those required for crack propagation. As previously described, the crac: gngles for the
WEXTEX and TSP regions at the end of the current cycle are expected 10 % smaller than
those observed during the 1992 mid-cycle inspection. Therefore, none of the
rircumferential indications at the TSPs or WEXTEX transitions are expected o
experience tube vibration-induced crack bropagation.












with the TSP/dent circumferential signals which are grouped in tha OD range of faw
behavio.. The ID-originated cracks in the WEXTEX zone are characterized as cracks
with multipie initiation sites, with resulting numerous microcracks ~emprising the
macrocrack detected by the RPC probe. Tube pulls in 1985 and 1887 examined
ID-originated cracks of this type and established that the individual microcracks
detectec have aspect ratios of 4/1 1o 6/1 separated by nearly full depth ligaments. The
Ceepes! cracks are typically within a macrocrack or ac_acent microcracks for which the
separating ligament may have been los! by corrosion. No significant cracking is fourd
other than the essentially continucus macrocrack. As for the 1991 analysis, the PWSCC
cracks are represented by a ligament model with 0.2 10 0.3 inch long, deep (assumed
throughwall) segments separated by ligaments (assumed wall thickness). An elastic
ligament model is used 1o size the width of the ligaments such that the ligaments re'nain
elastic under normal operating pressure differentials, which results in ligaments with
about 0.050 inch width for 0.2 inch throughwall segments.

3.3.3 WEXTEX Circumterential Arc Lengths

Individual SCI's exhibit lengths measurud in degrees arc length, ranging from less than
60° (very few) to 199°. By contrast, the 1891 inspection results included WEXTEX
crack arc lengths up to 247° and the 1988 inspections included arc lengths up 1o 300°.
Figure 3-4 compares the size distributions for the 1991 and 1992 inspections. The
smaller number of circumierential cracks reported in 1992 (31) compared 1o 1971

(216) reflects the shorter operating periad prior 1o shutdown but more importantly,

the effect of the 1991 inspection transient; i.e., the 100% RPC inspection performed in
the WEXTEX region in 1931 was the first such inspection applied in North Anna Unit 1
(see Section 3.11),

34 TSP Circumferential indications

RPC examination of the assumed dented TSP's in the North Anna 1 steam generators
resulted in identification of 212 tubes with circumferential crack indications (SCI &

MCI) Table 3-3 provides a bre: kdown of the distribution of these cracks for each of the
sieam generators with respect 1o TSP elevation. Figures 3-5, 3-6 and 3-7 display the
planar composite cistribution of thase indications for steam generators A, B and C
respectively.



The arc length distribution of the observed TSP circumferential crack population is
presented in Figure 3-8, together with the comparable 1991 distribution. It is seen

that the 1992 population is much larger than that observed in 1981, this is a
manifestation of the inspection transient resulting from the first application ot 100%

RPC testing to the suppon plate intersections. The 1981 population (93 tubes)
represents only those cracks confirmed by RPC examination atter detection by bobbin or
8x1 probe testing. Because prior detection by bobbin or 8x1 probes was required
betore RPC testing, only ~540 irtersections were 1ested with RPC.  This excludes those
7th support plate locations RPC tested in conjunction with NRC Bulletin 88-02

concerns. The 1992 inspection on the aftected suppon plates (1-5) encompassed more
than 50,000 intersections, a nearly 100-10ld increase in RPC scope.

The 1982 ingpection transient resulted in increased numbers of indications as well as
longer arc lengths. Cracks which were previously undetected ware reported in the 1992
initial 100% RPC inspection, including some with long arc lengths. The la:rgest arc
lengths found were in SG A at R34C42.2H and R18M39-1H, with RPC crack angles of
240° and 239°, respectively; these were the only two indications exceeding 226° for
34P burst capability, The characterization of 8x1 signals observed in 1891 was
apparently unable 10 discriminate efective!  between |ifo¥ signals at the dented
intersection and crack indications at the TSP edges. This effect was confirmed in Bx1 vs.
RPC com.parison tests performed at North Anna 1 in January 1892 In these tests, it
was necessary 10 make conservative and probably false 8x1 calls 10 achieve 290%
detection of the signals identified by RPC testing.

341 Cracik Morphology for Tube Integrity Assessments

The TSP circumterential crack population observed in 1382 exhibits phase angles
usually associated with OD origin degradation. Thig is consistent with the behavior of the
1991 populatior. as well as the findings o the tube examination (R11014-1H) for the
circumferential cracks. In that examination, it was observed that 60% of the lotal arc
length associated with the main crack a! the upper edge was throughwall. For the 19892
evaluation, it is assumed thal the observed circumferential cracks are similar to those
found in 1891, i.e., ODSCC consisting of magrocracks formed by linkup of individual
microcracks foliowed by corrosion of tha separating ligaments. The portion of the tube






thickness ligaments. The deepest cracks are typically within @ macrocrack or adjacent
microcracks for which the separating ligament may have been lost by corrosion. No
significant cracking is found other than the essentially continuous macrocrack. For
analysis, it ®WSCC cracks can be represented by a ligament model with 0.2 10 0.3 inch
long, deep (assumed throughwall) segments separated by ligaments (assumed tull
thickness). An elastic ligament model is used 10 size the width of the ligaments such that
the ligaments remain elastic under normal operating pressure differentials, which

results in ligaments of about 0.050 inch width for 0.2 inch throughwall segmeti..

36 Muttiple Circumferential Indictions (MCI's)
361 WEXTEXMCl's

Of ihe 31 tubes identified with circumierential cracks in the WEXTEX expansion zone,
there w ora § which exhibited MCl's, Table 3-5 provides a listing of the individual
tubes, alon,; with the elevation of indications, the arc lengths and ligaments observed,
#d the total crack arc lengths. The smalles! igament obsarved was 12° on S/G A
R24C33 which adjusted for RPC resolution capabllity (see Section 3.8), represents
~42° separalioir between cracks. The apparent total crack arc length is 234° (149° «
85°); with resolution corrections for coil lead-in and lead-out etec's assuming deep
cracks, this is recduced 1o about 174°. On this basis, all MCI ligaments observed exceed
the 30-35° ligament size required for MCI burst capability 10 exceed that of a single
crack with a 70° ligament (see Section 5.4). All the observed WEXTEX MCI's meet the
3AP burst capabiiity (see Section 6.2).

362 TSPMCl's

A 101al of 212 tubes were plugged for TSP cirsumferential cracks; of these 13 exhibited
MCI signais on the same elevation (i.e. support plate edge). Table 3-6 provides a list of
these tubes, the elevations, and the crack and ligament lengths observed. The minimum
ligament observad in these MCls was ~41°, which amounts 10 ~71¢ atter RPC resolution
adjustment for lead-in/lead-out coil effects. Thus the observed ligaments exceed the
60-70° size required to establish MCI burst capability at 3AP conditions (Section §.4);
hence, all of the TSP MCI's meet the 3AP burst capability requirements (Section §.3).



3.7 Potential Combined Axial and Circumferential Indications

Of the 469 wbes piugged 1or axial and circumtarential ingications at suppon piates,
there were 13 lubes (14 TSPs) which displayed both axial and circumt siential
indications at the sama TSP, Seven (7) of these instances nvolved axial cracks either
entirely within the TSP dimensions or on the apnosite edge from the circumferential
indication, The other seven (7) occurrences involved situations in which the axial crack
inlersecied the same elevation ¢ which the circumferential indication was observed the
locations of these tubes are shown it Table 3-7 and Figure 3-12. The data for all 14
TSP locations is summarizad in Table 3-8, given are the tube, the elevation, the arc
length of the circumferential indication, the distance between the indications’ centers
(expressed in gegrees), the derived ligament arc length, a~d the sum of ligament angle
measured plus 1/2 of the axial indication arc length. The derived ligamerit angle is
obtained irom the (enter line 10 center line separation minus hall the circumferential
angle. iz provides a ligament angle comprised of the ligament plus hall the RPC
rasoluticn capability for the single axial crack. The actual measuied ligameni plus half
the RPC resolution capability for the axial crack provides a check against the derived arc
length. It is seen that either the derived or the measured arc length provides

suliciently long ligaments even before adjustment for SPC lead-invlead-out efects,
except for R30CE7, atter adjustment this tube also is shown 1o possess sufficient
ligament separating the two crack modes 10 mee! the burst pressure requirements. All

the ligaments in the potential mixed mode degradation cases observed excesd 30° and are

expected 10 meet 3AP buret capability requirements (see Section 6.5).

38 RPC Resolution Considerstions

Limitations on RPC resolution do not permit accurate sizing of ligaments between closely
spaced cracks, RPC resolution tests performed for a ligame~1 between two throughwall
circumfegrential indications were described in WCAP-13034 and are summarized in this
section for application 10 the structural assessment of MCls. RPC resolution 1ests were
also performed for the igament between a throughwall circumferential crack and a
throughwall axial crack 10 support the assessment of potential combined circumferential
and axia! indications at TSP intersections (Section 3.7).



RPC resolution for a ligament between two circumferential indications was evaluated
using EDM notch simuiations for circumferential cracks. Ligament sizes of 0.126 and
0.230 inches between thioughwall EDM notches were inspected with an RPC probe. The
results are showt in Figure 3-13. 1t iz caen that a ligament of 0.125 inch between the
EDM circumierential noiches canno! be resolved by the RPC probe. A licament of 0.26
inch, corresponding 1o an angle of about 35°, is required 10 clearly separate the
circumierential indications based cn the RPC amplitude returning 10 the *null point* for
which the amplitude returns to the background level.

The North Anna RPC data analysis guidelines require the amplituge 10 return 10 the null
point to call a circumiferential indication a MCI. The ligament size or angle is then
defined as the width of the null point response between two circumterential indications .
Because of the limited resolution, the RPC measurec ligament at null point response
significantly underestimates the actual ligament between two deep circumferential
cracks. The actual ligament between two closely spaced, throughwall circumferential
cracks can be expected 10 exceed the measurecd RPC ligament plus 30°. This RPC
resolution limitation results from the RPC coil iead-in and lead-out effects on

measuring & crack size such that the crack angles for deep indications are cverestimaled.
The RPC lead-in or lead-out effects are each typically found 10 be about @ RPC coil
diameter of about 0.1 inch diamete: or about 15° each. Therelcre, if it is assumed that
the measured RPC crack angles are deep or throughwall cracks, the measured angles
shoukt be decreased by 30° and the measured ligaments between cracks shoul be
increased by 30°.

RPC resolution tests were also pertormed for a ligament between a circumferential and
an axiai crack. Again the cracks were simulated by throughwall EDM notches. Ligament
sizes 0f 0.125, 0.250 and 0.400 inch were evaluated. The RPC inspection results for
these tests are shown in Figure 3-14. For a 0.125 inch ligament, the ligament between
the axial and circumferential Indications cannot be resoivec .y RPC. For the 0.250 inch
(~37°) ligament, the RPC amplitude returns 10 the null point with a 0.040 inch (~7°)
ligament dotectable by RPC. Thus the ligament angle is underestimated by about 30°.
For the 0.400 inch ligament, the RPC measured li, ament is between 0.110 (18°) and
0.150 inch (22°) compared 1o the actual ligament angle of §9°. Thus the ligament size

is underestimated by »38° and al least 30° must be added to the RPC measured ligamen!
10 obtain the minimum actual ligament size.



The ligament size between axial and circumierential cracks can also be estimated by
alternate methods which ignore the RPC crack angle obtained for axial indications, as
given in Table 3-8. In Table 3-8, two methods are applied 10 estimate the ligament size.
The first method derives the ligament angle as the centerline 1o centerline distance
between the axial and circumierential cracks minus half the circumferential angle. The
second method utilizes the RPC measured ligament size plus half the RPC measured angle
for the axial crack. Both of these methods tend 10 underestimate the ligament size by the
overestimate of the circumferential angle resulting from the RPC lead-in or lead-out

effect. Thus the ligament sizes of Table 3-8 are general conservative underestimates of

the actual higament compared 10 adding 30° 10 the RPC measured ligament size.

39 WEXTEX Circumterential Crack Growth Rates

Tubes reported with WEXTEX circumferential cracks in 1892 were re-analyzed from
the 1991 EC data, in order 10 establish an estimate of azimuthal crack propagation; the
1892 inspection represented the $ecoid consecutive in-service inspection of the
WEXTEX transitions with RPC probes. Of the 31 tubes found with WEXTEX
circumferential indications (see Table 3-2), 24 were evalua'ed on the basis of the

1592 data 10 exhibit visible circumterential features which were attiributed 1o the
precursor cracks. For these cases, the apparent azimuthal arc was calculated and
compared 1o the arc lengths reponied at tha corresponding locations in 1982, these
differences yielded an average change for WEXTEX crack growth of 12.8° + 12.2° for the
operating interval (3ee Table 3-9). To compare with the prior cycles growth rate
delermined from B x 1/RPC correlations, the observed value is doubled to account for
the shortened operating interval 10 yleld a cycle average growth rate of approximately
26° for 1991-1992 compared 1o the 1989-1991 growth rate of 30°. Figure 3-18
compares the cumulative and interval growth rates for 1991 and 1982. The 85%
cumulative growth rate value for twice the 1992 result (66°) compares favorably with
the 1991 value (73°) which was based on the & x 1/RPC correlation. The operating
interval completed prior to the 1992 inspection was 254 EFPD versus 506 EFPD
preceding the 1991 inspection.



310 Tube Support Plate Circumterential Crack Growth Rates

There were 23 TSP ciroumierential indications reported in 1982 which had been RPC
lested in 1991, Comparing the arc lengths from the 1992 calls with the ovtesponding
leatures in the 1991 data (Table 3-10) yielded comparisons which amounted 1o

10.6% 2 12.2° growth for the shon cycle: doubling this estimate 1o enable comparison
with the previous, full cycle average growth rate again asults in a favorable
comparison - 21% for the 1991 - 1992 period vs. 30% for the 1889 - 1981 Deriod.
Similarly the 95% cumulative probabilities for these periods were 63° and 67°
respectively. Figure 3-16 presents the cumulative ane interval growths compared
between the 1982 RPC and 19881 8x1 gala..

311 Inspection Transient Considerations

Ouring the December 1980 and February 1892 inspection programs at North Anna Unit
1, RPC probes were used more extensively than in previous outages; this resulted in one
time occurrences of a large number of tubes plugged due 10 indications in the WEXTE Y
transition region (1990) and at the TSP intersections (1992). This behavior is typical

of plants which experience inspection transieris. Specifically, the number of

indications found during the first inspection using new NDE guigelines or 4 more
sensilive probe type are typically much larger than in the preceding inspections.

During the next inspection fullowing the application of the revised juidelines or new
probe, the numnber and size of indications have been observed 10 decrease substantially
Experience has shown that many cracks detected during the first application of more
stringent guidelines or with @ more sensitive probe woulkd also have been found in the
preceding inspection, had the guidelines or probe been applied at that time.

Inspection transients for the tubesheet and TSP regions have been observed in several
plants in recent years, following the implementation of 100% RPC ingpection in the hot

leg tubesheet or the use of revised EC analysis guidelines for the TSP regions. The levels
of tube plugging at North Anna Unit 1 have been consistent with the inspection transient
behavior observed at other plants.  Industry experience with inspection transients at
several plants are compared 1o that of North Anna Unit 1 in the fuliowing sections.



ana WEXTEX Region Inspection Transient at Plant L

The *rst application of the RPC probe 10 100% of the hot leg tubesheel regions in all
tour SGs at Plant L occurred during the 1988 inservice ingpections. 100% RPC
inspections of the hot leg tubesheet regions were also periormed during subsequent
inspections in 1980 and 1991, Table 3-11 summarizes the tube plugging results for
tubeshee! region cracking from 1887 through 1991. Prior 10 1989, nine tubes were
plugged for ODSCC in the tubeshee! region. Upon implementation of 100% RPC
inspection of the hot leg tubeshee! in 1889, a total of 90 tubes were plugged for axial
and circumierential indications in the WEXTEX transition region. Of this total, 41 tubes
were plugged for axial cracks on the OD of the tubes, and £6 1ubes were plugged for 1D
circumterential cracking. During the second 100% RPC inspection of the hot leg
tubesheet region in 1980, a 1otal of 29 tubes were piugged for cracking In the WEXTEX
transition region; all but two of these tubes were plugged for axial indications. 28 tubes
were plugged for tubesheet indications in 1981,

Similar 10 the trend in numbere of indications for inspection transients, crack sizes tend
10 be the largest in the first RPC inspection and smaller in subsequent inspections. For
Plant L, the .argest circumferential crack angles in the three sequential inspections
were 263°, 20° ang 158°.

The above results for Plant L clearly demonsirale the inspection transient experienced
during the initia! application of 100% RPC 10 the WEXTEX expansion region, when a
significant increase in the number of both axial and circumferential indications
occurred. Subseouent inspections using RPC 1o inspect 100% of the hot leg tubesheet
have resulted in significantly lower numbers of tubes and smaller crack sizes for axial
and circumfterential cracking in the WEXTEX expansion region, compared 1o the first
RPC inspection.

anz Inspection Transie s at Plant A1

Table 3-12 shows the tube plugging history for Plant A-1 from 1985 through 1991, A
significant increase in the number of tubes plugged for tubesheet and TSP indications
occurred in 1891, For the tubesheet region, this increase is the result of tha first
application of RPC 10 100% of the tubesheet hot leg. The significant increase in the

3-11
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number of tubes plugged for indications at the TSPs is the result of @ change in EC J
analyst guidelines. These inspection transients gre described in detail below. (
l
\

Prior 1o 1991, a modest number of lubes were plugged for OD indications above the
tubesheet; sixteen of the 20 1ibes plugged from 1985 to 1988 tor ODSCC in the
tubesheet region were for indications on the hot iug side in the sludge deposition region
During the October 1889 inspection program, 100% of the available tubes were
inspected tull iength using a standard bobbin probe. Supplemental MRPC inspections
were performed for distorted indications (Di's) at the TSPs und above the tubesheet. In
addition, a random sampling of 9% of the tubes in one SG were inspected with an Bx1
probe for possible circumferential cracking in the WEXTEX transition region. A total of
22 tuhes ware plugged for ODSCC in the sludge deposition region.

In order 10 increase the detectability of circumierential indications in the WEXTEX

region, 100% of the available tubes in the hot leg tubeshee! region were inspected by
RPC probes in April 1891, in addition, the bobbin inspection guidelines tor indications
above the tubeshee! were allered (1.6, the voltage threshold tor RPC inspection was
eliminated). The resulting number of tubes plugged for ODSCC at the top of the tubesheet
more than doubled, totaliing 46 tubes plugged. Aithough no tubes had been plugged for
PWSCC in the tubesheet in prior outages, 72 1ubes were plugged for PWSCC in the
WEXTEX expansion zone (37 axial indications and 35 circumferential indications). This
behavior is typical of the inspection transients observed during first time application of
100% RPC or atter changes in bobbir inlerpretation guidelines.

The number of tubes plugged for indications at the TSPs during April 1891 aiso

increased as a result of the elimination of the bobbin voltage cutotf for requiring RPC
inspection. The more stringent analyst guidelines and increased use of the RPC probe
resulted in the plugging of 102 tubes for indications of ODSCC at the TSP elevations; only
four tubes had been piugged for such indications during all prior inspections. Again, this
Clearly demonstrates the inspection transient effect of changes in analyst guidelines and
more extensive use of the RPC probe.

The next inspection program for the Plant A-1 steam generators will occur during the
September 1992 refueling outage; hence, there is no data 10 demonstrate a decrease in
the number of indications observed during the first outage following the inspection
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transient. However, the steam generalors at Plant A-2 recently completed the first
inspection atter a similar ingpection transient; the results for Plant A-2 are described
below.

313 Inspection Transients at Plant A-2

Table 3-13 shows the tube plugging history for Plant A-2 from 1985 through 1992. A
significant increase in the number of lubes plugged for tubesheet and TSP indications
occurred in 1890, For the tubesheet region, this increase was the result of the first
application of RPC 10 100% of the tubesheet hot leg. The significant increase in the
number of lubes plugged for indications at the TSPs was the result of a changs in bobbin
coil analyst guidelines. These inspaction transients are described in detail below.

Al Plam A-2, PWSCC has been observed in the hot leg mechanical expansion region since
January 1885. Prior 10 1990, 86 tubes were plugged for PWSCC indications in the
expanded region. During the inspection programs prior 1o 1990, 100% of the avallable
lubes were inspected full length using a standard bobbin probe. Supplemental MRPC
inspections were performed for distorted indications (DI's) at the TSPg and above the
lubesheet. During the December 1930 inspection program, 100% of the available tubes

in the hot leg tubesheet region were inspected using RPC probes,; 328 tubes we! - "lugged
for inications of PWSCC at the roll transitions. 100% RPC inspection of the roll

transition regions in March 1992 resulted in only 60 pluggable tubes, all with axial
indications in the roll transitions.

From 1985 10 1989, 1 total of 112 tubes were plugged for ODSCC at the TSP elevations
of Plant A-2. In December 1990, revised inspection guidelines for the TSP regions
eliminated bobbin coil thresholds and 243 tubes were plugged for ODSCC at the TSP
elevations. These revised guidelines were also responsible for the April 1991

inspection ransient described above for Plant A-1. Again, this clearly demonstrales

the inspection transient effect of changes in analyst guidelings and more extensive use of
the RPC probe. In March 1992, only 18 tubas were plugged for ODSCC at the TSPs.
However, this inspection implemented an alternate tube plugging criteria; thus, the
reduction in plugging from 243 to 18 /s a combination of the inspection transient and

plugging criteria.




3114  Inspection Transients and Conclusions for North Anna Units 1 and 2

Table 3-14 summarizes the tube plugging due 1o circumierential indications in the
tubeshee! and TSP regions of North Anna Units 1 and 2 through 1982, The table
demonsirates that the Nc. th Anna steam generators have experienced similar inspection
transient behavior 10 that seen in the other plants described above.

The first application of RPC 1o inspect 100% of the WEXTEX transitions in North Anna
Unit 1 occurred in December 1981, The resulting inspection transient roduced 216
circumferential indications. For the inspection following the first 100% RPC
inspections, only 31 circumferential indications were found at Unit 1; hence, the
number of indications were reduced by a factor of 7. The first application of RPC 1o
inspect 100% of the WEXTEX transitions in North Anna Unit 2 occurred in September
1990. The resulting inspection transient produced 26 circumferential indications, up
from 4 indications in the preceding outage . For the inspection following the first 100%
RPC inspections, 13 indications 'vere found at Unit 2. For Unit 1, the maximum
circumierential crack angle found in the first RPC inspection was ~247°, compared 10
189° in the subsequent inspection. Except for a large circumterential indication
identified in the firsi Unit 2 RPC inspection but not called for plugging based on lack of
phase angle response, the largest Unit 2 circumferential crack was reduced from 238°
10 128° in the outage following the RPC inspection transient.

The first application of the RPC probe to 100% of the hot leg TSP intersections of North
Anna Unit 1 occurred in February 1997 A 10tal of 212 tbes were nlugged for
circumierential indications at the TSP elevations. This represented a significant
increase over the number of tubes plugged during any of the prior outages. This
behavior is consistent with the inspection transient behavior observed for the TSP axial
indications of Plants A-1 and A-2.

Based on ‘he data presented above for inspections following an outage in which revised
inspection guidelines or more sensitive probes are used, it is judged that maiy of the
tubes plugged for indications during the inspection transients had cracks which existed
during prior inspections, but were not detected until the use of the more sensitive probe
of revised analysis guidelines. The significant level of denting in the North Anna 1 steam
generators has contributed to the limited detectability of the cracks at the TSP
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deemn ol

imersections until the use of the more sensitive RPC probe at all TSP intersections.
Therefore, it is judged that the number and size of indications which will exist at the end
of the current operating cycle will be smaller than the cracks found during the 2/92
inspection program.



Table 3

NORTH ANNA #1
FEeruary 1992

TuBE PLUGGING SUMMARY

L B C
Turougw 1991 463 425 650
WEXTEX (HL) (RPC) 15 10 11
TSP (HL) (RPO) 143 148 178
OrHer (BosBIN) 1 0 2
FREVENTIVE 7 2 10
ToraL 1992 166 160 201
CuMuLATIVE 629 585 851
¥ PLucGED 18.6% 17.3% 25.1%



Table 3-2

HorTH ANNA #1
Fesruary 1992

WEXTEX InspecTion RESuLTS

STEAM GENERATOR

# Tuses £ B C
SINGLE AXIAL 3 0 2
MULTIPLE AXIAL 0 0 0
SINGLE CIRCUMFERENTIAL 10 9 7
MULTIPLE CIRCUMFERENTIAL 2 1 2

@ THERE WERE ( TUBES WITH MIXED MODE DEGRADATION
IDENTIFIED IN THE WEXTEX TRANSITIONS.



NORTH ANNA #1
Fepruary 1992

TSP CirCUMFERENTZAL CrRACKS

ELEVATLION STEAM GEWERATCR
A &
SCI/MCI SCI/MCI

25/3 22/0
1£/0 33/3
2/0 7/2
3/0 0/0
1/0 0/0
079 0/0
0/C 0/0

SC! - SINGLE CIRCUMFERENTIAL INDICATION
MC! - MULTIPLE CIRCUMFERENTIAL INDICATIONS

C
SCI/MCI

27/0
42/3
19/2
3/0
1/0
0/0
v/0




ELLVATION

1H
2K
3H
4H
SH
6H
7H

Table 3-4

NorvH Anna #1
Fesruary 1992

TSP Axxan I “~xs

STEAM GENERATOR

# B
SAI/MAT SAI/MAI
36/0 53/4
24/2 14/3
7/0 6/0
5/0 5/0
21/0 1/0
3/0 1/0
0/0 0/0

SAl - SINGLE AXIAL INDICATION
MAI - MULTIPLE AXIAL INDICATIONS

SAI/MAI

37/5
41/1
5/1
8/0
1/0
2/0
5.0



Tubs

R19C32

R24C33

R9C36

R1OC72

R25CS0

Note 1.

Table 3-5

North Anna-]

WEXTEX MCls
Iotal
Location Circ.l Ma.l Lre.2 Mg.2 Cire,
£t~ 1Generator A
TS-.12 102° 249 (549) (1) 82° 1520 1840
15- .08 1490 1140 85  129(42°) (1) 2349(174%)(})
steam Cenerator B
15+.00 810 179(479) (1) 820 180° 1639
sieam Generator C
15-.02 76° 38° 76° 170° 151°
TS-.04 §7° 45° 599 178° 126°

RPC measured 1igament increased by 30° for resolution
Timitations (coil lead-in and lead-out effects) and
each circumferential indication decreased by 30°.



Table 3-6

North Anna-|

TSP Multiple Circumferential Indications (MC1s)

R6C6
R17C10
R29C30

R11C8

R12C8
R22C24
R2C4]

R36C62

R20C9

Reill0
Rl0C29
RIBC44
R27C71

1H+. 39
1H+.50
1H+. 26

2H-.21
2H+.23
3IH+. 23
2H- .30
IH+. 29
IN-. 28
2H-.23

M- .27
3H+. 28
2H+ .35
2H+ 35
2H-.30

81°
0

90
131°

114°
108°
128°
1329
138°

910

83°

1200
1089
wo
99°
79°

re. 2 Lig. 2
2leam Ger>rator A
91° 78° 110°
86° 950 - 8g°
75° 870 - §7°
3leam Generator 8
68° i17° 61°
6y? 81° 106°
75° 989 590
73° 101¢ 54°
66°(969; (1) 115° U%(n19)
88° 101° 80°
69° 107° 101°
Aleam Generator C
54° 700 87°
9:° 88° . 750
83° 107° 90°
90® i09° . 20
96° 82° 103°

Note 1. RPC measured ligament angles based on return of signal amplitude

or null point.

For deer circumferential incications, the actual ligament exceeds
the measured ligament by sbout 30° or more (see Section 2.11 and Figure 3-15) due

to backgrourd

to RPC coil lead-in and lead-out resolution limits on crack angles.



NORTH ANNA #1
FEsruAry 1992

TSPs wiTH BOTH CIRCUMFERENTIAL
AND AxraL Cracks

NO CASES OF MIXED MODE DEGRADATION WERE DETECTED IN
S/G A avp S/G B.

SEVEN (7) LOCATIONS WITH MIXED MODE DEGRADATION AT THE
SAME TSP EDGE WERE OBSERVED IN S/G C

HINIMUM
ELEVATION Tuse EpGE™ CIRCUM, SEPARATING LIGAMENT™™

TSP #1: R29C1b 759 > 259
R3C43 730 > 390
R18C46 690 > 69C

R10C29 - 119° >1139
R8C33 + 760 > 370
R29C64 910 > 279
R30C67 + 1330 > 200

DATA wAS ACQUIRED WITH 2X RPC PROBE: FOR CLOSEST
AXIAL-CIRCUMFERENTIAL PROXIMITY 3 COIL ZETEC PROBE
WAS USED; NO APPARENT IMPROVEMENT IN RESOLUTION.

ALL THESE INTERSECTIONS WERE JUDGED TO BE ACCEPTABLE
AGAINST TUBE BURST CRITERIA.

+ UpPeEr EDGE
- Lower Epcr

NOT ADJUSTED FOR RPU RESOLUTION CONSIDERATIONS




£

Table 3-8

North Anna |
Mixed Wode Evaluation

Derived! ! Measured(?)
Tube Lecation (Lirc. Angle €l.t0C.L. Lig Angle Lig.+ 0.5 Axial 8 Resolut ion
Sleam Generator €

R2%CY M- .27 130°/79° Opposite tdges,No Concern
RI4LIG  2H+.20 101° Oppositle tdges,No Concern
RSCIE M- .27 96° Axial Inside TSP Mo Concern
R29C16  1H+.26 75° 62° 25° 6+28° Acceptable, large 1igament
PIOC29 2H- .29 119° 90%:23° Acceptable, large |igament
K6(33 IH- .30 85° Opposite fdges,No Concern
RBCI3 e I8 16° 82° 4a° 10%:27° Acceptable, large 1ligament
R6( 40 IH-.26 104° Opposite Edges,No “oncera
RICA3 1He 31 737 75° 39° 17%:20° Acceptable, large 1igament
RIBCA6  1H+.33 69° 3694339 Acceptable,large }igament
R29(64 2H-.33 91° 15° 30° 10%:17° Acceptable, large ligameni

2Hs 47 63° Opposite Edges No Concern
RIGC67  2Me.26  133°(103% %) 86° 20°(35°)3 59,199 Acceptable, large igament
RITO  2M+.3) 95° Opposite [dges,No Concern

Notes:

1) Ligament angle obtained as circumferential crack centerline to axial crack centerline
distance ~ wus one half the circumferential angle.

2} Ligament avg'e obtained as the measured ligament 2agle plus one haif the axial crack angle.

3) RPC weasurements adjusted for resolution (coil lead in and lead out) in measuring deep crack
angles. Resolution typically -1 coil diameter (0 105", 15%) at each end of crack.






Table 3-10

TSP Circumterential Crack Growth from RPC Data (1991 - 1992)

Growtn
L s Location  per Cycle®
(degrees)

A R22C24 2H 6

A R30C24 2H 10

A R7C27 2H 20

A R39C41 1H 0

B R15C9 1H 13

C R6C3 1H 1

C R5C11 3H 39

Cc R5C11 3M 29

G R24C27 2H 14

C R24C27 2H 0

e R24C36 1M 13

C R41C42 3H i

C R37C49 2H 4

C R37C49 2H 0

C R36Cs2 3H -

v R18C54 2H 12

Cc R29C64 2K 0

C Rz8Ce4 2H 12

c R9CsS 3K 0

c R27C71 2H 5

Cc R27C71 2H 0

C R17762 2H 3

Cc R27C75 2H 45

Average Change*: 105°:122°

* All negative changes set 10 zero.



Table 3-11

inspaction Transient for WEXTEX Expansion Region of Plant L

Date of

April 1986 1 0 1
May 1987 0 0 0
May 1988 & 0 &
May 1989(1) 41 56 97
May 1990(2" 27 2 29
May 1°41(2) 17 1" 28

—

(1) First a;. “lication of RPC 10 100% of active tubes in hot leg tubesheet region.

(@) 100% of active tubes in hot leg tubesheet region inspected with RPC.



Table 3-12

Tube Plugging History for Plant A-1 (1985 - 1991)

Number of Tubes Piugged
Tubesheet Tubesheet TSP
Rais PWSCL QUECT 05 e0) Qther
5/85 0 0 0 1
10/86 0 3 2 1
4/88 0 17 0 0
10/8% 0 22 2 0
4/81(1) 72 46 102 47

(1) ingpection transient resciting from first time application of RPC to 100% of
available tubes in hot leg tubesheet ragion, as well as revised EC analyst
guidelines and more extensive use of RPC at TSP elevations.









AvmivYn

01 Oc Ov OV 0% 09 0L (A 06
-—n—--nnﬂn—»num * ” i --N.---_nu!!-uun-n-u UK n.hx-u-uu—wf
|

I i1 WF

uuunn-_-,-uun.-—-«--u-h-n.“-» * ‘_
M H i

_w
|
i

|

vv*L . LT

b

9 | ! | ‘,s-
OO0 )4 g XO0KK
_--u—--—-_ud

1d 2d¥4) SNOILVI2IANI XAdLXAM
I LINMN VNNV (HLUOGN




13msiang 50 g0 i
T I ] L. iy Y s ®

AvaNYn

01 0c 0€E ov 0¢ 09 0L 08 06

L 4 | 2 = 4 - 4+404 4 4
. 4 3 4 1344444 L4444 ¢ SEEER
:— = + 41 R 2 -4 2 =5 °~
3 4 = » b 4 ﬁ J -4 - x
K ad B 4 =% P R
: I ﬁ wiprf 4 =1 b m b fﬁAL - i - | 4 ¢ wﬁ 4 SREN Y. xﬂ
. - 1 A 3 ] Ij R ' 1 4+ d ATHV g i r.. b4 ¢ ¢
=88 b+ '.v R i 1+t ++ SERS ﬁ‘I
: it i ﬁ 1 HH P HH L H TR
ON L4 s | r = 4t QN
: HH ittt
1
SR w * J # ﬁ i
4 : . . 4
! i ‘ ; ; :
>
0 £ B3t ‘ . . 8 0g
; 1 * >+
: | H :
t 9 L
L8 . ]

LR B

u&,wxwwxxrx,- UK R X -—- mwwnmk

(SA00dd DAM) SNOFLVIIANT XALXAM
LSIT 901d 22/2 @ 9/S 1 LINft NNV HLMON

IOG'-—

SIUSHYIS avn

Z2-€ 8nbi4

-



11amwsient 4o 40
an M s . ivn W ivs #

AvERNYR

09 0L on 06

- .
¢ 2ER 3 3
3 3 -1 444 s
} - 2 == 2 * =3 2 2 =
3 . 4 | 4 4 - -4 1 SRR 4 2= 14431 44 R RN R
+1 1 4 . = - 2R 3 - = EREEEREER 441 .
c— SRE 3 3 b a 3 SREEEEEEERRE ﬁ"v =R
b < R B R 4 q} | 4 § 4+t tr - nA cﬁ
= - b+ - -s y + 8 as R R {
Hil L 3 ; ! T 1 1
b = 3 4 - EEER 3 4 2 = 3 - - +4 84 E = 4
4 = 3 R R = = 4 4 4 8- 44 ﬂ
SEE= + 4 4 - STSERE -4 4§44 - s SREERS
3 4 R + SEEERE SESREEER SEERES
= }- 44 ﬁx 4 E = 4 4 IAM SERRES =23 R B
:J g 3 444144 . -4 4 s = R EREREREERE 447 4 - cN
A\ b r E 3 7 - b 2 b 4 4 44445
g R 41 % = 3 3 SSEBE +444 |- & - 444441
1 4 44 . 3 44 ; - 144444
2= 4+ 9 Lv 1 3 4 o . R 144
28 : 2 . -
+1 4 .tgw 3 11 3 3
s 4 - 4 4 S REEREERRE -
L . - ~ +43
cﬂd =3 43 -4 $- . SEEES - cm
» B - L - 4 =22
- g p - 41 2
a3 . wﬂLIﬁ E -
R 1 R E 3
- A - =8 =
1B EEEREERER
= p 4 23 R E
4 e
¢ ® YRk X
0 v ,xc.x&w L1 _xxv:sx»
z . SOOOO0G000E
R AL

SHISIHIVIS 4V

(SAA0Ud Dd¥M) SNOILVOIANT XILXAM
LSIT 9n1d 26/22/2 2 9/S 1 4INN VNNV HLYON

¢ ¢ anbi4

32

.



NOILONNA NOILNGIHLSIA 3ALLYTINWND

/G’S

UMFERENTIAL INDICATIONS
R EXTENT (DEGREES)

-
-y

(.

ANGU

WEXTEX C!R

7
-
-
<
=
-
-
<
.
Z
<
i
o
o
O
Z




01

¢ 453 v 45 N ¢ o5 B
v s BN ¢ 45 9 z 451 oas BN

Ion v 125 @

INZIoN AvVaNYm

01 0e O ov LR 09 0oL 08 06
. . :

T

=
P * 44 =3 > b - -
. 3 +1 43 - L =221 ﬁ -4 - Af b4 441 ¥
3 : : S8ES - s 41 R ERa N k3 SERESEN! 'e
- + 4 4 ++tt . 3 3 - = = T4 4 -+ 44 R 23 lv ILI
o’ 4+ 444 - 2 s s L 1 ﬁfﬁ -4 & = -+t 4441 ﬂ
4 3 b 4 - + 4+ r 4+ - 3 2 4 44 = ++tt4+1
s v* A s a% +414 H X M b E b Sss }T ZEEEER
2 447 * +i41 4 -4 4 b - T 23 - SRR PR
c V .5 44 - . .S Pl 44 b L4 44
> _ , 0c
s = 4 : IEEERS -4 3 -4 s
=3 <4 - = B = - - b A 283 T E B -
- - - 3 = 4 ﬂ 4441 ER 3 a
. - - . S : =5 4 =2
i T H HH i |

4
——r
1
e
11
1
4
—
™
4
e 3
Ll
1
=
B 0 . . -
1
>

Q~ﬂ4 . \m 3 - 314 ﬁ. * - = < -3 4-0-%- + 4 14444
SERERES HHTHTH ] He T HH T $EEE
T : f, SRR N R AR RREns)

(68" 1 | I8
kS nrg et NG

AN o P ST 1
SOHISHIVIS dvn

{(Odd) SNOILVOIANT TVIANANAARASAID ALVId LH0ddNS
LSIT 9n1d 22/2 Vv 9/S | LINNOD VNNV HLION

G- anbiy

. 34



01

™~

451 . @ a5 S dsi |
v a5 R ¢ oacr -
t asq: N oast

IR 125 9

W
-
~l
N
(-]
2
\
|
,
i
|
|
\

1

AvmNYH

=

%
=
=
=]
-
:

~
1 1
<
T
+
:
-y
v
¥
" i
b
-
T
-
X s
ey
- |
dendhand
’
-
D |
4
(B
-
) 4
*
= 8
” "
¥
-
o

L % ? & F viv. \ SN

0g . i

0ot

: Si% Lx._xé.&cf.r:__?%f&&k.

(Dd¥d) SNOLLVOIANT TVILNGAAANNDALID ALVId LHO0JdNS
LSIT 9n1d 22/ @ 9/S 1 LINN VNNV HLYON

9-¢ anbiy4



KK
-—

Ov

K XX KX

|

|

4

oV
=222t

&

X N KR KK R

04 09

XX

! {

!

~ -

0L 1R

-n——n--uu-‘-nunvuﬁnnn--\m

_

1)

A-W

ivmNYn

06
--W

o 071 02
t_tﬁ
ot tid
o1 B |
SIS !
.n.m.MW # .-*
:nfmwim
£
:*.”NJW:%W%
nfw ;
g
0oV o
- o2 13- -

{OHdd)

T SR

LS

B S e

y (171

Vbt

X

) i
OORLE

[see el }
XK L)

o6/ L

*

=5

»

SNOILLVIOIGNI

{»

{4t

4

1]

iR

TVI.LN

\\ nln v

KX AR EX

FUAANNIHILD

3/ S I LIN

i1

dLVId

VNNV

HLUON

7
1
b

01

‘_.Z:.—._ s



LE -

NUMBER OF OBSERVATIONS

Figura 3-8

NORTH ANNA UNIT 1 ALL S/G’s
SUPPORT PLATE CIRCUMFERENTIAL IND.

" A
P GRS S —— P R S —_ PR — BEER e e ‘—--*'m
T 0k i - L] O
2 ! ! | L
' | | ;
4 ' ;’ ! ™ . &3
- | G e T e e 2
I t b
- N i l J Y EN—— 80 E
[ Note Crack lengths are those of individual ]
100 ' '1 cracks "1t <
L o : J 9
80 } -
| o 2
50 =
| =
4 L = o S ] .
> ey w O
! 0
| |
a ¥ SUNER G Ve % W
| | >
i |
z | =k
204 1 i -__,T - Sae pee ,,,T ——
{ | | 10 -
g | : f | =
i ! ! ! ‘ 3
0t — — ———— L_‘_‘_‘ _-4._____,____-__4; o O
<30 S0TO R9 12070 1489 180 TO 209 24070 269 300 TO 329
307D 59 90 T0 118 150TO 178 21070 232 27070 299 >330

ANGULAR EXTENT (DEGREES)

B 1991 HISTOGRAM [ll§ 1992 HISTOGRAM —*— 1991 CPDF

s e e

-3 1992 CPDF ;

-




L a5 s 45 R s 451
v o5 R o oas R zoes .

v W s @

AVMNYR

01 0 0Ot ov 09< 09 0L 09 06
gﬂﬁ ooos ﬂ-ﬁnjgﬁm%ﬁi oo H o0
3 * ¢ 4 s i SHHTH T

b4 A ot 181l Ut B
7.7 *. *. t - . i ,. : ’ & & 4444 .

1
1

wi
~
~~
S|
!l

01

i Rgans SE8e

11 i ] ! 11 111 TLHEEE Y

4+ 3 1 w ‘ s I b A R RERER:
: R
s - > . 144

. b 4 - : ae
b &4 s sas *wt. f I‘v.AvW 11 ’L 0 t
. J SERESE
b - = = 2
[ % i : HYHH
i (1 3 = B - b -
w -4+ 4 am SERE 3 11 .

0¢

0¢

068 L HH T 06

o 006017 08 W x&ﬂwwrr 13 frwrxré,:x&h#w,

SINESHIVLS dvin

(HdN’ SNOILVOIANT TVIXV dLV1d LA0ddRS
LS11T 9n1d 22/2 V 9/S 1 LINN VNNV HLAON

&€ onbiy

- 38



IVZ20N

R - ool .
roas R voass

L J vs @

AVMNYR

- s ﬁv : 4 -
. 4 b & 1 b 4
t 44 ¢ } R 4 = 4§ 4
- - - ' 4 41 B - EERE R 2R
b g - 1 . ’ - 1441 4 1
K Jr‘ ﬁ - + ¢ -~ - v' 3 ﬁ SRERRE
L 4 L+ 444} ‘ b 4 4 -4 4 4 - 4 - - +3+4% 4 444 44 s A c —
AU— 3 b 44 1...1.1“ < L 3 4 E -4 4 44 4 AL K .. SEREs
+ 4 EEERE 2 = 4+ -84 = - o 4
3 hv%;U B R it - 2 ,u; 4*.41 SRSE t rvA_ 4 L 41 444 L
K 4 - -4 +4+1t 4 1 Iﬁr t b EEEE b - - 4454541 b - L 44 & aw 44
- +4+41 1# 23 = - + RS ERERRRE SERPSREEL 28 4 11t -4 4 ¢
b 228 i =23 ; 22! 4 -3 .‘L +44 1 1 > € -4 -4
23 - +4 +4+ 444 - 4+ 44 - 41 d 2444444 RS2 R 4444 tr SOPw=
4+ a S8R l 23 ERE ﬁ R EER R =23 SRES 4 44 - =
A 44441134 SERS 4SES & 04 = FARSSSEEE S L+ 44414 441444 cm
= 9 =3 - b - -
g 1 ] ! ! :

- wﬁ. SRR RE }
)

-39

I
-
')
'
Tl
™
T
"
b

1
:

e
v

.mxw[jr.

e 0 0 0 ¢ » v
& B »

e A N R R i
SOHISHIVIS avn

(DdM) SNOILVOIANI

1§ @ .i*wxr.

XK n.r

TVIXV

LSI1T 901d 22/2 0 95/s 1

04-€ by

WK § 68

ALVId LYO0ddNS
LINN VNNV HLYON



L A% 9 451 iNe “ oani R
v oas B © a5 ¢ a5 v as B8

ivrm ¥ vs. @

.u-NNOt - — - - W— — . = ——— =
AVMNY®N

01 0¢ 0¢€ ov 0% 09 024 08 06

wﬂ. X gﬁwéiwx}wﬁb xxé ; xxﬂx

01 SHHHHH i

01

,

1
1
LY
1
‘
o
a w0

4

:

:

,

,

i
=

-

o

=

—h’k
i‘i
v
e
“—
e v 4
«

e smmm
Vvlr
-
o
.

-
™

-

'
vf#rv‘
-

-

"

1

s
e
P Lt 1 1

~t

T

T

T
-

'3

-
-
3
*
¢
-
&
Y
e
T
s
-
e
™
.
>
'
'
>y
—
= 1

0e 0oe

i
1
-
&
ﬁ-vQ
!
X
1
e
'
’
vaenene

* -

3 v . L » >
-
:m\ - . - s = -4 1 EER wtv.v 4441t cﬁb
3 QL.AI g - EIhEa SEESREEESE
E * + 4 - = - EEEIEEERES
. = 44 41 SRR
4 84 b § 44
2 b - b 1 L +1 ¢t
: 3 1 Tttt
44
0V -+ : a0 0 b

g !
o @ 0 i 1+ 5§ w X
I 1 9 $ 1vis @ mek#&k.qu-.ﬁ.L-.-kak

SIESHUVLS avn

(DdM) SNOILVOIANI TVIXV ALViId Ld0ddns
LSIT 901d 26/22/2 D 9/S 1 LINN VNNV HLMON

LL-f anbiy

- 40



01 ¢ ot ov 0% 09 0L 08 06

INvion

*.n mjah—. XOOLOCE OOOOOO00ON00 juﬂjﬂg xqﬂu\ﬂv\xﬂiﬁx X Amﬁwsxx% J X ).u.xxﬂjx.x.nXx X0
01 W_L‘ * - : _ 01
w ) 281 1 F. 2888
0c¢ : “0¢
xxﬁ
0 )
0§ RS H og
0 %&«w .& m\ %&w ¥
¢ S - J.Wxxéxhxu-:r‘:xxx&k

SHILHVYLES avn

SNOILVOIANT Jd0oW dAXIW TVILNALOJ
NOTLDIJSNI ¢ 1T 34 2 9/S I LINN VNNV HLMON

Zi-¢ anbiy

- 41



025"

Figure 3-13
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WEXTE.. Cumulative and Interval Crack Growth
: Cistributions
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Figure 3-18

TSP Cumuiative and Interval Creck Growth
Disiributions

100.00% - 0
:;':..:—:
90.00% - . -
80.00% — ® e
@ ~ //
-~
S 70.00% ~ "\
E z S
B 4 ’/
B 60.00% - PP
- e
S 50.00% - ,/‘ ¥
- g
f, ///_, e
= 40.00% + /7 1 -
= //‘/ {
g 3000% - ¥
[-%
20.00% 1 "
’ : t 'r -
10.00% o | { .
: | .
0.00% A : ] | P ; - . sl
0 10 20 30 40 S0 @0 70 @80 90
Growth (Degrees)
— Bx1 Growth B 1992 RPC 5 8x1 Cumulative -®#-1992 RPC
(WCAP-13034) Growth % (WCAP-13034)  Cumulative %







i e e e g e e

40 OPERATHG CYCLE CONSIDERATIONS

The North Anna Unit 1 steam generators wal be operated at reduced load and primary
coolant temparature conditions for the rest of the operating cycle. The reduced load and
lempera.. =< favor lower corrosion rates. The planred operati~g conditions, a

comparison with pric vaiues, and thair impact on tube degradation are u.scussed below.

4.1  Planned Operaring Conditinns for the Remainder of Current Cycle

The remainiag half of the current fuel cycle of Unit 1 operation will #xtend 10 months
from early March, 1962 10 early Januury, 1983. Unit 1 operation will be limiled to a
maximurr. load. Per this limit, the maximum loac on the unit will not exceed 95% of the
virrent rating. In addition 1o the 28% operating limit, the output will be further
restrained by unit cuast down, which is projected 10 stan in September, 1982, The
projected load profiie 1s shown in Figuie 4-1. Thus, operation avnecr 95% load is
expected for only a six month period.

The tirst half of the current Unit 1 fuel cycle was completed with 254 effective full
~wer days (EFPD) of operation at 100% load. The remaining pan of the Unit 1 fuel
cycle will have 262 EFPD of operation. Of these EFPD, about 2/3 will be avbelow 85%
load and the remaining will in the coast down mode at even lower loads.

Al the sleam generalor iniet, the primary coolant *.mperature (Tpg) corresponding 10
the 85% load operation will be 612.6°F. This is 3°F lower than the 615.6°F Ty, used
during the recently completed, first half of the ‘uel cycle. The primary in'st and
average temperatures are also displayed in Figure 4-1. Tabie 4-1 lists the projected
steam generato: primary and secondary side parameters al 95% load.

42 Comparison of Current and Prior Operating Parameters

Table 4-2 shows the full load operating conditions during the first half of the current
fuel cycle. Crmparing this with Table 4-1, it is observed that the projected pimary

inlet temperature has decreased by 3°F from the 1891 full load operating condition.
Because of changes in the number of plugged tubes and adjustments 1o the turbine

governor valve, the steam pressuie is about the same as in the first half of the cycle.
4.1

AR —



43 Relative Corrosion Rate Modeling

Since the type of tubing corrosion found at North Anna Unit 1 has not been systematically
studied in the laboratory, the most relevant means of determining the effect of operating
conditions on the corrosion rate is 1o use the variation in the number of sddy current
indications with tube support plate elevation. This variation is a tunction of the tubing
lemperature, the availahie superheat (as it atfects the maximum chemical concentration
in the crevices), and the applied stress (resulting from denting corrosion). The

number of eddy current indications a1 a given tube support plate eleva.ion follows:

ML Circumierential Axial
ISP Lracks Cracks ol
1 74 126 200
2 90 79 168
3 28 18 46
K} 6 18 24
] 2 23 25
6 0 (3 6
7 0 0 0
Total 200 270 470

The estimate does not include muitiple crack Indications. An equivalent Arrhenius
activation energy can be calculated by estimating the tubing 1emperature in the crevices.
Using laboratory test data for packed tube support plates, tbing tempe’atures of 585,
5§79, and 574°F were calculated for the first three tube suppon plate elevations,
respectively. Applying these temperatures 1o the above data produces a very high
activation energy, in the vicinity 160 kcal/mole.

As mentioned previously, this activation energy reflects possible contrivutions from
temperature, chemical concentration, and siress on the variation in the number of
indications. Since indications are only identified atter the corrosion has piogressed
some distance through the tubing, the value also includes both initiation and propagation
eflects. Previous evaluations of the denting distribution indicate retatively little

variation between the hot leg tube support plate elevations, with the average edd,
current signal voltaga at the bottom suppont plate L2ing slightly lower than at the

others, consequently, variations in stress are unli- aly 1o be imponant,

-
!

= R I R _TrRnC . T R S SRR I



44  Relative Corrosion Rates Between First and Second Hall of Current Fuel Cycle

The operating characteristics of the previous and curren! operating periods are
presented in Table 4-3. The current operating cycle reflects & .ionths of operation at
95% powaer, followed by a 4-moni.1 coasidown 10 45% power. This operating history Is
shown in Figure 4-1. The affect of this operating history on cerrosion rates can be
determined by nomparing the time-at-temperature of the current and previous
operating periods for various Arrhenius coefficients. This prediction assumes that the
operating chemistries during the two periods are comparable, as is the extent of
carrosion at the beginning of each period.

The predictions are presented in Table 4-3 for Arrhenius coefficients varying between
50 and 160 kcal/mole. The 160 kcal/mole value was derived from the variation in
corrosion with tube support plate elevation, and includes both temperature and
superheat effects. The 50 kcal/mole value is representative of laboratory test data
collected under isothermal conditions. As should be expecied, the relative corrosion
during the eecond hall of the operating cycle increases as the Arrhenius coefficient
gecreases.

The lower bound coefficient of 50 kcai/mole has been salected for conservatively
estimating reductions in crack initiation and growth. Since the superheat for the first
six months of the current operating period is only slightly below that in the tirst half of
the cycle, the calculate. coefficient of 160 kcal/mole may be too high. During the

coastdown, the superheat decreases as the power dacreases, so that a high coefficient is

likely more appropriate. Consequently, the caloulated normalized corrosion rate of
0.933 should axceed the actual rate.

4.3
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Table 4.1

Projected Operating Conditions at 95% Load

Thermal load, Percent 85
Thermal load, MW! 920
Primary pressure, psia 2250
Primary inlet temperature (Tpe), °F c126
Primary outlet temperat.re (T q), °F 546
Steam pressure, psia m
Steam temperaiure, °F 51§
Circulation ratio 484

e
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Table 4.2

Full Load Operating Conditions During 1891

Thermal load, Percent 100
Thermal load per steam generator, MW1 968
Primary pressure, psia 2250
Primary inlet temperature (Tpe,), °F 616
Primary outlet temperature (Tgqiq). ‘F 546
Steam pressure, psia 783
Steam temperature, °F 516
Circulation ratio 4.58
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Operating Power
Lycle. (&) DRuation
(days)
Previous 100 254
Current 95 182
Current 88 N
Current 70 30
Current 58 N
Current 45 30

T R — — R S — T

Table 4.3

Variation in Relative Corrosion with Activaticn Ener »y

Total for Cu: .1 Cycle

Normalized Corrosion
Hotleg Tube Activation Energy (kcalmole)
Temp Jemp e | 100 80 &0

R
615.6 5846  1.00E+00 1.00E+00 1.00E+00 1.00E+«00
6126 6822  5.20E-01 GB7E-01 6.11C01 64BE-0O1
608.0 5800 660E-02 B831E-02 89BE-02 1.01E-01
595.0 572.7  238E-02 434E-02 H31E-02 7.16E-02
5860 5675 1.21E-02 28BE-02 3.84E-02 593E.02
580.0 565.7 9.13E-03 239E-02 3.28E-02 531E-02

0.6 0.766 0.825 0.933

4.8



Figuie 41
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50 SUMMARY OF CRACK SIZES SATISFYING REG. GLIDE 1,121

The tube integrity limits for singiv «<al and circumterential cracks have been developed
previously in Section 6.0 of WCAP-13034. The following sections summarize burst
lests and crack propagation tests for multiple circumferential cracks. The acceptable
crank conditions for multiple circumferential inaicatinns (MCls), as well as for

combined axial and circumferential (mixed mode) indications are presented. The
Acceptable sing - crack sizes which satisty the tube burst requirements of Reg. Guide
1.121 are also summarized, from WCAP-13034, along with the acceptable single crack
sizes which are expected 1o preciude vibration induced crack propagation.

5.1 Burst Tests for Multiple Circumfterential Cracks

Room temperature tests of tubes with multiple coplanar circumferential EDM slits were
conducted 1o verify the caiculational methodology used 1o compute the pressure
capal .y M tubes with multiple circumierential stress corrosion cracks (MCls). At
very large crack sizes, the bursi pressure previously (\'YCAP.13034) was found 10 be
proportional to the net remaining area. In this case a conservative burst pressure is
obtained by setting the net section stress equal 10 the flow strength of the material.
Figure 5-1 shows skeiches of the large coplanar EDM slits and small ligament
geometries of the present tes! series. Note that some ligaments are only partial wall
thickness ligaments simulating a 50% deep crack in the rirnaining iigaments. The burst
pressure tes! results for two repeats of each configuratior are also shown in Figure
51,

When results are plotied in terms of the suri of all cure im'erentia! crack angies, 1ne

burst pressures for the sum of the multiple slits exceus hose 1o the single
ciicumierential ulits. This is illustrated in Figure 5.2 Nota that at large total crack
angles, the lower bound burst pressure ‘s simply ths nnt 2:@k times the flow sire yth of
the material. Ligament location and bending tenddtsey «multiple ligaments reduce the
bending tendency compared 10 a single slot) havo oty & siecond order effect on the burst
pressure. This is logical given that the presence of the b (uppon plate restricts

lateral motion and severely inhibits bending of the wuh¢ at ¢ cracked section,
Application of these test 1asults 1o acceptable MC) cufigurations is addressed in

Section 5.4.
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5.2 Fatigue Crack Growth Rate Tests For Multiple Circumferential Cracks

Just as the burst pressure calculational methodology was benchmarked with test data for
multiple coplanar circumferential cracks, the fatigue crack growth analysis procedure
was benchmarked also. Fioure 5-3 shows sketches of the EDM starter notches used in
the fatigue crack growth rate tests. Under fatigue loading due 1o turbulence or
fluidelastic vibration, the central issue is whether or not growth will occur. If the

applied siress intensity range is above the threshold value, fatigue crack growth will
occur and high vibration frequencies can lead 1o extensive growth in a relatively shorn
period of time compared to the operational cycle. Rather than attempting time
consuming fatigue crack growth threshold tests, the fatigue analysis was benchmarked
by demonstrating that the fatigue crack growth rates measured on several ligament
geometries correlated with results on a conventional geometry using stress intensity
range as the correlating parameter; that is, the agreement of fatigue crack growth
results of ligament and conventional geometries demonstrates the acceptability of stress
intensity facior calculations for ligamen! geometries. For small lizaments, there are
several limiting cases for stress intensity solutions for iension and bending. These were
applied 1o the present case and worked well. For worst case service conditions, a
minimum of three 35° ligaments are needed for fatigue stability and the largest crack
angle between ligaments must not exceed the single circumferential crack limit for
initating crack propagation. Experimental work shows that the presence of the third
ligament converts the behavia of the 1. 10 essentially the single crack case and the
minimum size fer the third ligament is very conservative.

Figure F-4 illustrates a plot of measured fal'gue crack growth rates versus the
computed stress intensity range obtained by applying the small ligament solutions, The
good agreement of results for a variety of crack geometries supports the acceptability of
the stress intensity range calculations and their comparison with fatigue crack growth
threshoid values.

5.3  Acceptable Single Crack Sizes for Tube Burst

The burst strengti... of tubing with single circumferential cracks and single axial cracks
have been evaluated previously in WCAP-13034. Sections 6.1 and 6.2 of
WCAP-13034 summarize the burs! tests performed for single circumferential and
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axial cracks, The burs! test date are compared with analytical predictions, and the burst
capabilities of tubes with axial or circumferential cracks are estabilished in Section 6.4
ot WCAP-13034.

Table 5-1 summarizes the acceptable crack sizes for single circumferential and axial
cracks with either single throughwall crack or segmented crack morphnlogies. The
limiting circumferential crack angle for a single crack is 226° for 3AP burst

capability; a segmented crack satisfies 32P for crack angles up 10 287°. The maximum
acceptable crack angles for APg, g are substantially higher; thus, the 3AP burst

capability requirement provides the limiting circumferential crack angles for tube

burst considerations. Single throughwall axial cracks of up 1o 0.435 inch in length will
satisty 3AP; for segmented crack morphologies, sinale axial cracks of up 10 0.72" long
are expected 10 meet 3AP. The acceptable single axial crack lengths for APg g burst

capability are substantially higher; hence, 3AP is also the limiting condition for single
axial cracks,

54 Acceptable MCI Crack Conditions for Tube Burst

As developed in Section 3.8, the RPC inspection definition of an MCI requires t 3
amplitude to return to the null point, and JPC resolution limitations imply a ligament
size of the measured RPC ligament plus 30°, Thus, an MCI would have at least 35°
ligaments, which were burst testea as described in Section 5.1. As shown in Figure
5-2, the burs! pressure for two 35° full thickness ligaments exceeds that for a singe
290° crack. Thus, th. burst pressure for an MCI exceeds SLB pressure differentials
which correspond 1o a 321° throughwall single crack with full wall thickness ligaments.
Thus an MCI for WEXTEX indications, for which cracsing in the remaining ligamants is
net expected, would inherently exceed SLB burst capability. The burst test results of
Figure 5-2 for 35° ligaments are equivalent to burst pressures for single throughwall
cracks ~f less than the 226° crack angle for 3AP burst capabllity. However, not enough
tests were performed 10 strongly suppont 3AP burst capabllity for 55 ligaments. For
the present study, it is conservative and acequate 10 evaluate WEXTEX MCI burst
capability as ti:at for a single crack equa' 10 the sum of the MCI crack ang!as after
reduction of the RPC crack angles by 30° for coil lead-in and le.d-out effects (see
Section 3.8); that is, WEXTEX MC! RPC crack angles to1g" =~ about 286°

(226°+30°+30°) or ligaments totalling 74° would meet 3AP burst capability. This
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analysis assumes that the cracks are very deep or throughwall, such that the RPC

lead-in and lead-out reductions of RPC angles are applicable. If crack depths at the edges
of the crack are less than about 50% depth, the actual crack angles can be equal 10 or
greater than the RPC angle. In this cese, the burst capability would also exceed that
associated with the RPC angle so that it would be appropriate 1o reduce the RPC angle for
comparisons with throughwall burst pressures. Thus, total RPC crack angles of 286°

for MCl or # 6° for an SCI would be expected 1o meei 3AP burst capability.

For DDSCC circumierential cracks, for which a 50% deep crack is assumed in the
remaining ligaments, the ligament sizes mus' be larger tha. the 35° for WEXTEX MCls.
The tests of Seciion 5.1 were performed for two 70° ligaments wiy 50% deep slots in
the ligaments. The burst pressures for this case exceeded that of a 220° single
throughwall crazk which meets 3AP burst capability. For the prasent repor, it is
conservative and adequate to require the RPC ligaments for TSP MCls 10 total BO®
{resolution adjusted =140°) or the RPC crack angles totalling «<280° for 3AF burst
capability. More simply, if the minimum measured RPC ligament for TSP 2408 is 40°
or larger, the indication would nee! ' burs: capability.

§56  Acceptable Combined Axial and Circumierential Crack Conditions

As noted in Section 3.7, no intersecting circumferential and axial indications have been
fcund in the North Anna Unit 1 SGs at either WEXTEX or TSP locations. An RPC
d~*actable ligament separating a:'al and circumferential indications has been identified
for a!l mixed mode ing.cations at the same edge of a TSP. No axial and circumfe. ential
indications have been found at the same e 3vation in the WEXTEX expansions, so that
mixed mode cracking is nct a concern for the North Anna Unit 1 WEX TEX expansions.

Based on the R®C resolution tests of Section 3.8 for mixed mode indizations, the actual
ligament size corresponds to the RPC measured ligament plus 30° (~0.2%). Scoping
analyses indicate that a minimum ligament of about three wall thicknesses (0.15" or
~22°) is expected 10 be sufficient 1o prov.de burst capabilit; comparable 1o the axial
crack alere. This is supponeu by tests for small ligaments (EPRI NP-6368-1, Rev. 1)
thai show that ligaments approaching the tuse wall thickness between throughwall
ciicumferential and ax‘al (L-shaped) cracks bugin recovery of the mixed mode burst
pressure loss compared 1o the axial crack alone. Thus, it is reasonable 10 expect that
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about a 22° ligament is adequate 10 obtain burst capability equivalent 10 the more
limiting of the axial or circumferential crack.

Since the presence of an RPC measured ligament between deep axial and circumferential
cracks implies & »30° ligamant, the presence of an RPC ligament is sufficient o

praclude significant reductions in burst pressures due 10 mixed mode cracking.

Alter. ately stated, it a RPC ligament is found, the burst capability can be evaluated
separately for the axial or circumferential crack and no mixed mede burst assessment is
necess iry,

Even if intersecting mixed mode cracking should occur, the burst capabllity is not

affected uniess the ‘hroughwall axial crack length « ceeds 0.24 inch. Test results have
shown that the average burs! pressure of 270° throughwall circumterential cracks with
intersecting 0.24 inch long axial cracks falls on the burst curve for gingle

circumferential cracks. Since the circurnterential cracks of interest nonur near the

surtace o' support plates, the axial crack length in the supnort plate crevice need not be
considered due 10 den...Q within the TSPs. Only the axial crack length ot 'side of the tube
support plate will atfect the burs! pressure and this crack length must be greater than

0.24 ii.ch before any significan: degradation in burst prassure is ohserved.

With respect 1o fatigue crack growth under turbulence and fluidelastic vibration
loadings, the liriting small ligament case is useful As a circunferential crack
approaches an axial crack, the stress intensity factor will increase. This effect can be
bounded by considering the axial crack as another circumferential crack. Hence, from
previous results, if the ligament batween a circumferential crack and an axial crack is
greater thar 5%, the cracks can be considered non-intaracting in terms of a fatigue
crack growth threshold.

Based on the above, the presence of an RPC measured ligament implies a >30° ligament
which permits the axial and circumferential cracks 10 be evaluated separately as
non-intaracting cracks for either tube burst or tatigue considerations. Thus, the RPC
ligament precludes the need for more detailed mixed mode cracking evaluations.
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5€ Acceptable Single Crack Sices for Tube Vibration

The analysis methods and models used for the tube vibration assessments for No.th Anna
Unit 1 have been presented in Section 7 of WCAP-13034. This section presents the
limiting cirournferential crack sizes for the WEXTEX expansion transitions and the TSPs
with respact 10 vibration induced crack propagation

The tube vibration assessment given in WCAP-13034 was perforined for each tube
location in the SG. The analysus determir.od the uniformly throughwall crack angle at
which a circumferential corrosion crack >ould potentially propagate by tube vibration.
Minimum crack angles for propagation were developed for both turbulent and
fluidelusic induced tube vibration. For TSP intersections, crack angles for propagation
weié obtained for a throughwail crack only (TW-oniv) and for a throughwall crack with

@ 50% deep crack in the remaining ligament (TW+50%). Tabie 5-2 summarizes the
minimum crack angles for initiating propagaticn for conservative uniformly

throughwall cracks and for the expected crack morphology. The expected crack
morphology for WEXTEX PWSCC cracks is segmented cracks (shon, deep cracks
separated by uncorroded ligaments!. For ODSCC at TSPs, it is expected that less than
60% of an RPC-measured crack angle would be throughwall. It can be seen from Table
5-2 that the potential for crack propagation is minimal for the expected crack
morphologv. WEXTEX segmented cracks at all tub. locations and TSP ODSCC indications
in central regions would not propagate even for 360° RPC crack angles. Only TSP
circumferential cracks at the bottum of the first TSP ai the periphery of the tube bundle
would propagate *ar the expected morphology at RPC angles of | 1P€. 1t should be
noted that the circumferential cracks at the upper edge of the top TSP were not
evaluated, as circumferentia! indications have not been iound above the fifth TSP,
although t.a TSFs were 100% inspectes.

The tube vibration assessment for tubes with circumferential cracks near the WEXTEX
transition region can be summarized for sensitivity assessments by dividing the
tubesheet region into zones with varying degrees of susceptibility to vibration-induced
crack propagation. Figure 5-5 shows a tubeshwel map with the various zones identified.
The zones are described as follows:
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Zong 1 - Tubes with potential for initiatior of vibration-induced crack propagation
for throughwall crack angles of | e

Zone 2 - Tubes with potential for initiation of vibration.induced crack propagation
for throughwall crack angles of | be,

Zone 3 - Tubes with potential for intiation of vibraiion-induced crack propagation
for throughwall crack angles of | e,

Zone 4 - Tubet for which initiation of vibi cton-indu ~ed crack propagation
requires throughwall crack angles of |P.€; Zone 4 corresponds 1o
the low flow, sludge deposition area.

Zone 1 contains 620 tubes, Zune 2 containg 344 tubes, Zone 3 contains 940 tubes, and
Zone 4 contains 1484 tubes. The minimum angles for crack propagation apply 10 only a
few limiting tubes in each zone.

For the most limiting peripheral tube locations in Zone 1, for a crack at the WEXTEX
transition, the initiatior, of turbulence driven propagation occurs for a throughwall
crack angleof [ JP:C; in thie condition, the tube ' .mains stable and turbulence
driven propagation occurs until the crack angle reaches |  P:C, which is the crack

ngle associated with fiuidelastic instability. The limiting total growth time auring the
wrtulence propagation phase is | |P.€. Once the crack has reached [  |P.C,
the tube vibrates in a fluidelastic manner and fluidelastic crack propagation is initiated.
The additional fluidelastic driven growth time 1o tube rupture is caiculated to be |

)b.c. The crack angle vs. time piot showing the turbulence and fluidelastic driven

growth times is provided in Figure 5-6. For Zone 1 with crack angles <169°, all crack
propag.tion would be initiated by turbulence induced vibration. Thus, Zone 1 defines all
tubes which would initiate vibration below the crack angle for fluidelastic crack
propagation.

For the limiting tube in Zone 2 with a crack at the WFXTEX transition, the initiation of
turbulence driv- . oropagation occurs for a throughwall crack angie of €, in
this condition, the tube re™mains stable and turbulence driven propagation occurs until
the crack angle reaches the critical angle for fluidelastic vibration, atter which crack
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propagation is driven by fluidelastic instability. For the limiting tube in Zone 3 with a
crack at the WEXTEX transition, the initiation of turbulence driven propagation ocours
for a throughwall crack angle of [ |P/€; in this condition, the tube remains stable
and turbulence driven propagation ocours until the crack angie reaches the crack angle
required for fluidelastic instability. For the limiting tube In the central sludge

deposition area (Zone 4) with a crack at the WEXTEX ¥ aisiuwi, @ initiation of

turbulence driven propagation will not occur uniess the throughwall crack angle exceeds
[ 1P€; however, a tube in Zone 4 vibrating in a fluidelastic manner would

experience vibraiion induced crack propagation if the throughwall crack angle exceeds

[ DL, Zone 4 was found 1o include >80% of the WEXTEX indications observed
during the 1992 mid-cycle inspections.

For circumfer.ntial cracks at the TSPs, only cracks at the botiom edge of the first TSP
have significant potential for vibration induced propagation up 1o the largest angle of

244° throughwall that was evaluated. Above the firsi TSP, cross flow velocities and tube
vibration amplitudh  are sufficiently low as 1o be insutficient to cause ube vibr—*ion
induced crack prop. . wtion. The TSP circumterential oracks have an ODSCC crack
morphology. The RPC threshold for detecting ODSCC circumterentia!l cracks Is abou!
50% depth. For the tube vibration assessment of ODSCC cracks at the TSPs. the portion
of the ube apparently free from degradation is conservatively assumed 10 have 50%
throughwall degradation.

The tube vibration assessment for tubes with circumferential cracks at the TSPs utilizes
the same zones with varying degrees of suscep' bility 1o crack propagation as described
for the WEXTEX region. Figure 5-5 shows the various zones used. Although the tubes
within each zone are unchanged from the WEXTEX tube vibraticn assessment, the

limiting crack angles for the onset ¢! vibration induced propagation are different than in
the WEXTEX tube vibration assessment. The zones for the TSPs are defined as foL.ows:

Zone 1 - Tubes with potential for initiation of vibration-induced crack
propagation for throughwall cra k angles 2122¢

Zone 2 - Tubes with potential for initiation of vibraticn-induced crack
propagation for throughwall crack angles 2170°
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Zonay 3 - Tubes with potential for initiation of vibration-induced crack
propagation for throughwall crack angles 2230¢

Zone 4 - Tubes for which initiation of vibration-induced crack propagation
requires throughwali crack angles of greater than the 244° minimum
throuphwall crack analyzed for crack propagation.

For the most limiting peripheral tube locations in Zone 1, for 4 circumferential crack at
the bottom o the first TSP with 50% throughwall degradatiun assuimed in the region
apparently free from degradation (TW+50%), turbulence driven propagation initigtes

at a throughwall crack angle of | 1P:€; in this condition, ihe tube remains stable and
turbulence driven propagation occurs until the throughwall crack ang'e reaches the
244° crack angle ( sociated with fluidelastic instability. Figure 5-7 shows the time
history of crack propayation for the limiting peripheral tube. If the most limiting Zone

1 tube location is assumed 1o have a throughwall crack with no degradation in the
remaining ligament, the limiting crack angle for the onse! of vibration-ingduced crack
propagation increases 1o | jbe.

For the limiting tube in Zone 2 with a circumfe. eiial crack at the TSPs, the initiation of

turbulence driven propagation occurs at | Vi€ (TW+50%); in this condition, the
lube remains stable and turbulence driven propagation occurs until the crack angle
reaches the point of fluidelastic instabiity | IP€. For the limiting tube in Zone

3 with a crack at the TSPs, the initiation of turbulence driven propagation occurs for a
throughwall crack angle of | JPC (TW+50%). For the limiting tube in the central
sludge deposition area (Zone 4) with a circumferential crack at the TSPs, the initiation
of vibration-induced crack propagation will not occur unless the throughwall crack
anglv exceeds the [ ]2 maximum crack angle analyzed; this is true for both the
TW-only and TW+50% conditions.
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Tabie 5-1
Sin e Circumferential and Axial Crack Tube Burst Capability Summary
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Table §-2

AcceprTaBLE RPC Crack ANGLES FOR Tuee VIBRATION

WEXTEX PWSCC TSP ooscc(l’

TN ONLY Tw+ 50%‘2)

ConservaTIVE TW Cracks
0 PeERIPHERAL REGION N b.e
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o 0DSCC MooeL
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TURBULENCE |
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TURBULENCE
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NOTES:
1. LIMITING CRACK ANGLES AT TSPS APPLICABLE 0
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BOTTOM OF TOP TSP ReEQUIRE TW CRACK ANGLES
L ]EVALUATzo FOR CRACK PROUPAGATION DUE Tu
VIBRATION.
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Figure §-2
Burs! Pressure vs. Total Circumferential Crack Angle
Multiple Cracks Compared with Single Crack Case
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Figure 5-3
Fatigue Test EDM Siit Geometries
(Cross-sectional views, shaded areas are remaining ligaments)
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Figure 5-4
Measured Fatigue Crack Growth Rate Vs. Stress Intensity Range
Conventional and Ligament Geometries
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6.0  TUBE INTEGRITY ASSESSMENT

6.1 Crack Distributions for Second Malf of Curient Fuel Cyc'e

The second half of the current luel cycle is planned for 262 EFPD compared 1o 254 EFPD
for the first half of the cycle. Thus, if inspection methods and operating conditions

(Thot) weie the same for both halves of the cycle, the last (mid-cycle, 2/92)

inspection results on number and size of indications would be typical of that expectud at
the end of the currant cycle. Howaver, the operating interval fo: the second half of the
fuel cycle (henceforth, current operating cycly) is expected 10 result in both fewer and
smalier indications than found at the last inspection (Section 3.0). The following two

oo’ rations lead 10 the reduced crack severity anticipated for the current operating
Cycle:

0 As described in £ection 4.0, the reduced power and end of cycle coastdown
planned for the current operating interval lead 10 an approximately 7%
reduction in the number of newly initiated cracks and in the growth rates of
existing cracks undetected at the last inspection,

© As described in Section 3.11, the *ingpection transient” introduced by the first
100% RPC inspection at the TEP intersections would lead 1o a reduction in the
number and size of indications at the end of the nex! operating interva',

Due 10 the relativelv low growth rates fuund for circumferential cracks at beth the TEFs
and WEXTEX transitions, newly initiated indications are not a significant concern for
tub~ integrity in the current operating cycle. More important are the indications

already present, but undetected, and thelr growth over the operating cycle. Thus the
influence of the reduced power conditions on crack growth is more important 10 the tube
integrity assessment than their influence on crack initiation.

The 7% reduction in crack growth from the reduced power conditions would apply to
both growth in depth and in crack angle. However, only crack angle is measured with
confidence by the RPC inspection. Thus the growth redution is applied only 1o the crack
angle. The larges! crack angle growth rates can be expected to result in the limiting
crack angles. This is particularly relevant following an inspection transient, such as
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Based on the above discussion, ine expected EOC crack angles at TSP intersections are

assumed 10 be reduced by 8% due 1o the RPC inspection transient and by about 3° due 10

the reduced power conditions. For example, the largest TSP crack angle of 240° at the
las\ inspestion would be expected 10 be (240° x 0.92) - 3° = 218° at the next ENC.

Table 8-1 summarizes the above influence of reduced temperaturas and the TSP
inspaction transient on the expected number of indications and crack angles for the
current North Anna-1 opr :ating cycle. The expected maximum crack angles are used for
the tube Integrity assessment given in the following sections.

Prior to the last outage, axial indications outside the TSP were detected by bobbin coll
inspection and confirmed by RPC. The 100% RPC inspection increased the number of
detected axial indications from 126 1o 286 or close 1o a factor of 2.2 increase. Thus it is
reasonabie 10 apply the factor of 1.5 reduction i number of indications for the TSF
circurnferential indications 1o the axial indications. The maximum crack length found in
the 1992 inspection was shorter than found in ine 1991 inspection, which was likely
due 1o the shorter opera*- ~ eycle. For conservatism in the tube integrity and SLB leak
rate analysis, the effect o1 reduced temperatures and the RPC inspection transient ar-
ignored for axial crack lengths. The axial iengths found in the 1992 inspection are
apphed for the end of the current cycle.

6.2 WEXTEX Tube Burst Assessment

The largest RPC circumferential, single crack angle found in the las! outage was 199°
(Sec Figure 6-1). From Table 6-1, the inwer temperature conditions for the current

cycle would be expecied to reduce crack grosath and result in a crack angle of abuut 196°.
In either case, the laigest RPC crack angle found in the last cycie or cxpected for the
current cycle is less than the acceptabie 226° through wall crack ang! - *hat meets 3AP
tube burst capability.

The MCI burst test resuits given in Section $.1 and evaluated in Section 5.5 show that
MCls separated by ligaments of 30-35° or more result in burst pressures exceeding
that for an SCI having the same total ~rach .ngle. As noted in Section 3.6.1, the most
limiting MCI found i the last inspection was tube R24C33 in S/G A (See Figure 6-2.)
This indication had RPC crack angles of 149° and B5° separated by a measured 12°
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ligament, After adjusting for RPC resolution (See Section 3.8), the minimum ligame-"
would be 42°, Thus the smallest ligament exceeds the 35° minimum ligament tv support
acceptable MCI burst capabi'ty. The total REC crack angle uf 234° (174° adjusted for
RPC rasolution) is less than the za36° developed in Section 5.5 for 3AP burst capability.
Thus the WEXTEX MCls faund in the last infpection exceed 3AP burst capability and
‘epresent an upper bound on indications expected in the current cycle.

6.3 TSP Circumterential Indication Tube Burs' Assessment

Two TSP circumferential indications were identified in the last outage with RPC angies
exceeding the 3AP burst capability of 226°. The associated RPC angles were 240° and
239° as shown in Figures 6-3 and 6-4. As discussed in Section 6-1, indications at tho
end of the current cycle wouid he iess than the last cycle as a consequence of the 100%
RPC inspection transient and the reduced temperature conditions of the current
operating cycle. As developed in Table 6-1, the expected maximum TSP crack argle at
the EOC would be 218° corresponding 1o a 240° crack in the prior cycle. Thus the
limiting crack angle at the currai - OC would be less than 226° and satisty 3AP burst
capability.

It can be noted that even the 240° indications found at the last outage would meet 3AP
burst capability. The 226° angle for 3AP capability is based on a uniformiy through
wall crack. From Figures #-3 and 6-4. it is seen that the high amplitude responses for
the indications correspond to angles of about 134° and 96° for the two indications. The
deepest part of the cracks correspond 1o the largest amplitudi's. Thus, even if the
indications i.ad through wall penetration, the through wall angle would be <60% of the
RPC crack angle. Thus these indications wou'ld meet 3AP tube burst capability.

The MCI burst test results (Sections 5.1 and 5.5) for through wall cracks pius a 50%

deep crack in the remaining ligaments show that MCls separated by ligaments of 70°
meet 3AP tube burst capability. The maximum sum of crack angles in this case would be
220°, or less than the 226° for 3AP burst capability. From Table 3-8, the limiting

TSP MCi was at TSP 3H in Tube R2C41 (See Figure 6-5). The RPC measured ligaments
for this indication were 66° and 41° which, after the adjustment for RPC resolution
deveioped in Sections 3.8 and 5.5, would exceed the 70° ligaments required for 3AP tube
burst capability. In addition, the MCI crack engles would b “educed by about 30° for
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regions for all steam generators during the February 1992 inspections. Zone 4 contains
90% of the WEXTEX circumferential indications.

The throughwall crack angles required for the initiation of turbulence and fluidelastic
Jriven crack propagation are given in Section §.6. The WEXTEX region circumfereritial
cracks at North Anna Unit 1 are comprised of PWSCC segmented cracks. Crack
propagation due 1o turbulent or fluidelastic vibration does not occur for the expected
segmented PWSCC crack morphology, even for crack network angles of 360°.
~evertheless, the crack angles observed during the 1992 mid-cycle inspection are
compared 1o the acceptabie crack angies from Section 5.6 below.

Only one WEXTEX circumferential indication was observed in Zone 1, in R25C8 of SG B,
with an arc length of 142° measured in the field; 'aboratory reanalysis of the field data
produced a measured arc length of 157°. The throughwall extent of this crack was less
tan the minimum | JP:€ necessary for turbulence driven crack prcpagation in

Zone 1; furthermore, the calculated throughwall angle necessary for turbulent crack
propagation at the location of R25C8 is | |P:€. No circumferential indications were
observed in Zone 2. Two WEXTEX circumferential indications were observed in Zone 3
both had RPC angles less than the | J2.€ ar.gle necessary for initiation of turbulence
driven propagation (the maximum crack angle was 118° in R21C23 of SG A). The
fnaximum crack angle in Zone 4 was 189°, in R25C35 of SG B. All WEXTEX region
circumferential indications in Zone 4 had RPC crack angles less than the | ec
minimum throi:gh wall angle required for crack propagation. Therefore, it is concluded
that no WEXTEX indications are subject o crack propagation due 1o tube vibration.

6.7 TSP Tube Vibration Assessment

The tube vibration assessment for tubes with circumferential cracks at the TSPs is
performed by dividing the tubesheet region into zones with varying degrees of
susceplibility to crack propagation caused by tube vibration, as described in Section 5.6.
Figure >-5 shows a tubesheet map with various zones identified. The zones for the TSP
tube vibration assessment are the same as the zones used for the WEXTEX assessment:
however, the acceptable crack angles for T™© circumferemial cracks are somewhat
different, as summarized in Section 5.6. fescribed in Section 5.6, only the
circumferential cracks at the bottom edge of the first TSP have significant potential for
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vibration-induced fatigue. Therefore, the following discussion addresses only the
indications in the first TSP region.

Figure 6-7 shows the distribution of circumferential indications at the bottom edge of
the first TSP in all SGs. Of the 31 circumferantial indications observed at the bottom
edge of the first TSP, 7 indications were within Zone 1. The longest, 167° in R45C50 of
SG A, had weli defined, deep crack argles of ~93°; this is less than the |  |P.€
through wail angle required for vibration induced crack propagation inr the most

limiting Zone 1 tube location and the | 1P¢ required angle for the R45C50 tube
ocation. The remaining six circumferential indications, all had crack angles of 104° or
less. All three of the circumferential indic.  *ns in Zone 2 were less than the [ jo.c
minimum throughwall crack angle necessan for vibration induced propagation. Ali six
of the circumferential indications in Zone 3 were less than the | 1B-€ minimum
wroghwall crack angle necessary for vibration induced propagation. Al fitteen of the
circumterential indications in Zone 4 were less than the 244° maximum throughwall
Crack angle analyzed ror vibration induced propagation. Only the 31 indications at the
bottom edge of the first TSP were potentially sisceptible (o vibration induced
propagation. Therefore, nona of the circumferential indications at the TSPs are expacied
l0 experience *ube vibration +0 crack propagation.

6.8 MCI and Mixed Mode Tube Vibration Assessment

All of the MCls in the WEXTEX region wer observed in Zone 4, where the minimum
throughwall crack angle necessary for vibration induced crack propaga’ ~n was 275°.
Accuunting for the segmented crack morphology in this reg'on, the circumferential
cracks would be required to reach 380° for crack propagation. None of the MCls
observed in the February 1892 inspections were su'ficiently long 1o reach these
limiting crack angles. In addition, there were no occurrences of mixed mode wracking
observed in the WEXTEX region.

As describea previously, only cirumferential cracks at the botiom edge of the first TSP
were found to have the potent al for vibration induced propagation during the 1 SP tube
vibratior: assessment. There were no occurrences of MCis or mixed mode cracking at the
bottom edge of the . st TSP,



thz current cycle due 1o the RPC inspection transient and reduced temperature
conditions.

In summary, the current EOC indications can be expected 1o meet 3AP tube burst
capability. Indications found in the last inspection meet 3AP capability and the Hects of
the RPC inspection transient and reduced temperatures wou'd further increase the tube
burst margins.

6.4 TSP Axial Indication Tube Burst Assessmen!

Only the axial crack lengths above and below the edges of the TSPs are considerad ior the
tube burst and leakage evaluations; the extensive denting at the TSPs is considered 1o
prevent axial cracks within the confines of the TSPs from opening. The axial crack
lengths were measured by RPC, rather than by bobbin as in previous outages; EPRI
racument NP-6368-L demonstrates that thers ic good agreement ¢! RPC-measured
crack lengths v.ith pulled tuhe data. The axial crack lengths measured by RPC during the
1992 inspections were shorte: than crack lenoths measured in previous bobbin
inspections, likely due 10 the reduced operating cycle time and 1o reduced lead-in and
lead-out effects for RPC compared tc the bobbin coil. During the 19982 mid-cycle
inspection program:, the longest axial crack length o' “side the TSPs was 0.49 inch; this
was less than the axial crack lengths of up 10 ~0.9" observe ! in prior outages.

As described in Section 5.3, the expnsed axial crack length resulting in burst at 3aP is

[ 1P:€ and the length for burst at APg g is | 12" based on the
Eslgian burst equation. However, examination 2f pulled tubes at North Anna Unit 1 has
shown ° 2 presence of small ligaments in the axial crack networks (WCAP-12349).
Accounting for the segmented crack burst capability as described in Section 5 3, the
longest macrocrack with elastic ligaments to meet 3aP is | |P.€ and
macrocracks up 10 | 1P:€ in lengih moet APg g

As described in Section 6.1, the effect of reduced temperatures and the RPC inspection
transient are grored for axial crack lengths, and the axial lengths found in the 1982
inspaction are appiied for the end of the current cycle for conservatism. For exposed
lengths of axial cracks above or below the TSP edges, the mavimum expected length is

J.49 inch. On a segmented crack basis, this is well below both the | 12:€ length
6-5



for 3AP burst capability and the | € length required for aAPg| g burst
capabilily. Yherefore, the current EQC axial indications can be expected 1o meet both - ‘e
3AP and APg) g burst requirements.

65 Potential TSP Mixed Mode Assessment

Of the 469 tubes plugged for axial and circumferential indications at TSPs, there were
14 occurrences of circumfeiential and axial indications at the same TSP. Table 3-8
summarizes the locations, circumferential crack angles a9 ligament angles of all
potential mixed mode indications. Seven of these occurrences involved axia! cracks
either inside the TSP or on the opposite edge from the circumferential cracks; these
occurrences are not a concern for mixed mode considerations. The other seven
occurrences involved axial indications at the same edge of the TSPs as the

circumfer. * - | indications.

From Table 3-8. all TSP indications with axial and circumferential incic ations at the
same edge of the TSF /... 2 measured RPC ligaments. Tube R30C67 has the smalles:
RPC-measured ligameni of 5°, which implies (Sections 2.8 and 5.5) a minimum
ligament of >35° when adjusted for RPC resolution of deep crack indisations. This
ligament size is also obtained using the derived ligament angle of Table 3-8.

As developed in Section 5.5, the uresence of an RPC ligament permits both tube burst and
fatigue evaluations to be performed based on separate, non-interacting cracks, Thus,
none of the TSP indications of Table 3-b - Juire a inore detailed mixed mode evaluation.
The axial and circumferential indications given in Teble 3-8 meet 3AP burst capability
when evaluated as non-interacting indications.

6.6 WEXTEX Tube Vibration Assessment

The tube vibration assessment for tubes with circumferential cracks near the WEXTEX
transition region is performed by dividing the tubesheet region into zones with varying
dearees of susceptibility to crack propagation caused by tube vibration, as described in
Section 5.6. Figure 5-5 shows a fubesheet map with various zones identified. Figure
6-6 shows the locations of all 31 circumferential indications found in the WEXTEX



Table 6-1
Expected Reductions in Circumferantial Crack Angles for Current Cycle

A st B 1SP Circindicat WEXTEX Circ. Indicatl
bolnd, Crack Anglos ho.nd, Sragk Angles

Reduced Temp. & Ignored -3° Ignored 2
Power Conditions

RPC Inspection 56%"° 8% Not Applicat ‘e
Transient

Influenceon C rent Vperating Cycle

Mar Crack Angie 240° 19%°
Last Cycie
Resulting Expected 218° 196°

Maximum Crack
Angle in Current

Cycle

No. Indications 212 31
Last Cycle

Expected No. Ind. 140 e 31
in Current Cycle

" Also applied for TSP axial indications.



Figure €-1

Largest WEXTEX Circumterential Indication: R25C36, SG B
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Figu-e 6-5
Lir ting TSP MCI: R2C41,SG B
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Figure 6-2
Limiting WEXTEX MCI: R24C33, SG A
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Figure 6-3

Largest TSP Circumferential Indication: R34C42, SG A
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distributions for the hot leg WEXTEX and TSP regions are conservatively projected 1o be
the same as those found during the 100% RPC inspections of those ragions performed in
January - February 1982. This assumplicn is based on similar lengths of operation

(254 EFPD for the first half of the current cycle vs. 252 EFPD for the second half of the
cycle). Changes in operating ccditioris (Section 4.0) and inspection transient
considerations (Section 3.11) dictate - ‘at the number and size of indications at the end

of the current fuel cycle are expected » be less than ™ose found at the end of the first
half of the fuel cycle. Therefore, use of the crack distributions shown in Tables 7-4 and
7-5 for the limiting SG is judger! to pravide a wonservative. bounding leal rate.

7.2 Leak Rate /nalysis Methods

721  Leakage Modul for Axiul Cracks

An analytical model ha~ been developed for predicting primary-io-secondary leak rates
through cracked steam generator tubes. Tho model is based on |

J3.€. The model predictions are shown to exhibit acceptable
agreament with laboratory and pulled tube test data. The leakage mode!' for axial cracks
has been described in detail in Section 6.3 of WCAP-13034. A comparison of the crack
mode! res':!ts with experimental results is provided below.

The crack data bas. consists of field (pulled tubes) and Westinghouse laboratory formed
stress corrosion cracks, Crack model! results are compared with the test data in Figure s
7-1 and 7-2 for normal plant operation and steam-line break conditions, respectively.

The crack model results are also compared to other experimental data (labeled crack data
base in the figures). As indicated in the figures, good agreement between prediction and
measurement is shown. Data scatter is attributed to crack geometry parameters which
are difficu't 10 define with any degree of precision. Crack geometry parameters which
affect flow are | ]3¢,

An error analysis of the measuremeriis versus predictions was performed tc obtain the
standaiv dev.ation for uncertainty analysis. The standard deviation of the prediction is

7-3



| 1P€ for normal operation and | 1P for steam lina break for the log-log
comparisons of Figures 7-1 and 7-2. For an uncertainty factor, t, the predicted leak
rate would be factored by | |P€ for normal operation and by

[ 12.€ for steam line break.

722 Leakage Relationship for Circumterential Cracks

The semi-empirical relationship for leakage through circumforential cracks is given by

[ P

where Q is the leak rate in gallons per day (gpd), AP is the ditferential pressure in psi
and the crack length is the totai crack length in inches. This relationship is
benchmarked by selected data points on measured leak rates and the fact that for small
cracks, [

o€,

7.3 Leak Before Break (LBB) Capability

The leak-before-brezk rationale is to limit the maximum aliowable primary to

secondary leak rate during normal operation such that the associated crack length is less

*han the Critical crack length corresponding to tube burs( during a postulated steam ling

break event. Thus, cn the basis of leakage monitoring during normal operation, it is

assumec that unstable crack growh leading to tube burst would not occur in the unlikely
7-4



7.0 SLBLEAK RATE ANALYSES

The SLB leak rate analyses are performed for two sets of crack distributions. Expecied
leak rates are calculated based on expected reductions in the number and size ot
indications at the end of the current iuel cycle as compared 1o those found at ine end of
the first half of the current cycle in February 1992, Bounding leak ratus are calculated
based on the actual number and size of indicaticns from the Febrary 1992 inspection
proyram; since both halves of the current fuel cycle are expecied 1o have approximately
the same duration in effective ful' power days, the 1992 crack distributions are judged
1o produce conservative leak rates based on inspection transient considerations.

7.1 Crack Distributions for SLB Leak Rates

For the SLB leak rate analyses, the number and size of indications are re-uired for the
WEXTEX and TSP circumnferential indicaticns as well as the TSP axial cracks. Tables
7-1 through 7-3 summarize the crack distributions found in February 1982 at the end
of the first ha'! of the current fuel cycie. Table 7-1 presents the 18992 WEXTEX cre 3k
distributions for all three Ss. (Although shown in Table 7-1, axial cracks in or above
the WEXTEX region are not considered in the SLB leak rale analyses, since all axial
Jracks exeeding 40% through wall de . e plugged before returning to power and
throughwall cracks are not expected in one cycle of operation). The TSP
circumferential and axial crack distributions for all three SGs are summarized In Tables
7-2 and 7-3, respectively.

The SLB leak rates are calculated basea on the crack distributions for the most limiting
steam generator. Although SG C has the fewest number of tubes with WEXTEX
circumferential cracks (8 in SG C vs. 12 in SG A and 10 in SG B), SG C has the most
tubes with circumferential and axial cracks at the TSP elevations. The calculated leak
rates for the TSP circumferential cracks are substantially larger than for the same
crack sizes in the WEXTEX ragion due to the occurrence of segmented PWSCC cracks in
the WEXTEX region. Based on the number of tubes with TSP circumferential and axial
cracks in each SG, SG C is therefore selected as the most limiting SG for the SLB leak
rate analyses. The numbers and sizes of WEXTEX and TSP circumferential cracks for
SG C are shown in Table7-4. The number and sizes of TSP axial cracks for SG C are
shown in Table 7-5. The values shown in Table 7-5 are for crack lengths outside of the

7-1



TSPs; since the North Anna 1 TSP intersections are dented, only the cracks extending
outside of the TEPs are considered 1o leak curing SLB.

7.1.1  Crack Distributions for Expected SLB Leak Rates

The expected reductions in the number and size of indications at the end of the current
fuel cycle, compared to those found i.i February 1992 after the first half of the current
cycle, were developed in Section 6.1. For the SLB leak rate analyses, the number and
size of indications are required for the WEXTEX ard TSP circumferential indications as
well as the TSP axial cracks.

From the evaluations given in Section 6.1, the current EOC indications can be obtained
by the following adjustments 1o the inspection results of Feh: uary 1982:

WEXTEX Circumferential Indications
- reduction in crack angles by 3°
- no change in the number of indications

TSP Circumferential Indications
- redustion in crack angles by both 3° and 8% of the last inspaction results
« freduction in the number of indications by a factor of 0.67

TSP Axial Indications
- no change in crack length
- reduction in the .umber of indications by a factor of 0.67.

The above adjustments are applied to the crack distributions from the February 1992
ingpection program to obtain the expected EOC SLB leak rate for the second half of the
current fuel cvcle. Tables 7-6 and 7-7 show the crack distributions usec o obtain the
expected SLB leak rate for the most limiting SG.

7.12  Crack Distributions for Bounding SLB Leak Rates

A bounding SLB leak rate is also calculated based on tho actual crack distributions found
at the end of the first half of the ~ - ant fuel cycle. The enveloping SOC crack



event of a limiting accident. Leak before break provides protection against # ** Jpind
steam line break and tube rupture event which is outside of t.e Goi3ign basis i he nlant,
The administrative leak rate limit for normal operation s 50 gpd f-2 steam g »  ator.

The leak-before-breal. rationale for a single through wall crack, growing in an - derly
fashion is straightforward. Howaever, typical cracking patterns are more comphax.
Crack networks rather than single isolated cracks appear most oftan. Pulled hiba
examination results and laboralory crackec samples provide examplas of crack
networks. As discussed above, ligaments of materia' between through wall viacss n a
crack network increase tube sirength relstive to that of a single through wall crack of
‘the same total length. While ligaments increase strength, they also decrease the: lsak
rate reiative 10 the same length for a single through wall crack,

7.3.1  Tubes with Axial Cracks
The leakage model for tubes with axial cracks, described in Section 7.2.1, was apprad

using North Ar.na 1 SG conditions to obtain the following predicted leak raies for ncsmial
operavion and SLB as a function of crg % length:

Cra.x Leak Rates
Leogth NO, NO. SLB
(inch) (gpm) (gpd) {(gpm!
- b.c

- -

Conside-ation has been given to the error of the predictions of leak rate compared to

measured leak rates. In Section 7.2.1.3, the error is given as |
jac
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During normal operation, the '~ a¥ rale limit is 50 gpd for North Anna Unit 1. Referring
to the tabulations abcve and the mean curve of Figure 7- of leak rate versus axial crack
length, the allowable ieak rate of 50 gpd will limit the through wall axial crack length to
[ [P, Since the through wall 3aP crack length (Section 5.3) is |

|P€, LBB is assured on a mean leak rate basis. Cons dering the prediction error for
=95% certainty, the axial crack length will be no longer than | o€, At this

length, APg, g Is satisfied with margin since | 12.€ is acceptadle.

For segmented cracks, the conservetive assumption is that the ligaments are elastic a*
nermal operation AP and the leak is therefore a minimum equal to the sum of the leakage
of the individual cracks. The macrocrack length is therefore maximized and strength
minimized or *his basis. The leak rates for segmented cracks are piotted in Figure 7-4
with the points for the typical 5'1 aspect ratio crack shown as *he 0.25" segments line.
For this typical aspect ratic, on a mean predicted leak rate bas: the 50 gpd limit

corresponds to @ macrocrack containing | e
“rom Section 5.3, the macrocrack length needed for 3aP burst capab’lity is less than or
equal to [ JP:C, which is less than the leak limit permitted, | e,
However, LBB is assured for segmented cracks for “Pg g since a | o€

macrocrack would have APg| g burst capability.

7.3.2 Tubes with Circumferentiai Cracks

The leak rate model of Saction 7.2.2 for tubes with circumferential cracking results in
the following predictions of leak rate for North Anna 1 SG normal operating and SLB
conditions as a function of arc length:



Arc Leak Rates
Length NQ. SLB SLB
(degrees) (opd) (gpd) (gpm)

b e

With the 50 gpd leak rate limit, the corresponding arc length of a s.ngle circumferential
crack is slightly less than [ |D.€. Considerable margin is available versus the single

crack that lowers tube burst capability to 3AP, | IPL, and to APg g, | e
(Section 5.3).

For WEXTEX ciicuniferential indications, the expected crack marphology is segmented
cracks. Segmented cracks are also present for ODSCC in the initial stages of crack
formation, although the limitec pulied tube data indicates that the ONSCC ligaments may
be lost by corrosion for throughwall cracks, Figure 7-5 shows the leak rates for
segmented circ.mferential cracks. For aspect ratios of §/1 and 4/1, the 50 gpd leak

limit corresponds to 110° and 180°, respectively. Since these angles are less than the
297° segmented angle for 3AP burst, LBB capability is obtained for segmented,
circumferential cracks.

Establishing the operating leak limit of 50 gpd based on segmented crack morphologies,
for which axiai PWSCC cracks are most limiting for LBB considerations, recognizes the
expected crack morphology and provides substantially greator LBB margin than obtained
assuming uniformly throughwall cracks. North Anna Unit 1 has had small operating leak
rates although measured RPC crack angles are significant. This reflects the presence of
ligaments (segmented and remaining wall thickness) that reduce leakage ana increase
tube burst capability.



74 Limiting Crack SLB Leak Rate

This section develops estimated leak rates under SLB conditions based on maximum
leakage from the limiting crack leaking at 50 gpd under normal operation. Leak rates
for the EOC crack distributions are developed in Section 7.5. Use of the EOC crack
distributions is highly conservative in that the EOC distribution would be expected 10
leak at well in excess of 50 gpd under normal operation based on application of the leak
rate and crack models used in this report.

The potential for leakage from a single crack during SLB is limited by the 50 gpd normal
operation leak rate limil. Assuming operation at the 50 gpd limit, it is 95% certain that
a single through wall axial crack (a conservative assumption) is shorter than |

10 (Figure 7-3). It is also a 95% certainty that a | 19 axial crack
would leak less than | 1€ based on nominal $.B leakage of |

o€ for 95% centainty (Section 7.3.1). The assumption of -95% uncertainty

or normal operating leakage rasulting in +95% uncertainty at SLB leakage is extremely
conservative. This process leads to an SLB 1o normal operating leak rate ratio of 275
compared to the nominal ratio of about 10. Extensive testing of leak rates on corrosion
cracks in WCAP-13187 has resulted in SLB/N.O. leak rate ratios of 1 1o about 80 with
95% of the 33 specimens tested having a ratio of <20. F-- a ratio of 20, the 50 opd
normal operating leak rate would correspond to a SLB leak rate of about | je.c.

Applying the same rationale 1o the limiting circumferantial crack of a l |P.C (see
Table 6.1), assumed to be uniformly through wall, leads to an expected leux rate of about
[ 1B:C. if it is more realistically assumed that 60% of the 218° crack angle is
through wall, the SLB leak rate reduces to about | e,

Overall, the ratio of 20 for SLB to N.O. leak rate rates is more representative of
measured leak rates and the limiting crack causing plant shutdown at 50 gpd would
result in an SLB lgak rate of about | ..



75 SLB Leak Rates for Crack Distributions
751 Expecied SLB Leak Rates

In the very unlikely event that all indications have through wall or near through wall
cracks that do not leak during normal operating conditions but open up 1o leak during a
posiulated SLB, the expected SLB leakage under this assumption can be obtained based on
calculated leakage for the EOC crack distributions described in Section 7.1.1. This
calculation utilizes norainal leak rates for the entire distribution on the basis that an
average leak rate would result for the large number of indications in service. The EOC
distributions utilized are the EOC axial crack disitibution of Table 7-7 and the

circ  derential crack distributions of Table ™ 8. The segmenes crack model is applied
forth. ojected TSP PWSCC axial cracks and WEXTEX PWSCC circumferential crack
distributions. For ODSCC circumferential cracks at the TSPs, it is assumed that the
through wall crack length is | ]P€ of the RPC crack angles of Table 7-6 based on the
pulled tube examination results for North Anna Unit 1, R11C14 (see WCAP-13034).

The resulting total SLB leak rate is estimated at about | 10.€ including
contributions of about | JB.€ from WEXTEX cracks, | |2:C from
circumferential cracks at TSPs and about [ |P€ trom axial cracks at the TSPs.

7.5.2 Bounding SLB Leak Rates

in crder to bound potential leakage in the unlikely event that through wall or near

through wall cracks that do not leak during normal operating conditions but may leak

during a posiulatea SLB exist, a SLB leak rate can be oblained based cn calculated leakage
for the February 1992 crack distributior.s, as discussed i~ Section 7.1.2. This

caiculation utilizes nominal leak rates for the entire disiribution. The EOC distributions
utilized are the 1982 axiai crack distribution of Table 7-5 and the 1992

circumterential crack distributions of Table 7-4. The segmented crack model is applied

for the projected TSP PWSCC axial cracks and WEXTEX circumfarential crack

distributions. For ODSCC circumferential cracks at the TSPs, it is assumed that the

through wall crack length is | 1P of the RPC crack anglés of Table 7-4. The

resulting total SLB leak rate is ~stimated a! about | 1B:€ including contributions
of about | 10:€ trom WEXTEX cracks, [ 1P:€ from circumferential
cracks at TSPs and about | |B.C from axial cracks at the TSPs.
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7.6 Concilusions

The test and analysis basis for burst capability and leakage of tubes with axial or
circumferential cracking provides a justification of structural integrity and LBB per
Reg. Guide 1.121. Margin is demonstrated for burst capability during accident pressure

loadings (APg| g) as single and segmented cracks are limited by the normal operation

leax rate limit of 50 gpd. The 50 gpd leak limit provides confidence that a 3AP burst
capability is obtained in ai cases for tubes with circumferential cracking and for single
axial cracks. Segmented cracks up 10 | ]P€ in length provide 3AP burst
capability but segmented cracks limited only by the 50 gpd normal operation leak rate
limit may be longer. The strength of segmented cracks has conservatively been
minimized consistent with a minimum leakage model! (elastic ligaments).

The potent.al SLB leak rate is expected 1o be limited by the 50 gpd operating leak limit to
about 0.7 gpm based on SLB leak rates of about a factor of 20 (at ~95% cumulative
probability) higher than normal operating leak rates. Very conseivatively, the

potential SLB leak rate wou!d be bounded by appreximately | ]9:€ for a single
through wall axial crack. In the vary unlikely eent that ai' indications have through

wall or near through wall non-leaking cracks during normai dperating conditions and
that these cracks all open up ‘ur SLB leakage, the 5LB leak rate can be conservatively
estimated for the distribution of RPC crack angles and lengths at EOC conditions. For the
February 1992 mid-cycle inspection crack distributions, the bounding leak rate would

be approximateiy ' JB.C The expected SLB leak rate calculated from the
projected EOC crack distributions which account for expected reductions in the number
and size of indications at the end of the current fuel cycle as compare to those from the
mid-cycle inspection would be approximatiey | e,



Table 7-1

North Anna Unit 1 February 1982 WEXTEX Inspection Res lts

Number of Tubes
Ixpe of Indicatior: GA SGB 00
Single Axial (SAl) 3 0 2
Multiple Avial (MAI) 0 0 0
Single Circumterential (SC!) 10 B 7
Muttiple Circumf¢rential (MC!) 2 1 2

There were no tubes with mixed mode degradation identfied in the WEXTEX
transitions.



Table 7-2

North Anna Unit 1 Tubes With TSP Circumferential Nracks - February 1992

SGA SGB SGC
1H 25/3 22/0 270
2H 150 3373 4273
34 2/0 772 1972
4H 30 0.0 170
5H 170 00 10
6H 00 0/0 c0
7H 0/0 00 00
Total 4673 62/5 92/8

SC! = Single Circumierential indications

MC! = Multipie Circumfarential Indications
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Table 7-3

North Anna Unit 1 Tubes With TSP Axial Cracks - February 1982

SGA SG8 SGOC
Elevation SAUMAI SAUMA| SAUMAI

1H 38/0 53/4 378
2H 2412 14/3 41
aH 710 6/0 5/1
4H 50 50 8/0
e 21/0 310 110
6H 30 10 20
TH 0/0 00 0/0
Total 9872 807 9477
GA! = Single Axial Indications
MAI = Muhtiple Axial Indications
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Table 7-4
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Steam Generator C WEXTEX and TSP Circumferer tial Cracks - February 1992

Crack

(deg.)
45

65
75

95
108
115
125
135
145
188
165
178
185
185

215
225

245

Total

Number of Observations
WEXTEX ISPs
0 0
1 4
1 12
“ 28
2 27
1 32
0 23
0 6
0 10
0 2
0 4
1 2
1 3
0 1
0 1
0 0
0 1
0 0
0 0
0 1
0 0
1 157

* Mid-point of crack angle range; for example, 55° is mid-point of 51°-60° range.
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Table 7.8

| Steam Generator C TSP Axial Cracks - February 1992

Crack”

(inch)
0.05
0.15
0.25
0.35
0.45
0.55
0.65
0.75
0.85
[ R=13

Tota! 8s

* Mid-point of crack length range; for exampie, 0.15 is mid-point of 9.11-0,20 range.
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Table 7-6

T —

Steam Generator C WEXTEX and TSP Circumterential Cracks -

Expected Distribution at EOC

|

Crack” Number of Observations
3 (m')
| 45 1 6
| 55 1 14
65 4 26
| 75 2 22

85 1 17

95 0 £
| 108 0 4
115 0 3
| 125 0 3
| 135 0 2
| 145 1 1
| 155 1 1
| 165 0 0
| 175 0 1
| 185 0 0
| 185 0 n
t, 208 0 1
| 215 0 0
| 225 0 0
| 235 0 0
ﬁ, 245 0 0
|
.I Total 11 107
!.
i
| * Mid-point of crack angle range; for example, 55° is mid-point of 51°-60° range.
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Steam Generator C TSP Axial Cracks - Expected Distribution at EOC

Crark

(inch)
0.08
0.15
0.25
035
045
0.55
0.85
0.78
0.85
0.85

Total

* Mid-point of crack length range; for example, 0.15 is mid-point of 0.11-0.20 range.

R R

Table 7-7

17
17
14
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Figure 7-2
Measured vs. Predicted Leak Rate (Steam Line Break Conditions)
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Figure 7-4

Leak Rate Versus Axial Crack Length
(Leak Rate With Elastic Ligaments)
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