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EXECUTIVE SUMMARY

Indications have been observed in the Peach Bottom Unit 3 core shroud. Indications were
seen during in-vessel visual inspection (IVVI) of the various shroud welds as
recommended by GE SIL 572, Rev 1. Results showed that both circumferential and axial
indications were present at the H3 and H4 welds. H3 corresponds to the weid between
the top guide support ring and core shroud cylinder, and the H4 weld is located at
approximately the mid-height of the fuel In addition, circumferential indications were
observed in the shroud plate associated with a vertical weld. The lengths of the
indications associated with the vertical welds were short (=2.5" max.) compared to those
associated with the horizontal welds

This evaluation was performed to disposition the indications by demonstrating that the
structural integrity of the shroud is maintained for the next fuel cycle (two year cycle with
power rerate conditions) In addition, the report documents material, water chemistry and
fluence information which are additional variables which may have contributed to the

shroud condition.

The primary focus of this report is to demonstrate that even with several conservatisms in
the evaluation, the structural integrity of the shroud is maintzined during a limiting event.
This was performed by developing conservative screening criteria, assuming throughwall
indications, which can determine the acceptability of the flaws based solely on the IVVI]
results The assumption of through-wall indications remcves any uncertainty regarding
sizing and the need to further characterize the indications. By meeting the screening
criteria, the ASME Code Section X1 safety margins are satisfied.

The screening criteria use both linear elastic fracture mechanics (LEFM) and limit load
concepts to determine acceptable through-wall indication lengths. The limiting flaw length
based on either LEFM or limit load was used for the screening criteria.

The screening criteria also use the ASME Code Scction X1 criteria for combining flaws
based on the proximity of indications. In addition, a second method for including the
interaction between neighboring indication tips was considered for the LEFM allowable
flaw size calculation The resulting effective flaw lengths were compared against the
screening criteria to determine if the structural integrity of the shroud was maintained

v
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Based on the results of the application of the screening criteria to the observed indications,
it is concluded that the structural integrity of the shroud is maintained for the next fuel
cycle All effective indication lengths were shown to be less than the allowable flaw size.
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1.0 INTRODUCTION

The objective of this report is to document the conditions found on the Peach Bottom
Unit-3 shroud, and evaluate these conditions based on GE SIL 572, Rev. 1 (Reference 1-
1) recommendations, in order to validate the structural margins of the shroud.

Recently, in-vessel visual inspection (IVVI) of the Peach Bottom Unit-3 shroud revealed
indications in the inside surface heat affected zones (HAZ) at weld locations H3 and H4.
Figure 1-1 is a schematic illustrating the general locations of the shroud welds in Unit-3.
Figures 1-2 and 1-3 are the shroud maps which show the locations where indications were
found Figure 1-4 is a plan view which indicates the locations referred to in Figures 1-2
and 1-3 Figure 1-2 shows the inside surface shroud map and Figure 1-3 shows the
outside surface shroud map Horizontal and vertical indications were seen associated with
the H2 and H4 welds Circumferential indications were also observed associated with cne
of the vertical welds (V3). However, these indications were relatively short compared to
those associated with the horizontal welds.

In addition to the H3 and H4 welds, IVVI of the H1, H2, HS, H6, H7 and H8 welds was
performed on the outside surface. Only a few short indications were ¢ sserved on the
outside surface of H1 and H4 It should aiso be noted that the area adjacent to the H9
weld was visually inspected as part of the access hole cover inspection (AHC) at this
outage. The inspection did not reveal any indications. Additional detail of the IVVI

results is presented in Section 4.0

GE SIL 572, Rev 1, provides the following recommendations based on the observed

indications and evaluations performed 1o date

Plant Fabrication and Operational History

Review plants fabrication and operational histories for the core shroud, including the

materials of construction

Non-Destructive Examination Actions
Visual examinations of accessible areas should be performed on the shroud ID and OD

surface at the next scheduled refueling outage for all plants with Type 304 stainless steel
shrouds with six or more vears of power operation, and for all plants with L-grade
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eight or more years of power operation. These examinations should be performed with an
enhanced VT-1 system or a qualified UT examination from the outer surface.

If indications are not observed, examination should be performed at every second refueling
outage If indications are observed, the shroud should be examined and lengths measured
during each refueling outage. The SIL also provides a recommended examination

process

structive n
A boat or core sample may be necessary depending on the results of the examination.
t Margi i
Perform a structural margin analysis using the results from the NDE, and, if performed,

the destructive analysis If numerous indications are observed, the need for corrective
action can be assessed using cumulative flaw length structural margin critenia.

Corrective Action
Based on the results of the structural margin evaluation, determine if continued operation

is justified for another cycle without repair. If cracking is found and sufficient structural
margin remains, examine the shroud during each subsequent refueling outage

This report provides the pertinent information required to demonstrate that continued
operation of Peach Bottom Unit-3 is justified based on the SIL recommendations noted
above Specifically, the report presents the following information:

» Fabrication history of the shroud

« Water Chemistry and Fluence Considerations
o In-Vessel Visual Inspection

o Structural Margin Analysis

« Screening Criteria for Application to IVVI results.

It is noted that the loads used in this evaluation correspond to those for power rerate. A
two-year operating cycle was used in the determination of crack growth
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1.4 Background

Indications have been observed in the shrouds of three plants to date (including Peach
Bottom Unit-3). Cracking was observed in 2 BWR/4 located outside the United States in
1990, The cracking was confined to the heat affected zone (HAZ) of a circumferential

weld.

In 1993, the second occurrence of cracking in a shroud was reporied. Cracking was

observed on the inside surface (ID) of the top guide support ring near the H3 weld. The
cracking was epproximately 360° around the circumference, in the weld heat affected zone
(HAZ), in a material with carbon content of 0.06%. The fluence was estimated as

1.8x1020 nvt (E>1Mev).

In addition to the H3 weld HAZ cracking, indications were visually observed at the Hl,
H2, H4, H5 (shroud cylinder) and, H6a weld HAZ (at core plate support ring).
Indications were seen mostly on the inner surface at H3, H4 and H3. Indications were
seen on the outer surface at the H1, H2 and H6 welds.

1.2 Screening Criteria

IVVI provides the length characterization of any present indications. Given that non-
destructive examination (NDE) of every visually detected indication could be difficult and
time consuming, a method of screening indications for subsequent evaluation is required.

This report presents such a screening criterion.

The guiding parameter used for the selection of the indications for further evaluation is the
allowable through-wall flaw size, which already includes the safety factors. If all of the
visually detected indications are assumed to be through-wall, then the longest flaws, or
combination of flaws, would have the limiting margin ageinst the allowable through-wall
flaw size. In reality, the indications are likely not through-wall, and therefore, the criteria
and methods presented in this report are conservative.

The result of this procedure will be the determination of the effective flaw lengths which
will be used to compare against the allowsble flaw size and selection of indications for
more detailed evaluation. The determination of effective flaw length is based on ASME
Code, Section XI, Subarticle IWA-3300 (1986 Edition) proximity criteria. These criteria
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provide the basis for the combination of neighboring indications depending on various
geometric dimensions Crack growth over a subsequent two year operating and power
rerate cycle is factored into the criteria. This is conservative since power rerate will not be
in effect during the next fuel cycle.

The proximity rules described here also conservatively assume that there is interaction
between two perpendicular flaws. It is assumed that circumferential and axial indications
could increase the effective flaw iength depending on the unflavved distance between them.
This effective circumferential flaw length must be compared against the allowable
circumferential flaw length. The axial flaw would be compared against the cllowable axial
flaw length

Flaws are considered in the same plane if the perpendicular distance between the planes is
4" or less. Any flaws which lie at an angle to the horizontal plane should be separated into
a circumferential and axial component. These components can then be used separately in
the determination of effective flaw lengths

The selection of indications for further investigation can be performed by evaluating the
resulting effective flaw lengths  Indications with effective flaw lengths greater than
the allowable flaw sizes would require further characterization by NDE or more
detailed analysis. The procedure described here is conservative since all of the
indications are assumed through-wall and are being compared against the allowable
through-wall flaw size

The report covers the limiting stresses for all the shroud welds (H1 through H8 welds)
Therefore, the screening criteria developed here cover all shroud weld indications. A st
of conservatisms used in this evaluation is summarized in Table 1-1.
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Table 1-1 Conservatisms Included In Screening Evaluation

All surface indications were assumed to be through-wall for analysis.
The highest stress computed for any single location was used for all locations.

The highest seismic moment computed for any single location, as applicable, was
used for corresponding locations.

The bourding crack growth estimated for the next fuel cycle was included in flaw
Jengths used for evaluation.

ASME Code primary pressure boundary safety margins were applied even though
the shroud is not a primary pressure bouncary.

ASME Code, Section XI proximity rules were applied.

A proximity rule to account for perpendicular flaws was applied, aithough not
required by Section XI.

An additional proximity rule which accounts for fracture mechanics interaction
between adjacent flaws was used.

Fracture toughness measured for similar materials having a higher fluence was
used.

10. Both LEFM and limit load analysis were applied, even though LEFM

underestimates allowable flaw size for austenitic materials and is not required per
ASME Code Section XI procedures.

11. The screening criteria limit one-fourth of allowable circumferential flaws to any

arbitrary 90° sector.

12. All indicasions are assumed to be grouped together for the limit load calculation

gnd no credit is taken for the spacing between indications.

13. Power rerate conditions were used although it will not be in effect during the next

fuel cycle.
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2.0 FABRICATION HISTORY

This section describes the fabrication history of the Peach Bottom Unit-3 shroud. Of key
interest is the material composition and any activities which could have possibly
contributed to the increase of intergranular stress corrosion cracking (IGSCC)
susceptibility. Quality assurance records received from the vessel vendor {Rotterdam)
were examined in detail to determine the eppropriate information.

Table 2-1 shows the material data for the Unit-3 shroud. The part numbers are identified
in the schematic shown 2s pert of Table 2-1. Also shown in the table is the number of
pieces for each part, material designation, heat numbers, and carben content.

Figure 2-1 shows the assembly of the shroud. All welds are identified including vertical
and horizontal welds Figure 2-2 through 2-9 show ti-¢ details of the shroud welds as

labeled in Figure 2-1.

The upper, central and lower rings (part numbers 1, 3 and 6) are austenitic stainless steel
seamless rolled forging The material is ASTM A182 - F304. The hest treatment of these
rings consisted of heating to 1100°C, holding for 6 hours, followed by water quenching to
below 100°C. The carbon content of the rings ranges from 0.03% to 0.035% max.
Hardness measurements upon completion of solution heat treatment and rough machining

of the rings ranged from Brinell Hardness of 137 t¢ 153.

Each cylinder is made of 2 plate segments formed and welded to drawing requirements.
Plate material is austenitic stainless steel made to ASTM A240, Type 304 specifications.
The carbon content of the plate material ranges from 0.057% 10 0.062% max. The
hardness of the plate material ranges from Brinell Hardness of 137 1o 155.

All welding was performed by submerged arc-welding except H7. The procedure and
welder qualification was performed to ASME Section IX requirements. The filler metal
met ASTM A-371 Type ER-308 requirements with required carbon content of 0.08%
max. The welded joints did not use backing strips but utilized 3 to 4 hand weld passes.
Weld prep surfaces of the base metal swere prepared by machining. The backside of the
groove welding was prepared by grinding or gouging followed by liquid penetrant
inspection. Final surfaces of the welds were inspected by liquid penetrant examination.

11
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The H7 weld was performad using meta! inert gas with Alloy 82 wire. In addition, 100%
ultrasonic examination of weld H7 was performed.

Based on GE Quality Assurance records received from Rotterdam, no abnormal
fabrication history was found. General practice during assembly and shipment of the of
the shroud, bracing, temporary welds, and supports are used to help in meeting the joining
of the various components and to meet geometric tolerances. Although there is no record
documentation of these practices, it is likely that they were present during fabrication.
These actions result in a local effect on material behavior and stress. For example, the
welding of temporary pads would result in a local area of weld residusl stress and perhaps
some grinding (cold work). 1f these local effects contribute to SCC, it is likely that the
cracking would be of lesser concern than cracks near the horizontal welds.

12
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3.0 CHEMISTRY AND FLUENCE CONSIDERATIONS
3.1 Water Chemistry History

For the first decade of hot operation, Peach Bottom Unit-3 operated with relatively high
primary water conductivity. As can be seen in Figure 3-1, Unit-3's arithmetic mean
conductivity actually exceeded 1.0 uS/cm in 1976 and 1977. The arithmetic mean
conductivity was very high and exceeded 0.4 uS/cm through 1986. Subsequently,
conductivity values steadily decreased, and was <0.1 uS/cm (0.089 uS/cm) during 1992
and 1993 These last two year's conductivity values are considered world class

performance

The high conductivity during the first half of life was partly due to leaking condensers and
resin change out problems. However, besides the high early life steady state conductivity,
there was also one relatively severe transient experienced at Unit-3 as presented in Table
3-1, a summary of BWR fleet severe transients through about 1983 As can be seen in
Table 3-1, Unit-3 suffered at least one power resin intrusion (Incident Rank 13) during
which the conductivity reached 23 6 uS/cm due to possible condensate demineralizer resin
intrusion. This intrusion type of incident results in the injection of sulfate into the RPV.
Since IGSCC initiation and propagation in sensitized austenitic stainless steel and nickel
base alloys are controlled by the rate of cathodic reduction of species such as dissolved
oxygen, hydrogen peroxide and/or various oxyanions, then the additional presence of a
detrimental oxyanion, such as sulfate, would increase the cathodic current and thus
accelerate anodic dissolution at the crack tip, i e, IGSCC (Reference 3-1).

311 Effects of Impurities on IGSCC

An example of the effects of sulfate/conductivity on crack initiation in uncreviced material
is presented in Figure 3-2. It is clear that an increase in sulfate/conductivity results in an
acceleration in crack initiation as measured by the constant extension rate test (CERT)
(References 3-1 through 3-4). A specific Peach Bottom example of acceleration in crack
propagation rate (creviced) with sulfate is shown in Figure 3-3. Figure 3-3 displays June
1986 (not included in Table 3-1) Unit-3 on-line crack monitoring data for sensitized Type
304 stainless steel. The results clearly illustrate the change in crack growth observed after
two closely linked water chemistry transients of 4-5 uS/cm, ie, increases in water

23
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conductivity due to intrusions of demineralizer resin material (Reference 3-5). This figure
demonstrates the dramatic increase in crack growth rate (2X) with conductivity. Similar
on-line crack monitoring results with sulfate have also been documented in the laboratory,
Figure 3-4 (Reference 3-6) Other anions such as chloride, carbonate, etc. have similar
kinetic effects on IGSCC initiation and propagation (References 3-7 and 3-8).

This high conductivity crack initiation and propagation acceleration factor is consistent
with ihe relatively high incidence of IGSCC observed at Unit-3 in creviced Alloy 600
shroud head bolts (15 of 25 bolts examined cracked) and access hole covers. No cracking
of these two components has been identified in Unit-2. Both units have suffered IGSCC
of creviced safe ends. Additional documentation on the strong correlation of IGSCC
susceptibility with actual BWR plant water chemistry history for creviced BWR
components has been published (Reference 3-9).

312 IGSCC Modeling

Finally, the effect of conductivity on crack propagation has also been quantified at the GE
Research and Development Center based on a "first principles” model of crack advance
known as the film rupture/slip dissolution model (Reference 3-10). Predictions from the
film rupture/slip dissolution model, PLEDGE (Plant Life Extension Diagnosis by GE),
have been extensively compared with laboratory and field data and has provided validation
of the technique For example, PLEDGE predicts the crack growth rate in stainless steel
and low alloy steel within a factor of approximately two for a 70% statistical confidence
over a range in observed crack growth rate of more than six orders of magnitude.
Likewise, it provides a very reasonable mean value and can accurately bound the observed
crack growth rate in stainless steel piping and other components. Aside from piping
predictions, PLEDGE has been successfully used for on-line crack growth monitoring
data. safe ends (avoiding mid-cycle plaat shutdowns), non-sensitized (stabilized) stainless
steels and reactor internals such as the core shroud, top guide, access hole cover and in-
core monitor housing. The PLEDGE model of IGSCC and more recently IASCC
(Reference 3-11) indicates the strong effect of conductivity on crack growth rate and by
infer znce crack initiation.

Figure 3-5 presents a schematic estimation of Unit-3 crack growth rates as a function of
conductivity using PLEDGE. Crack growth rates based on actual conductivity averages
for the first ten years (0 752 uS/cm) were compared to those averages for the last two

24
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years. The electrochemical potentials (ECPs) were graphically estimated between 0 and
100 mV[SHE]. As noted in Figure 3-5, a factor of approximately twenty decrease in
crack growth rate is obtained with the unit's decrease in conductivity. Thus, crack growth
over the past few years has been significantly reduced by proper control of water

chemistry.

3.2 Fluence Considerations

An important parameter which helps in the evaluation of the cracking mechanism is
fluence. The fluence is the time integrated flux at a particular location. Shroud peak
fluence was calculated by multiplying peak flux at the shroud location by the effective full
power seconds of operation. The peak fluence in the Unit-3 shroud at the end of the next
fuel cycle will be approximately 7.9x1020 n/em? (E>1Mev). Typically, the fluence varies
with shroud azimutha! location and elevation.

Although peak shroud flux may vary significantly from cycle to cycle, available flux results
are generally Jimited to one operating cycle per plant due to substantial resource
requirements for vessel flux analysis. Shroud fluence estimates were therefore calculated
based on the assumpticon that flux remains constant throughout the life of the plant.
Further evaluation would be needed to quantify the uncertainty associated with this
assumption However, the method of determining fluence is considered to be sufficient to
obtain an estimate of the overall condition of the materia! with respect to irradiation
effects. The impact of irradiation on core materials including crack growth rates has been
studied and is discussed in References 3-11 and 3-12.
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Arithmetic Mean Conductivity
Peach Bottom 3
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Peach Bottom 3 Response to June 1986
Water Chemistry Transient
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GENE PLEDGE Model Prediction for
Peach Bottom 3 Type 304 Crack Growth
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4.0 IN-VESSEL VISUAL INSPECTION

This section summarizes the IVV] results of the Peach Bottom Unit-3 core shroud. TVV]
of welds H1 through H8 were performed during this outage. The IVVI included both
inside surface and outside surface examination. Figures 1-2 shows the indications
associated with the H3 and H4 welds. Only a few short indications were observed on the
outside surface of H1 and H4. Circumferential indications were observed on the inside
surface associated with vertical weld V3 (See Figure 1-2). It should also be noted that the
area adjacent to the H9 weld was visually inspected as part of access hole v.ver (AHC)
inspection at this outage. The inspection did not reveal any indications. The H9 weld in
the vicinity of the access hole cover is considered a higher stressed location and therefore
these IVVI results are considered to provide a reasonable assessment of the overall
condition of the entire H9 weld.

All indications associated with the H3 weld inside surface were in the HAZ of the shroud
cylinder. No indications were found in the ing. The indications near H3 were all
circurnferentially oriented. As can be seen in Figure 1-2, most of the indication length 1s
located between the azimuth of 146° and 360°.

The indications observed at the H4 inside surface HAZ were a mixture of circumferential
and axial indications as shown in Figure 1-2.

Circumferential indications were observed emanating from the V3 weld on the inside
surface. Eight indications were observed grouped together with a spacing of
approximately 2" between indications. All other IVV] vertical scans found no indications.

On the outside surface a limited number of short indications were observed associated
with H1 and H4

Table 4-1 is the TVVI plan which indicates the original planned inspections. Due 1o the
observation of indications at H3 and H4, the inspection scope was expanded and is also
described in Table 4-1. A summary of the IVV] results is shown in Table 4-2. See Figure
1-2, 1-3 and 1-4 for further details
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Table 4-1

Peach Bottom Unit 3 Core Shroud Exam Plan (3R09)

ORIGINAL PLAN (Prior to issuance of SIL 572)

1. Perform sample examination "ID" at (8) cell Jocations of the "H3" and
"H4" welds.

2. Perform sample examination "OD" at (8) locations in the high flux areas
at welds "H1, "H2", and "H5"

EXPANDED PLAN (Following identification of indications on the "H3" and

"H4™)

1. Perform 100% examination of the "H3" and "H4" welds from the ID.

2. Perform 100% examination of accessible areas of the "H4" weld from the
OD.

3 Perform examinations of the "H3" weld, "OD", where cracks were not
identified from the "ID"

4. Perform an examination of the "H3" weld "OD", including significant
corresponding areas of cracking identified on "ID".

5. Perform & sample examination on the "CD", at (8) locetions of the "H6"
weld.

6. Perform & sample examination of the "OD" at (2) locations of the "H7"
and “HS" welds

{7 Perform an examination of (1) vertical weld between the "H3" and "H4"

weld

8. Perform a sample examination of the plate t0 include:
(1) 8" area at the vertical weld
(1) 8" area between "H3" and "H4" welds.
{1) 2" area between “H3" and "H4" welds.

NOTE: Consideration was given to high neutron flux, stress, and repair

areas for selection of the sample locations

37




GE Nuclear Energy GENE-523-141-1093

Table 4-2
Summary of IVVI Indications

Weld Inside Surface Indications Qutside Surface Indications
H1 N/A 1 short vertical B
2 N/A None
H3 Circumferential in Shroud None
Cylinder HAZ
H4 Circumferential and Axial 2 short vertical
HS N/A None
H6 N/A None
H7 N/A None
HR N/A None
V3 B ot e N/A
PLATE None N/A
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5.0 FLAW EVALUATION

This section provides the flaw evaluation and epplication of the screening criteria to the
Peach Bottom Unit-3 indications Included in this section is the structural analysis,
allowable flaw size determination, and screening criteria.

5.1  Structural Analysis

This section describes the details and the results of the structural analysis performed to
determine the allowable flaw lengths. The structural analysis consists of two steps. the
determination of axial and circumferential stress magnitudes in the shroud, and the
calculation of the allowable flaw lengths. Both the fracture mechanics (LEFM) and limit
load methods are used in the calculation of allowzble flaw lengths.

$ 1.1 Applied Loads and Caiculated Stresses

The applied loads on the shroud consist of internel differential pressure, weight and
seismic. The seisriic lods consist of a horizontal shear force at the top of the shroud and
an overturning bending moment. The shear force produces a shear stress of insignificant
magnitude, and is not considered. The bending moment stress et 2 shroud cross-section
varies as a function of its vertical distance from the top of the shroud. Because of the
inherent ductility of the material, residual stresses and other secondary stresses do not
affect structurel margin.  Thus, they need not be considered in the analysis.

The magnitudes of the applied loads were cbtained from the seismic stress analysis and
system information reports. The nominal shroud radius and thickness (2.0 in.) were used
1o calculate the stresses from the applied loads. The stresses are essentially based on the
strength of mater als formulas. Since the bending stress due to seismic shear force varies
with the elevation of a location, two conservetive values of this stress were calculated: one
applicable to shroud sections ebove the core plate (H1, H2, H3, H4, and HS) and the
other for section; below the core plate (H6, H7 and H8). Figure 5-1 shows the weld
designation and relative locations in the shroud.
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Table 5-1 shows the calculated seismic stress magnitudes for both (ke upset (Design
Earthquake - DE) and faulted conditions (Maximum Credible Earihquake - MCE) The
appropriate pressure differences for the unset and faulted conditions are shown in

Table 5-2

Table 5-1 Seismic Axial Stresses at Shroud Welds

Weld MCE Stress (ksi)
Moment
Designation (ft-kips) MCE DE
H1 11047 0.18 008
H2 14386 0.23 011
H3 1479.1 027 013
H4 2905 8 0.54 024
HS 4583 8 083 037
H6 4679.7 090 040
H7 5697.6 1.10 049
H8 6749 7 130 0.58

Table 5-2 Pressure Differences

Pressure Differences (psi) .
Component Fauited Condition Upset Condition
Shroud Head and 329 412
Upper Shroud
Core Plate Support Ring 548 3568
and Lower Shroud

The structural analysis for the indications uses two methods; linear elastic fracture
mechanics (LEFM) and limit load analysis. Both the limit load and the LEFM methods
were used in determining the allowable flaw sizes in the shroud. Since the limit load is
concerned with the gross failure of the section, the allowable flaw length based on this
approach may be used for comparison with the sum of the lengths of all the flaws at a
cross-section. On the other hand, the LEFM approach considers the flaw tip fracture
toughness and thus, the allowable flaw length based on this approach may be used for
comparison with the largest effective flaw length at a cross-section. The technical
approach for the two methods is described below.

40






GE Nuclear Energy __ GENE-523-141-1093

For a finite plate, the K value is higher as determined by the finite width correction factor,
F_ In this screening cvaluation it is assumed that the plate is "infinite" if the correction
factor F is less than 1 1. As seen in Figure 5-3, if the width of the plate exceeds 2.5L1 (or
a/b less than 0 4), then there would be no interaction due to plate end edge effects 1f this
same condition is applied to two neighboring flaws, then there will be no interaction
between the two indications if the tips are at least 0.75(L1+L.2) apart. If the distance
between indications is greater than 0.75(L1+12), then they are considered as two separate
flaws. However, if they are closer, for the purpose of fracture analysis, the equivalent flaw
length is the sum of the two individual flaws.

5§13 Limit Load Analysis

A through-wall circumferential flaw was assumed in this calculation. Limit load
calculations were conducted using the approach outlined in Subsubarticie IWB-3640 and
Appendix C of Section XI of the ASME Code. The flow stress was taken as 38, The
Sy, value for the shroud material (Type 304 stainless steel) is 16.9 ksi at the nonmal

operating temperature of 550°F

Safety factors similar to that used in the ASME Code (2.8 for normal and upset and 1 4
for emergency and faulted) were used in the analysis. The highest seismic stress was used
for the limit load calculations and is shown in Table 5-1. Similarly, the highest axial
pressure stress corresponding to the lower shroud was used. Thus, the analytical results
are applicable for all welds since limiting values are used.
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5.2 Allowable Through-Wall Flaws

Allowzble through-wall flaw sizes were determined using both fracture mechanics and
limit load techniques for both circumferential and axial flaws. It should be emphasized
that the allowable through-wall flaws are based on many conservative assumptions and are
intended for use only in the screening criteria. More detailed analysis can be performed to
justify larger flaws (both through-wall or pant through when measured flaw depths are
availabie) However, since the intent of the screening criteria is to determine when
additional evaluation or NDE characterization is needed, a conservative bounding
approach is utilized

521 Allowable Through-Wall Circumferential Flaw Size

Both the LEFM and limit load methods were used to evaluste the allowable through-wall
flaws. Above the core plate, LEFM and limit load analysis methods were used. Since this
is a screening criteria, single allowable flaw size criteria (limiting location) was used for all
weld locations. It should be noted that the H7 and HE welds involve Alloy 600 which has
higher Sy, values and therefore has higher limit load capability.

Fracture Mechanics Analysis

The total axial pressure and seismic stress corresponding to the upset condition is 0.6: ksi,

and 1 39 ksi for the faulted condition. Using the ASME Code safety factors for fracture
analysis, the faulted condition is limiting.

To determine the allowable flaw size based on LEFM methods, the conservatively
estimated irradiated material fracture toughness Ky, value of 150 ksiVin was used.
Applying a safety factor of 1.4 for the faulted condition, the allowable Kj of 107 ksivin
was obtained. The allowable flaw size was calculated using the following equation.

K = Gy, *0*V(ra)
where Gy, is a curvature correction factor as defined in Figure 5-4 (Reference 5-1), o is

the axial stress, and ‘a’ is the half flaw length The allowable through-wall circumferential
flaw length (2a) was determined as = 344 inches
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Limit Load Analysis

A, through-wall circumferential flaw was assumed in this calculation. The limit load
calculations were conducted using the approach outlined in Subsubarticle TWB-3640 and
Appendix C of Section X1 of the ASME Code. The flow stress was taken as 35, The
Sy, value for the shroud material is 16 9 ksi at the normal operating temperature of
5S0°F

The stresses for the linsit load analysis for the upset condition consisted of an axial force
stress of 0.71 ksi, and a bending moment stress of 0.49 ksi.

Similarly for the faulted condition, the axial force stress was 1.21 ksi, and the bending
moment stress was 1 1 ksi. The allowable flaw length was approximately 430 in. including
the ASME Code, Section X1 safety factors.

5§22 Allowable Axisl Flaw Size
Fracture Mechanics Aunalysis

The allowable axial flaw size is governed entirely by the pressure hoop stress. Similar to
the circumferential flaw case, the allowable axial flaw size was determined assuming a
through-wall flaw. For a through-wall flaw of length 2a in the shroud, the applied stress

intensity factor is giver by
K=M?*op* V(na)
where M is the curvature correction factor. M 1s given by:
M =Gy + Gy (Figure 5-5, from Reference 5-1)

In the above expression, the allowable flaw length 2a can be determined by equating the
calculated K to the fracture toughness divided by the safety factor of 3. The hoop stress
is 185 ksi and .ae allowable K = 150/3 (where 150 ksivin represents a conservative
estimate of the material toughness and 3 is the safety factor).

The allowable flaw length was conservatively determined to be 2a = 59 in.
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Limit Load

An alternate approach to determining the allowable flaw size is to use limit load
techniques The allowable flaw length is given by the equation: |

o = of(M * SF) |

where M is a curvature correction factor (which is a function of the flaw length i
(Reference 5-2)), of = 38y, is the flow stress, SF is the safety factor of 2.8 for upset |
conditions, and o}, = the hoop stress corresponding to the upset AP of 35.68 psi. The
allowable flaw length based on the limit analysis is 200 in. which exceeds that determined
by LEFM. Thus, the allowable axial through-wall flaw length is 59 in
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5.3 Screening Criteria

The determination of the allowable through-wall flaws has been described in Section 5.2.
The objective was to use the allowable flaw size as the basis for the screening criteria
Since the screening rules represent the first step in the evaluation, they are by definition
conservative. If the criteria are exceeded, the option of doing further detailed evaluation
or performing additional NDE remains. The effective flaw lengths (L1of, L2y, €tc)
determined by combining indications using the proximity and interaction rules, are used in
the comparison with the allowable flaw sizes The determination of effective flaw sizes
are discussed in detail in Appendix A The allowable through-wall flaws were:

e Circumferential Flaws
- 344 in using LEFM
- 430 in_ using limit load

o Axial Flaws
- 59in using LEFM
- 200 in. using limit load

A conservative approach in developing the screening rule is to include both the LEFM and
limit load analysis. For axial flaws, the allowable flaw length based on the LEFM controls,

and the screening limit is 59 in

For circumferential flaws the fracture mechanics based limit for a single flaw is 344 in.
This in itself is not sufficient since there could be several flaws (each less than 344 in)mna
circumferential plane that cumulatively add up to greater than 430 in. (tne allowable
circumferential flaw size based on limit load analysis). Thus, the cumulative flaw length
should be less than 430 inches. While this fully assures the ASME Code margins, an
additional conservatism is included in the screening. This states that the cumulative
flaw length cannot be more than 430/4 = 107.5 in. in any 90 degree sector of the
shroud. This is a conservative restriction that assures that long continuous flaws are not
admissible  With the provision that ‘he cumulative flaw length cannot exceed 107 5 in. in
any 90° sector of the shroud, this criterion becomes more limiting than the fracture
mechanics limit of 344 in. The approach used here for the 107.5 inch limit for
circumferential flaws is to assume a template with a moving window equal to the 90°
sector  The cumulative length of flaws that appear in the window should be less than
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1075 in A similar restriction based on limit loads is not needed for axial flaws since they
are associated only with circumferential welds and are unlikely to be aligned in the same

plane.

It should be noted that when considering LEFM based evaluations, the crack interaction
criteria described in Appendix A, must be applied in comparing against the allowable
lengths For example, the adjacent flaws where the spacing Sislessthan 075 (Lleg+
L2¢gp), 1he length LoLlgsr + L2y 1 used for comparison with the LEFM based

allowable law length.
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54 Summary of Screening Criteria

The screening criteria is schematically shown in Figure 5-6. The first step is to map the
flaw indications observed by IVVI. Next the proximity rules are applied to the flaw map
to develop effective flaw lengths (Appendix A provides the details for determining
effective lengths) The results of the effective flaw lengths are also mapped.

For axial flaws located in a vertical plane, two neighboring flaws must be summed if S <
0.75(L1efrtL2¢fp). If the longest resulting flaw is less than 59 inches, then the screening

limit is met for axial flaws.

For circumferential flaws, all flaws are summed in any 90° sector using a template. The
total flaw length in the 90° window must be less then 107.5 inches 1o meet the screening
criteria The next step is the LEFM based comparison using the interaction critena. If
§ <0 75 (L1 off +L2¢f), then the length L = Liggr + L2¢fy should be compared with the
LEFM limit of 344 in for circumferential flaws
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5.5 Application of Screening Criteria

The screening criteria was used 10 evaluate the indications found by IVV1. The structural
integrity of the core shroud is assured if the screening criteria is met for all of the
indications.

All axial effective indication lengths are significantly less than the allowable flaw size based
either on LEFM or limit load methods Thus the axial indications seen by IVV] are
acceptable per the screening criteria developed for Unit-3

The effective indication lengths were determined for all of the circumferential indications
as shown in Figure 1-2. The calculation took into consideration the detailed geometric
information such as each indications length, the azimuth of each crack tip and the spacing
between indication planes in order to properly determine the effective length.

The resulting effective indication lengths were then compared against the allowable
indication length. Since all effective indication lengths satisfy the screening criteria, the
structural integrity of the Unit-3 shroud is assured for the next two year cycle with power
rerate conditions
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6.0 SUMMARY AND CONCLUSIONS

An evaluation of the indications in the Peach Bottom Unit-3 core shroud has been
performed to demonstrate that the structural integrity of the shroud is assured for the next
two year cycle. In addition, the report documents material, water chemistry and fluence
information which provides additional insight to the shroud condition.

The primary focus of this report was to demonstrate that even with several conservatisms
in the evaluation, the structural integrity of the shroud is maintained during a limiting
event. This was performed by developing a screening criteria, assuming throughwall
indications, which can determine the acceptability of the flaws based solely on the IVVi
results The assumption of through-wall indications removes any uncertainty regarding
sizing and the need 1o further characterize the indications. By meeting the screening
criteria. the ASME Code Section X1 safety margins are satisfied.

The screening criteria uses both linear elastic fracture mechanics (LEFM) and limit load
concepts to determine acceptable through-wall indication lengths. The limiting flaw length
based on either LEFM or limit load was used for the screening criteria.

The screening criteria also uses the ASME Code Section XI criteria for combining flaws
based on the proximity of indications. In addition, a second method for including the
interaction between neighboring indication tips was considered for the LEFM allowable
flaw size calculation. The resulting effective flaw lengths were compared against the
screening criteria to determine if the structural integrity of the shroud was maintained.

Based on the results of the application of the screening criteria to the observed indications,

it is concluded that the structural integrity of the shroud is maintained for the next fuel
cycle Al effective indication lengths were shown to be less than the aliowable flaw size
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APPENDIX A
DETERMINATION OF THE EFFECTIVE FLAW LENGTH

The effective flaw lengths are based on ASME Code, Section XI proximity criteria as
presented in Subarticle IWA-3300. The procedure addresses both circumferential and
axial flaws Indications are considered to be in the same plane if the perpendicular
distance between the planes is less than 4" (2 times the shroud thickness). All flaws are
considered to be through-wall Therefore, indications on the inside and outside surface
should be treated as if they are on the same surface. When two indications are close 10
each other. rules are established to combine them based on proximity. These rules are
descnibed here.

A.1  Proximity Rules

The flaw combination methodology used here is similar to the ASME Code, Section X1
proximity rules concerning neighboring indications. Under the rules, if two surface
indications are in the same plane (perpendicular distance between flaw planes <4") and
are within two times the depth of the deepest indication, then the two indications must be
considered as one indication

In Figure A-1, two adjacent flaws L1 and L2 are separated by a ligament S. Crack growth
would cause the tips to be closer. Assuming a conservative crack growth rate of 5x10-5
inhr, crack extension at each tip is 0.8 in. for 16,000 hours or one fuel cycle. Therefore,
combining the crack growth and proximity criteria, the flaws are assumed to be close
enough to be considered as one continuous flaw if the ligament is less than (2x 08 + 2 x
shroud thickness) For a shroud thickness of 2.0 in., this bounding ligament is 5.6 in.
Thus, if the ligament is less than 5 6 inches, the effective length is (L1+L2+S+1.6"). Note
-t the addition of 1 6 in_ is to include crack growth at the other (non-adjacent) end of
each ti.w (See Figure A-2)

If the ligament is 5 -eater than 5 6 in , then the effective flaw length is determined by
sdding the projected tiy, srowth to each end of the flaw. For this exampie, Lleg=11+
16", and L2g=12+16"

A similar approach is used to combine 1.-ws when a circumferential flaw is close to an
axial flaw (See Figure A-3) If the ligament between the flaws is less than 4 8 inches, then

A-l
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the effective flaw length for the circumferential flaw is Legr= L1+5+0.8" (the bounding
ligament for these cases) If the ligament is greater than 4 8 in , then the flaws are treated
separately.

After the circumferential and axial flaws have been combined per the above criteria, a map
of the effective flaws in the shroud can be made, and the effective flaw length can be used
for subsequent fracture mechanics analysis

In order to demonstrate the proximity critena, three examples are shown in Table A-1 and
described below

Table A-1 Flaw Combinations Considered in Proximity Criteria

[Case ]| Gircumferential Flaw

- B ———

A q‘%es | No
;
B Yes | Yes |
E |
e No Yes

|

e e P ——— e em—— A o 8 it T bt

A.1.1 Case A: Circumferential Flaw - No Axial Crack

This case applies when two circumferential indications are considered. Figure A-2a shows
this condition. If the distance between the two surface flaw tips is less than S ¢" the
indications must be combined such that the effective length is (See Figure A-2b).

Leg=L1+8S+L2+16"
where L1 = length of first circumferential indication

L2 = length of second circumferential indication
S = distance between two indications
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If the distance between the two tips is greater than 5 6", the effective flaw lengths are (See
Figure A-2¢).

Lleg=L1+16"
L2ef=L2+ 16"

A.1.2 Case B: Circumferential Flaw - Axial Flaw

This case applies when both a circumferential and an axial flaw are being considered

Figure A-3a demonstrates this condition. For this case, only growth of the circumferential

flaw is considered If the distance between the circumferential indication tip and the axial
indication is less than 4 8", then the effective circumferential flaw length is (See Figure A-

3b)
Leg=L1+S+08"
where: L1 = length of circumferential indication
S = distance between the circumferential tip and
axial flaw.
and the effective axial length is (Figure A-3b):
Leg=L2+16"
where: L2 = length of axial indication

If the distance between the circumferential indication tip to the axial indication is greater
than 4 8" then the flaws are not combined (See Figure A-3c) and the effective lengths

are.

Llegr=L1+ 16" (for circumferential flaw)
L2o=12 + 16" (for axial flaw)

A.1.3 Case C: No Circumferential Flaw - Axial Flaw

This case applies to when only axial flaws are being considered. The effective length is
determined in a manner similar to that used for case A for circumferential flaws
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A.2  Application of Effective Flaw Length Criteria

The application of the effective length criteria is applied to two adjacent indications at a
time Figure A-4 is a schematic which illustrates *he process. For example, using the 0°
azimuth as the starting location for a circumferential weld or plane, the general procedure

would be as follows:

« Moving in the positive azimuthal direction, the first indication encountered is
indication 1.

« The next indication is indication 2

« Apply proximity rules to the pair of indications (indications 1 and 2). Combine the
flaws if necessary (L1+L2+S) Old indication 2 becomes new indication 1.

« Continue along positive azimuthal direction until the next indication is
encountered This becomes new indication 2

« Apply proximity rules to new indications 1 and 2.

« Continue proximity rule evaluation until all indications along the subject weld or
plane have been considered.

A-4
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