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IMPORTANT NOTICE REGARDING
CONTENTS OF THIS REPORT

Please Read Carefully

The only undertaking of the General Electric Company (GE) respecting information in this
document are contained in the Task Authorization (TA) between the participating utilities
of the BWR Owners' Group (BWROG) and GE, and nothing contained in this document
shall be construed as changing the TA. The use of this information by anyone other than
the participating utilities of the BWROG, or for any purpose other than that for which it is
intended under the TA is not authorized, and with respect to any unauthorized use, GE
makes no representation or warranty, and assumes no liability as to the completeness,
accuracy, or usefulness of the information contained in this document, or that its use may

not infringe privately owned rights
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EXECUTIVE SUMMARY

Cracking has been observed in the vicinity of core shroud welds at six boiling water
reactors (BWRs). Of the six BWRs where cracking was observed, three are domestic
plants. Visual (VT) and ultrasonic (UT) test examinations of the shroud weld areas have
shown both circumferential and axial indications, mostly associated with the heat affected
zone of the shroud welds. This report contains a discussion of various aspects of the
shroud cracking issue and provides the generic tool which utilities may use to address
shroud cracking concerns. These issues include screening criteria, mitigation actions,

operational symptoms, and inspection strategy

The screening criteria were developed to determine the acceptability of any indications
The criteria consist of a graded approach in screening indications There are three major

steps in the screening approach. These are

e Acceptance Standard
¢ Visual Screening Criteria
e UT Screening Critena

The acceptance standard is similar to the ASME Code Section XI TWB-3500 approach to
acceptance of indications. Indications which meet this criteria do not require further
evaluation. The visual screening criteria are used when an indication does not meet the
acceptance standard criterion. The visual screening criteria include several significant
conservatisms. These include using the maximum stress at any location in the shroud for
all shroud locations, and assuming that all indications are positioned to result in lower
allowable flaw sizes. In addition, the screening criteria include the consideration of
potential growth of two neighboring indications into one indication, and the interaction of
two neighboring indications with respect to linear elastic fracture mechanics (LEFM) If
the indications meet the screening criteria, then the indications are considered to be
acceptable for at least one additional fuel cycle without further evaluation. If the
indications do not meet the screening criteria, guidance is presented for the performance

of a more detailed evaluation assuming through-wall indications

The UT screening criteria can be used when part through-wall characterization of

indications has been obtained. With this criteria, the position of the indications in the




GE Nuclear Emergy } e __GENE-523-148-1193

shroud (azimuthal) and remaining through-wall ligament can be used to obtain added

structural margin

Information regarding mitigation of core shroud cracking is presented. This includes
discussion of hydrogen water chemistry, water conductivity control, and noble metal
plasma spray coating. The recent incidences of cracking have demonstrated the advantage
of taking early precautions to lessen the potential and extent of intergranular stress
corrosion cracking (IGSCC). Water chemistry history, fabrication technique, and material

have been identified as being significant contributors to the potential for cracking

Operational symptoms are discussed to address the potential situation if unexpected
significant crack growth occurs during plant operation. The potentially affected plant
operational parameters are identified, as well as the modes of reactor operation that are
most likely to show these symptoms if the shroud has degraded to the point that

significant, through-wall leakage can olcur

Information for use by utilities to assess the shroud condition and level of inspection is

also presented. The inspection strategy presented is designed to meet the intent of Service

Information Letter (SIL) 572, Rev. 1 while responding to utility specific needs
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1.0 INTRODUCTION

Boiling water reactors (BWRs) are designed with a core shroud. The core shroud is a
stepped cylinder which directs flow through the core. The core shroud rests on the shroud
support legs (in most cases) and the shroud support plate. The steam separators, shroud
head, top guide, and core plate rest on the shroud. The shroud does not support the
weight of the fuel (except for a limited number of peripheral fuel bundles). The design
configuration of the core shroud differs from plant to plant depending on the fabricator
and BWR product line. The shroud is primarily made of Type 304 or Type 304L stainless
steel of various carbon levels. The shroud support cylinder and flange is typically made
from Alloy 600 material. The residual stresses due to welding, oxidizing core environment
and fabrication practices create the potential for intergrannular stress corrosion cracking
(IGSCC). Figure 1-1 shows a schematic of a typical shroud

In 1990, cracking was found near the circumferential seam weld at the core beltline area of
the shroud in a GE BWR/4 located outside the United States. The crack indications,
initially obsered at three locations on the inside surface of the shroud, are confined to the

heat-affec:ec-zone (HAZ) of the circumferential seam weld

GE RICSIL No. 054 provided interim recommendations. All owners of GE BWR plants
were requested to review fabrication records for the type of material used in their plants'
shroud and determine the weld locations. For plants with shrouds made of high carbon
stainless steel, GE recommended visual examinations of the accessible areas of the seam
welds and HAZs on the inside and outside surfaces of the shroud at the next scheduled
outage

Metallurgical samples removed from the overseas GE BWR/4 shroud revealed that the
stress corrosion cracking (SCC) occurred in Type 304 stainless steel material from a
relatively low carbon heat (0.045% carbon), and cracking was located in a region of high

neutron fluence (8x1020 nvt, E>1 MeV). The SCC mechanism appears to be irradiation

assisted stress corrosion cracking (IASCC) with propagation promoted by residual

stresses and likely helped by corrosion oxide wedging stresses

As a result of In-Vessel Visual Inspection (IVVI) performed pe. RICSIL 054, cracking
was subsequently observed at Brunswick Unit-1 in July 1993 Cracking was observed on
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the inside diameter (ID) surface of the top guide support ring near the H3 weld. The

cracking is 360° around the circumference, originating on the ID, in a material with carbon

content of about 0.06%. The fluence at this location was estimated at | 8x102C nvt (E>1

MeV)

A boat sample was taken from the H3 weld inside surface. A second sample containing a
portion of a second outer shroud surface crack near the H4 weld was also removed for
evaluation. This crack is axial in orientation and appears to initiate in the circumferential

weld HAZ. Two additional boat samples were removed to verify UT sizing

In addition to the initially observed cracking at the boat sample locations, additional crack-
like indications {axial and circumferential) at the H1, H2, H4, HS, H6A weld (at core
plate) and at the eccentric alignment pin, shroud head bolt lugs and the bottom of the top

guide were observed

As « result of the Brunswick Unit-1 shroud cracking, GENE SIL 572, Rev. 1 was issued
which provided recommendations to address the potential for shroud cracking. The

recommendations addressed the following areas

Plant fabrication and operational history

Non-destructive examination (NDE) actions

Destructive analysis

Structural margin analysis

Corrective action
As a result of inspections in response to SIL 572, Rev. 1, crack-like indications were
observed at Peach Bottom Unit-3 in October 1993. Indications were seen on the shroud
barre! inside surface in the plate side HAZ of the H3 weld, and at the H4 weld. The
indications at the H3 weld differed from that at Brunswick Unit-1 because indications

were not observed in the ring. It is believed that the ring did not crack due to the fact that

it is a forged component
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This report provides the methodology and procedure for the evaluation of saroud
indications which can be applied on a plant-specific basis. A graded approach is presented
which includes comparison of the indications with an acceptance standard, visual
screening criteria (assumed through-wall indications), and UT screening criteria (part
through-wall indications). In addition, information is provided regarding potential
mitigation actions, inspection program strategy, and operational symptoms if significant
cracking were 1o occur.

1.1 Cause of Cracking

The extent and density of cracks associated with the H4 and H5 welds at Brunswick
Unit-1 which were observed in September 1993, were found to have some correlation
with regions of higher neutron fluence. On the basis of the results of the metallurgical
evaluation of the boat sample, the current understanding of the root causes of cracking at
the top guide support ring and higher flux H4 weld at the Brunswick plant are as follows:

1. The cracking in the HAZ on the top guide support ring side of the H3 weld was
caused by IGSCC in the weld sensitized HAZ of high carbon stainless steel with
apparent acceleration from:

o Neutron fluence

« Cold worked surface layer (approximately 0.01 inch deep) resulting from
machining operations during fabrication

« Possibly elongated inclusions or stringers because of exposure of surfaces oriented
in the short transverse direction

 Highly oxidizing environment at the weld location

2. The cracking in the H4 weld in the beltline region of the shroud at the outer surface
was caused by IGSCC in we J sensitized material, with propagation by an IASCC
mechanism, with:
« Apparent acceleration of crack initiation caused by:

¢ Circumferential weld HAZ

¢ HAZ from apparent "repair weid"
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¢ Possible localized high weld residual stresses, including the effect of
"repair weld"

o Possible effects of localized surface grinding associated with the “repair weld"
¢ Apparent promotion of crack propagation caused by:
- Moderate sensitization associated with "repair weld"

~ Neutron fluence

On the basis of the pattern of observed cracking, it is believed that many of the conditions
leading to the cracking observed in two boat samples are also present at the other
observed crack locations in the core shroud. In addition, it is known that temporary
welded attachments were used during both shroud fabrication and installation of the
shroud in the vessel Removal of these welded attachments could result in localized areas

exhibiting heavy grinding as well as potential weld sensitization, and could lead to some
SCC mitiation in regions remote from the seam welds.
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2.0 CORE SHROUD DESICN INFORMATICN

The core shroud is typically composed of three cylindrical shell sections and three rings.
The three rings are the shroud head flange, top guide support ring and core plate support
ring. The top cylindrical shell connects the shroud head flange to the top guide support
ring. The largest cylindrical portion connects the top guide support ring to the core plate
support ring. The bottom cylindrical shell connects the core plate support ring to the
shroud support cylinder which is typically made from Alloy 600 material. The shroud
support legs are located at the bottom edge of the shroud support cylinder (a few plants
do not have support legs).

Some of the significant differences between core shroud designs are:

Diameter of shroud (diameter varies in some plants)

Thickness of shroud wall (in some cases varying thickness along shroud
height)

Number of horizontal welds in the core beltline

Number of vertical welds connecting the cylindrical shells

Material (Type 304 vs. 304L)

Carbon content

Fabrication of rings (single piece forging vs. segmented welded plate
pieces)

Tapered lower cylindrical shell vs. straight lower cylindrical shell

Figure 2-1 and 2-2 illustrate two examples of the core shroud design. In Figure Z-1, there
are two core beltline horizontal welds (H4 and HS). The thickness of the shroud wall is
1.5". In Figure 2-2, the shroud wall thickness is 2.0" and there is only one horizontal weid
in the core beltline (H4). There are other variations to the two designs shown (e.g,,
BWR/2); however, the information provided in this report is applicable to all designs.

Based on a review of some plant records, in some plants the rings are made from single-
piece forged material with low carbon (20.035%). Carbon content for Type 304 shrouds
varies from 0.045% to 0.074%. Hardness ranges vary from Rockwell B hardness of 90
for Type 304 and Rockwell B hardness of 92 for Type 304L.

The horizontal and vertical welds are typically submerged arc automatic welaing. Weld
filler material is Type 308 or Type 308L. The weld between the lower cylinder and the
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RPV shroud support cylinder is typically Alloy 182. The weld prep is typically single
beveled with or without a backing ring.

Typicaliy, weld prep surfaces of the base metal were 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.

The austenitic stainless steel material is typically purchased in solution annealed condition.
No solution annealing is performed after welding of the various shroud parts.

General practices during assembly and shipment of the core shroud, bracing, jacks,
tempurary welds, and supports are used to help in meeting design geometric tolerances.
Sometimes, there is no recorded documentation of these practices. However, it is likely
that they did occur. These actions can result in local effects on material behavior and
stress. For example, temporary welding results in local areas of high resicual stress, and
grinding results in local areas of cold working. If these local effects were to contribute to
cracking, it is likely that the cracking would be of lesser concern than cracking at
horizontal seam welds.

The design considerations discussed in this section are included in the development of the
screening criteria. For example, the shroud thicknesses and diameter are considered in the
determination of the stress, and a bounding crack growth rate is used which applies to all
materials present in any of the shroud designs.
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3.0 SCREENING CRrITERIA

This section provides the methodology and procedure which can be used to evaluate
indications found by Non-Destructive Examination (NDE, e g., ultrasonic testing (UT) or
visual techniques (VT)). The screening criteria is presented as a graded procedure. The

criteria is comprised of three major steps. These steps (in the order of application) are:

e Acceptance Standard
e Visual Screening Criteria
e UT Screening Criteria

The first step is to compare any indications with the acceptance standard. If the
indications meet the acceptance standard, further evaluation of the indications is not
required. Note that this approach is similar to that in ASME Code Section XI Subarticle
IWB-3500

The second step, performed if the indication does not meet the acceptance standard, is to
compare the indication with the visual screening criteria. These criteria include several
conservatisms and are intended to be a first-cut evaluation of the indications. The major
assumption in this step is that all indications seen by IVVI are assumed to be through-wall
If UT is performed, this simpler method can be first applied (by assuming all flaws are

through-wall) for rapid disposition of the indications

The third step is to use UT through-wall characterization and the specific azimuthal
location of the indications in the evaluation for structural acceptability. The evaluation is
similar to that used for the visual screening criteria except for the through-wall and

location aspects of the flaw mentioned above

3.1 Acceptance Standard

This first step in the evaluation is to compare the observed indications to the acceptance
standard. This approach is similar to that stated in ASME Code Section XI Subarticle
IWB-3500 for acceptability of flaws without further evaluation If the indications meet

the acceptance standard, then further evaluation of the indications is not required

10
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3.1.1 Determination of Effective Flaw Length for Acceptance Standard

The ASME Code Section X1 Subarticle IWA-3300 (1989 edition) proximity rules must be
applied to the indications prior to comparing with the acceptance standard. Section IWA-
3300 specifies how flaws are to be combined depending on the location and orientation of
the indications found by volumetric examination. Briefly, the flaws are combined
lengthwiseifﬂxedimncebetweenthecmcktipsislessthmZtimesthcdepthofme
deepest indication and the crack planes lie within 0.5 inches (perpendicular distance
between the crack planes). Howevei, for this acceptance standard, the Section X1
proximity criteria are modified by increasing the 0.5 inches to 2 times the shroud wall
thickness. Thus, two indications are combined lengthwise if;

§<2B

where S = distance between indications
B = dpth of deepest indication if depth of flaw known (for UT)
B = shroud thickness (for IVVI)

If UT data are available, the application of the proximity criteria should use the ASME
Code Section TIWA-3300 method based on the depth of the deepest indication. If IVV]
information is the only information available, then the depth of the deepest indication
should be taken as the thickness of the shroud. It can be seen that UT data may result in
fewer flaw combinations due to the smaller required ligament between flaw tips.

3.1.2 Basis for Acceptance Standard

The acceptance standard was arrived at by evaluating informatica from several shroud
analyses. In addition, an allowable length was desired which could also be related to the
ASME Code margins. Based on shroud evaluations which represent a wide range of
shroud designs and after application of a safety factor of 2.8 on stress, an acceptance
standard was developed and is shown in the following table.

11
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Acceptance Standard
Circumferential Axial
LEFM Limit Load LEFM and Limit Load
L 15" in any 90° 15"
qaadrant

Any flaw which meets the acceptance standard shown above is acceptable without further
evaluation. It should be noted that the value of 15" is approximately one-tenth the length
of a shroud quadrant.

3.2 Visual Screening Criteria

In the visual screening criteria, all indications are considered to be through-wall
(consideration of UT sizing is discussed in Section 3.3). This screening criteria for
evaluation of the shroud indications is based on the ASME Code Section XI procedures.
This is considered conservative since most core shrouds were not origin.lly designed using
the ASME Code nor is it a primary pressure boundary component. In fact, the original
design of the shroud included consideration of fabrication requirements. For example, the
shroud thickness was made relatively thick (21.5") to avoid deformation during fabrication
and shipping.

The limiting parameter is the allowable through-wall flaw size, which already inciudes the
ASME Code Section X1 safety factors. If all of the detected indications are assumed to be
through-wall, then the longest flaws, or combination of flaws, would have the limiting
margin against the allowable through-wall flaw size. In reality, the indications are likely
not through-wall (which can be confirmed by UT), 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 compared against the allowable flaw size and selection of indications for more
detailed evaluation. The determination of effective flaw length is based on ASME Code,
Section XI, Subarticle TWA-3300 (1989 Edition) UT proximity criteria. These criteria
provide the basis “or the combination of neighboring indications depending on various
geometric dimensions. Crack growth over a subsequent cycle is factored into the criteria.

12
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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 length depending on the unflawed distance bet.veen them.
This effective circumferential flaw length must be compared against the allowable
circumferential flaw length. The axial flaw would be compared against the allowable axial
flaw length.

Flaws are considered in the same plane if the perpendicular distance between the planes is
within two times the shroud thickness or less (2T, wherz T=shroud thickness). 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 more detailed analysis or further
characterization by NDE (which is used as inp'1t to the UT screening criteria, Section
3.3). 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. More
detailed evaluation of the indications can include using the location specific stress. Details
of the more specific evaluation are described in Section 3.2.6.

This section describes the following steps:

« Determination of effective flaw length including proximity criteria for adjacent
flaws.

« Determination of allowable flaw sizes based on both linear elastic fracture
mechanics (LEFM) and limit load criteria.

¢ Visual screening criteria.

The procedure uses the limiting stresses for all the shroud welds. Therefore, the screening
criteria developed here cover all shroud weld indications. A list of conservatisms used in
this evaluation is summarized in Table 3-1.

13
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10.

Table 3-1 - Conservatisms Included in Visual Screening Criteria

All surface indications were assumed to be through-wall for analysis.

The visual screening criteria limit one-fourth of allowable circumferential flaw to
any arbitrary 90° sector.

All indications are assumed to be grouped together for the limit load calculation
and no credit is taken for the spacing between indications.

ASME Code Section X1 primary pressure boundary safety margins were applied
even though the shroud is not a primary pressure boundary.

ASME Code, Section XI proximity rules were applied.

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

The highest stress computed for any single location was used for all locations.
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.

The bounding crack growth estimated for the next fuel cycle was included in flaw
lengths used for evaluation (See Appendix A).

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

14
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3.2.1 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 two times the shroud thickness (2T). 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 to
each other, rules are established to combine them based on proximity. These rules are
described here.

Proximity Rules

The flaw combination methodology used here is similar to the ASME Code, Section XI
proximity rules concerning neighboring indications. Under the rules, if two surface
indications are in the same plane (perpendicular distance between flaw planes <two time.
the shroud thickness, 2T) and are within two times the depth of the deepest indication,
then the two indications must be considered as one indication.

In Figure 3-1, 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 (see
Appendix A) of g=5x10"> in/hr, crack extension at each tip is the crack growth rate
multiplied by the number of hot operating hours above 200°F for the next fuel cycle. The
crack growth at each tip is thus, gt. 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 (2gt + 2T ). If the ligament is less than (2gt + 2T), the effective
length is (L1+L2+S+2gt). Note that the addition of 2gt is to include crack growth at the
other (non-adjacent) end of each flaw (See Figure 3-2).

If the ligament is greater than (2gt + 2T), then the effective flaw length is determirad by
adding the projected tip growth to each end of the flaw.

Lieg=L1+ 28t
L2eg= L2 + 2t

15
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A similar approach is used to combine flaws when a circumferential flaw is close to an
axial flaw (See Figure 3-3). If the ligament between the flaws is less than (2T + gt), then
the effective flaw length for the circumferential flaw is Legr = L1+S+gt (the bounding
ligament for these cases). If the ligament is greater than (2T + gt), then the flaws are
treated separately.

After the ¢ rcumferential 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.

To demonstrate the proximity criteria, three examples are shown in Table 3-2 and

described below.

Table 3-2 Flaw Combinations Considered in Proximity Criteria

CircunferentislFaw_

~ts A Cioamirantal Flew - No Axial P

This case applies when two circumferential indications are considered. Figure 3-2a shows
this condition. If the distance between the two surface flaw tips is less than (2T + 2gt),
the indicaticns must be combined such that the effective length is (see Figure 3-2b):

Legf=L1+S+L2+2gt
where: L1 = length of first circumferential indication

L2 = length of second circumferential indication
S = distance between two indications

16
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If the distance between the two tips is greater than (27T + 2gt), the effective flaw lengths
are (See Figure 3-2c):

Llegr=L1 + 2gt
L2er=12 + 2gt

~ase B: Circumferential Flaw - Asial F

This case applies when both a circumferential and an axial flaw are being considered.
Figure 3-3a 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 (2T + gt), then the effective circumferential flaw length is (see
Figure 3-3b):

Lef=L1+S+gt
where: L1 = length of circumferential indication

§ = distance between the circumferential tip and
axial flaw.

and the effective axial length is (Figure 3-3b):
Lefr=12 +2gt

where: L2 = length of axial indication
If the distance between the circumferential indication tip to the axial indication is greater
than (2T + gt), then the flaws are not combined (see Figure 3-3¢) and the effective
lengths are:

Llegr=L1 + 2gt (for circumferential flaw)
L2efr=L2 + 2gt (for 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.

17
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Application of Effective Flaw Length Criteria

The application of the effective length criteria is applied to two adjacent indications at a
time. Figure 34 is a schematic which illustrates the 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 direciion, the first indication enccuntered is
indication 1.

o The next indication is indication 2.

o Apply proximity rules to the pair of indications (indications 1 and 2). Combine the
flaws if necessary (L1+L2+8). If the flaw is combined, the flaw becomes
indication 2.

« Continue along positive azimuthal direction until the next indication is
encountered. This becomes indication 3.

o Apply proximity rules to new indications 2 and 3.

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

18



GE Nu lear Energy GENE-$23-148-1193

3.2.2 Structural Analysis

The preceding section of this report described the determination of effective flaw lengths
from the NDE results for use in the visual screening criteria. These effective flaw lengths
have to be compared to the allowable flaw lengths to assess the structural integrity of the
shroud. This section describes the details of the structural analysis 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 and limit load methods are used in
the calculation of allowable flaw lengths.

Applied Loads and Calculated Stresses

The applied loads on the shroud consist of internal differential pressure, weight and
seismic. All nther stresses are negligible in comparison. The seismic loads 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 at a shroud cross-section varies as a function of its vertical
distance from the top of the shroud. Because of the inherent ductility of the matenal,
residual stresses and other secondary stresses do not affect structural margin. Thus, they
need not be considered in the analysis.

The magnitudes of the applied loads are obtained from the currently applicable seismic
stress analysis and system information reports. The nominal shroud radius and thickness,
R and T, are used *- calculate the stresses from the applied loads. The stresses are
essentially based on the strength of materials formulas. Since the bending stress due to
seismic shear force varies with the elevation of a location, two conservative values of this
stress can be calculated: one applicable to shrond sections above the core plate and the
other for sections below the core plate. Figures 2-1 and 2-2 show the weld designation
and relative iocations for two of the shroud designs.

The seismic stress magnitudes for both the upset and faulted conditions must be calculated
using the applied loads. The appropriate pressure differences for the normal and faulted
conditions must also be obtained. The normal and faulted condition pressure drop across
the shroud head and upper shroud, and core plate support ring and lower shroud are
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required to obtain the appropriate stiess due to pressure. Note that for below the core
plate, the effective pressure difference for circumferential indications (axial stress) is:

APpelow core plate = APgh + APcp
where: APg), = Pressure difference across shroud head + upper shroud

APy, = Pressure difference across core plate support ring 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 are
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.

Fracture Mechanics Analysis

The shroud material (austenitic stainless steel) is inherently ductiie and it can be argued
that the structural integrity analysis can be performed entirely on the basis of Jinit load. In
fact, J-R curve measurements (Figure 3-5) made on a core shroud sample taken from an
overseas plant having a fluence of 8x1020 n/cm? showed stable crack extension and
ductile failure when tested. The ASME Code recognizes this fact in using only limit load
technigues in Section X1, Subsubarticle IWB-3640 analysis. Nevertheless, a conservative
fracture mechanics evaluation can be performed using an equivalent K¢ corresponding to
the matericl Jio. The Kjc for the overseas plant shroud was apr .oximately 150 ksivin
Use of this equivalence is considered conservative since the J-R curves show Jpyay values
well above the Jjc, confirming that there is loac capability well beyond crack initiation
(See Figure 3-5).

The allowable Kj is obtained by applying the appropriate safety factor for normal and

upset or faulted conditions to the K¢ obtained from the test specimens described above.
For the analysis presented here, the LEFM analysis is confined to the welds above the core
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plate support ring (not including the core support plate ring welds) The fluence
corresponding to welds at and below the core plate elevation is an order of magnitude
lower and the associated fracture toughness is comparable to that of the unirradiated

material. For those locations, only limit load analysis is used

An additional consideration that applies only to the fracture mechanics analysis is the
question, "When is a flaw independent of an adjacent flaw?". The ASME Code proximity
rule described in Section 3.2 1 considers how flaws can link up and become a single flaw
as a result of proximity. However, even when two flaws are separated by a ligament that
exceeds (2T + 2gt), they may not be considered totally independent of each other. That is,
the flaw tip stress intensity factor may be affected Ly tiie presence of the adjacent flaw
This can be accounted for by using the finite width correction factor for a flaw in a finite

plate. For a through-wall flaw in an "infinite" plate, the stress intensity factor is
K = ov(na)

For a finite plate, the K value is higher as determined by the finite width correction factor,
F. In this screening evaluation it is assumed that the plate is "infinite" if the correction
factor F is less thay 1 1. As seen in Figure 3-6, if the width of the plate exceeds 2 5L (or
a’b less than 0 4), then there would be little interaction (less than 10% since F=1.1) due to
plate end edge effects. If 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+L2)
apart. If the distance between indications is greater than 0.75(L1+L2), then they may be
considered as two separate flaws. If however, they are closer, for the purpose of fracture

analysis, the equivalent flaw length is the sum of the two individual flaws

Limit Load Analysis

A through-wall circumferential flaw was assumed in this calculation. Limit load
calculations were conducted using the approach outlined in Subsubarticle IWB-3640 and

Appendix C of Section XI of the ASME Code. The flow stress was taken as 35, The

Sy values for the shroud material are 16.9 ksi and 14 .4 ksi for Type 304 and Type 3041,

respectively, at the normal operating temperature of 550°F
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Safety factors similar to that used in the ASME Code (for normal and upset and
emergency and faulted conditions) are used in the analysis. The highest seismic stress is
used for the limit load calculations. Similarly, the highest axial pressure stress
corresponding to the lower shroud is used. Thus, the nalytical results are applicable for
all welds since limiting values are used.

323 Allowable Through-Wall Flaws

Allowable through-wall flaw sizes are 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 (e g, using the
limiting stress for all welds) and are intended for use only in the visual screening criteria.
More detailed analysis can be performed to justify larger flaws (both through-wall or part
through when measured flaw depths are available) 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.

Allowable Through-Wall Circumferentiai Flaw Size

Both the LEFM and limit load methods are used to evaluate the allowable through-wall
flaws. Above the core plate, the limiting location for through-wall cracking is the lowest
weld above the core plate (e g , HS for the shroud design in Figure 2-1, and H4 for the
shroud design in Figure 2-2). The weld between the lower shroud cylinder and coi ¢
support cylinder involves Alloy 600, which has higher Sy, values and therefore higher limit
load capability, and is bounded by the allowable flaw size based on calculations assuming
stainless steel.

Fracture Mechanics Analysi

The total axial pressure and seismic stress corresponding to the upset condition and
faulted conditions are calculated based on simple strength of materials solutions. Using
the ASME Code safety factors for fracture analysis, it must be determined which condition
governs, faulted or normal and upset conditions. This is determined by multiplying the
total normal plus upset stress by 2.8 and the faulted struss by 1.4. The condition with the
highest resulting stress is considered the limiting condition.
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To determine the allowable flaw size based on LEFM methods, the conservatively
estimated irradiated material fracture toughness K. value of 150 ksiVin was used
Applying a safety factor of 2 8 for the upset conditior or 1.4 for faulted conditions, the
allowable Ky of 53.5 ksivin for normal and upset and 107 ksivin for faulted is obtained.
The allowable flaw size is calculated using the following equation:

K| = G *o*V(na)

where Gy, is a curvature correction factor as defined in Figure 3-7 (Reference 3-1), o is
the axial stress, and 'a' is the half flaw length. The allowable through-wali circumferential
flaw length (2a) is calculated by determining the crack length where the applied stress
intensity factor equals the fracture toughness limit.

Limit Load Analvsi

The stresses for the limit load analysis consist of an axial force stress and a bending
moment stress. These stresses are calculated for both the normal and upset and faulted
conditions. The allowable flaw length is then calculated using the approach in
Subsubarticle IWB-3640 and Appendix C of Section XI «f the ASME Code.

Allowable Through-Wall Axial Flaw Size

Fr Makiio Ao

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

K=M*op* V(ra)

where M is the curvature correction factor as defined in Figure 3-8 (Reference 3-1). M s
g by

M =Gy + Gy
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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 or 1.5 depending
on which condition is limiting, normal and upset or faulted. Comparison of the applied
stress intensity factor with the allowable fracture toughness defines the allowable through-

wall flaw length, 2a

Limit Load

An alternate approach to determining the al'owable flaw size is to use limit load

techniques. The allowable flaw length is given by the equation

oh = of(M| * SF)

where M1 is a curvature correction factor (which is a function of the flaw length

(Reference 3-2)), of= 38, is the flow stress, SF is the safety factor of 3.0 for upset

conditions or 1.5 for faulted, and o}, = the hoop stress corresponding to the upset or
faulted A?. The allowable flaw length is determined satisfying the equation shown above
The allowable flaw size is the limiting length determined from either the limit load or

LEFM calculation

324 Visual Screening Critena

The determination of the allowable through-wall flaws has been described in Section 3 2.3
The objective was to use the allowabl. 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

A conservative approach in developing the screening rule is to include both the LEFM and

limit load analysis

For circumferential flaws the LEFM based limit for a single flaw is not sufficient since
there could be several flaws (each less than the allowable) in a circumferential plane that
cumulatively add up to greater than the allowable circumferential flaw size based on limit

load analysis. Thus, the cumulative flaw length should be less than that determined using




GE Nuclear Energy GENE-523-148-1193

limit load analysis. While this fully assures the ASME Code margins, a significant
conservatism has been included in the screening. That is: the cumulative flaw length
cannot be more than one-fourth of the limit load allowable flaw length in any 90°
sector of the shroud. This is a conservative restriction that assures that long continuous
flaws are not admissible without additional inspection or analysis. With the provision that
the cumulative flaw length cannot exceed one-fourth of the limit load allowable flav:
length in any 90° sector of the shroud, this criterion may become more limiting than the
fracture mechanics limitation. The approach used here for the one-fourth of the limit load
allowable flaw length limitation 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 one-fourth of the limit load allowable flaw length  This is
shown graphically in Figure 3-9. 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.

The additional requirement of one-fourth of the limit load allowable flaw length can be
revised if actual inspection demonstrates that there is significant uncracked ligament
around the entire circumference of the shroud assuring the absence of long indicatinn«
This assures that the all the indications are not concentrated in one part of the shroud
section If observed flaws are not long and continuous, a technical justification can be
made to demonstrate structural integrity when the one-fourth limit is exceeded.

It should be noted that when considering LEFM based evaluations, the crack interaction
criteria described in Section 3.2 must be applied in comparing against the allowable
lengths. For example, for adjacent flaws where the spacing S is less than 0.75 (L1 + L2),
the length L=L1 + L2 is used for comparison with the LEFM based allowable flaw length.

25



GE Nrclear Energy. GENE-523-148-1193

3.2.5 Summary of Visual Screening Criteria

The visual screening criteria is schemaiically shown in Figure 3-10. The first step is to
map the “aw indications observed by NDE. Next the proximity rules are applied to the
flaw map to develop effective flaw lengths. The results of the effective flaw lengths are

also mapped.

For axial flaws aligned in a vertical plane, two neighboring flaws must be summed if § <
0.75(L1+L2). If the longest resulting combined flaw is less than the limiting allowable
axial through-wall flaw (LEFM), then the screening limit is met for axial flaws. Similarly,
the effective flaw length for axial flaws must be compared against the limit load allowabie
for through-wall 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 one-fourth of the limit load
allowable through-wall flaw to meet the screening criteria. The next step is the LEFM
based comparison using the interaction criteria. If § <0.75 (L1 +L2), then the length L =
L1+ L2 should be compared with the LEFM limit for circumferential flaws.
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3.2.6 Detailed Evaluasion of Indications

‘The visual screening criteria summarized in Section 3.2 is based on several conservative
assumptions as noted in Tavle 3-1. If indications are found which exceed the visual
screening criteria, more detailed analysis may be performed to evaluate the indication
acceptability. Following > some of the modifications to the visual screening criteria

which provide a more detailed evaluation for specific indication locations

Vi screening Criteri Detailed Analysis

Use limiting stress for all locations 2 Use location specific stress

Assume all indications located to provide - Knowing actual location of
limiting results. Includes 90° limit indications, reduce 90° limit
applied to allowable circumferential if temaining ligament evenly
flaw distributed around circumference

Limit load performed assuming flaws Perform limit load evaluation for
located in limiting configuration known indication locations.

Use bounding crack growth rate - Determine crack growth rate based
on SCC predictive modeling.

Use LEFM and limit load analysis Perform elastic-plastic fracture
mechanics analysis

Assume through-wall indications 4 Perform screening criteria with
actual UT data to obtain contribution
of remaining through-wall ligament.
(See Section 3.3)
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3.3 UT Screening Criteria

This section provides the methodology and procedure for the evaluation of indicatior 3
based on UT information. In this procedure, the through-wall depth and location of the
indication(s) (relative to the shroud) must be known. The visual screening criteria
described in Section 3.2 uses the assumption that all indications are through-wall. This is
a very conservative assumption and the use of flaw depth information provides a more
realistic evaluation of the shroud structural margin.

Figure 3-11 can be used to demonstrate the difference in the flaw geometry assumed for
the visual and UT screening criteria limit load analysis. The first figure shows an example
flaw map of indications found during a UT inspection. The second figure shows how the
flaw is modeled in the visual screening criteria. As can be seen, the flaw used to determine
the allowable flaw size is assumed to be a single flaw located at the limiting location in
terms of seismic overturning moment. The third figure shows how the flaw is treated in
the UT screening criteria. The indications, once combined using the proximity criteria to
determine effective flaw depth, are evaluated considering the actual location and flaw
depth. Typically, significant added margin can be gained by considering the remaining
ligament and actual location of the indication.

The methodology and procedure for the UT screening criteria is the same as that for the
visual screening criteria described in Section 3.2 except for the following two major
exceptions:

»>.

1. Flaw depth information regarding indications are used. Credit taken for the
remaining ligament (after accounting for crack growth over one cycle).

2. Skioud azimuthal location of indications considered.

The result of this procedure is the determination of effective flaw lengths which, along
with the flaw location and flaw depth, will be used to compare against the allowable flaw
size. The determination of effective flaw length is based on the ASME Code, Section XI,
Subarticle IWA-3300 (1989 Edition) proximity criteria. These criteria provide the basis
for the combination of neighboring indications depending on various geometric
dimensions. Crack growth over a subsequent cycle is factored into the criteria.
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Flaws are considered in the same plane if the perpendicular distance between the planes is
within two times the shroud thickness 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.

Indications which do not satisfy the allowable flaw sizes based on the UT screening
criteria would require further detailed analysis or repair of the shroud may be needed.
More detailed evaluation of the indications can include using the location specific stress.

This section describes the following steps:

¢ Determination of effective flaw length including proximity criteria for adjacent
flaws.

e Determination of allowable flaw length based on linear elastic fracture mechanics
(LEFM) and determination of safety margin using limit load analysis.

e UT screening criteria
The UT screening criteria is similar to that used for the visual screening criteria. The
conservatisms used in the visual screening criteria, except for the first three given in Table
3.1, are used in the UT screening criteria.
3.3.1 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. Note that in the UT screening criteria, the position of

the indication in the shroud (both through-wall depth and azimuthal location) is needed.

Similar to the visual screening criteria, rules are included to combine flaws based on
proximity.
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Proximity Rules

The flaw combination methodology is similar to that described in Section 3.2.1 for the
visual screening criteria. The difference between the UT and visual criteria is that credit is
taken for the part-through-wall flaw depth.

In Figure 3-1, 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 in/hr (See Appendix A), crack extension at each tip is the crack growth rate
multiplied by the number of hot operating hours above 200°F for the next cycle. The
crack growth at each tip is thus, gt. Likewise, the flaw depth would become a} = a; + gt
and ap = ap + gt. Therefore, combining the crack growth and proximuty criteria, the flaws
are assumed to be close enough tc be considered as one continuous flaw if the ligament is
less than (2gt + 2a'), (where a'=deepest of the two indications considered). If the ligament
is less than (2gt + 2a"), the effective length is (L1+L2+S+2gt). Note that the addition of
2gt is to include crack growth at the other (non-adjacent) end of each flaw. Also, the
crack depth of the combined flaw becomes agfr = a' + gt (a'=depth of deepest indication).

If the ligament is greater than (2gt + 2a'), then the effective flaw length is determined by
adding the projected tip growth to each end of the flaw.

Lleg=L1+2gt
L2efr =12 + 2gt

The crack depth is also modified to:

aleff=a] * gt
aZeff = a2 * gt

A similar approach is used to cc mbine flaws when a circumferential flaw is close enough
to an axial flaw (See Figure 3-3, If the ligament between the flaws is less than (22’ + gt),
then the effective flaw length for ti-e circumferential flaw is Legr= L1 + S + gt, and the
crack depth is equal to the depth of ‘he circumferential or axial flaw, whichever is greater.
If the ligament is greater than (2a' + gt), the flaws are treated separately.
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After the circumferential and axial flaws have been combined per the above criteria, a map
of the effective flaws in the shroud (which includes flaw depth and azimuthal location) can
be made, and the effective flaw length can be used for subsequent fracture mechanics
analysis.

Examples of the application of the combination of effective flaws for the UT screening
criteria is similar to that for the visual screening criteria methods described in Section
3.2.1 except that the governing ligament is (2a' + 2gt) instead of (2T + 2gt).

Application of Effective Flaw Length Criteria

The application of the effective flaw length criteria is the same as that presented in Section
3.2.1 for the visual screening criteria. It should be noted that the flaw depths are now
considered in this application.

3.3.2 Structural Analysis

The structural analysis of the shroud is similar to that used in the visual screening criteria
described in Section 3.2. This section describes the analysis methodology and how it
differs from that used in the visual screening criteria.

The methodology for the applied loads and resulting stresses and fracture mechanics
analysis is identical to that described in Section 3.2. It should be noted that although part-
through-wall credit is taken in the UT screening criteria, the interaction between crack tips
(for LEFM analysis) still uses the shroud thickness instead of the depth of the deepest
indication.

Limit Load Analysis

In the UT screening criteria limit load analysis, the part-through-wall depth, length and
shroud azimuthal position are used to determine the acceptability of the flaws. Limit load
calculations can be conducted using a similar approach to that outlined in Subsubarticie
IWB-3640 and Appendix C of Section X1 of the ASME Code. The flow stress was taken
as 38y, The Sy, values for the shroud material are 16.9 ksi and 14.4 ksi for Type 304 and
Type 304L, respectively, at the normal operating temperature of 550°F.
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Safety factors similar to that used in the ASME Code are used in the analysis. The highest
seismic stress is used for the limit load calculations. Similarly, the highest axial pressure
stress corresponding to the lower shroud is used. Thus, the analytical results are
applicable for all welds since limiting values are used. As an option, location specific
stresses may be used in this evaluation.

333 Allowable Part Through-Wall Flaws

Allowable part through-wall flaws are determined using both fracture mechanics and limit
load techniques for circumferential and axial flaws.

Allowable Part Through-Wall Circumferential Flaws

Both LEFM and limit load methods are used to evaluate the specific pattern of indications
at a particular cross section. Above the core plate, the limiting location is the lowest weld
above the core plate (e g, HS for the shroud design in Figure 2-1, and H4 for the shroud
design in Figure 2-2). The weld between the lower shroud cylinder anc core support
cylinder involves Alloy 600, which has higher Sy, values and therefore higher limit load
capability, and is bounded by the allowable flaw size based on calculations assuming
stainless stee

Fracture Mechanics Analysis

The total axial pressure and seismic stress corresponding to the upset condition and
faulted conditions are calculated based on simple strength of materials solutions. Using
the ASME Code safety factors for fracture analysis, it must be determined which condition
governs, faulted or normal and upset conditions. This is determined by multiplying the
total normal and upset stress by 2.8 and the faulted stress by 1.4. The condition with the
highest resulting stress is considered the limiting condition.

To determine the allowable flaw size based on LEFM methods, the conservatively
es.imated irradiated material fracture toughness Kj¢ value of 150 ksiVin was used
Applying a safety factor of 2 8 for the upset condition or 1.4 for faulted conditicns, the
allowable Ky of 53.5 ksivin for normal and upset and 107 ksivir for faulted is obtained.
The allowable flaw siz¢ is calculated using the following equation from Section XI of the
ASME Code:
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K| = omMmVrV(@/Q) + spMpVnV(2/Q)

Where oy, = membrane stress
Ob = bending stress
My = correction factor for membrane stress from Figure A-3300-3
from ASME Code, Section XI
My, = correction factor for bending stress from Figure A-3300-5
from ASME Code, Section XI

a = crack depth
Q = flaw shape parameter from Figure A-3300-1 of ASME Code
Section XI.

Note that the flaw depth and length raust include consideration for crack growth over the
next cycle (gt for flaw depth, and 2gt for flaw length). Comparison of the applied stress
intensity factor with the allowable fracture toughness determines if the flaw is acceptable.

Limit Load

Applying the limit load concept to the specific flaw configuration will result in a safety
margin against collapse. Figure 3-12 shows an example of a flaw configuration. Similar
to that performed in the visual screening criteria, the equations which can be used to
determine the structural margin against collapse are derived by requiring equilibrium
between an unflawed section of the shroud and the particular section of interest. Since the
resulting equations are dependent on the particular crack configuration, a general
expression cannot be determined prior to obtaining the actual UT results.

Prior to applying the equilibrium condition to a flaw pattern, the orientation of the axis
(which defines the seismic moment direction) must be determined. This may be obtained
on an iterative procedure until the limiting location is found.

Allowable Part Through-Wall Axial Flaws

P haitad fode

The allowable axial flaw size is governed entirely by the pressure hoop stress. The applied
stress intensity factor can be obtained using the same methodology presented for the
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circumferential flaw LEFM determination In this case, the axial stress (o) is neglected
Comparison of the applied stress intensity factor with the allowable fracture toughness
defines the allowable through-wall flaw length

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:

on = off(M) * SF)

where M is a curvature correction factor (Reference 3-2), of is the flow stress, SF is the
safety factor of 3 for upset conditions or 1.5 for fauited, and op = the hoop stress
corresponding to the upset or faulted AP The allowable flaw length is determined by
satisfying the equation shown above.

334 UT Gereening Criteria

The determination of flaw acceptability was described in Section 3.3.2. The UT screening
criteria is summarized below.

For circumferential flaws, the effective flaw lengths (after application of proximity criteria)
must be evaluated using the limit load method. In this method, a safety factor greater than
1.0 against the actual limit load must be shown to assure structural integrity. In addition
to the limit load evaluation, the flaws must also be evaluated based on LEFM. This
includes consideration of crack tip interaction, and subsequently compared with the
ailowable single flaw length for the given depth.

The effective axial flaw lengths can also be compared against the allowable LEFM iength
and the allowable limit load length.

It should be noted that when considering LEFM based evaluations, the crack tip
interaction criteria must be applied in comparing against the allowable lengths. For
example, for adjacent flaws where the spacing S is less than 0.75(L1+ L2), the length L =
L1 + L2 is used for comparison with the LEFM based allowable flaw length
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4.0 MITIGATION OF CORE SHROUD IGSCC AND IASCC

4.1 Introduction

This section provides information regarding mitigation of core shroud cracking. The
recent incidences of cracking have demonstrated the advantage of taking early
precautions to lessen the potential and extent of intergranular stress corrosion cracking
(IGSCC) and irradiation assisted stress corrosion cracking (IASCC).

It is well documented that the BWR recirculation coolant's =200 ppb dissolved oxygen
is more than sufficient to provide the electrochemical driving force for IGSCC of BWR
structural materials. This concentration of dissolved oxygen (and other oxidizing
species) generates an electrochemical potential (ECP) in the austenitic stainless steel
piping system of =100 mV(SHE) that is above the ECP threshold for IGSCC of
sensitized stainless steel and nickel based alloys. The more oxidizing core of the BWR
is characterized by a higher ECP of =+250 mV(SHE). Finally, the conductivity of the
BWR coolant is sufficientlv high to allow these corrosion phenomena to occur.

Over a decade of laboratory and in-reactor investigations have revealed that lowering
the ECP of sensitized stainless steel to <-230 mV(SHE) by injecting hydrogen gas into
the BWR feedwater, and reducing coolant conductivity to <0.3 uS/cm by better BWR
water chemistry operational practices, would mitigate IGSCC of BWR piping
(Reference 4-1). For IASCC of non-thermally sensitized stainless steel, the threshold
ECP is = ~140 mV(SHE) (Reference 4-2). Since this process, hydrogen water

chemistry (HWC), reduces the "corrosiveness" of the entire BWR coolant, it is
considered a potential "blanket" 1IGSCC/IASCC mitigation technique. The results of
extensive testing have clearly demonstrated that HWC mitigates environmental cracking

in numerous BWR structural materials and has no insuperable materials deleterious
effects (Reference 4-1).

However, some BWRs may not be able to implement HWC on a timely basis. For this
category of plants, the strict control of conductivity can still provide dramatic IGSCC
benefits, albeit not total IGSCC/IASCC mitigation.,
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4.2 Core Shroud IGSCC Mitigation with HWC

Althougn IGSCC/IASCC of reactc: internals (o date has been limited due to their
typically low tensile stress levels, and the impact has been manageable, IGSCC of
reactor internals is an increasing concern as the BWR fleet ages. In the short term,
continued operation of an overseas BWR-4 plant and Peach Bottom Unit-3 with core
shroud indications are being supported by analysis. The Brunswick Unit-1 shroud has
been repaired for the limiting locations and analysis is being used to disposition
cracking at other weld locations.

Due to the complete lack of sensitization (chromium carbides at the grain boundaries)
of the relatively low carbon (0.045 %) stainless steel shroud, the cracking at the
overseas BWR-4 appears to be strictly IASCC. For the Brunswick Unit-1 shroud, the
nature of the cracking, (i.e., shroud ID surface with grain cracking envelopment,
thicker oxides and extensive crack branching and OD surface with more pipe-like SCC
characteristics) suggests that the total SCC phenomenon appears to be a sviergistic
combination of thermal sensitization IGSCC and IASCC.

Recent reactor internal cracking incidences suggest that the "blanket" IGSCC remedy,
HWC, may be necessary to protect the reactor internals. However, to provide
sufficient environmental protection in the highly oxidizing core region (O2 plus H207)
with HWC would require, in many instances, such large injection rates of hydrogen
that burdensome radiation (increased N-16 during operation and increased shutdown
radiation levels) penalties could occur. At most plants, this N-16 dose rate could be
increased by factors of 4 to 6 or higher, and require additional shielding and modified
operational practices to reduce personnel and site boundary exposures to acceptable
levels.

Because of the highly oxid.zing nature of the coolant within and above the core, even
with HWC at moderate (1.0 to 1.6 ppm) to high (2.0 to 2.6 ppm) hydrogen addition
levels, the upper shroud H1 and H2 welds are not protected on the outside diameter
surface for plants with Type 304 stainless steel shrouds (Figure 4-1). In addition, at
moderate levels, the inside of the shroud beltline welds H3, H4 and H5 (some plants
only have H4 beltline weld) are not protected. Fortunately, as will be discussed in
Section 4.3, the use of noble metal coatings (NMCs) in conjunction with HWC looks
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promising for use in the future to provide SCC protection for these specific shroud
welds.

4.3 "Low impact" HWC and Internal Noble Metal Coatings/Alioys

A perhaps more timely shroud IGSCC/IASCC mitigation option for some plants that
can make HWC more efficient while minimizing radiation pena'ties is the use of Noble
Metal Coatings (NMCs). This technology is currently under development and
qualification, and is being continuously evaluated by the BWROG. This approach
would consist of depositing dilute NMCs on the shroud to lower the local ECP below
the IGSCC/IASCC thresholds with near stoichiometric ratios of hydrogen and oxygen,
i.e., with little excess hydrogen injection.

As roted above, due to the BWRs core's highly oxidizing nature (=+250 mV[SHE]),
more hydrogen is required for an equivalent shift in ECP to provide protection against
IGSCC/IASCC in the core region. However, since noble metals have long been
recognized as recombination catalysts for oxygen and hydrogen dissolved in water, it is
possible to use NMCs to assist in-core recombination. It has been determined that the
ECP of a surface containing only small amounts of noble metals decreased to very low
values when hydrogen was present in stoichiometric amounts (or greater), even in the
absence of complete volume recombination of oxygen and hydrogen in the water
(Reference 4-3).

Figure 4-2 presents the effect of Pd in 285°C (545°F) water containing 300 ppb
oxygen and various hydrogen concentrations (Reference 4-3). While the nominal Type
316 stainless steel demonstrates little change in ECP, the palladinized electrode exhibits
a dramatic drop in ECP from =100 mV (SHE) to approximately -500 mV (SHE) below
a molar ratio of 2. This hydrogen concentration (=24 ppb) is less than
stoichiometrically required for 300 ppb oxygen (37.5 ppb) due to the higher diffusivity
(1.83x) of hydrogen versus oxygen in the water boundary layer. The above resulis
clearly indicate that a catalyzed surface can reduce the ECP of stainless steel with
significantly less hydrogen than is required in the absence of a catalyst. Subsequent
studies have replicated these coating results and have also demonstrated identical
beneficial results with Pd microalloyed stainless steel (Reference 4-4).
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Constant extension rate tests (CERT) were conducted on welded plus low temperature
sensitized (500°C/24h) Type 304 stainless steel to directly evaluate the effect of Pd
coatings on 138CC. The results are summarized in Table 4-1 and Figure 4-3
(Reference 4-3). As anticipated, the measured ECPs for Type 304 stainiess steel were
similar to those obtained for Type 316 stainless steel described above. It is uniformly
observed that the stainless steel autoclave is characterized by ECPs above the protection

potential since it was not palladinized.

The dissolved oxygen levels in all the CERT tests were maintained at significantly
higher levels than would e observed in a HWC environment. In addition, the first two
CERTs, which included the unpalladinized control specimen, were performed at high
hydrogen-to-oxygen molar ratios. The remainder of the CERTs had hydrogen-to-
oxygen molar ratios at the sample surface close to the stoichiometric value for the
formation of water of 2:1, with consideration for the differences in diffusion
coefficients. When the molar ratio exceeded 2.0, the ECPs of the palladinized
specimens was considerably below the IGSCC protection potential even with coatings
as thin as 0.03 um. When the molar ratio was less than 2.0, the ECPs of the
specimens were above the IGSCC (and in most cases the IASCC) protection ECP.
Subsequent scanning electron microscopy (SEM) examinations of the fracture surfaces
co~ “rmed that only the unpalladinized specimens suffered IGSCC.

Since a few shrouds have SCC, crack propagation studies on Pd coated specimens are
particularly relevant (Reference 4-5). Figure 4-4 presents the crack growth results of a
furnace sensitized Type 304 stainless steel specimen that was noble metal coated under
water with 0.42% Pd Type 309L stainless steel weld metal using the high velocity oxy-
fuel (HVOF) technique. The high stress intensity (33 MPaVm [30ksiVin]) fracture
mechanics specimen was exposed to both stoichiometrically excess oxygen (H /07
molar ratio <2) and excess hydrogen environments (Hy/O7 molar ratio >2). When
the specimen was exposed to the excess oxygen environment (180 ppb 07, 9.6 ppb Hy,
Hy/0y = 0.85), the crack propagation rate is 1.46 um/h (503 mpy). However, when
the hydrogen concentration is increased to create a stoichiometrically excess hydrogen
(150 ppb Oy, 24 ppb Hy, Hp/Oy = 2.56) environment, the crack propzgation rate
dramatically decreases two orders of magnitude to ouy 0.01 um/h (3.5 mpy).
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4.4 Conductivity Control to Reduce IGSCC Susceptibility

The benefit of good water purity in reducing IGSCC susceptibility has been recognized
for several years, and the average water conductivity of the entire BWR fleet has
improved dramatically in recent years.

An example of the effects of conductivity (sulfate) on crack initiation in uncreviced
material is presented in Figure 4-5 (References 4-6 through 4-9). It is clear that an
increase in sulfate/conductivity results in an acceleration in crack initiation as measured
by CERT. A specific example of an acceleration in crack propagation rate on creviced
material with sulfate is shown in Figure 4-6. Figure 4-6 displays June 1986 Peach
Bottom 3 on-line reversing DC potential drop 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, i.e., increases in
water conductivity due to intrusions of demineralizer resin material (Reference 4-10).
This figure demonstrates the dramatic increase in crack growth rate (2X) with
conductivity. Similar on-line crack monitoring resu'ts with sulfate have also been
documented in the laboratory, Figure 4-7 (Reference 4-11). Other anions such as
chloride, fluoride, silica’s, phosphate, etc., have similar kinetic effects on IGSCC
initiation and propagation (References 4-12 and 4-13).

This high conductivity crack initiation and propagation acceleration factor is consistent
with the relatively high incidence of IGSCC in creviced Alloy 600 shroud head bolts
and access hole covers. Additional documentation on the strong correlation of IGSCC
susceptibility with actual BWR plant water chemistry history for creviced BWR
components has been published (Reference 4-14).

441 1GSCC Modeling

Finally, the effect of conductivity and ECP 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 4-
15). Predictions from PLEDGE (Plant Life Extension Diagnosis by GE) model have
been extensively compared with laboratory and field data and have 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
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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 piping and other components. Aside
from piping predictions, PLEDGE has been successfully used for predicting in-reactor
on-line compact tension specimen crack growth monitoring data and incorporating this
data into the model for refinement. In a more practical application, the PLEDGE
modeling approach was used to avoid a mid-cycle plant shutdown safe end inspection.
Non-sensitized (stabilized) stainless steels and reactor internals sach as the core shroud,
top guide, access hole cover and in-core monitor housing have also been successfully
modeled with PLEDGE.

Finally, the PLEDGE Model of IGSCC and, more recently, IASCC (Reference 4-16)
clearly indicate the strong effect of conductivity on crack growth rate and, by
inference, crack initiation. Figure 4-8 presents a schematic estimation of Peach Bottom
2 and 3 sensitized Type 304 stainless steel crack growth rates as a function of
conductivity using the PLEDGE model. Crack growth rates based on actual
conductivity averages for the first ten years (Unit-2: 0.593 uS/cm, Unit-3: 0.752
uS/cm) were compared to those averages for the last two years. A value of 200
mV(SHE) was used for the ECP in these calculations. As noted in Figure 4-8, a factor
of improvement (FOI) of approximately twenty (20) decrease in crack growth rate is
obtained with Unit-2's decrease in conductivity. The FOI for Unit-3 is eleven (11).

4.5 Shroud IGSCC/AASCC Mitigation Factors of Improvement

Table 4-2 sum.marizes the estimated FOIs for reactor internals, based on relative crack
propagation rates, The ECPs for the top of the core (Brunswick I shroud flange
IGSCC) and bottom of the core (access hole cover) were estimated from FitzPatrick
dita, Figure 4-9 (Reference 4-17). The ECP of noble metals was derived from data
from Duane Arold, Figure 4-10 (Reference 4-18). The benefits of conductivity (only)
improvement as based on PLEDGE model calculations are also included.

4.6 An Additional Potential IGSCC/IASCC Mitigation Technique

Although it has been demonstrated that there is a clear crack growth rate reduction

benefit with zinc injection and HWC (References 4-19 and 4-20), the latest synergistic
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depleted zinc oxide (DZO)/HWC laboratory studies indicate that the amount of crack
growth reduction is highly variable with uncertain reproducibility, especially for Alloy
182. Since it has been observed that the material response time is much slower than
that obtained with high hydrogen (HWC) levels alone, it requires considerably longer
time to establish the lower bound crack growth rates. Although there is insufficient
data to establish a BWR water chemistry specification with predictably reliable results,
testing will continue to quantify the benefit at low DZ0) levels (10 ppb) since this may
provide a future cost saving by allowing somewhat lower hydrogen addition rates to
achieve HWC protection. The BWR Owners' Group will continue to monitor the
progress of this activity.

4.7 Core Shroud IGSCC/IASCC Mitigation Options

The above discussion reveals the following options for addressing the degradation of
the BWR core shroud:

. HWC. This "blanket” IGSCC/IASCC remedy lowers the ECP of the core
shroud and mandates a lower coolant conductivity. However, achieving
such in-core protection can result in high radiation levels during operation
and shutdown.

"Low Impact" HWC and NMCs. This technique utilizes the catalytic
nature of noble metals to increase HWC efficiency and minimize radiation
penalties. Although this concept has been clearly proven in the laboratory,
technological application details are under development and qualification.

. Conductivity Control. This universally sound approach would only delay
the initiation of ¢racking and reduce crack propagation rates. It is not
sufficient to mitijate SCC in the BWR.

DZO/HWC. This is a potential "low impact” HWC technique where an
operating specification relationship could be developed between DZO and
hydrogen additions to minimize SCC and radiation penalties. Additional
testing of this technique is required.
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It is obvious that the above SCC mitigation options are characterized by either
detrimental side effects (HWC) or inadequacy (conductivity only), or they have not
been fully qualified (HWC/NMCs and DZO/HWC). Therefore, the optimum core
shroud SCC mitigation approach will vary from plant to plant and will require a
complete specific evaluation of these and future options.
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Table 4-1.  Results of Constant Extension Rate Tests

Sensitized Type 304 Stainless Steel
Pd Molar Ratio ECP Time to

CERT Thick . H2 02 H2:02 CERT Auto Failure IGSCC
No,  (um) (ppb) (ppb) @) (b) (m¥) (m¥) (R (%)
1 0.00 161 95 27.1 49.6 -102 31 70 26
2 0.77 161 104 248 453 -535 -110 124 0
3 0.77 16 196 1.3 24 -515  -100 125 0
- 077 9 19 07 1.3 50 -102 76 33
5 007 19 251 B S & -490 -150 118 0
6 003 20 263 1.2 22 -400 -110 i26 0
Test Conditions: 287°C

0.3 x 106 M H3504

Conductivity: 0.3 uS/cm

Strain rate: 1 x 10°6/s

(a) Molar ratio in water = 16 x ppb H2/Op

(b)  Molar ratio at surface = 1.83 Molar ratio in water
where 1.83 is the ratio of the diffusion coefficients
for H; and O in water

Auto = autoclave
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Table 4-2. Shroud Estimated IGSCC Factors of Improvement (Fon!

Top of Core _Bottom of Core

H2 SCFM 12 12

T 304 ECP 2 200 ' 75

Pd ECP

HWC FOI

Pd FOI

Conductivity
0.3 to 0.06 uS/cm
(only)

1. Assumes that all FOIs are multiplicative. Separate conductivity FOL.
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5.0 OPERATIONAL SYMPTOMS

This section on operational symptoms is included to address the potential situation if
unexpected significant crack growth occurs during plant operation. The potentially
affected plant operational parameters are identified, as well as the modes of reactor
operation that are most likely to show these symptoms if the shroud has degraded to the
point that significant, through-wall leakage can occur.

5.1 Functional Effects of Significant Leakage in the Upper Shroud

The primary abnormal effect of significant leakage through the top portion of the core
shroud assembly is that a portion of the steam-liquid flow leaving the core will bypass the
steam separators. The bypass leakage will instead flow directly into the vessel annulus
region.

The left side of Figure 5-1 shows the normal flow and fluid enthalpy pattern for a typical
BWR unit. A postulated situation with some shroud leakage is shown on the right side of
Figure 5-1. Several fluid paths are mixing in this bulkwater/annulus region of the vessel.
The normal mixing process involves the combination of the following flow paths (typical
full power values are given for a BWR/4 218 inch vessel plant):

- Downward liquid flow from the separators (66.2x10° Ibm/hr)

. Carryunder steam flow ( 0025x sep liquid flow = 0.17x10° Ibm/hr)

. Drain flow (liquid) from the dryers (~1% of steam flow = 0.1x10° Ibm/hr)
- Feedwater flow (10.5x10° lbm/hr)

The subcooled feedwater flow (420°F, 398 Btw/lbm) mixes with the other, saturated flow
paths, normally producing 8 downcomer enthalpy that is about 527 Btu/lbm (below
saturation [subcooled] by about 18.7 Btu/lbm).

The right side of Figure 5-1 shows the same parameters, but assumes, for example, that
significant leakage is occurring equivalent to 6% of the total core flow. This is
approximately the amount of leakage that would occur with an equivalent crack height
(Leakage area / Circumference of the shroud) of about 1/2 inch.
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An initial calculation was made assur 1 that the power and core flow remained at the
rated values. Subsequent calculational iterations were performed to adjust the power/flow
for the new parameters. The results for the different flow paths are:

. Downward liquid flow from the separators (63.8x10° bm/hr)

. Carryunder steam flow (0.0025 x sep liquid flow = 0.148x10° Ibmvhr)

. Drain flow (liquid) from the dryers (~1% of steam flow = 0.1x10° Ibm/hr)

- Feedwater flow (9.45x10° Ibm/hr)

. Liquid leakage flow (4.1x10° lbm/hr)

. Leakage steam flow (0.15 quality in plenum above core gives 0.6x10°
Ibm/hr)

The subcooled feedwater flow (417°F, 395 Btw/lbm) still mixes with the saturated flow
paths from the separators and dryers. However, the leakage flow increases the effective
carryunder fraction to about § times normal. This raises the downcomer, recirculation
loop, and core enthalpy to about 532 Btw/Ibm, however, it remains below saturation
[subcooled] by about 11.8 Btuw/lb.

The change in subcooling (from about 19 to 12 Btw/Ibm in this example) would not impact
the recirculation system significantly because the net pump suction head (NPSH) margins
remain adequate. However, the shroud leakage does change four other basic reactor
parameters:

. The warmer recirculation water will become evident in the recirculation
loop temperature monitors. For this example, the temperatures would be
about 4°F above normal.

- The reduced core inlet subcooling will reduce reactor power. For this
example, a power reduction of about 11% is expected.

- The leakage path essentially reduces the pressure drop in the flow path
from the core upper plenum to the downcomer. This effect will produce a
slight increase in the total core flow (assuming that the recirculation
drive loop flow remains constant). For this example, a core flow increase
of only about 1.5% is expected.

- The core flow effect will raise power about 1%, so that the overall power

reduction will be from 100% to about 90%. Clearly this is the strongest
indicator of the presence of leakage
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For reasonable ranges of hypothesized effective crack size and resulting leakage, the
power level signal is the strongest indication of an abnormal condition of the shroud.
Figure -1 (right side) shows the approximate operating conditions with the 10% power
decrease and the slight core flow increase.

The example case only produced a small change in the recirculation loop temperature.
Close monitoring would be needed to identify this change. The temperature difference
between the loops and the vessel dome (saturation) temperature is reduced to about 11°F,
very close to the setpoint of the subcooling monitors on those units that have them.

If leakage develops on one side more than another, the symptoms may also include
indications of non-symmetry: greater changes for one recirculation loop than the other(s).
This asymmetry may also be seen in local core power (one side reduced more than the
other).

If a larger leakage flow path is postulated, the downcomer subcooling could be reduced to
the point where recirculation system cavitation is experienced. At about four times more
leakage (leakage about ten times the normal amount of steam carryunder from the
separators), the recirculation pump NPSH margin approaches zero. Plants with jet pumps
would also approach cavitation at the jet pump suction and nozzle areas. Under these
conditions, the recirculation system efficiency is reduced rapidly, and significant
indications of low recirculation drive loop flow, low core flow, and additionally reduced
power can be experienced. These signals may also show noisy and erratic behavior.

One other characteristic would be observed if a through shroud wall crack developed
abruptly while the unit was at high power, steady state conditions. The rapid creation of
leakage flow into the annulus region of the vessel could potentially cause an observable
increase in the water level. This sequence of events could even raise the water level so
that a high water level trip could be initiated. In the more probable case that the water
level transient is not enough to reach the trip points, reactor operation will change to
conditions displaying the other symptoms previously identified.
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5.2 Specific Operational Parameters for Upper Shroud Leakage

The following monitored parameters will provide indication of abnormal conditions to the
reactor operating staff They are presented in the approximate order in which the
indication would become significant as upper shroud leakage developed.

(1)  Reactor thermal power will be suppressed below its normal value for the selected
rod pattern and core flow. A good way to observe this anomaly is to compare the
power ascension trajectory versus core flow (as in Figure 5-2).

The process computer trend output information will clearly be helpful in these
comparisons to normal. It is recommended that a baseline trajectory for these
parameters should be established (if it does not already exist) in a useful format.
This will enable utilities to perform this type of comparison to expected
performance at each reactor startup.

The experiences observed at two BWRs (in 1984 and in 1991) used this type of
comparison (between expected and observed power versus core flow) to discover
problems associated with loose shroud head bolts. In those cases, physical motion
of the shroud head occurred as the pressure drop became large enough to lift the
upper shroud/separator assembly. At that power-flow condition (about 80%
power and 85% core flow), leakage began. In these cases, the motion of the
shroud head and induced leakage was restricted by the bolts that were in place.

For upper shroud leakage without significant shroud motion, there will not be such
a distinct characteristic change at a particular power-flow condition. Power will be
suppressed over the whole power versus flow range. If some motion is postulated
(e.g., only one side is intact, and the other tends to open further when the power-
flow conditions exceed the point of lifting pressure drop), then some of the
distinctive characteristics of the loose bolts case may be experienced. This case
(shroud lifting) is quite remote because it takes such a small amount of remaining
ligament (even on one side) to maintain shroud integrity and geometry.

(2)  Those plants that have recirculation loop cavitation instrumentation could reach

those setpoints if large leakage flow occurs from the upper shroud. All plants
would be able to observe the increase in recirculation drive loop temperature
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(3)

4)

(%)

(6)

above normal. If cavitation conditions are actually encountered, the loop flow, jet
pump diffuser flow, pump head, and vibration monitoring instruments may display
noisy, erratic signals.

It is recommended that baseline characteristics of normal recirculation loop
temperature versus power and flow conditions be established so that an abnormal
pattern can be detectsd. Figure 5-3 shows a typical pattern for recirculation loop
temperature during the upper portion of the ascension to full power. The
differences calculated for the example case of shroud leakage are also shown.

The characteristic that a slight increase in core flow may be observed due to the
reduced pressure loss in the shroud/separator region can also be monitored. This
anomaly can be discovered by comparing the core flow to drive loop flow (in a jet
pump plant), or by comparing core flow to couplei scoop tube position or pump
speed (for all MG set plants). Figure 5-4 shows a typical relationship between
core flow and drive flow, and the type of anomaly that may be observed. This
sensitivity is not very strong for potential equivalent crack sizes up to the 1/2

inch upper shroud leakage example shown here.

The baseline relationship of these parameters along the rated flow control rod line
should be established for use in detecting abnormal operation.

If bypass leakage develops on one side of the upper shroud more than another, the
syinptoms may also include indications of non-symmetry in the core power (one
side reduced more than the other), or greater changes for one recirculation loop
than the other(s).

In the unlikely case that upper shroud leakage develops abruptly during normal
steady state operation, a rising water level transient would be created. Such a
transient could reach the high water level trip setpoints. If the unit does not trip cn
high water level, it will shift to operating conditions with the characteristics
described in the previous items.

The discussion of these symptoms is most applicable to the upper shroud area
associated with weld areas H1 and H2. These areas see the full, two-phase
mixture being discharged from the core. The H3 weld area is below the fuel top
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guide. It is primarily exposed to the bypass region flow which is heated, but the
mixture quality is lower than the core exit. A significant leak in this area would
draw some two-phase flow from the plenum above the core in addition to the
heated water. However, the symptoms would be smaller than if the cracking
developed higher in the shroud.

5.3 Functional Effects of Leakage in Beltline or Lower Shroud Areas

If large cracking occurs lower on the shroud, in the beltline zone or lower, it does not
produce observable symptoms. The fluid that would leak through the shroud wall would
be partially heated water from the outer bypass region outside the fuel bundles. It would
only produce a very small change in the temperature of the recirculation and core inlet
flow, and no detec.able change in power or loop temperature is expected. At the bottom
of the shroud, the bypass region water is the same temperature as the recirculation flow in
the vessel annulus and recirculation loops.

It is concluded that no detectable symptoms would accompany larger than expected
cracking in the middle and lower shroud. All indications found so far are well below the
allowable criteria, and no leakage has occurred through the shroud (in the upper, middle,
or lower region of the shroud). Safe operation is assured for all areas by regular
inspection of the shroud.
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6.0 INSPECTION STRATEGY

This section describes a strategy and integrated plan for shroud inspections. This program
is designed to meet the intent of SIL 572 Rev. 1 while responding to utility specific needs
This discussion is based on shroud inspections to date and current available inspection
equipment. The information in this section may require modification as new inspection
equipment becomes available.

This strategy and recommendations are provided based on current knowledge of the
shroud issue and experience at various plants. As more inspections are performed, some
of these recommendations may change. The recommendations provided here are not
mandatory, but provided to utilities as a guide in developing their plant-specific inspection
plans. For example, the selection of VT or UT and consideration of inspecting for
sufficient material to confirm structural margin could result in a modified inspection plan.
Thus, the plant specific inspection plans may vary from those provided in this section.

I'he inspection recommendations provided here are considered applicable to all BWR's
and exceed the requirements of ASME Code Section XI (where applicable, e g., for
BWR/6).

The specific goals of this inspection plan are to:
e Provide an integrated shroud inspection philosophy that:
1. Meets the intent of the inspection recommendations in SIL 572 Rev. 1
2. Meets utility requirements
3. Contains a defensible basis, and
4. Can be applied uniformly and consistently from plant to plant

« Provide a strategy to minimize the impact of the shroud inspections on the overall
outage.

6.1 Susceptibility Factors

SIL 572 Rev. 1 recommends a review of shroud fabrication records and operating history
for each plant. The purpose of this review is to determine the relative degree of shroud
susceptibility to cracking. This will affect the decision process to determine what types
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and to what extent inspections should be performed. In some situations a repair
contingency package may be applicable.

The susceptibility evaluations involve a combination of absolute and reiative comparisons
to other information and data and can be quite subjective. As new information becomes
available the perceived susceptibility of the plant to shroud cracking may change

In considering the relative susceptibility of one BWR plant versus another, there are
several key parameters that must be evaluated. These include materials, fabrication, water
chemistry, neutron fluence, and IGSCC/IASCC history of other in-reactor components

1.

Materials: Material composition, in general, and carbon content more specifically,
can have a major affect on shroud IGSCC susceptibility. Bimetallic welds utilizing
Ni-Cr-Fe material (Alloy 182) have higher susceptibility than stainless materials.
Laboratory tests and field experience conclude that components with a higher carbon
content are more susceptible to cracking than a lower carbon equivalent.

The primary effect of carbon content is to increase the degree of sensitization in the
as-welded condition, which is related to the minimum chromium content of the
chromium depleted regions at the material grain boundaries, and thus the IGSCC
susceptibility. A series of time to failure tests versus percent carbon have been
performed in the GE pipe test labs for 304 stainless steel in 288°C oxygenated water
In general, based upon the results of the pipe tests and field experience, it appears
that those plants with materials containing above 0.05% carbon are in the highest
susceptibility category, those with 0.04% to 0.049% are in the intermediate category,
and those with less than 0.04% are in the most resistant category.

Fabrication' The fabrication processes and weld designs affect IGSCC susceptibility.
Examples of higher susceptible fabrication techniques include designs containing
crevices, welds utilizing backing rings, high weld residual stress from fitup, and the
orientation of plate materials that result in the laminations exposure to the oxidizing
environment (presence of surface cold work, cool down rate from solution heat
treatment temperature, weld repair, fit-up stresses, etc.).

Water chemistry: Water chemistry can be divided into steady state and transients.
Steady state involves maintaining/sustaining proper chemistry such as low
conductivity. Transients are short term events such as seawater and resin intrusions.
Transients and poor water chemistry have been shown to increase IGSCC
susceptibility. A sign ficant contributor to shroud condition is plant conductivity
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history (early life vs. overall operation, presence of severe potentially damaging
transients, etc.)

GE has performed a considerable amount of laboratory testing and analytical
modeling of material susceptibility to IGSCC as a function of conductivity Based
upon this data, it was observed that a plant operated early in life with a conductivity
of about 0.5uS/cm has about a five to tenfold increase (2 IGSCC propensity when
compared to a plant that has operated at 0.1-0.2 uS/cm. Field data has. in general
supported this conclusion. As a measure of ranking, the most susceptible category
would be for those plants that have operated for the first five operating cycles with
conductivity above 0.5uS/cm. The next most susceptible category would be those
plants that have operated between 0.3 and 0.5 uS/cm, and the least susceptible
category would be those plants that operated below 0.3 uS/cm consistent with the
EPRI Water Chemistry Guidelines Action Level 1 values

Fluence The shroud fluence distribution is a function of core design/configuration
and operating power history. The threshold fast neutron fluence (E>1mev) for
initiation of IASCC (Irradiated Assisted Stress Corrosion Cracking) is approximately
5 x 10* n/cm® based upon test data. IASCC has been observed to occur below the
predicted initiation threshold if classic IGSCC is also present. This observation is
based upon metallurgica! evaluations of a boat sample of a core shroud whose
fluence was approximate 3 x 10* n/cm®. Based upon this data, plants with shrouds

01

having fluences above 5 x 10% n/cm® are considered susceptible to IASCC. Plants
with fluences below 3 x 10%° n/em® are not considered susceptible to IASCC

In addition, the plant specific cracking history is an indicator of shroud susceptibility. T he
presence of previous cracking in other components of a plant such as shroud head bolts,
access hole covers, recirculation piping, and core spray spargers/p would suggest a
greater susceptibility for shroud cracking. It is also useful to review  mpare inspection

results from other plants with similar shroud susceptibility factors when known

6.2 Inspection Plan

Figure 6-1 is a graphic representation showing the relationship between SIL 572 Rev. |
(top level document containing the bases for the inspection recommendations) and the site

specific inspection strategy, tools and procedures

The first step to generating a plant specific inspection plan consists of reviewing SIL 572
Rev. | for applicability. The factors affecting shroud susceptibility to cracking are then
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evaluated. The inspection plan is developed by utilizing the susceptibility factors in
combination with the utility specific input. The utility specific input includes outage and
inspection specific goals as well as the integration of the shroud inspection with other site

activities

62.1 Inspection Strategy

Inspection Recommendation Summary

The following is a summary of the key inspection recommendations
¢ Inspect at the appropriate refueling outage as indicated by SIL 577, Rev. 1 cntena,
susceptibility factors, etc ,

Perform either an Enhanced VT-1 or UT inspection. Decision of UT vs. VT is
dependent on a plant specific evaluation (i.e., time cost/benefit, history,
susceptibility)

Determine the extent of cleaning required, and perform as appropnate,

Perform inspection on a significant statistical sampling based upon perceived
susceptibility to cracking, and

Re-examine every second outage if no cracking is observed

The strategy invoked to accomplish this is to perform a susceptibility evaluation of the
shroud and to characterize its susceptibility to cracking as either low, medium, or high
Then, each utility should compare the benefits of each type of exam (UT of VT) such as

minimum sample size prior to selecting the exam technique

Inspection Philosophy
The inspection philosophy is to start with the smallest data set that will provide

justification for continued operation in the absence of cracking. If the inspections were

performed visually on a limited data set, thei. che data set must be expanded if cracking 1s

observed. One domestic utility inspected for 8 weeks with a combination of VT and UT
to fully map out the cracking An alternative is to use UT to simultanecusly detect and
characterize the cracking. This may be very cost effective as a proactive inspection

alternative if substantial cracking is anticipated
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The two welds initially targeted for the inspection are the H3 and H4 welds The H3 weld
(shroud to top guide support ring) is susceptible to IGSCC due to the highly oxidizing
environment. Some plants additionally have shrouds with top guide support rings that
have been fabricated in a manner that may make it more susceptible to IGSCC The H4 or
beltline weld is the most susceptible to IASCC since it is located in the high flux region
and thus has the highest fluence

h
It is believed that the H3 and H4 weld are the most susceptible welds to 1GSCC and
IASCC, respectively. Therefore, the initial examination data set should be based upon
these two welds. The recommended initial UT inspection for all nsk plants (High,

Medium, Low) is full inspection of the H3 and H4 welds

Inspection Plan 1. Low Risk Plants

A low risk plant is not expected to experience shroud cracking at this time Therefore, the
strategy is for a minimum visual inspection. In general, low risk plants have had good

water chemistry, low fluence, have shrouds made of low carbon matenals and do not have
substantial fabrication anomalies (e.g., weld repairs) and have no reported IGSCC of other

in-reactor components. A recommended strategy involves

Limited enhanced VT-1 inspection. Surface preparation is considered by comparing
cleaned and non cleaned surface resolutions

Minimum number of weld locations selected
OD or ID depending on weld location
A typical inspection plan for a low risk plant would include
Weld H3 - Examine 4 cell locations, preferably at highest neutron flux azimuths

Mid plane weld - Examine 4 cell locations, preferably at highest neutron flux
azimuths

Shroud to shroud support weld - Examine 10% of weld length on OD at azimuths
where access hole covers are located

Alternative Plan 1 inspection. Use UT approach to establish baseline for future

inspections. A complete UT with no findings may support a longer cycle prior to a

remnspecuon
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Inspection Plan 2. Medium Risk Plants

A medium risk plant may have some limited shroud cracking. The screening criteria (flaw
evaluation) can be utilized with other information to determine in advance the amount of
inspection required for each weld. Identified shroud anomalies, such as weld repairs, areas
with ground off lifting lugs, etc., should be inspected Significant indications may result in
“crack chasing” and/or UT for crack characterization. Performing UT initially in lieu of
VT may be cost effective option. The inspection strategy for a medium risk plant is

similar to the low risk plant
A typical inspection plan for a medium risk plant would include
Weld H3 - Examine 8 cell locations, preferably at highest neutron flux azimuths

Mid plane weld - Examine 4 cell locations, preferably at highest neutron flux
azimuths

Vertical weld - Examine 1 weld if cell already vacated

Shroud to shroud support weld - Examine 10% of weld length on OD at azimuths
where access hole covers are located

Expand sample set if cracking is observed

Alternative Plan 2 inspection. Use UT approach to establish baseline for future
inspections. A complete UT with no findings may support a longer cycle prior to a

reinspection

Inspection Plan 3. High Risk Plants

In general, high risk plants have had below average water chemistry, high fluence, have

shrouds made of high carbon materials and may have some fabrication anomalies. Shroud

cracking is expected for a high risk plant. The inspection strategy for a high risk plant

should consider UT in lieu of VT as an ulternative
To summarize, for high risk plants

e Weld H3 - Examine 8 cell locations, preferably at highest neutron flux azimuths
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Mid plane weid - Examine 8 cell locations, preferably at highest neutron flux
azimuths

Vertical weld - Examine |1 weld if cell already vacated

Shroud to shroud support weld - Examine 10% of weld length on OD at azimuths
where access hole covers are located

Expand sample set if cracks are found

Alternative Plan 3 inspection: One plant with shroud cracking spent 8 weeks mapping
and characterizing the cracks. Another domestic BWR took about 3 weeks to perform

enhanced VT-1 on the original and expanded data set. UT is suggested for consideration

as a proactive cost beneficial alternative to visual inspections. One overseas utility

inspected 180 degrees of the shroud beltline weld in 8 hours using UT. The inspection
was performed from the shroud OD, thus requiring no cell disassembly, and the cracking

was detected and characterized simultaneously

6.3 Inspection Techniques

The following is a brief discussion of the available shroud inspection techniques

6.3.1 Visual Inspection

The enhanced VT-1 examination is the recommended technique for visual inspections
Visual examinations are typically performed from the refueling bridge. As a result, no
other refue! activities are performed in parallel since the bridge cannot be moved. The

following four major steps are involved

Vacate fuel cells as applicabie

Clean examination areas, if required

Inspect areas (ID and OD)

Evaluate results against screening criteria, then depending on results
- No action required,
- Expand VT sample set, or
- Perform UT sizing

if no indications are observed, then the examination is complete and no further actions are

required. If indications are present, then the sample set may need to be increased. In
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addition, an ultrasonic examination may also be required (depending on results of

screening criteria application) as a visual examination cannot fully characterize the crack

6.3.2 Ultrasonic Examinations

Ultraso. '« inspections have been performed on the shroud from the OD and 1D at two

plants

A localized UT scanner was utilized on an overseas plant to characterize cracking on the
beltline weld from the shroud ID. A second examination using a more sophisticated
device was performed on a 180° segment of the beltline weld from the shroud OD. In this
instance no fuel was removed since the inspection was performed from the OD. The ID

and OD measurements were compared at the applicable area with good correlation

A domestic utility performed ultrasonic measurements of some shroud cracking from the
ID and the OD depending on location. Two boat samples were obtained from the H2

weld and the crack depth was physically measured which validated the UT technique

6.3.3 UT/VT Comparison

This section is a comparison of VT and UT shroud examination. This is based on current

available inspection equipment, and shroud inspection experience to date. This

comparison should be reviewed and modified if needed as new inspection equipment

becomes available
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VT and UT: Advantages & Disadvantages

Visual

Equipment readily available

Large experience base

Utilized for ID and OD

Images can be digitized and enhanced

Surfaces may need cleaning
Indications may be missed

Fuel cells must be disassembled (ID)
Welds difficult to locate

Refuel bridge required

No through wall sizing

Frequent camera changeouts

Low repeatability
Subjective evaluation

Ultrasonic

Advantages

Most exams from OD

No surface preparation

No cell disassembly

Detection/sizing performed simultaneously
Minimum impact on other invessel work
Faster than VT

Consistent and repeatable

Disadvantages

More personnel required
New technology
Higher equipment costs
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6.4

Recommendations

The following is a summary of BWROG recommendations relative to shroud:

Susceptibility Investigation;, Each utility should determine its relative susceptibility
to shroud cracking.

Screening criteria, The utility should perform flaw size evaluations in advance of the
inspection to establish acceptance criteria.

Plant specific objectives, The inspection goals must be established to determine the
most effective inspection technique; short term and long term goals and philosophies
should be considered.

Integrate inspection plan into refuel floor activities, the shroud inspection should be
incorporated into the refuel floor activities to optimize productivity and ,minimize
outage length.

Contingency repair package as appropriate, in cases where the shroud has been

evaluated as having high susceptibility factors for cracking, the utility should have a
contingency repair package in place.

89
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SIL 672 rev 1
Susceptibility
Customer input ———P Inspection plan
Inspection Goals
current outage
future outages
Critical path
Refuel floor considerations
etc.
Site tooling, procedures, etc.
Figure 6-1 Shroud Inspection Plan Approach
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7.0 SUMMARY

This report was prepared in response to recent cracking observed in the vicinity of core
shroud welds at four boiling water reactors (BWRs). This report contains a discussion of
various aspects of the shroud cracking issue and provides the generic tool which utilities
may use to address shroud cracking concerns. These issues include: screening critena,
mitigation actions, operational symptoms, and inspection strategy.

The graded screening criteria was developed to provide the procedure for the evaluation

of any indications. The screening criteria includes three steps, 1) acceptance standard, 2)

visual screening criteria, and 3) UT screening criteria If the indications meet the
screening criteria, then the indications are considered to be acceptable for at least one fuel
cycle without further evaluation. If the indications do not pass a particular level of the
graded approach, the next level may be applied. For example, if the indications do not
meet the acceptance standard, then the visual screening criteria may be applied. If the
indications do not meet the UT screening criteria, then repair of the shroud may be
required

Information regarding mitigation of core shroud cracking was presented. This includes
discussion of hydrogen water chemistry, water conductivity control, and noble metal
plasma spray coating. The recent incidences of cracking have demonstrated the advantage
of taking early precautions to lessen the potential and extent of IGSCC. Water chemistry,
fabrication techniques, and material have been identified as being significant contributors
to the potential for cracking

Operational symptoms were discussed to address the potential situation if unexpected
significant crack growth occurs during plant operation. The potentially affected plans
operational parameters are identified, as well as the modes of reactor operation that are
most likely to show these symptoms if the shroud has degraded to the point that
significant, through-wall leakage can occur

An integrated plan and strategy for shroud inspections was also presented. This program
was designed to meet all the recommendations of SIL 572 Rev. 1 while responding to
utility specific needs. The purpose of the inspection plan is to provide the link between
SIL 572, Rev. 1 and the plant specific shroud inspection
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APPENDIX A - BASIS FOR THE CRACK GROWTH RATE

'he basis for the crack growth rate used in the screening criteria is provided in this
section. The shroud cylinder was fabricated from roll formed Type 304 or Type 3041
stainless steel plate. Therefore, the weld heat-affected-zone (HAZ) is likely sensitized
The shroud is also subjected to neutron fluence during the reactor operation which further
increases the effective degree of sensitization. The other side effect of neutron fluence
induced irradiation is the relaxation of weld residual stresses. The slip-dissolution model
developed by GE quantitatively considers the degree of sensitization, the stress state and
the water environment parameters, in predicting a stress corrosion cracking (SCC) growth
rate. The crack growth rate predictions of this model have shown good correlation with

laboratory and field measured values

A 1 Slip-Dissolution Model

Figure A-1 schematically shows the GE slip-dissolution film-rupture model (Reference
A-1) for crack propagation. The crack propagation rate Vy is defined as a function of two

constants (A and n) and the crack tip strain rate, €'cy
[, = o! T
\ t ‘\ [ A ct

: sard -
where €'ct = CK® (for constant load)
A=78x10"3n3.5 (from Reference A-2)
n is defined in Reference A-2

K = stress intensity factor (units of MPavm)

T'he constants are dependent on material and environmental conditions. The crack tip
strain rate is formulated in terms of stress, loading frequency, etc. When a radiation field,
such as the case for the shroud, is present, there is additional interaction between the
gamma field and the fundamental parameters which affect intergranular stre:s corrosion

cracking (IGSCC) of Type 304 stainless steel (see Figures A-2 and A-3)

The increase in sensitization (i.e.. Electrochemical Potentiokinematic Reactivation, EPR)

and the changes in the value of constant A as a function of neutron fluence (>1MeV)is

given as the following

2)

EPR = EPR + 3.36x10-24 (fluence)! 17 (A-2
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> . s & 2% ~ . » -~ " " S
where, EPR is in units of C/cm#, fluence is in units of n/cm< and the calculated value of

EPR has an upper limut of 30
The constant C ir defined as the following
for fluence < 1.4x10!9 /em?: C=4.1x10-14

for fluence > 1.4x1019 n/em? but < 3x1021 n/em?2 ‘.
C = 1.14x10°13 In(fluence) - 4.98x10-12

for fluence < 3 0x1021 n/em?2: C = 6.59x10-13

A 2 Calculation of Parameters

The parameters needed for the crack growth calculation by the GE model are: stress state
and stress intensity factor, effective EPR, water concuctivity, and electro-chemical

corrosion potential (ECP)

I'he stress state relevant to IGSCC growth rate is the steady state stress which consists of
weld residual stress and the steady applied stress. Figure A-4 shows observed through-
wall weld residual stress distribution for large diameter pipes. This distribution is
expected to be representative for the shroud welds also. The maximum stress at the
surface was nominally assumed as 35 ksi. The steady applied stress on the shroud is due
to core differential pressure and its magnitude is small compared to the weld residual
stress magnitude. Figure A-5 shows the assumed total stress profile used in the
evaluation. Figure A-6 shows the calculated values of stress intensity factor (K) assuming
a 360° circumferential crack. It is seen that the calculated value of K reaches a maximum
of approximately 25 ksivin. The average value of K was estimated as 20 ksiVin and was

used in the crack growth rate calculations

The weld residual stress magnitude is expected to decrease as a resvlt of relaxation
produced by irradiation-induced creep. Figure A-7 shows the stress relaxation behavior of
Type 304 stainless steel due to irradiation at 550° F. Since most of the steady stress in the
shroud comes from the weld residual stress, it was assumed that the K values shown in
Figure A-6 decrease in the same proportion as indicated by the stress relaxation behavior

of Figure A-7
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The second parameter needed in the evaluation is the EPR. In the model, the initial EPR
value is assumed as 15 for the weld sensitized condition. Using Equation (A-2), the

predicted increase in EPR value as a function of fluence is shown in Figure A-8

The third parameter used in the GE predictive model is the water conductivity A water
conductivity of 0.1 uS/cm was used in this calculation which is a reasonable value for
many plants. To demonstrate that the GE model conservatively reflects the effect of
conductivity, Figure A-9 shows a comparison of the GE model predictions with the
measured crack growth rates in the crack advance verification system (CAVS) units
installed at several BWRs. The comparison with CAVS data in Figure A-9 also

demonstrates the conservative nature of crack growth predictions by the GE model

The last parameter needed in the GE prediction model is the ECP. Figure A-10 shows the
measured values of ECP at two locations in the core. The ECP values at zero Hj

injection in Figure A-10 was used in this calculation. It is seen that the ECP values at zero
H» injection rate range from 150 mV to 225 mV. Therefore, a value of 200 mV was used

in the calculation
A 3 Crack Growth Prediction

Based on the discussion in the preceding section, the crack growth rate calculations were

conducted as a function of fluence assuming the following values of parameters

Initial K = 20 ksivin
EPRy = 15 C/em?
Cond =0.1 uS cm2
ECP =200 mV

Figure A-11 shows the predicted crack growth rate as a function of fluence. It is seen that
the predicted crack growth rate initially increases with the fluence value but decreases

later as a result of significant reduction in the K value due to irradiation induced stress

relaxation. The crack growth rate peaks at 4 5x105 in/hr at a fluence of 1x1020 n/em?
.$
)"~

Thus, a value of 5x10°2 in/hr can be used in the structural integrity evaluation for the

shroud

This crack growth rate is quite conservative as can be shown in Figure A-12 from

NUREG-0313, Rev. 2. It is seen that the crack growth rate of §x10-3 in/hr at
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20 ksiVin is considerably higher than what would be predicted by using the NRC curve
This further demonstrates the conservatisimn inherent in the assumed bounding value of

crack growth rate
A 4 Conclusion

A crack growth rate calculation using the GE predictive model was conducted considering
the steady state stress, EPR, conductivity and ECP values for a typical core shroud. The
evaluation accounted for the effects of irradiation induced stress relaxation and the
increase in effective EPR. The evaluation showed that a bounding crack growth rate of
$x10-3 in/hr may be conservatively used in the structural integrity evaluation of the core

shroud

AS Reference

A-1 F.P. Ford et al, "Prediction and Control of Stress Corrosion Cracking in the
Sensitized Stainless Steel/Water System," paper 352 presented at Corrosion 85,
Boston, MA, NACE, March 1985

A-2 FP Ford, DF Taylor, P L. Andressen & R.G. Belanger, "Environmentally
Controlled Cracking o! Stainless Steel and Low Alloy Steels in LWR
Environments,” EPRI Report NP50064M, Contract RP2026-6, 1987
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eCT

—

\ VT Crack-tip advance by
enhanced oxidation at

strained crack tip

Vi AE

Where:
VT « crack propagation rate

A, n = constants, dependent on material
and environmental conditions

é « crack-tip strain rate, formulated in
CT terms of stress, loading frequency, etc.

Fioure A-1 GE PLEDGE Slip Dissolution Film Rupture Model of Crack Propagation

A-S
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OBSERVED RESIDUAL STRESS PROFILES
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Figure A-4 Throughwall longitudinal residual stress data adjacent to welds in 12 to 28

inch diameter stainless steel piping
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APPENDIX B - LIST OF PARTICIPATING UTILITIES

The list of BWR Qwners' Group utilities below have participated in submittal of this
report:

Carolina Power & Light
Cleveland Electric Illuminating
Commonwealth Edison
Entergy Operations, Inc.
GPU Nuclear
IES Utilities Inc.
Niagara Mohawk Power
Northeast Utilities
Northern States Power
Pennsylvania Power & Light
PECO Energy
Public Service Electric & Gas
Southern Nuclear Operating Co.
Tennessee Valley Authority
Vermont Yankee
Washington Public Power Supply System

B-1
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IMPORTANT NOTICE REGARDING
CONTENTS OF THIS REPORT

Please Read Carefully

The only undertaking of the General Electric Company (GE) respecting information in this
document are contained in the Task Authorization (TA) between the participating utilities
of the BWR Owners' Group (BWROG) and GE, and nothing contained in this document
shall be construed as changing the TA. The use of this information by anyone other than
the participating utilities of the BWROG, or for any purpose other than that for which it is
intended under the TA is not authorized; and with respect to any unauthorized use, GE
makes no representation or warranty, and assumes no liability as to the completeness,
accuracy, or usefulness of the information contained in this document, or that its use may
not infringe privately owned rights.
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EXECUTIVE SUMMARY

Cracking has been observed in the vicinity of core shroud welds at six boiling water
reactors (BWRs). Of the six BWRs where cracking was observed, three are domestic
plants. Visual (VT) and ultrasonic (UT) test examinations of the shroud weld areas have
shown both circumferential and axial indications, mostly associated with the heat affected
zone of the shroud welds. This report contains a discussion of various aspects of the
shroud cracking issue and provides the generic tool which utilities may use to address
shroud cracking concerns. These issues include: screening criteria, mitigation actions,
operational symptoms, and inspection strategy.

The screening criteria were developed to determine the acceptability of any indications.
The criteria consist of a graded approach in screening indications. There are three major
steps in the screening approach. These are’

e Acceptance Standard
e Visual Screening Criteria
e UT Screening Criteria

The acceptance standard is similar to the ASME Code Section XI IWB-3500 approach to
acceptance of indications. Indications which meet this criteria do not require further
evaluation. The visual screening criteria are used when an indication does not meet the
acceptance standard criterion. The visual screening criteria include several significant
conservatisms. These include using the maximum stress at any location in the shroud for
ali shroud locations, and assuming that all indications are positioned to result in lower
allowable flaw sizes. In addition, the screening criteria include the consideration of
potential growth of two neighboring indications into one indication, and the interaction of
two neighboring indications with respect to linear elastic fracture mechanics (LEFM). 1If
the indications meet the screening criteria, then the indications are considered to be
acceptable for at least one additional fuel cycle without further evaluation. If the
indications do not meet the screening criteria, guidance is presented for the performance
of a more detailed evaluation assuming through-wall indications.

The UT screening criteria can be used when part through-wall characterization of
indicetions has been obtained. With this criteria, the position of the indications in the
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shroud (azimuthal) and remaining through-wall ligament can be used to obtain added
structural margin.

Information regarding mitigation of core shroud cracking is presented. This includes
discussion of hydrogen water chemistry, water conductivity control, and noble metal
plasma spray coating. The recent incidences of cracking have demonstrated the advantage
of taking early precautions to lessen the potential and extent of intergranular stress
corrosion cracking (IGSCC). Water chemistry history, fabrication technique, and material
have been identified as being significant contributors to the potential for cracking.

Operational symptoms are discussed to address the potential situation if unexpected
significant crack growth occurs during plant operation. The potentially affected plant
operational parameters are identified, as well as the modes of reactor operation that are
most likely to show these symptoms if the shroud has degraded to the point that
significant, through-wall leakage can occur.

Information for use by utilities to assess the shroud condition and level of inspection is
also presented. The inspection strategy presented is designed to meet the intent of Service
Information Letter (SIL) 572, Rev. 1 while responding to utility specific needs.
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1.0 INTRODUCTION

Boiling water reactors (BWRs) are designed with a core shroud. The core shroud is a
stepped cylinder which directs flow through the core. The core shroud rests on the shroud
support legs (in most cases) and the shroud support plate. The steam separators, shroud
head, top guide, and core plate rest on the shroud. The shroud does not support the
weight of the fuel (except for a limited number of peripheral fuel bundles). The design
configuration of the core shroud differs from plant to plant depending on the fabricator
and BWR product line. The shroud is primarily made of Type 304 or Type 304L stainless
steel of various carbon levels. The shroud support cylinder and flange is typically made
from Alloy 600 material. The residual stre.ses due to welding, oxidizing core environment
and fabrication practices create the potential for intergrannular stress corrosion cracking
(IGSCC). Figure 1-1 shows a schematic of a typical shroud.

In 1990, cracking was found near the circumferential seam weld at the core belitline area of
the shroud in 8 GE BWR/4 located outside the United States. The crack indications,
initially observed at three locations on the inside surface of the shroud, are confined to the
heat-affected-zone (HAZ) of the circumferential seam weld.

GE RICSIL No. 054 provided interim recommendations. All owners of GE BWR piants
were requested to review fabrication records for the type of material used in their plants'
shroud and determine the weld locations. For plants with shrouds made of high carbon
stainless steel, GE recommended visual examinations of the accessible areas of the seam
welds and HAZs on the inside and outside surfaces of the shroud at the next scheduled

outage.

Metallurgical samples removed from the overseas GE BWR/4 shroud revealed that the
stress corrosion cracking (SCC) occurred in Type 304 stainless steel material from a
relatively low carbon heat (0.045% carbon), and cracking was located in a region of high
neutron fluence (8x1020 nvt, E>1 MeV). The SCC mechanism appears to be irradiation
assisted stress corrosion cracking (IASCC) with propagation promoted by residual
stresses and likely helped by corrosion oxide wedging stresses

As a result of In-Vessel Visual Inspection (IVVI) performed per RICSIL 054, cracking
was subsequently observed at Brunswick Unit-1 in July 1993. Cracking was observed on
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the inside diameter (ID) surface of the top guide support ring near the H3 weld. The
cracking is 360° around the circumference, originating on the ID, in a material with carbon
content of about 0.06%. The fluence at this iocation was estimated at 1.8x1020 nvt (E>1
MeV).

A boat szmple was taken from the H3 weld inside surface. A second sample containing a
portion of a second outer shroud surface crack near the H4 weld was also removed for
evaluation. This crack is axial in orientation and appears to initiate in the circumferertial
weld HAZ Two additional boat samples were removed to verify UT sizing,

In addition to the initially observed cracking at the boat sample locations, additional crack-
like indications (axial and circumferential) at the H1, H2, H4, H5, HO6A weld (at core
plate) and at the eccentric alignment pin, shroud head bolt lugs and the bottom of the top
guide were observed.

As a result of the Brunswick Unit-1 shroud cracking, GENE SIL 572, Rev. 1 was issued
which provided recommendations to address the potential for shroud cracking. The
recommendaiions addressed the following areas:

¢ Plant fabrication and operational history

¢ Non-destructive examination (NDE) actions

e Destructive analysis

e Structural margin analysis

e Corrective action
As a result of inspections in response to SIL 572, Rev. 1, crack-like indications were
observed at Peach Bottom Unit-3 in October 1993, Indicaticns were seen on the shroud
barrel inside surface in the plate side HAZ of the H3 weld; and at the H4 weld. The
indications at the H3 weld differed from that at Brunswick Unit-1 because indications

were not observed in the ring. It is believed that the ring did not crack due to the fact that
it is a forged component.
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This report provides the methodology and procedure for the evaluation of shroud
indications which can be applied on a plant-specific basis. A graded approach is presented
which includes comparison of the indications with an acceptance standard, visual
screening criteria (assumed through-wall indications), and UT screening criteria (part
through-wall indications). In addition, information is provided regarding potential
mitigation actions, inspection program st:ategy, and operational symptoms if significant
cracking were to occur.

1.1 Cause of Cracking

The extent and density of cracks associated with the H4 and HS welds at Brunswick

¥e

r* .1 which were observed in September 1993, were found to have some correlation
with regions of higher neutron fluence. On the basis of the results of the metallurgical
evaluation of the boat sample, the current understanding of the root cau: es of cracking at
the top guide support ring and higher flux H4 weld at the Brunswick plant are as follows:

1. The cracking in the HAZ on the top guide support ring side of the H3 weld was
caused by IGSCC in the weld sensitized HAZ of high carbon stainless steel with
apparent acceleration from:

¢ Neutron fluence

« Cold worked surface layer (approximately 0.01 inch deep) resulting from
machining operations during fabrication

« Possibly elongated inclusions or stringers because of exposure of surfaces oriented
in the short transverse direction

« Highly oxidizing environment at the weld location

2. The cracking in the H4 weld in the beltline region of the shroud at the outer surface
was caused by IGSCC in weld sensitized material, with propagation by an IASCC
mechanism, with:
» Apparent acceleration of crack initiation caused by:

¢ Circumferential weld HAZ

¢ HAZ from apparent "repair weld"
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¢ Possible localized high weld residual stresses, including the effect of
"repair weld"

« Possible effects of localized surface grinding associated with the "repair weld"
¢ Apparent promotion of crack propagation caused by:
~ Moderate sensitization associated with "repair weld"

-~ Neutron fluence

On the basis of the pattern of observed cracking, it is believed that many of the conditions
leading to the cracking observed in two boat samples are also present at the other
observed crack locations in the core shroud. In addition, it is known that temporary
welded attachments were used during both shroud fabrication and installation of the
shroud in the vessel. Removal of these welded attachments could result in localized areas
exhibiting heavy grinding as well as potential weld sensitization, and could lead to some
SCC initiation in regions remote from the seam welds.
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2.0 CORE SHROUD DESIGN INFORMATION

The core shroud is typically composed of three cylindrical shell sections and three rings.
The three rings are the shroud head flange, top guide support ring and core plate support
ring. The top cylindrical shell connects the shroud head flange to the top guide support
ring. The largest cylindrical portion connects the top guide support ring to the core plate
suppoit ring. The bottom cylindrical shell connects the core plate support ring to the
shroud support cylinder which is typically made from Alloy 600 material. The shroud
support legs are located at the bottom edge of the shroud support cylinder (a few plants
do not have support legs).

Some of the significant differences between core shroud designs are:

e Diameter of shroud (diameter varies in some plants)

Thickness of shroud wall (in some cases varying thickness along shroud
height)

Number of horizontal welds in the core beltline

Number of vertical welds connecting the cylindrical shells

Material (Type 304 vs. 304L)

Carbon content

Fabrication of rings (single piece forging vs segmented welded plate
pieces)

e Tapered lower cylindrical shell vs. straight lower cylindrical shell

Figure 2-1 and 2-2 illustrate two examples of the core shroud design. In Figure 2-1, there
are two core beltline horizontal welds (H4 and H5). The thickness of the shroud wall is
1.5". In Figure 2-2, the shroud wall thickness is 2.0" and there is only one horizontal weld
in the core beltline (H4). There are other variations to the two designs shown (e g,
BWR/2), however, the information provided in this report is applicable to all designs.

Based on a review of some plant records, in some plants the rings are made from single-
piece forged material with low carbon (20.035%). Carbon content for Type 304 shrouds
varies from 0.045% to 0.074%. Hardness ranges vary from Rockwell B hardness of 90
for Type 304 and Rockwell B hardness of 92 for Type 304L.

The horizontal and vertical welds are typically submerged arc automatic welding. Weld
filler material is Type 308 or Type 308L. The weld between the lower cylinder and the



GE Nuclear Energy GENE-523-148-1193

RPV shroud support cylinder is typically Alloy 182. The weld prep is typically single
beveled with or without a backing ring.

Typically, weld prep surfaces of the base metal were prepared by machiaing. 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.

The austenitic stainless steel material is typically purchased in solution annealed condition.
No solution annealing is performed after welding of the various shroud parts.

General practices during assembly and shipment of the core shroud, bracing, jacks,
temporary welds, and supports are used to help in meeting design geometric tolerances.
Sometimes, there is no recorded documentation of these practices. However, it is likely
that they did occur. These actions can result in local effects on material behavior and
stress. For example, temporary welding results in local areas of high residual stress, and
grinding results in local areas of cold working. If these local effects were to contribute to
cracking, it is likely that the cracking would be of lesser concern than cracking at
horizontal seam welds.

The design considerations discussed in this section are included in the development of the
screening criteria. For example, the shroud thicknesses and diameter are considered in the
determination of the stress, and a bounding crack growth rate is used which applies to all
materials present in any of the shroud designs.
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3.0 SCREENING CRITERIA

This section provides the methodology and procedure which can be used to evaluate
indications found by Non-Destructive Examination (NDE, e.g., ultrasonic testing (UT) or
visual techniques (VT)). The screening criteria is presented as a graded procedure. The
criteria is comprised of three major steps. These steps (in the order of application) are:

e Acceptance Standard
e Visual Screening Criteria
e UT Screening Criteria

The first step is to compare any indications with the acceptance standard. If the
indications meet the acceptance standard, further evaluation of the indications is not
required. Note that this approach is similar to that in ASME Code Section X1 Subarticle
IWB-3500.

The second step, performed if the indication does not meet the acceptance standard, is to
compare the indication with the visual screening criteria. These criteria include several
conservatisms and are intended to be a first-cut evaluation of the indications. The rajor
assumption in this step is that all indications seen by IVV] are assumed to be through-wall.
If UT is performed, this simpler method can be first applied (by assuming all flaws are
through-wall) for rapid disposition of the indications.

The third step is to use UT through-wall characterization and the specific azimuthal
location of the indications in the evaluation for structural acceptability. The evaluation is
similar to that used for the visual screening criteria except for the through-wall and
location aspects of the flaw mentioned above.

3.1 Acceptance Standard

This first step in the evaluation is to compare the observed indications to the acceptance
standard. This approach is similar to that stated in ASME Code Section XI Subarticle
IWB-3500 for acceptability of flaws without further evaluation. If the indications meet
the acceptance standard, then further evaluation of the indications is not required.

10



GE Nuclear Energy GENE-523-148-1193

3.1.1 Determination of Effective Flaw Length for Acceptance Standard

The ASME Code Section XI Subarticle IWA-3300 (1989 edition) proximity rules must be
applied to the indications prior to comparing with the acceptance standard. Section IWA-
3300 specifies how flaws are to be combined depending on the location and orientation of
the indications found by volumetric examination. Briefly, the flaws are combined
lengthwise if the distance between the crack tips is less than 2 times the depth of the
deepest indication and the crack planes lie within 0.5 inches (perpendicular distance
between the crack planes). However, for this acceptance standard, the Section XI
proximity criteria are modified by increasing the 0.5 inches to 2 times the shroud wall
thickness. Thus, two indications are combined lengthwise if,

S<2B

where S = distance between indications
B = depth of deepest indication if depth of flaw known (for UT)
B = shroud thickness (for IVVI)

If UT data are available, the application of the proximity criteria should use the ASME
Code Section TWA-3300 method based on the depth of the deepest indication. If IVVI
information is the only information available, then the depth of the deepest indication
should be taken as the thickness of the shroud. It can be seen that UT data may result in
fewer flaw combinations due to the smaller required ligament between flaw tips.

3.1.2 Basis for Acceptance Standard

The acceptanc. standard was arrived at by evaluating information from several shroud
analyses. In addition, an allowable length was desired which could also be related to the
ASME Code margins. Based on shroud evaluations which represent a wide range of
shroud designs and after application of a safety factor of 2.8 on stress, an acceptance
standard was developed and is shown in the following table.

11
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Acceptance Standard

Circumferential Axial
LEFM Limit Loxd LEFM and Limit Load
15" 15" in any 90° 15"
quadrant

Any flaw which meets the acceptance standard shown above is acceptable without further
evaluation. It should be noted that the value of 15" is approximately one-tenth the length
of a shroud quadrant.

3.2 Visual Screening Criteria

In the visual screening criteria, all indications are considered to be through-wall
(consideration of UT sizing is discussed in Section 3.3). This screening criteria for

« aluation of the shroud indications is based on the ASME Code Section XI procedures.
This is considered conservative since most core shrouds were not originally designed using
the ASME Code nor is it a primary pressure boundary component. In fact, the original
design of the shroud included consideration of fabrication requirements. For example, the
shroud thickness was made relatively thick (21.5") to avoid deformation during fabrication
and shipping.

The limiting parameter is the allowable through-wall flaw size, which already includes the
ASME Code Section X1 safety factors. If all of the detected indications are assumed to be
through-wall, then the longest flaws, or combination of flaws, would have the limiting
margin against the allowable through-wall flaw size. In reality, the indications are likely
not through-wall (which can be confirmed by UT), 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 compared against the allowable “law size and selection of indications for more
detailed evaluation. The determination of effective flaw length is based on ASME Code,
Section X1, Subarticle IWA-3300 (1989 Edition) UT proximity criteria. These criteria
provide the basis for the combination of ‘neighboring indications depending on various
geometric dimensions. Crack growth over a subsequent cycle is factored into the criteria.

12
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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 length depending on the unflawed 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 allowable axial
flaw length.

Flaws are considered in the same plane if the perpendicular distance between the planes is
within two titnes the shroud thickness or less (2T, whi: & T=shroud thickness). 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 fuither investigation can be performed by evaluating the
resulting effective flaw lengths. Inaications with effective flaw lengths greater than
the allowable flaw sizes would requi.ve more detailed analysis or further
characterization by NDE (which is used as input to the UT screening criteria, Section
3.3). 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. More
detailed evaluation of the indications can include using the location specific stress. Details
of the more specific evaluation are described in Section 3.2.6.

This section describes the following steps:

« Determination of effective flaw length including proximity criteria for adjacent
flaws.

« Determination of allowable flaw sizes based on both linear elastic fracture
mechanics (LEFM) and limit load criteria.

 Visual screening criteria.

The procedure uses the limiting stresses for all the shroud welds. Therefore, the screening
criteria developed here cover all shroud weld indications. A list of conservatisms used in
this evaluation is summarized in Table 3-1.

13
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10.

Table 3-1 - Conservatisms Included in Visual Screening Criteria

_ All surface indications were assumed to be through-wall for analysis.

The visual screening criteria limit one-fourth of allowable circumferential flaw to
any arbitrary 90° sector.

All indications are assumed to be grouped together for the limit load calculation
and no credit is taken for the spacing between indications.

ASME Code Section X1 primary pressure boundary safety margins were applied
even though the shroud is not a primary pressure boundary.

ASME Code, Section XI proximity rules were applied.

Ar additional proximity rule which accounts for fracture mechanics interaction
bet ween adjacent flaws was used.

The highest stress computed for any single location was used for all locations.
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.

The bounding crack growth estimated for the next fuel cycle was included in flaw
lengths used for evaluation (See Appendix A).

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

14
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3.2.1 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 two times the shroud thickness (2T). 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 to
each other, rules are established to combine them based on proximity. These rules are
described here.

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 <two times
the shroud thickness, 2T) and are within two times the depth of the deepest indication,
then the two irdications must be considered as one indication.

In Figure 3-1, 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 (see
Appendix A) of g=5x10"5 in/hr, crack extension a* each tip is the crack growth rate
multiplied by the number of hot operating hours abo~ ¢ 200°F for the next fuel cycle. The
crack growth at each tip is thus, gt. 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 (2gt + 2T ). If the ligament is less than (2gt + 2T), the effective
length is (L1+L2+S+2gt). Note that the addition of 2gt is to include crack growth at the
other (non-adjacent) end of each flaw (See Figure 3-2).

If the ligament is greater than (2gt + 2T), then the effective flaw length is determined by
adding the projected tip growth to each end of the flaw.

Llegr=L1+2gt
L2ee5=12 + 2t

15
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A similar approach is used to combine flaws when a circumferential flaw is close to an
axial flaw (See Figure 3-3). If the ligament between the flaws is less than (2T + gt), then
the effective flaw length for the circumferential flaw is Legr= L1+S+gt (the bounding
ligament for these cases). If the ligament is greater than (2T + gt), then the flaws are
treated separately

After the circumferential and axial flaws have been combined per the above criteria, 8 map
of the effective flaws in the shroud can be made, and the effective flaw length can be used
for subsequent fracture mechanics analysis.

To demonstrate the proximity criteria, three examples are shown in Table 3-2 and
described below.

Table 3-2 Flaw Combinations Considered in Proximity Criteria

Circumfertial Flaw

verimsm———— et ———— bawmrarmen

Yes

Yes

This case applies when two circumferential indications are considered. Figure 3-2a shows
this condition. If the distance between the two surface flaw tips is less than (2T + 2gt),
the indications must be combined such that the effective length is (see Figure 3-2b):

Leff=L1+S+L2+2gt
where: L1 = length of first circumferential indication

L2 = length of second circumferential indication
S = distance between two indications

16
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If the distance between the two tips is greater than (2T + 2gt), the effective flaw lengths
are (See Figure 3-2¢):

Lleﬂ'= L1+ 2gt
L2 =L2 + 2gt

This case applies when both a circumferential and an axial flaw are being considered.
Figure 3-3a 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 (2T + gt), then the effective circumferential flaw length is (see
Figure 3-3b):

Legf=L1+S+gt
where: L1 = length of circumferential indication

S = distance between the circumferential tip and
axial flaw.

and the effective axial length is (Figure 3-3b):
Lefr =12 + 2gt

where: L2 = length of axial indication

If the distance between the circumferential indication tip to the axial indication is grea‘er
than (2T + gt), then the flaws are not combined (see Figure 3-3¢) and the effective
lengths are:

Llegr=L1 +2gt (for circumferential flaw)
L2efr= L2 + 2gt (for axial flaw)

~ase C: No Circumferential Flaw - Axial FI

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 circumterential flaws.

17
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Application of Effective Flaw Length Criteria

The application of the effective length criteria is applied to two adjacent indications at a
time. Figure 3-4 is a schematic which illustrates the 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+8). If the ‘law is combined, the flaw becomes
indication 2.

Continue along positive azimuthal direction until the next indication is
encountered. This becomes indication 3.

Apply proximity rules to n2w indications 2 and 3.

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

18
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3.2.2 Structural Analysis

The preceding section of this report described the determination of effective flaw lengths
from the NDE results for use in the visual screening criteria. These effective flaw lengths
have to be compared to the allowable flaw lengths to assess the structural integrity of the
shroud. This section describes the details of the structural analysis 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 and limit load methods are used in
the calculation of allowable flaw lengths.

Applied Loads and Calculated Stresses

The applied loads on the shrou consist of internal differential pressure, weight and
seismic. All other stresses are negligible in comparison. The seismic loads 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 at a 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 structural margin. Thus, they
need not be considered in the analysis.

The magnitudes of the applied loads are obtained from the currently applicable seismic
stress analysis and system information reports. The nominal shroud radius and thickness,
R and T, are used to calculate the stresses from the applied loads. The stresses are
essentially based on the strength of materials formulas. Since the bending stress due to
seismic shear force varies with the elevation of a location, two conservative values of this
stress can be calculated: one applicable to shroud sections above the core plate and the
other for sections below the core plate. Figures 2-1 and 2-2 show the weld designation
and relative locations for two of the shroud designs.

The seismic stress magnitudes for both the upset and faulted conditions must be calculated
using the applied loads. The appropriate pressure differences for the normal and faulted
conditions must also be obtained. The normal and faulted condition pressure drop across
the shroud head and upper shroud, and core plate support ring and lower shroud are

19



GE Nuclear Energy GENE-523-148-1193

required to obtain the appropriate stress due to pressure. Note that for below the core
plate, the effective pressure difference for circumferential indications (axial stress) is:

APpelow core plate = APsh + APcp
where APgj, = Pressure difference across shroud head + upper shroud

AP¢p = Pressure difference across core plate support ring 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 are
used in determining the allowable flaw sizes in the shroud. Since the limit load is
concerned with the gross failure of the secticn, 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
crnss-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.

Fracture Mechanics Analysis

The shroud material (austenitic stainless steel) is inherently ductile and it can be argued
that the structural integrity analysis can be performed entirely on the basis of limit load. In
fact, J-R curve measurements (Figure 3-5) made on 2 core shroud sample taken from an
overseas plant having a fluerce of 8x1020 n/cm? showed stable crack extension and
ductile failure when tested. The ASME Code recognizes this fact in using only limit ioad
techniques in Section XI. Subsubarticle IWB-3640 analysis. Nevertheless, a conservative
fracture mechanics evaluation can be performed using an equivalent Kjc corresponding to
the material Jjc. The K for the overseas plant shroud was approximately 150 ksivin
Use of this equivalence is considered conservative since the J-R curves show Jymay values
well above the J., confirming that there is load capability well beyond crack initiation
(See Figure 3-5).

The allowable K7 is obtained by applying the appropriate safety factor for normal and

upset or faulted conditions to the ch obtained from the test specir .#n. escribed above.
For the analysis presented here, the LEFM analysis is confined to " * elds above the core
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plate support ring (not including the core support plate ring welds). The fluence
corresponding to welds at and below the core plate elevation is an order of magnitude
lower and the associated fracture toughness is comparable to that of the unirradiated
material. For those locations, only limit load analysis is used.

An additional consideration that applies only to the fracture mechanics analysis is the
question, "When is a flaw independent of an adjacent flaw?". The ASME Code proximity
rule described in Section 3.2.1 considers how flaws can link up and become a single flaw
as a result of proximity. However, even when two flaws are separated by a ligament that
exceeds (2T + 2gt), they may not be considered totally independent of each other. That is,
the flaw tip stress intensity factor may be affected by the presence of the adjacent flaw.
This can be accounted for by using the finite width correction factor for a flaw in a finite
plate. For a through-wall flaw in an "infinite" plate, the stress intensity factor is:

K = oV(na)

For a finite plate, the K value is higher as determined by the finite width correction factor,
F. In this screening evaluation it is assumed that the plate is "infinite" if the correction
factor F is less than 1.1. As seen in Figure 3-6, if the width of the plate exceeds 2 5L (or
a/b less than 0 4), then there would be little interaction (less than 10% since F=1.1) due to
plate end edge effects. If 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+L2)
apart. If the distance between indications is greater than 0.75(L.1+L.2), then they may be
considered as two separate flaws. If however, they are closer, for the purpose of fracture
analysis, the equivalent flaw length is the sum of the two individual flaws.

Limit Load Analysis

A through-wall circumferential flaw was assumed in this calculation. Limit load
calculations were conducted using the approach outlined in Subsubarticle IWB-3640 and
Appendix C of Section XI of the ASME Code. The flow stress was taken as 35S, The
Sy values for the shroud material are 16.9 ksi and 14 4 ksi for Type 304 and Type 304L,
respectively, at the normal operating temperature of 550°F.
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Safety factors similar to that used in the ASME Code (for normal and upset and
emergency and faulted conditions) are used in the analysis. The highest seismic stress is
used for the limit load calculations. Similarly, the highest axial pressure stress
corresponding to the lower shroud is used. Thus, the analytical results are applicable for
all welds since limiting values are used.

323 Allowable Through-Wall Flaws

Allowable through-wall flaw sizes are 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 (e.g., using the
limiting stress for all welds) and are intended for use only in the visual scr~ ng criteria.
More detailed analysis can be performed to justify larger flaws (both through-wall or part
through when measured flaw depths are available). 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.

Allowable Through-Wall Circumferential Flaw Size

Both the LEFM and limit load methods are used to evaluate the allowable through-wall
flaws. Above the core plate, the limiting location for through-wall cracking is the lowest
weld above the core plate (e.g., HS for the shroud design in Figure 2-1, and H4 for the
shroud design in Figure 2-2). The weld between the lower shroud cylinder and core
support cylinder involves Alloy 600, which has higher Sy, values and therefore higher limit
load capability, and is bounded by the allowable flaw size based on calculations assuming
stainless steel.

Fracture Mechanics Analysis

The total axial pressure and seismic stress corresponding to the upset condition and
faulted conditions are calculated based on simple strength of materials solutions. Using
the ASME Code safety factors for fracture analysis, it must be determined which condition
governs, faulted or normal and upset conditions. This is determined by multiplying the
total normal plus upset stress by 2.8 and the faulted stress by 1.4. The condition with the
highest resulting stress is considered the limiting condition.
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To determine the allowable flaw size based on LEFM methods, the conservatively
estimated irradiated material fracture toughness Kjc value of 150 ksiVin was used.
Applying a safety factor of 2.8 for the upset condition or 1.4 for faulted conditions, the
allowable Ky of 53.5 ksiVin for normal and upset and 107 ksivin for faulted is obtained
The allowable flaw size is calculated using the following equation:

K1 = Gy, *o*V(na)

where Gy, is a curvature correction factor as defined in Figure 3-7 (Reference 3-1), o is
the axial stress, and ‘a’ is the half flaw length. The allowablc through-wall circumferential
flaw length (2a) is calculated by determining the crack length where the applied stress
intensity factor equals the fracture toughness limit.

Limit Losd Analvsi

The stresses for the limit load analysis consist of an axial force stress and a bending
moment stress. These stresses are calculated for both the normal and upset and faulted
conditions. The allowable flaw length is then caiculated using the approach in
Subsubarticle IWB-3640 and Appendix C of Section XI of the ASME Code.

Allowable Through-Wall Axial Flaw Size

Fracture Mechanics Analysis

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

K=M"* op, * V(ra)

where M is the curvature correction factor as defined in Figure 3-8 (Reference 3-1). M s
given by

M=Gpy +Gp
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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 or 1.5 depending
on which condition is limiting, normal and upset or faulted. Comparison of the applied
stress intensity factor with the allowable fracture toughness defines the allowable through-
wall flaw length, 2a.

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’

op = of (M * SF)

where M is a curvature correction factor (which is a function of the flaw length
(Reference 3-2)), of = 3Spy, is the flow stress, SF is the safety factor of 3.0 for upset
conditions or 1.5 for faulted, and oy, = the hoop stress corresponding to the upset or
faulted AP. The allowable flaw length is determined satisfying the equation shown above.
The allowable flaw size is the limiting length determined from either the limit load or
LEFM calculation.

324 Visual Screening Criteria

The determination of the allowable through-wall flaws has been described in Section 3 2.3
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.

A conservative approach in developing the screening rule is to include both the LEFM and
limit load analysis.

For circumferential flaws the LEFM based limit for a single flaw is not sufficient since
there could be several flaws (each less than the allowabl?) in a circumferential plane that
cumulatively add up to greater than the allowable circumferential flaw size based on limit
load analysis. Thus, the cumulative flaw length should be less than that determined using
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limit load analysis. While this fully assures the ASME Code margins, a significant
conservatism has been included in the screening. That is: the cumulative flaw length
cannot be more than one-fourth of the limit load allowable flaw length in any 90°
sector of the shroud. This is a conservative restriction that assures that long continuous
flaws are not admissible without additional inspection or analysis. With the provision that
the cumulative flaw length cannot exceed one-fourth of the limit load allowable flaw
length in any 90° sector of the shroud, this criterion may become more limiting than the
fracture mechanics limitation. The approach used here for the one-fourth of the limit load
allowable flaw length limitation 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 one-fourth of the limit load allowable flaw length. This is
shuwn graphically in Figure 3-9. 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.

The additional requirement of one-fourth of the limit load allowable flaw length can be
revised if actual inspection demonstrates that there is significant uncracked ligament
around the entire circumference of the shroud assuring the absence of long indications.
This assures that the all the indications are not concentrated in one part of the shroud
section. If observed flaws are not long and continuous, a technical justification can be
made to demonstrate structural integrity when the one-fourth limit is exceeded.

It should be noted that when considering LEFM based evaluations, the crack interaction
criteria described in Section 3.2 must be applied in comparing against the allowable
lengths. For example, for adjacent flaws where the spacing S is less than 0.75 (L1 + L2),
the length L.=L1 + L2 is used for comparison with the LEFM based allowable flaw length.
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3.2.5 Summary of Visual Screening Criteria

The visual screening criteria is schematically shown in Figure 3-10. The first step is to
map the flaw indications observed by NDE. Next the proximity rules are applied to the
flaw map to develop effective flaw lengths. The results of the effective flaw lengths are
also mapped.

For axial flaws aligned in a vertical plane, two neighboring flaws must be summed if § <
0.75(L1+L2). If the longest resulting combined flaw is less than the limitiag allowable
axial through-wall flaw (LEFM), then the screening limit is met for axial flaws. Similarly,
the effective flaw length for axial flaws must be compared against the limit load allowable
for through-wall 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 one-fourth of the limit load
allowable throngh-wall flaw to meet the screening criteria. The next step is the LEFM
based comparison using the interaction criteria. If § <0.75 (L1 +L2), then the length L =
L1+ L2 should be compared with the LEFM limit for circumferential flaws.
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3.2.6 Detailed Evaluation of Indications

The visual screening criteria summarized in Section 3.2 is based on several conservative
assumptiors as noted in Table 3-1. If indications are found which exceed the visual
screening criteria, more detailed analysis may be performed to evaluate the indication
acceptability. Following are some of the modifications to the visual screening criteria
which provide a more detailed evaluation for specific indication locations:

Use limiting stress for all locations.

Assume all indications located to provide

limiting results. Includes 90° limit
applied to allowable circumferential
flaw.

Limit load performed assuming flaws
located in limiting configuration.
Use bounding crack growth rate.

Use LEFM and limit load analysis.

Assume through-wall indications.

=

27

Detailed Analvsis
Use location specific stress.

Knowing actual location of
indications, reduce 90° limit
if remaining ligament evenly
distributed around circumference.

Perform limit load evaluation for
known indication locations.

Determine crack growth rate based
on SCC predictive modeling.

Perform elastic-plastic fracture
mechanics analysis.

Perform screening criteria with
actual UT data to obtain contribution
of remaining through-wall ligament.
(See Section 3.3).
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3.3 UT Screening Criteria

This section provides the methodology and procedure for the evaluation of indications
based on UT information. In this procedure, the through-wall depth and location of the
indication(s) (relative to the shroud) must be known. The visual screening criteria
described in Section 3.2 uses the assumption that all indications are through-wall. This is
a very conservative assumption and the use of flaw depth information provides a more
realistic evaluation of the shroud structural margin.

Figure 3-11 can be used to demonstrate the difference in the flaw geometry assumed for
the visual and UT screening criteria limit load analysis. The first figure shows an example
flaw map of indications found during a UT inspection. The second figure shows how the
flaw is modeled in the visual screening criteria. As can be seen, the flaw used to determine
the allowable flaw size is assumed to be a single flaw located at the limiting location in
terms of seismic overturning moment. The third figure shows how the flaw is treated in
the UT screening criteria. The indications, once combined using the proximity criteria to
determine effective flaw depth, are evaluated considering the actual location and flaw
depth. Typically, significant added margin can be gained by considering the remaining
ligament and actual location of the indication.

The methodology and procedure for the UT screening criteria is the same as that for the
visual screening criteria described in Section 3.2 except for the following two major
exceptions:

1. Flaw depth information regarding indications are used. Credit taken for the
remaining ligament (after accounting for crack growth over one cycle).

2. Shroud azimuthal location of indications considered.

The result of this procedure is the determination of effective flaw lengths which, along
with the flaw location and flaw depth, will be used to compare against the allowable flaw
size. The determination of effective flaw length is based on the ASME Code, Section XI,
Subarticle IWA-3300 (1989 Edition) proximity criteria. These criteria provide the basis
for the combination of neighboring indications depending on various geometric
dimensions. Crack growth over a subsequent cycle is factored into the criteria.
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Flaws are considered in the same plane if the perpendicular distance between the planes is
within two times the shroud thickness 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.

Indications which do not satisfy the allowable flaw sizes based on the UT screening

criteria would require further detailed analysis or repair of the shroud may be needed.
More detailed evaluation of the indications can include using the location specific stress.

This section describes the following steps:

e Determination of effective flaw length including proximity criteria for adjacent
flaws.

e Determination of allowable flaw length based on linear elastic fracture mechanics
(LEFM) and determination of safety margin using limit load analysis.

e UT screening criteria
The UT screening criteria is similar to that used for the visual screening criteria. The
conservatisms used in the visual screening criteria, except for the first three given in Table
3-1, are used in the UT screening criteria.
3.3.1 Determination of the Effective Flaw Length
The effective flaw lengths are based on ASME Code, Section X1 proximity criteria as
presented in Subarticle IWA-3300. Note that in the UT screening criteria, the position of

the indication in the shroud (both through-wall depth and azimuthal location) is needed.

Similar to the visual screening criteria, rules are included to combine flaws based on
proximity.
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Proximity Rules

The flaw combination methodology is similar to that described in Section 3.2.1 for the
visual screening criteria. The difference between the UT and visual criteria is that credit is
taken for the part-through-wall flaw depth

In Figure 3-1, 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

§x10-3 in/hr (See Appendix A), crack extension at each tip is the crack growtl rate

multiplied by the number of hot operating hours above 200°F for the next cycle. The
crack growth at each tip is thus, gt. Likewise, the flaw depth would become a; = a) + gt
and aj = a7 + gt. 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 (2gt + 2a"), (where a'=deepest of the two indications considered). If the ligament
is less ot au (2gt + 2a"), the effective length is (L1+L2+8+2gt). Note that the addition of
2gt is to include crack growth at the other (non-adjacent) end of each flaw. Also, the
crack depth of the combined flaw becomes aqff = a' + gt (a'=depth of deepest indication)

If the ligament is greater than (2gt + 2a'), then the effective flaw length is determined by
adding the projected tip growth to each end of the flaw

Llggr=L1+2gt
L2eer= 12 + 2gt

The crack depth is also modified to

aleff =a) * &t
ageff = 82 * gt

A similar approach is used to combine flaws when a circumferential flaw is close enough
to an axial flaw (See Figure 3-3). If the ligament between the flaws is less than (2a' + gt),
then the effective flaw length for the circumferential flaw is Legr= L1 + S + gt, and the
crack depth is equal to the depth of the circumferential or axial flaw, whichever is greater
If the ligament is greater than (2a' + gt), the flaws are treated separately
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After the circumferential and axial flaws have been combined per the above criteria, a8 map
of the effective flaws in the shroud (which includes flaw depth and azimuthal location) can
be made, and the effective flaw length can be used for subsequent fracture mechanics
analysis.

Examples of the application of the combination of effective flaws for the UT screening
criteria is similar to that for the -#sual screening criteria methods described in Section
3.2.1 except that the governing ligament is (2a' + 2gt) instead of (2T + 2gt).

Application of Effective Flaw Length Ciiteria

The application of the effective flaw length criteria is the same as that presented in Section
3.2.1 for the visual screening criteria. It should be noted that the flaw depths are now
considered in this application.

3.3.2 Structural Analysis

The structural analysis of the shroud is similar to that used in the visual screening criteria
described in Section 3.2. This section describes the analysis methodology and how it
differs from that used in the visual screening criteria.

The methodology for the applied loads and resulting stresses and fracture mechanics
analysis is identical to that described in Section 3.2. It should be noted that although part-
through-wall credit is taken in the UT screening criteria, the interaction between crack tips
(for LEFM analysis) still uses the shroud thickness instead of the depth of the deep :st
indication.

Limit Load Analysis

In the UT screening criteria limit load analysis, the part-through-wall depth, length and
shroud azimuthal position are used to determine the acceptability of the flaws. Limit load
calculations can be conducted using a similar approach to that outlined in Subsubarticle
IWB-3640 and Appendix C of Section XI of the ASME Code. The flow stress was taken
as 38y, The Sy, values for the shroud material are 16.9 ksi and 14.4 ksi for Type 304 and
Type 304L, respectively, at the normal operating temperature of 550°F.
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Safety factors similar to that used in the ASME Code are used in the analysis. The highest
seismic stress is used for the limit load calculations. Similarly, the highest axial pressure
stress corresponding to the lower shroud is used. Thus, the analytical results are
applicable for all welds since limiting values are used. As an option, location specific

stresses may be used in this evaluation

3.33 Allowable Part Through-Wall Flaws

Allowable part through-wall flaws are determined using both fracture mechanics and limit

load techniques for circumferential and axial flaws
Allowable Part Through-Wall Circumferential Flaws

Both LEFM and limit load methods are used to evaluate the specific pattern of indications
at a particular cross section. Above the core plate, the limiting location is the lowest weld
above the core plate (e.g , HS for the shroud design in Figure 2-1, and H4 for the shroud
design in Figure 2-2). The weld between the lower shroud cylinder and core support
cylinder involves Alloy 600, which has higher S, values and therefore higher limit load
capability, and is bounded by the allowable flaw size based on calculations assuming

stainless steel
Fracture Mechanics Analysis

The total axial pressure and seismic stress corresponding to the upset condition and
faulted conditions are calculated based on simple strength of materials solutions. Using
the ASME Code safety factors for fracture analysis, it must be determined which condition
governs, faulted or normal and upset conditions. This is determined by multiplying the
total normal and upset stress by 2 8 and the faulted stress by 1.4. The condition with the
highest resulting stress is considered the limiting condition

To determine the allowable flaw size based on LEFM methods, the conservatively
estimated irradiated material fracture toughness K. value of 150 ksiVin was used

Applying a safety factor of 2.8 for the upset condition or 1.4 for faulted conditions, the

allowable Ky of 53.5 ksiVin for normal and upset and 107 ksiVin for faulted is obtained

The allowable flaw size is calculated using the following equation from Section XI of the
ASME Code
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K[ = 6mMmVaV(a/Q) + opMyVaV(a/Q)

Where oy, = membrane stress

Ob = bending stress

M, = correction factor for membrane stress from Figure A-3300-3
from ASME Code, Section XI

My, = correction factor for bending stress from Figure A-3300-5
from ASME Code, Section XI

a = crack depth

Q = flaw shape parameter from Figure A-3300-1 of ASME Code
Section XI.

Note that the flaw depth and length must include consideration for crack growth over the
next cycle (gt for flaw depth, and 2gt for flaw length). Comparison of the applied stress
intensity factor with the allowable fracture toughness determines if the flaw is acceptable.

Limit Load

Applying the limit load concept to the specific flaw configuration will result in a safety
margin against collapse. Figure 3-12 shows an example of 8 flaw configuration. Similar
to that performed in the visual screening criteria, the equations which can be used to
determine the structural margin against collapse are derived by requiring equilibrium
between an unflawed section of the shroud and the particular section of interest. Since the
resulting equations are dependent on the particular crack configuration, a general
expression cannot be determined prior to obtaining the actual UT results.

Prior to applying the equilibrium condition to a flaw pattern, the orientation of the axis
(which defines the seismic moment direction) must be determined. This may be obtained
on an iterative procedure until the limiting location is found.

Allowable Part Through-Wall Axial Flaws

E Miad i Aok

The allowable axial flaw size is governed entirely by the pressure hoop stress. The applied
stress intensity factor can be obtained using the same methodology presented for the
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circumferential flaw LEFM determination In this case, the axial stress (o) is neglected.
Comparison of the applied stress intensity factor with the allowable fracture toughness
defines the allowable through-wall flaw length.

e

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

oh = of(M; * SF)

where M is a curvature correction factor (Reference 3-2), ogis the flow stress, SF is the
safety factor of 3 for upset conditions or 1.5 for faulted, and oy, = the hoop stress
corresponding to the upset or faulted AP. The allowable flaw length is determined by
satisfying the equation shown above

334 UT Screening Criteria

The determination of flaw acceptability was described in Section 3.3.2. The UT screening
criteria is summarized below.

For circumferential flaws, the effective flaw lengths (after application of proximity criteria)
must be evaluated using the limit load method. In this method, a safety factor greater than
1.0 against the actual limit load must be shown to assure structural integrity. In addition
to the limit load evaluation, the flaws must also be evaluated based on LEFM. This
includes consideration of crack tip interaction, and subsequently compared with the
allowable single flaw length for the given depth.

The effective axial flaw lengths can also be compared against the allowable LEFM length
and the aliowable limit load length.

It should be noted that when considering LEFM based evaluations, the crack tip
interaction criteria must be applied in comparing against the allowable lengths. For
example, for adjacent flaws where the spacing S is less than 0.75(L1+ L2), the length L =
L1 + L2 is used for comparison with the LEFM based allowable flaw length.
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3.4 References

3-1  Rooke, D.P. and Cartwright, D.J., "Compendium of Stress Intensity Factors," The
Hillingdon Press (1976)

3-2  Ranganath, S., Mehta, H.S., and Norris, D M., "Structural Evaluation of Flaws in
Power Plant Piping," ASME PVP Volume No. 94 (1984)

35



GE Nuclear Energy. GENE-523-148-1193

Combined
Flaw

L1 Flaw 1

e

|

Figure 3-1 ASME Code Proximity Criteria

36



GE Nuclear Energy. GENE-523-148-1193

( Flaws Azsumed Through-—wall

‘ /
‘ S \ As—Found
(20) b2
!4 “—’F’ s ——*— u-—»{
| Qo-s Assumad Through-wall
| $<21 + 2912
| Lags =L1+S+L2+2qt
| (Zb) weld A eff
i }-‘ v G .:*
\
flows Assumed Through-—wall
S> 2T+2qt
T - L1 =L1+42qgt
(2(?) weld eff 9
e et L2°” = 2+2gt

Figure 3-2 Application of Proximity Procedure to Neighboring Circumferential Flaws

37



GE Nuclear Energy

GENE-523-148-1193

(F\ows Assumed Throughwall

) [N
As Found
(3a)|___Weld { \
N 5 J
e MR
U—.T4~‘ S
slow Assumed Throughwall
| 1o ([fe7ia
; 5 =[.1+5+gt
J eff 9
(301w BLzeff =2 + 2qt
i )
U——"“ S
L‘d'
(?cws Assumed Throughwall

\

(3¢)

)

e

Weld

i
5

|
e | e

waiiom i

S> 2T +
eff =1 +§gt
L2€ff =|2+2gt

Figure 3-3 Application of Proximity Procedure to Neighboring Axial
and Circumferential Flaws




GE Nuclear Energy
GENE-523-148-1193

Start at Theta = 0
Move in + Theta Direction

Y

Y

First Flaw
s Flaw |

Y

(- Next Flaw
is Flaw | +1

Y

Perform Effective
Length Calculation

Y

Combine Flaws If Necessary
To Determine Effective Length

\

if Flaw s Combined
Combined Flaw = Flaw i+1

Y

Last Flaw?

Yes

L Done

Figure 3-¢ Process For Determining Effective Circumferential Flaw Length




GE Nuclear Energy

GENE-523-148-1193

(sur/qr-un) g

T

-1 2588
- 2088

[ I T ™
.,
& -
Jﬁ “ 1.
.__
o
| v e )
AT ¢ « < -1
o — -
7, ] q Q
Z
- m z o < ® ~
[ - o -~ =
- . ‘\ -
— w [
- P ek
L v 'OA G-
. ' l)l
- o

- 8 1=
«
oq
<
mu oAA "
. l"’l’lloo
—_ T -
.. | 1 | 1 ..
] 3 3 ¥ L
(;w/ry)

Figure 3-5 Comparison of J-R Curves For Two Irradiated Stainless Steel Specimens

40



GE Nuclear Energy GENE-523-148-1193

B NN
0.0 1.0
- 2 01 1.006
-l -l P
gt 0.2 1.0246
i L2 Te Ml SRCR = 0.3 1.0877
04 1.1094
05 1.1867
20
B
K= ':-,:;'F K= oyra
Finite Plate Infinite Plate
| 0.75(L1+L2)
- 075l -
- 075L2 el
S | L2
S -
- 05L1 -t i, o ol vl
| - 1252 — B
-l 1.25L1 —
o RS -__.__._._..,_,,/”"""‘"“‘_—‘“-NQ\———_//""—”“”"\- :

Figure 3-6 Schematic [llustrating Flaw Interaction

41



GE Nuclear Energy

GENE-523-148-11

v Cylindrical Shell Subjected to a Unmitorm Membrane Stress

Ki for Poant A ol a Circumierential Crack in :

~
-7

Fiource



GE Nuclear Energy

B e

. 2

B e

b cbn il s posens @ vwe s o
L o ko A a--‘
B N e

e
b .

by i i s

vl oor

TR

i N T S e |
.‘Q“P-“'vcw . ‘
1

e oae

s rnarespease s @rar i

B e s

GENE-5$23-148-1193

AEES SERES ERRS

B Etaan It
B Je e .
. A s I

-y

form Membrane Stress

| to a uni

Shell Subjected

in a Cylindrical

Fack

Longitudinal €

A ol a

Point

S Ki tor

“
3 -

Figure



GE Nuclear Energy GENE-523-148-1193

T

\ 900 Sector

Not to Scale

Figure 3-9 Schematic IHlustrating Cumulative Effective Flaw Criterion



GE Nuclear Energy GENE-523-148-1193

/ /-\\\

NDE

Map All Flaw Indications

% W

Proximity Rules Map Effective Flaw Lengths Clrcumferenho
|
{ |ows
< Axocl Flows/
” Sum of f-‘lows

ifigny 900 e
or(Allow
\ o
\
No /§<0 75(L1  +L2
1 \For Adjacent Flaws?
\ - $<0.75(L1 +L2
For Adjacent Flaws? /)W
L=0L1 or L2 Yes \/

Yes

'\Ju

1
|
|
No
' =1 +L2 <Alow Yes l e
L= L1 +L.2 r Circ Flaw (Frocture [ W
- L < Allowable? No Further ‘
; B urine &
for Axial Flaws Evaluation [
Yes + NO 4
L<Allow for
Continued Operation | Girc fiow (trocture) L
Justified ~

Figure 3-10 Schematic of Screcning Criteria

45



\( Effective Length \7/

ACTUAL Visual Screening Criteria UT Screening Criteria

Figure 3-11 Flaw Geometry Assumption Used in Screening Criteria
(For Limit Load Evaluation

Quncy mypmy 79

ST I-FTS-ANTD



GE Nuclear Energy GENE-525-148-1193

Stress Distributions
Cr ion At Net Section Collopse

v Y

1S

e
-

&

]

\/ '

1]

]

‘

|1

Uncracked Section 0

g H -0
P 4 A
Neutral Axis
lo

Cracked Section

Figure 3-12 Limit Load Schematic for UT Screening Criteria

47



GE Nuclear Energy GENE-523-148-1193

4.0 MITIGATION OF CORE SHROUD IGSCC AND IASCC
4.1 Introduction

This section provides information regarding mitigation of core shroud cracking. The
recent incidences of cracking have demonstrated the advantage of taking early
precautions to lessen the potential and extent of intergranular stress corrosion cracking
(IGSCC) and irradiation assisted stress corrosion crack’ g (IASCC).

It is well documented that the BWR recirculation coolant's =200 ppb dissolved oxygen
is more than sufficient to provide the electrochemical driving force for IGSCC of BWR
structural materials. This concentration of dissolved oxygen (and other oxidizing
species) generates an electrochemical potential (ECP) in the austenitic stainless steel
piping system of =100 mV(SHE) that is above the ECP threshold for IGSCC of
sensitized stainless steel and nickel based alloys. The more oxidizing core of the BWR
is characterized by a higher ECP of =+250 mV(SHE). Finally, the conductivity of the
BWR coolant is sufficieatly high to allow these corrosion phenomena to occur.

Over a decade of laboratory and in-reactor investigations have revealed that lowering
the ECP of sensitized stainless steel to < -230 mV(SHE) by in,ccting hydrogen gas into
the BWR feedwater, and reducing coolant conductivity to <0.3 uS/cm by better BWR
water chemistry operational practices, would mitigate IGSCC of BWR piping
(Reference 4-1). For IASCC of non-thermally sensitized stainless steel, the threshold
ECP is = -140 mV(SHE) (Reference 4-2). Since this process, hydrogen water
chemistry (HWC), reduces the "corrosiveness” of the entire BWR coolant, it is
considered a potential "blanket” IGSCC/IASCC mitigation technique. The results of
extensive testing have clearly demonstrated that HWC mitigates environmental cracking
in numerous BWR structural materials and has no insuperable materials deleterious
effects (Reference 4-1).

However, some BWRs may not be able to implement HWC on a timely basis. For this
category of plants, the strict control of conductivity can still provide dramatic IGSCC
benefits, albeit not total IGSCC/IASCC mitigation.

48



GE Nuclear Energy GENE-523-148-1193

4.2 Core Shroud IGSCC Mitigation with HWC

Although IGSCC/IASCC of reactor internals to date has been limited due to their
typically low tensile stress levels, and the impact has been manageable, IGSCC of
reactor internals is an increasing concern as the BWR fleet ages. In the short term,
continued operation of an overseas BWR-4 plant and Peach Bottom Unit-3 with core
shroud indications are being supported by analysis. The Brunswick Unit-1 shroud has
been repaired for the limiting locations and analysis is being used t0 disposition
cracking at other weld locations.

Due to the complete lack of sensitization (chromium carbides at the grain boundaries)
of the relatively low carbon (0.045%) stainless steel shroud, the cracking at the
overseas BWR-4 appears to be strictly IASCC. For the Brunswick Unit-1 shroud, the
nature of the cracking, (i.e., shroud ID surface with grain cracking envelopment,
thicker oxides and extensive crack branching and OD surface with more pipe-like SCC
characteristics) suggests that the total SCC phenomenon 3ppears to be a synergistic
combination of thermal sensitization IGSCC and IASCC.

Recent reactor internal cracking incidences suggest that the "blanket” 1IGSCC remedy,
HWC, may be necessary to protect the reactor internals. However, to provide
sufficient environn 2ntal protection in the highly oxidizing core region (O plus H207)
with HWC would require, in many instances, such large injection rates of hydrogen
that burdensome radiation (increased N-16 during operation and increased shutdown
radiation levels) penalties could occur. At most plants, this N-16 dose rate could be
increased by factors of 4 to 6 or higher, and require additional shielding and modified
operational practices to reduce personnel and site boundary exposures to acceptable
levels.

Because of the highly oxidizing nature of the coolant within and above the core, even
with HWC at moderate (1.0 to 1.6 ppm) to high (2.0 to 2.6 ppm) hydrogen addition
levels, the upper shroud H1 and H2 welds are not protected on the outside diameter
surface for plants with Type 304 stainless steel shrouds (Figure 4-1). In addition, at
moderate levels, the inside of the shroud beltline welds H3, H4 and HS (some plants
only have H4 beltline weld) are not protected. Fortunately, as will be discussed in
Section 4.3, the use of noble metal coatings (NMCs) in conjunction with HWC looks
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promising for use in the future to provide SCC protection for these specific shroud
welds.

4.3 "Low Impact” HWC and Internal Noble Metal Coatings/Alioys

A perhaps more timely shroud IGSCC/IASCC mitigation option for some plants that
can make HWC more efficient while minimizing radiation penaities is the use of Noble
Metal Coatings (NMCs). This technology is currently under development and
qualification, and is being continuously evaluated by the BWROG. This approach
would consist of depositing dilute NMCs on the shroud to lower the local ECP below
the IGSCC/IASCC thresholds with near stoichiometric ratios of hydrogen and oxygen,
i.e., with little excess hydrogen injection.

As noted above, due to the BWRs core's highly oxidizing nature (=+250 mV[SHE]),
more hydrogen is required for an equivalent shift in ECP to provide protection against
IGSCC/IASCC in the core region. However, since noble metals have long been
recognized as recombination catalysts for oxygen and hydrogen dissolved in water, it is
possible to use NMCs to assist in-core recombination. It has been determined that the
ECP of a surface containing only small amounts of noble metals decreased to very low
values when hydrogen was present in stoichiometric amounts (or greater), even in the
absence of complete volume recombination of oxygen and hydrogen in the wate:
(Reference 4-3).

Figure 4-2 presents the effect of Pd in 285°C (545°F) water containing 300 ppb
oxygen and various hydrogen concentrations (Reference 4-3). ‘While the nominal Type
316 stainless steel demonstrates little change in ECP, the palladinized electrode exhibits
a dramatic drop in ECP from =100 mV (SHE) to approximately -500 mV (SHE) below
a molar ratio of 2. This hydrogen concentration (224 ppb) is less than
stoichiometrically required for 300 ppb oxygen (37.5 ppb) due to the higher diffusivity
(1.83x) of hydrogen versus oxygen in the water boundary layer. The above results
clearly indicate that a catalyzed surface can reduce the ECP of stainless steel with
significantly less hydrogen than is required in the absence of a catalyst. Subsequent
studies have replicated these coating results and have aiso demonstrated identical
beneficial results with Pd microalloyed stainless steel (Reference 4-4).
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Constant extension rate tests (CERT) were conducted on welded plus low temperature
sensitized (500°C/24h) Type 304 stainless steel to directly evaluate the effect of Pd
coatings on IGSCC. The results are summarized in Table 4-1 and Figure 4-3
(Reference 4-3). As anticipated, the measured ECPs for Type 304 stainless steel were
similar to those obtained for Type 316 stainless steel described above. It is uniformly
observed that the stainless steel autoclave is characterized by ECPs above the protection

potential since it was not palladinized.

The dissolved oxygen levels in all the CERT tests were maintained at significantly
higher levels than would be observed in a HWC environment. In addition, the first two
CERTs, which included the unpalladinized control specimen, were performed at high
hydrogen-to-oxygen molar ratios. The remainder of the CERTSs had hydrogen-to-
oxygen molar ratios at the sample surface close to the stoichiometric value for the
formation of water of 2:1, with consideration for the differences in diffusion
coefficients. When the molar ratio exceeded 2.0, the ECPs of the palladinized
specimens was considerably below the IGSCC protection potential even with coatings
as thin as 0.03 um. When the molar ratio was less than 2.0, the ECPs of the
specimens were above the IGSCC (and in most cases the IASCC) protection ECP.
Subsequent scanning electron microscopy (SEM) examinations of the fracture surfaces
confirmed that only the unpalladinized specimens suffered IGSCC.

Since a few shrouds have SCC, crack propagation studies on Pd coated specimens are
particularly relevant (Reference 4-5). Figure 4-4 presents the crack growth results of a
furnace sensitized Type 304 stainless steel specimen that was noble metal coated under
water with 0.42% Pd Type 309L stainless steel weld metal using the high velocity oxy-
fuel (HVOF) technique. 7 ¢ high stress intensity (33 MPaVm [30ksivin]) fracture
mechanics specimen was exposed to both stoichiometrically excess oxygen (H2 o5
molar ratio <2) and excess hydrogen environments (H/07 molar ratio > 2). When
the specimen was exposed to the excess oxygen environment (180 ppb 07, 9.6 ppb Hy,
Hy/0y = 0.85), the crack propagation rate is 1.46 um/h (503 mpy). However, when
the hydrogen concentration is increased to create a stoichiometrically excess hydrogen
(150 ppb On, 24 ppb Hp, Hp/Op = 2.56) environment, the crack propagation rate
dramatically decreases two orders of magnitude to only 0.01 gm/h (3.5 mpy).
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4.4 Conductivity Control to Reduce IGSCC Susceptibility

The benefit of good water purity in reducing IGSCC susceptibility has been recognized
for several years, and the average water conductivity of the entire BWR fleet has
improved dramatically in recent years.

An example of the effects of conductivity (sulfate) on crack initiation in uncreviced
material is presented in Figure 4-5 (References 4-6 through 4-9). It is clear that an
increase in sulfate/conductivity results in an acc~leration in crack initiation as measured
by CERT. A specific example of an acceleratic . in crack propagation rate on creviced
material with sulfate is shown in Figure 4-6. Figure 4-6 displays June 1986 Peach
Bottom 3 on-line reversing DC potential drop 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, i.e., increases in
water conductivity due to intrusions of demineralizer resin material (Reference 4-10).
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 4-7 (Reference 4-11). Other anions such as
chloride, fluoride, silicate, phosphate, etc., have similar kinetic effects on IGSCC
initiation and propagation (References 4-12 and 4-13).

This high conductivity crack initiation and propagation acceleration factor is consistent
with the relatively high incidence of IGSCC in creviced Alloy 600 shroud head boits
and access hole covers. Additional documentation on the strong correlation of IGSCC
susceptibility with actual BWR plant water chemistry history for creviced BWR
components has been published (Reference 4-14).

441 1GSCC Modeling

Finally, the effect of conductivity and ECP 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 4-
15). Predictions from PLEDGE (Plant Life Extension Diagnosis by GE) model have
been extensively compared with laboratory and field data and have 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
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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 piping and other components. Aside
from piping predictions, PLEDGE has been successfully used for predicting in-reactor
on-line compact tension specimen crack growth monitoring data and incorporating this
data into the model for refinement. In a more practical application, the PLEDGE
modeling approach was used to avoid a mid-cycle plant shutdown safe end inspection.
Non-sensitized (stabilized) stainless steels and reactor internals such as the core shroud,
top guide, access hole cover and in-core monitor housing have aiso been successfully
modeled with PLEDGE.

Finally, the PLEDGE Model of IGSCC and, more recently, IASCC (Reference 4-16)
clearly indicate the strong effect of conductivity on crack growth rate and, by
inference, crack initiation. Figure 4-8 presents a schematic estimation of Peach Bottom
2 and 3 sensitized Type 304 stainless steel crack growth rates as a function of
conductivity using the PLEDGE model. Crack growth rates based on actual
conductivity averages for the first ten years (Unit-2: 0.593 uS/cm, Unit-3: 0.752
uS/cm) were compared to those averages for the last two years. A value of 200
mV(SHE) was used for the ECP in these calculations. As noted in Figure 4-8, a factor
of improvement (FOI) of approximately twenty (20) decrease in crack growth rate is
obtained with Unit-2's decrease in conductivity. The FOI for Unit-3 is eleven (11).

4.5 Shroud IGSCC/NIASCC Mitigation Factors of Improvement

Table 4-2 summarizes the estimated FOIs for reactor internals, based on relative crack
propagation rates. The ECPs for the top of the core (Brunswick 1 shroud flange
IGSCC) and bottom of the core (access hole cover) were estimated from FitzPatrick
data, Figure 4-9 (Reference 4-17). The ECP of noble metals was derived from data
from Duane Arnold, Figure 4-10 (Reference 4-18). The benefits of conductivity (only)
improvement as based on PLEDGE model calculations are also included.

4.6 An Additional Potential IGSCC/IASCC Mitigation Technique

Although it has been demonstrated that there is a clear crack growth rate reduction
benefit with zinc injection and HWC (References 4-19 and 4-20), the latest synergistic
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depleted zinc oxide (DZO)/HWC laboratory studies indicate that the amount of crack
growth reduction is highly variable with uncertain reproducibility, especially for Alloy
182. Since it has been observed that the material response time is much slower than
that obtained with high hydrogen (HWC) levels alone, it requires considerably longer
time to establish the lower bound crack growth rates. Although there is insufficient
data to establish a BWR water chemistry specification with predictably reliable results,
testing will continue to quantify the benefit at low DZO levels (10 ppb) since this may
provide a future cost saving by allowing somewhat lower hydrogen addition rates to
achieve HWC protection. The BWR Owners' Group will continue to monitor the

progress of this activity.
4.7 Core Shroud IGSCC/IASCC Mitigation Options

The above discussion reveals the following options for addressing the degradation of
the BWR core shroud:

1. HWC. This "blanket" IGSCC/IASCC remedy lowers the ECP of the core
shroud and mandates a lower coolant conductivity. However, achieving
such in-core protection can result in high radiation levels during operation
and shutdown.

2. "Lew Impact® HWC and NMCs. This technique utilizes the catalytic
nature of noble metals to increase HWC efficiency and minimize radiation
penalties. Although this concept has been clearly proven in the laboratory,
technological application details are under development and qualification.

3. Conductivity Control. This universally sound approach would only delay
the initiation of cracking and reduce crack propagation rates. It is not
sufficient to mitigate SCC in the BWR.

4. DZO/HWC. This is a potential "low impact” HWC technique where an
operating specification relationship could be developed between DZO and
hydrogen additions to minimize SCC and radiation penalties. Additional
testing of this technique is required.
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It is obvious that the above SCC mitigation options are characterized by either
detrimental side effects (HWC) or inadequacy (conductivity only), or they have not
been fully qualified (HWC/NMCs and DZO/HWC). Therefore, the optimum core
shroud SCC mitigation approach will vary from plant to plant and will require a
complete specific evaluation of these and future options.
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Table 4-1.  Results of Constant Extension Rate Tests

Sensitized Type 304 Stainless Steel
Pd Molar Ratio ECP Time to
CERT Thick . H2 02 H2:02 CERT Auto Failure IGSCC
No.  (um) (ppb) (ppb) @ 0 (mY) (m¥Y) (N (%)
1 0.00 161 95 27.1  49.6 102 31 70 26
2 0.77 161 104 248 453 -535 -110 124 0
3 077 16 196 1.3 24 -515  -100 12 0
- .77 9 1% 0.7 1.3 50 -102 76 33
5 0.07 19 251 12 22 -490 -150 118 0
6 0.03 20 263 1.2 22 -400 -110 126 0

Test Conditions: 287°C

0.3 x 106 M HS04

Conductivity: 0.3 uS/cm

Strain rate: 1 x 10°6/s

(@  Molar ratio in water = 16 x ppb Hy/Op

(b)  Molar ratio at surface = 1.83 Molar ratio in water
where 1.83 is the ratio of the diffusion coefficients
for Hy and Oy in water

Auto = autoclave
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Table 4-2. Shroud Estimated IGSCC Factors of Improvement (FOD1

. Topof Core _Bottom of Core
H2 SCFM 0 12 20 0 12 20
T 304 ECP 225 200 140 140 75 -40
Pd ECP 225 -220 -310 140 -345 -435
HWC FOI 1 1.5 3 1 2 8
Pd FOI 1 100 60 1 30 7
Conductivity 5 5
0.3 t0 0.06 uS/cm
(only)

1. Assumes that all FOIs are multiplicative. Separate conductivity FOL.

59



Shroud SCC Mitigation Options :
'

Figure 4-1
304 Shl‘OUd 304L E
Material 3
ngh Hydrogen ) Moderate High ydroge Moderate
Level* Level*
- Fully Yes
: Mitigated
Mechanical H1H2H3(OD) _ Not H1 H2 H3 (OD) : !‘0' H3* (OD)
fix of: Plus disposition Mitigated H3 H4 H5 (ID) Mitigated H3 H4 HS (ID)
H1 H2H3 of H1 H2 Plus disposition
(1D fillet weld) of H1 H2
(1D fillet weld)

* High H,tangoiszotoZTppm
recommended by EPRUBWROG Water Chemistry

Moderate H, range is 1.0 to 1.6 ppm in feedwater.

** NMC if end of life fluence exceeds 5x10%° nvt
NMC (Nobie Metal Coating)

in feedwater. BOP flow assisted c

orrosion evaluation and fuel surveillance
Guidelines (currently under revision).

F611-RPI-EL5-ANTD



19

ECP, mV(SHE)
L F ey i

4
L

i

100 \\

T

-100

-140
-200 |
-230

-300 |

-400 |

=500 —

Figure 4-2

* A

P

i, |
—~ !

R, y—0- 0 {

b\, !

\

\ +«— Noble metal alloy/coating '1
|

~o = Uncoated stainless steel

- > 3
6—0—0—

|

\ —

‘\ IASCC Protection ECP"]

\ 1GSCC Protection ECP{

\ Stoichiometric |

\ e ratio |

A\ s.

N "ff) — %

Eokr S - ul ea : |
1 2 3 4 5

H2/02 Molar Ratio

_ECPs of Pd-coated Type 316 SS in 300 ppb Oxygenated Water at 282C

TTARaawy mapony 30

FELI-8PI-E25°ANAD



9

-

% IGSCC in CERT

80
70

60

50 |

40
30
20+

10+

OL_.

0

Figure 4-3

1

Field and Lab

Results

TS | S | i i
2 5 10 15 20
Molar Ratio of H2 to 02

i
s

—— Pd Coated

—++ Uncoated

200 + 100 ppb Oxygen

« Corrected for strain rate effects

e

25

_ Effect of Hydrogen/Oxygen Molar Ratio on IGSCC of Pd Coated and

Uncoated FS Type 304 in CERT at 288C

|
30

Bsaug mwapony 1D

F6II-821°FLS"ANTD



£ 9

Crack extension, ym

250 —
200 |
150
1.46 ym/h
503.7 mpy
100! e S :
To excess 02
180 ppb 02
9.6 ppb H2
50 - SR . AR
0.09 pm/h
31 mpy — \
o L__.J e L e RIRINERTS it P W el S T
205 2150 2250 2350
Time, h

Coated in shallow water by HVOF/T309L SS
K = 33MPa/m, R = 0.7, 0.01 Hz after 200s

0.435 uS/cm H2S04

Figure 4-4

\

i

2450

!

| 724 ppb H2

0.01 ym/h
3.5 mpy

To excess H2
150 ppb O2

|
|

2550

P

2650

_ Effect of 0.42% Pd Coating on Crack Propagation in FS Type 304

Bupug mapony 10

F6II-8PI-FTS"ANTD



9

Acceleration Factor

5 e ——
, |
N Iwiaont b PRI WSS, S0 S S e 5 l |
O ANL Data ¥ EPRI Data
4
b
3+ O
AT
v
2} e
& O
Conductivity (pS/cm)
///// 61 62 03 Ce0B 016 10O s 0 He
f/ o o2 3 {0« 08 ors 1o s G N‘
1(&——/—1__'_T“”7WT TL 3 'VLTL" ?l 2 'l'. 2 #‘T' e 'T’_l T | ! ‘!i T li 1 T T YTl !
1 10 100 1000 10000

Sulfate (ppb)

Crack initiation data based on CERT

Figure 4-5 - Effect of Concentration and Conductivity on FS Type 304 1GSCC initiation

Busuzg wapnN 39

F6II-8PI-FI§-ANTD



<9

Crack length, mm

| ¥ ety .
Resin Resin
Intrusion 1 intrusion 2 '
19.14 |
| |
19.12 T
_‘_ - da/dt = 1.02 miv/y|
19.1} |
da/dt = 0.55 mm/y g
|
19.08 | |
19.06 T W CE SETE. SENESPe ! B SET i | ) L ! E
210 2200 2300 2400 2500 2600 2700 2800
Hours

Figure 4-6 - Peach Bottom 3 Response to June 1986 Water Cnemistry Transient

vy a1\ O

E611-8PI-EI5"ANTD



99

— N scuL CONSTANT LOAD — === = === == == === = = - o o T P o — -
208 g— 082
E 1.0 uS/CM
= 05 psfcm <01 'AS/'Cm 045 MS/Cm Nazsoa <01 “S/cm N.)sO‘
205 }= 0B b 2
; <]
- o o
= 3 =
- 3 3
- <«
= w <
203 p~ 080 o -
E - —— 20 PPB OXYGEN =~ -+
201 - 078 :-"'"-"""- -M"BOXVGEN - - —— - —— ——— - ___¢m"aoxvce~_-__1
-
198 }- 078 E-
E
E .
198 }— 077 F
134 07 :‘-:-
- 009 uM/h 11 uM/h 01-003" uM/h 15 uM/h
E (3.8 pin M} (46 uin./h) (4.1-1.2° pin /n) {80° uin./h)
90} 078
wsel. 074 4 L : 2 1 A | ' Y e ;‘L ECC L 1
' N 500 1000 1500 2000 2500

Figure 4-7

Crack Length s

K = 8.5 to 36,5 MPa, m(

Fime, Sensitized Type

HOURS

26-28Kksi, in)

*NO COMPLIANCE UNLOADING

304 Stainless Steel 286C Oxygenated Water Environment

Buzuzy mwaponN 39

FOII-BPI-EIS-ANTD



L9

Crack Growth Rate, mpy

Eéﬂy' Life Or;ération ~
— A
1000 © A e e

“ Current
Operation

100 5——”1 e
% (53

W=
1 { i i i L

0 0.2 0.4 0.6 0.8

Conductivity, uS/cm

Estimated CGRs for ECP 0-100 mV[SHE!

Fig

100 mV
O mV

— =100 mV

-230 mV
(HWC ECP)

O PB2
PB 3

1.2

PLEDGE: 15 C/cm2, 25ksiv/in

ure 4-8 - GENE PLEDGE Model Prediction for Peach Bottom Type 304 Crack Growth

@iz mapuN 3D

FE1I-$PI-EL5-ANTD



89

Crack Growth Rate, mpy

1000 ¢

}1.5x

: ‘}\71\ Crack Growth Rate |
T & e |

10

Current

HWC
Target

|

15

Current
HWC
System

Capacity

R

20

} o
) Core Top i

i

\

Core Bottom
Crack Growth Rate

i

25 30 35

Feedwater H2, SCFM

PLEDGE: 25 ksivin, 15 C/cm2, 0.12 uS/cm

Figure 4-9

ECP based on FitzPairick

. Effect of H2 Injection Rate on Calculated IGSCC Rate tor Brunswick |

Baaug mwapony 10

EOI1-8PI-EL5-ANTD



&Busug wappny 30

ECP at Bottgolgi Core
200 - robEet
100 4 - —
A o TR
- 100 —
mV, SHE
-200 |— —1In e S ST L _ e
\\\__\ “~__ | IGSCC Protection
-300 }——+—1——<<C ‘¢~ Potential
\,, = i
O -
-400 e | e -”—“—'——'———“—; *‘q;?:::—*’*‘ e : ('3
Platinum Surface o g
-500 NS WSS Sty s 1S — §
§
—-buu E
0 10 20 30 40
Feedwatr: Hydrogen (SCFM)} M10407 13

Ficure 4-10 - Comparison of ECP for 304 $S and Platinum Surfaces vs. Hydrogen Addition Rate for BWR 4



GE Nuclear Energy GENE-523-148-1193

§0 OPERATIONAL SYMPTOMS

This section on operational symptoms is included to address the potential situation if
unexpected significant crack growth occurs during plant operation. The potentially
affected plant operational parameters are identified, as well as the modes of reactor
operation that are most likely to show these symptoms if the shroud has degraded to the
point that significant, through-wall leakage can occur.

5.1 Functional Effects of Significant Leakage in the Upper Shroud

The primary abnormal effect of significant leakage through the top portion of the core
shroud assembly is that a portion of the steam-liquid flow leaving the core will bypass the
steam separators. The bypass leakage will instead flow directly into the vessel annulus
region.

The left side of Figure 5-1 shows the normal flow and fluid enthalpy pattern for a typical
BWR unit. A postulated situation with some shroud leakage is shown on the right side of
Figure 5-1. Several fluid paths are mixing in this bulkwater/annulus region of the vessel.
The normal mixing process involves the combination of the following flow paths (typical
full power values are given for a BWR/4 218 inch vessel plant):

. Downward liquid flow from the separators (66.2x10° Ibm/hr)

. Carryunder steam flow (.0025x sep.liquid flow = 0.17x10° Ibm/hr)

. Drain flow (liquid) from the dryers (~1% of steam flow = 0.1x10° Ibm/hr)
. Feedwater flow (10.5x10° Ibm/hr)

The subcooled feedwater flow (420°F, 398 Btu/lbm) mixes with the other, saturated flow
paths, normally producing a downcomer enthalpy that is about 527 Btu/lbm (below
saturation [subcooled] by about 18.7 Btu/lbm).

The right side of Figure 5-1 shows the same parameters, but assumes, for example, that
significant leakage is occurring equivalent to 6% of the total core flow. This is
approximately the amount of leakage that would occur with an equivalent crack height
(Leakage area / Circumference of the shroud) of about 1/2 inch.
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An initia! calculation was made assuming that the power and core flow remained at the
rated values. Subsequent calculational iterations were performed to adjust the power/flow
for the new parameters. The results for the different flow paths are:

. Downward liquid flow from the separators (63.8x10° Ibmvhr)

- Carryunder steam flow (0.0025 x sep liquid flow = 0.148x10° Ibavhr)

. Drain flow (liquid) from the dryers (~1% of steam flow = 0.1x10° Ibm/hr)

- Feedwater flow (9.45x10° Ibm/hr)

- Liquid leakage flow (4.1x10° Ibm/hr)

- Leakage steam flow (0.15 quality in plenum above core gives 0.6x10°
Ibm/hr)

The subcooled feedwater flow (417°F, 395 Btu/lbm) still mixes with the saturated flow
paths fiom the separators and dryers. However, the leakage flow increases the effective
carryunder fraction to about 5 times normal. This raises the downcomer, recirculation
loop, and core enthalpy to about 532 Btw/lbm, however, it remains below saturation
[subcooled] by about 11.8 Btu/lb.

The change in subcooling (from about 19 to 12 Btw/lbm in this example) would not impact
the recirculation system significantly because the net pump suction head (NPSH) margins
remain adequate. However, the shroud leakage does change four other basic reactor
parameters:

- The warmer recirculation water will become evident in the recirculation

loup temperature monitors. For this example, the temperatures would be
about 4°F above normal.

- The reduced core inlet subcooling will reduce reactos power. For this
example, a power reduction of about 11% is expected.

. The leakage path essenti.lly reduces the pressure drop in the flow path
from the core upper plenum to the downcomer. This effect will produce a
slight increase in the total core flow (assuming that the recirculation
drive loop flow remains constant). For this example, a core flow increase
of only about 1.5% is expected.

- The core flow effect will raise power about 1%, so that the overall power

reduction will be from 100% to about 90%. Clearly this is the strongest
indicator of the presence of leakage
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For reasonable ranges of hypothesized effective crack size and resulting leakage, the
power level signal is the strongest indication of an abnormal condition of the shroud.
Figure 5-1 (right side) shows the approximate operating conditions with the 10% power
decrease and the slight core flow increase.

The example case only produced a small change in the recirculation loop temperature.
Close monitoring would be needed to identify this change. The temperature difference
between the loops and the vessel dome (saturation) temperature is reduced to about 11°F,
very close to the setpoint of the subcooling monitors on those units that have them.

If leakage develops on one side more than another, the symptoms may also include
indications of non-symmetry: greater changes for one recirculation loop than the other(s).
This asymmetry may also be seen in local core power (one side reduced more than the
other).

If a larger leakage flow path is postulated, the downcomer subcooling could be reduced to
the point where recirculation system cavitation is experienced. At about four times more
leakage (leakage about ten times the normal amount of steam carryunder from the
separators), the recirculation pump NPSH margin approaches zero. Plants with jet pumps
would also approach cavitation at the jet pump suction and nozzle areas. Under these
conditions, the recirculation system efficiency is reduced rapidly, and significant
indications of low recirculation drive loop flow, low core flow, and additionally reduced
power can be experienced. These signals may also show noisy and erratic behavior.

One other characteristic would be observed if a through shroud wall crack developed
abruptly while the unit was at high power, steady state conditions. The rapid creation of
leakage flow into the annulus region of the vessel could potentially cause an observable
increase in the water level. This sequence of events could even raise the water level so
that a high water level trip could be initiated. In the more probable case that the water
level transient is not enough to reach the trip points, reactor operation will change to
conditions displaying the other symptoms previously identified.
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Specific Operational Parameters for Upper Shroud Leakage

The following monitored parameters will provide indication of abnormal conditions to the
reactor operating staff They are presented in the approximate order in which the
indication would become significant as upper shroud leakage developed.

(M

(2)

Reactor thermal power will be suppressed below its normal value for the selected
rod pattern and core flow. A good way to observe this anomaly is to compare the
power ascension trajectory versus core flow (as in Figure 5-2).

The process computer trend output information will clearly be helpful in these
comparisons to normal. It is recommended that a baseline trajectory for these
parameters should be established (if it does not already exist) in a useful format.
This will enable utilities to perform this type of comparison to expe:ted
performance at each reactor startup.

The experiences observed at two BWRs (in 1984 and in 1991) used this type of
comparison (between expected and observed power versus core flow) to discover
problems associated with loose shroud head bolts. In those cases, physical motion
of the shroud head occurred as the pressure drop became large enough to lift the
upper shroud/separator assembly. At that power-flow condition (about 80%
power and 85% core flow), leakage began. In these cases, the motion of the
shroud head and induced leakage was restricted by the bolts that were in place.

For upper shroud leakage without significant shroud motion, there will not be such
a distinct characteristic change at a particular power-flow condition. Power will be
suppressed over the whole power versus flow range. If some motion is postulated
(e.g., only one side is intact, and the other tends to open further when the power-
flow conditions exceed the point of lifting pressure drop), then some of the
distinctive characteristics of the loose bolts case may be experienced. This case
(shroud lifting) is quite remote because it takes such a small amount of remaining
ligament (even on one side) to maintain shroud integrity and geometry.

Those plants that have recirculation loop cavitation instrumentation could reach

those setpoints if large leakage flow occurs from the upper shroud. All plants
would be able to observe the increase in recirculation drive loop temperature
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3)

S

(5)

(6)

above normal. If cavitation conditions are actually encountered, the loop flow, jet
pump diffuser flow, pump head, and vibration monitoring instruments may display
noisy, erratic signals.

It is recommended that baseline characteristics of normal recirculation loop
temperature versus power and flow conditions be established so that an abnormal
pattern can be detected. Figure 5-3 shows a typical pattern for recirculation loop
temperature during the upper portion of the ascension to full power. The
differences calculated for the example case of shroud leakage are also shown.

The characteristic that a slight increase in core flow may be observed due to the
reduced pressure loss in the shroud/separator region can also be monitored. This
anomaly can be discovered by comparing the core flow to drive loop flow (in a jet
pump plant), or by comparing core flow to coupler scoop tube position or pump
speed (for all MG set plants). Figure 5-4 shows a typical relationship between
core flow and drive flow, and the type of anomaly that may be observed. This
sensitivity is not very strong for potential equivalent crack sizes up to the 1/2

inch upper shroud leakage example shown here.

The baseline relationship of these parameters along the rated flow control rod line
should be established for use in detecting abnormal operation.

If bypass leakage develops on one side of the upper shroud more than another, .ae
symptoms may also include indications of non-symmetry in the core power (one
side reduced more than the other), or greater changes for one recirculation loop
than the other(s).

In the unlikely case that upper shroud leakage develops abruptly during normal
steady state operation, a rising water level transient would be created. Such &
transient could reach the high water level trip setpoints. If the unit does not trip on
high water level, it will shift to operating conditions with the charactesistics
described in the previous items.

The discussion of these symptoms is most applicable to the upper shroud area
associated with weld areas H1 and H2. These areas see the full, two-phase
mixture being discharged from the core. The H3 weld area is below the fuel top
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guide. It is primarily exposed to the bypass region flow which is heated, but the
mixture quality is lower than the core exit. A significant ieak in this area would
draw some two-phase flow from the plenum above the core in addition to the
heated water. However, the symptoms would be smaller than if the cracking
developed higher in the shroud.

5.3 Functional Effects of Leakage in Beltline or Lower Shroud Areas

If large cracking occurs lower on the shroud, in the beltline zone or lower, it does not
produce observable symptoms. The fluid that would leak through the shroud wall would
be partially heated water from the outer bypass region outside the fuel bundles. It would
only produce a very small change in the temperature of the recirculation and core inlet
flow, and no detectable change in power or loop temperature is expected. At the bottom
of the shroud, the bypass region water is the same temperature as the recirculation flow in
the vessel annulus and recirculation loops.

It is concluded that no detectable symptoms would accompany larger than expected
cracking in the middie and lower shroud. All indications found so far are well below the
allowable criteria, and no leakage has occurred through the shroud (in the upper, middle,
or lower region of the shroud). Safe operation is assured for all areas by regular
inspection of the shroud.
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6.0 INSPECTION STRATEGY

This section describes a strategy and integrated plan for shroud inspections. This program
is designed to meet the intent of SIL 572 Rev. 1 while responding to utility specific needs.
This discussion is based on shroud inspections to date and current available inspection
equipment. The information in this section may require modification as new inspection
equipment becomes available.

This strategy and recommendations are provided based on current knowledge of the
shroud issue and experience at various plants. As more inspections are performed, some
of these recommendations may change. The recommendations provided here are not
mandatory, but provided to utilities as a guide in developing their plant-specific inspection
plans. For example, the selection of VT or UT and consideration of inspecting for
sufficient material to confirm structural margin could result in a modified inspection plan.
Thus, the plant specific inspection plans may vary from those provided in this section.

The inspection recommendations provided here are considered applicable to all BWR's
and exceed the requirements of ASME Code Section XI (where applicable, e.g., for
BWR/6).

The specific goals of this inspection plan are to:
e Provide an integrated shroud inspection philosophy that:
1. Meets the intent of the inspection recommendations in SIL 572 Rev. 1
2. Meets utility requirements
3. Contains a defensible basis, and
4.

Can be applied uniformly and consistently from plant to plant

« Provide a strategy to minimize the impact of the shroud inspections on the overall
outage.

6.1 Susceptibility Factors

SIL 572 Rev. 1 recommends a review of shroud fabrication records and operating history
for each plant. The purpose of this review is to determine the relative degree of shroud
susceptibility to cracking This will affect the decision process to determine what types
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and to what extent inspections should be performed. In some situations a repair
contingency package may be applicable.

The susceptibility evaluations involve a combination of absolute and relative comparisons
to other information and data and can be quite subjective. As new information becomes
available the perceived susceptibility of the plant to shroud cracking may change

In considering the relative susceptibility of one BWR plant versus another, there are
several key parameters that must be evaluated. These include materials, fabrication, water
chemistry, neutron fluence, and IGSCC/IASCC history of other in-reactor components.

1.

Materials: Material composition, in general, and carbon content more specifically,
can have a major affect on shroud IGSCC susceptibility. Bimetallic welds utilizing
Ni-Cr-Fe material (Alloy 182) have higher susceptibility than stainless materials.
Laboratory tests and field experience conclude that components with a higher carbon
content are more susceptible to cracking than a lower carbon equivalent.

The primary effect of carbon content is to increase the degree of sensitization in the
as-welded condition, which is related to the minimum chromium content of the
chromium depleted regions at the material grain boundaries, and thus the IGSCC
susceptibility. A series of time to failure tests versus percent carbon have been
performed in the GE pipe test labs for 304 stainless steel in 288°C oxygenated water
In general, based upon the results of the pipe tests and field experience, it appears
that those plants with materials containing above 0.05% carbon are in the highest
susceptibility category, those with 0.04% to 0.049% are in the intermediate category,
and those with less than 0.04% are in the most resistant category.

Fabrication' The fabrication processes and weld designs affect IGSCC susceptibility.
Examples of higher susceptible fabrication techniques include designs containing
crevices, welds utilizing backing rings, high weld residual stress from fitup, and the
orientation of plate materials that result in the laminations exposure to the oxidizing
environment (presence of surface cold work, cool down rate from solution heat
treatment temperature, weld repair, fit-up stresses, etc.).

Water chemistry: Water chemistry can be divided into steady state and transients.
Steady state involves maintaining/sustaining proper chemistry such as low
conductivity. Transients are short term events such as seawater and resin intrusions.
Transients and poor ‘water chemistry have been shown to increase IGSCC
susceptibility. A signiticant contributor to shroud condition is plant conductivity
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history (early life vs. overall operation, presence of severe potentially damaging
transients, etc.).

GE has performed a considerable amount of laboratory testing and analytical
modeling of material susceptibility to IGSCC as a function of conductivity. Based
upon this data, it was observed that a plant operated early in life with a conductivity
of about 0 SuS/cm has about a five to tenfold increase in IGSCC propensity when
compared to a plant that has operated at 0.1-0.2 uS/cm. Field data has, in general,
supported this conclusion. As a measure of ranking, the most susceptible category
would be for those plants that have operated for the first five operating cycles with
conductivity above 0.5uS/cm. The next most susceptible category would be those
plants that have operated between 0.3 and 0 5 uS/cm, and the least susceptible
category would be those plants that operated below 0.3 uS/cm consistent with the
EPRI Water Chemistry Guidelines Action Level | values.

4 Fluence The shroud fluence distribution is a function of core design/configuration
and operating power history. The threshold fast neutron fluence (E>1mev) for
initiation of IASCC (Irradiated Assisted Stress Corrosion Cracking) is approximately
5 x 10%° n/cm® based upon test data. IASCC has been observed to occur below the
predicted initiation ihreshold if classic IGSCC is also present. This observation is
based upon metallurgical evaluations of a boat sample of a core shroud whose
fluence was approximate 3 x 10*° n/em’. Based upon this data, plants with shrouds
having fluences above 5 x 10*° n/cm? are considered susceptible to IASCC . Plants
with fluences below 3 x 10% n/em® are not considered susceptible to IASCC.

In addition, the plant specific cracking history is an indicator of shroud susceptibility. The
presence of previous cracking in other components of a plant such as shroud head bolts,
access hole covers, recirculation piping, and core spray spargers/piping would suggest a
greater susceptibility for shroud cracking. It is also useful to review/compare inspection
results from other plants with similar shroud susceptibility factors when known.

6.2 Inspection Plan

Figure 6-1 is a graphic representation showing the relationship between SIL 572 Rev. 1
(top level document containing the bases for the inspection recommendations) and the site
specific inspection strategy, tools and procedures.

The first step to generating a plant specific inspection plan consists of reviewing SIL 572
Rev. 1 for applicability. The factors affecting shroud susceptibility to cracking are then
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evaluated. The inspection plan is developed by utilizing the susceptibility factors in
combination with the utility specific input. The utility specific input includes outage and
inspection specific goals as well as the integration of the shroud inspection with other site

activities.

6.2.1 Inspection Strategy

faoacsio 8 tation §

The following is a summary of the key inspection recommendations:

o Inspect at the appropriate refueling outage as indicated by SIL 5§72, Rev. | criteria,
susceptibility factors, etc.,

e Perform either an Enhanced VT-1 or UT inspection. Decision of UT vs. VT s
dependent on a plant specific evaluation (i e, time cost/benefit, history,
susceptibility)

e Determine the extent of cleaning required, and perform as appropriate,

e Perform inspection on a significant statistical sampling based upon perceived
susceptibility to cracking, and

e Re-examine every second outage if no cracking is observed

The strategy invoked to accomplish this is to perform a susceptibility evaluation of the
shroud and to characterize its susceptibility to cracking as either low, medium, or high.
Then, each utility should compare the benefits of each type of exam (UT of VT) such as
minimum sample size prior to selecting the exam technique.

Inspection Philosophy

The inspection philosophy is to start with the smallest data set that will provide
justification for continued operation in the absence of cracking. If the inspections were
performed visually on a limited data set, then the data set must be expanded if cracking is
observed. One domestic utility inspected for 8 weeks with a combination of VT and UT
to fully map out the cracking. An alternative is to use UT to simultaneously detect and
characterize the cracking. This may be very cost effective as a proactive inspection
alternative if substantial cracking is anticipated.
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The two welds initially targeted for the inspection are the H3 and H4 welds. The H3 weld
(shroud to top guide support ring) is susceptible to IGSCC due to the highly oxidizing
environment. Some plants additionally have shrouds with top guide support rings that
have been fabricated in a manner that may make it more susceptible to IGSCC The H4 or
beltline weld is the most susceptible to IASCC since it is located in the high flux region
and thus has the highest fluence.

It is believed that the H3 and H4 weld are the most susceptible welds to IGSCC and
IASCC, respectively Therefore, the initial examination data set should be based upon
these two welds. The recommended initial UT inspection for all risk plants (High,
Medium, Low) is full inspection of the H3 and H4 welds.

fosoection Plan 1: Low Risk Pl

A low risk plant is not expected to experience shroud cracking at this time. Therefore, the
strategy is for a minimum visual inspection. In general, low risk plants have had good
water chemistry, low fluence, have shrouds made of low carbon materials and do not have
substantial fabrication anomalies (e.g ., weld repairs) and have no reported IGSCC of other
in-reactor components. A recommended strategy involves:

« Limited enhanced VT-1 inspection. Surface preparation is considered by comparing
cleaned and non cleaned surface resoiutions.

e Minimum number of weld locations selected.
« OD or ID depending on weld location.
A typical inspection plan for a low risk plant would include:
« Weld H3 - Examine 4 cell locations, preferably at highest neutron flux azimuths.

+ Mid plane weld - Examine 4 cell locations, preferably at highest neutron flux
azimuths.

« Shroud to shroud support weld - Examine 10% of weld length on OD at azimuths
where access hole covers are located.

Alternative Plan 1 inspection: Use UT approach to establish baseline for future
inspections. A complete UT with no findings may support a longer cycle prior to a
reinspection.
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nsoection Plan 2: Medium Risk P!

A medium risk plant may have some limited shroud cracking. The screening criteria (flaw
evaluation) can be utilized with other information to determine in advance the amount of
inspection required for each weld. Identified shroud anomalies, such as weld repairs, areas
with ground off lifting lugs, etc., should be inspected. Significant indications may result in
“crack chasing” and/or UT for crack characterization. Performing UT initially in lieu of
VT may be cost effective option. The inspection strategy for a medium risk plant is
similar to the low risk plant.

A typical inspection plan for a medium risk plant would include:
e Weld H3 - Examine 8 cell locations, preferably at highest neutron flux azimuths

« Mid plane weld - Examine 4 cell locations, preferably at highest neutron flux
azimuths

¢ Vertical weld - Examine 1 weld if cell already vacated

« Shroud to shroud support weld - Examine 10% of weld length on OD at azimuths
where access hole covers are located

o Expand sample set if cracking is observed

Alternative Plan 2 inspection: Use UT approach to establish baseline for future

inspections. A complete UT with no findings may support a longer cycle prior to a
reinspection.

Inspection Plan 3. High Risk Plants

In general, high risk plants have had below average water chemistry, high fluence, have
shrouds made of high carbon materials and may have some fabrication anomalies. Shroud
cracking is expected for a high risk plant. The inspection strategy for a high risk plant
should consider UT in lieu of VT as an alternative.

To summarize, for high risk plants:

« Weld H3 - Examine 8 cell locations, preferably at highest neutron flux azimuths
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« Mid plane weld - Examine 8 cell locations, preferably at highest neutron flux
azimuths

¢ Vertical weld - Examine 1 weld if cell already vacated

« Shroud to shroud support weld - Examine 10% of weld length on OD at azimuths
where access hole covers are located

¢ Expand sample set if cracks are found

Alternative Plan 3 inspection: One plant with shroud cracking spent 3 weeks mapping
and characterizing the cracks. Another domestic BWR took about 3 weeks to perform
enhanced VT-1 on the original and expanded data set. UT is suggested for consideration
as a proactive cost beneficial alternative to visual inspections. One overseas utility
inspected 180 degrees of the shroud beltline weld in 8 hours using UT. The inspection
was performed from the shroud OD, thus requiring no cell disassembly, and the cracking
was detected and characterized simultaneously.

6.3 Inspection Techniques

The following is a brief discussion of the available shroud inspection techniques.

6.3.1 Visual Inspection

The enhanced VT-1 examination is the recommended technique for visual inspections.
Visual examinations are typically performed from the refueling bridge. As a result, no
nther refuel activities are performed in parallel since the bridge cannot be moved. The
following four major steps are invoived:

Vacate fuel cells as applicable

Clean examination areas, if required

Inspect areas (ID and OD)

Evaluate results against screening criteria, then depending on re-ults
- No action required,
- Expand VT sample set, or
- Perform UT sizing

-

If no indications are observed, then the examination is complete and no further actions are
required. If indications are present, then the sample set may need to be increased. In
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addition, an ultrasonic examination may also be required (depending on results of
screening criteria application) as a visual examination cannot fully characterize the crack.

6.3.2 Ultrasonic Examinations

Ultrasonic inspections have been performed on the shroud from the OD and ID at two
plants.

A localized UT scanner was utilized on an overseas plant to characterize cracking on the
beltline weld from the shroud ID. A second examination using a more sophisticated
device was performed on a 180° segment of the beltline weld from the shroud OD. In this
instance no fuel was removed since the inspection was performed from the OD. The ID
and OD measurements were compared at the applicable area with good correlation.

A domestic utility performed ultrasonic measurements of some shroud cracking from the
ID and the OD depending on location. Two boat samples were obtained from the H2
weld and the crack depth was physically measured which validated the UT technique.

6.3.3 UT/VT Comparison

This section is a comparison of VT and UT shroud examination. This is based on current
available inspection equipment, and shroud inspection experience to date. This
comparison should be reviewed and modified if needed as new inspection equipment
becomes available.
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VT and UT: Advantages & Disadvantages

Visual Ultrasonic
Advantages

Equipment readily available Most exams from OD

Large experience base No surface preparation

Utilized for ID and OD No cell disassembly

Images can be digitized and enhanced Detection/sizing performed simultaneously
Minimum impact on other invessel work
Faster than VT
Consistent and repeatable

Disadvantages

Surfaces may need cieaning More personnel required

Iudications may be missed New technology

Fuel cells must be disassembled (ID) Higher equipment costs

Weilds difficult to locate

Refuel bridge required

No through wall sizing

Frequent camera changeouts

Low repeatability

Subjective evaluation
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6.4

Recommendations

The following is a summary of BWROG recommendations relative to shroud:

Susceptibility Investigation, Each utility should determine its relative susceptibility
to shroud cracking.

Screening criteria, The utility should perform flaw size evaluations in advance of the
inspection to establish acceptance criteria.

Plant specific objectives; The inspection goals must be established to determine the
most effective inspection technique; short term and long term goals and philosophies
should be considered.

Integrate inspection plan into refuel floor activities, the shroud inspection should be
incorporated into the refuel floor activities to optimize productivity and ,minimize
outage !2ngth.

Contingency repair package as appropriate, in cases where the shroud has been

evaluated as having nigh susceptibility factors for cracking, the utility should have a
contingency repair package in place.
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SIL. 8§72 rev 1
Susceptibility
Customer input ————9 Inspection plan
Inspection Goals
current outage
future outages
Critical path
Refuel floor considerations
-, Site tooling, procedures, etc.

Figure 6-1 Shroud Inspection Plan Approach
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7.0 SUMMARY

This report was prepared in response to recent cracking observed in the vicinity of core
shroud welds at four boiling water reactors (BWRs). This report contains a discussion of
various aspects of the shroud cracking issue and provides the generic tool which utilities
may use to address shroud cracking concerns. These issues include: screening criteria,
mitigation actions, operational symptoms, and inspection strategy.

The graded screening criteria was developed to provide the procedure for the evaluation
of any indications. The screening criteria includes three steps, 1) acceptance standerd, 2)
visual screening criteria, and 3) UT screening criteria. If the indications meet the
screening criteria, then the indications are considered to be acceptable for at least one fuel
cycle without further evaluation. If the indications do not pass a particular level of the
graded approach, the next level may be applied. For example, if the indications do not
meet the acceptance standard, then the visual screening criteria may be applied. If the
indications do not meet the UT screening criteria, then repair of the shroud may be
required.

Information regarding mitigation of core shroud cracking was presented. This includes
discussion of hydrogen water chemistry, water conductivity control, and noble metal
plasma spray coating. The recent incidences of cracking have demonstrated the advantage
of taking early precautions to lessen the potential and extent of IGSCC. Water chemistry,
fabrication techniques, and material have been identified as being significant contributors
to the potential for cracking.

Operational symptoms were discussed to address the potential situation if unexpected
significant crack growth occurs during plant operation. The potentially affected plant
operational parameters are identified, as well as the modes of reactor operation that are
most likely to show these symptoms if the shroud has degraded to the point that
significant, through-wall leakage can occur.

An integrated plan and strategy for shroud inspections was also presented. This program
was designed to meet all the recommendations of SIL 572 Rev. 1 while responding to
utility specific needs. The purpose of the inspection plan is to provide the link between
SIL 572, Rev. 1 and the plant specific shroud inspection.
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APPENDIX A - BASIS FOR THE CRACK GROWTH RATE

The basis for the crack growth rate used in the screening criteria is provided in this
section. The shroud cylinder was fabricated from roll formed Type 304 or Type 304L
stainless steel plate. Therefore, the weld heat-affected-zone (HAZ) is likely sensitized.
The shroud is also subjected to neutron fluence during the reactor operation which further
increases the effective degree of sensitization. The other side effect of neutron fluence
induced irradiation is the relaxation of weld residual stresses. The slip-dissolution model
developed by GE quantitatively considers the degree of sensitization, the stress state and
the water environment parameters, in predicting a stress corrosion cracking (SCC) growth
rate. The crack growth rate predictions of this model have shown good correlation with
laboratory and field measured values.

A 1 Slip-Dissolution Model

Figure A-1 schematically shows the GE slip-dissolution film-rupture model (Reference
A-1) for crack propagation. The crack propagation rate V is defined as a function of two
constants (A and n) and the crack tip strain rate, €'c¢.

V( =A B'an (A-l)

where € = CK*  (for constant load)
A = 78x10"3n3.5 (from Reference A-2)
n is defined in Reference A-2
K = stress intensity factor (units of MPaVm)

The constants are dependent on material and environmental conditions. The crack tip
strain rate is formulated in terms of stress, loading frequency, etc. When a radiation field,
such as the case for the shroud, is present, there is additional interaction between the
gamma field and the fundamental parameters which affect intergranular stress corrosion
cracking (IGSCC) of Type 304 stainless steel (see Figures A-2 and A-3).

The increase in sensitization (i e., Electrochemical Potentiokinematic Reactivation, EPR)
and the changes in the value of constant A as a function of neutron fluence (>1MeV) is
given as the following:

EPR = EPRQ + 3.36x10-24 (fluence)! 17 (A-2)
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where, EPR is in units of C/ecm?, fluence is in units of w/em? and the calculated value of
EPR has an upper limit of 30,

The constant C is defined as the following:
for fluence < 1.4x1019 n/em?: C =4.1x10°14 (A-3a)

for fluence > 1.4x1019 n/em? but < 3x1021 w/em?:, (A-3b)
C = 1.14x10°13 In(fluence) - 4.98x10-12

for fluence < 3.0x102! /em” € =6.59x10-13 (A-3c)

A 2 Calculation of Parameters

The parameters needed for the crack growth calculation by the GE model are: stress state
and stress intensity factor, effective EPR, water conductivity, and electro-chemical
corrosion potential (ECP).

The stress state relevant to IGSCC growth rate is the steady state stress which consists of
weld residual stress and the steady applied stress. Figure A-4 shows observed through-
wall weld residual stress distribution for large diameter pipes. This distribution is
expected to be representative for the shroud welds also. The maximum stress at the
surface was nominally assumed as 35 ksi. The steady applied stress on the shroud is due
to core differential pressure and its magnitude is small compared to the weld residual
stress magnitude. Figure A-5 shows the assumed total stress profile used in the
evaluation Figure A-6 shows the calculated values of stress intensity factor (K) assuming
a 360° circumferential crack. It is seen that the calculated value of K reaches a maximum
of approximately 25 ksivin. The average value of K was estimated as 20 ksivin and was
used in the crack growth rate calculations.

The weld residual stress magnitude is expected to decrease as a result of relaxation
produced by irradiation-induced creep. Figure A-7 shows the stress relaxation behavior of
Type 304 stainless steel due to irradiation at 550° F. Since most of ihe steady stress in the
shroud comes from the weld residual stress, it was assumed that the K values shown in
Figure A-6 decrease in the same proportion as indicated by the stress relaxation behavior
of Figure A-7.
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The second parameter needed in the evaluation is the EPR. In the model, the initial EPR
value is assumed as 15 for the weld sensitized condition. Using Equation (A-2), the
predicted increase in EPR value as a function of fluence is shown in Figure A-8

The third parameter used in the GE predictive model is the water conductivity. A water
conductivity of 0.1 uS/cm was used in this calculation which is a reasonable value for
many plants. To demonstrate that the GE model conservatively reflects the effect of
conductivity, Figure A-9 shows a comparison of the GE model predictions with the
measured crack growth rates in the crack advance verification system (CAVS) units
installed at several BWRs The comparison with CAVS data in Figure A-9 also
demonstrates the conservative nature of crack growth predictions by the GE model.

The last parameter needed in the GE prediction model is the ECP. Figure A-10 shows the
measured values of ECP at two locations in the core. The ECP values at zero Hp
injection in Figure A-10 was used in this calculation. It is seen that the ECP values at zero
Hy injection rate range from 150 mV to 225 mV. Therefore, a value of 200 mV was used
in the calculation.

A 3 Crack Growth Prediction

Based on the discussion in the preceding section, the crack growth rate calculations were
conducted as a function of fluence assuming the following values of parameters:

Initial K = 20 ksiVin
EPRg =15 C/em?
Cond. =0.1 uS/(:m2
ECP =200 mV

Figure A-11 shows the predicted crack growth rate as a function of fluence. It is seen that
the predicted crack growth rate initially increases with the fluence value but decreases
later as a result of significant reduction in the K value due to irradiation induced stress
relaxation. The crack grewth rate peaks at 4 5x10°3 in/hr at a fluence of 1x1020 n/em?2
Thus. a value of 5x10-3 in/hr can be used in the structural integrity evaluation for the
shroud.

This crack growth rate is quite conservative as can be shown in Figure A-12 from
NUREG-0313, Rev. 2. It is seen that the crack growth rate of Sx10-3 inhr at
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20 ksiVin is considerably higher than what would be predicted by using the NRC curve.
This further demonstrates the conservatism inherent in the assumed bounding value of
crack growth rate.

A 4 Conclusion

A crack growth rate calculation using the GE predictive model was conducted considering
the steady state stress, EPR, conductivity and ECP values for a typical core shroud. The
evaluation accounted for the effects of irradiation induced stress relaxation and the
increase in effective EPR. The evaluation showed that a bounding crack growth rate of
5x10~5 in/hr may be conservatively used in the structural integrity evaluation of the core
shroud.

A S Reference

A-1 F.P Ford et al, "Prediction and Control of Stress Corrosion Cracking in the
Sensitized Stainless Steel/Water System," paper 352 presented at Corrosion 85,
Boston, MA, NACE, March 1985

A-2 FP Ford, D.F. Taylor, P.L Andressen & R C. Belanger, "Environmentally

Controlled Cracking of Stainless Steel and Low Alloy Steels in LWR
Environments," EPRI Report NP50064M, Contract RP2006-6, 1987.
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CT

V;  Crack-tip advance by
enhanced oxidation at
strained crack tip
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\

V. =
T AeCT
Where:

Vi = crack propagation rate

A, n = constants, dependent on material
and environmental conditions

é « crack-tip strain rate, formulated in
CT terms of stress, loading frequency, etc.
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OBSERVED RESIDUAL STRESS PROFILES
IN HAZ OF 24"-28" DIA. SCH. 80 PIPING
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Figure A-4 Throughwall longitudinal residual stress data adjacent to welds in 12 to 28

inch diameter stainless steel piping
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Figure A-10 In-Core Bypass ECP vs Feedwater Hydrogen for a BWR-4
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APPENDIX B - LIST OF PARTICIPATING UTILITIES

The list of BWR Owners' Group utilities below have participated in submittal of this
report:

Carolina Power & Light
Cleveland Electric Illuminating
Commonwealth Edison
Entergy Operations, Inc.
GPU Nuclear
LES Utilities Inc.
Niagara Mohawk Power
Northeast Utilities
Northern States Power
Pennsylvania Power & Light
PECO Energy
Public Service Electric & Gas
Southern Nuclear Operating Co.
Tennessee Valley Authority
Vermont Yankee
Washington Public Power Supply System
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