5

CRITICAL CRACK SIZE CALCULATIONS

This section describes the development of a conservative critical crack size methodology specific
to the subject nozzle-to-safe-end geometry and materials. This methodology is based on the net
section collapse (NSC) equations for an arbitrary circumferential crack profile in a thin-walled
pipe. For the purposes of this project, normal thermal piping loads were included in the crack
stability calculations, and a Z-factor approach reducing the NSC failure load was implemented in
consideration of the possibility of an EPFM failure mechanism. Finally, in support of the
methodology, available experimental failure data for complex cracks in materials similar to
Alloy 82/182 were evaluated.

5.1 Methodology

Critical crack sizes were computed using a spreadsheet implementation of the Net Section
Collapse (NSC) solution for an arbitrary circumferential crack profile, assuming thin wall
equilibrium [24]. Since crack front coordinates were available for each step of the crack growth
simulations, stability calculations could be performed at every increment of crack growth with
the net section.collapse model. Combined with the leak rate simulations discussed in Section 6,
which could also be performed at each increment of through-wall crack growth, evolutions of
leak rate and stability margin on load versus time were computed and are presented in Section 7.
The NSC solution presented in Reference [24] allows for the calculation of net section collapse
loads under three different scenarios. The first is used when the crack is entirely in tension. The
second and third scenarios are used when part of the crack is on the compressive side of the
neutral axis of the cracked section; the second scenario allows the crack to take compression
(i.e., crack closure allows transmission of any compressive forces) while the third scenario
assumes that the crack cannot take compression (i.e., crack is sufficiently blunt not to allow any
contact between the crack faces). For all calculations in this report, if part of the crack was on
the compressive side of the neutral axis of the cracked section, it was conservatively assumed not
to take compression.

Given that any hypothetical stress corrosion cracking could be located near the safe end, the flow
strength used in the critical crack size calculations was based on the safe end material. Based on
design drawings and certified material test report (CMTR) information for the nine plants
considered in this analysis, most of the stainless steel safe ends were constructed from SA182
Grade F316L. The remaining safe ends were constructed from SA182 Grade F316 except for.the
safe ends for the Plant I surge and safety/relief nozzles, which are cast stainless steel SA-351
Grade CF8M. The room-temperature yield and ultimate tensile strengths obtained from the
various CMTRs are plotted in Figure 5-1 along with the flow strength calculated as the average
of the yield strength and ultimate tensile strength. These were adjusted to a temperature of
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650°F based on the relative dependence of yield strength and ultimate tensile strength on
temperature in the ASME Boiler & Pressure Vessel Code per Equation [5-1]:

Sesoor = CMTR x [%J | : _ [5-1]

Code,,

The resulting at-temperature properties are plotted in Figure 5-2, which supports the use of 45.6
ksi for the flow strength in the limit load calculations. This also corresponds to the flow stress
used as an input to the Z-factor EPFM calculations discussions below in Section 5.4.

5.2 Applied Loads

The loads used as a basis for the critical crack size calculations are taken from the appropriate
sensitivity study case discussed in Section 7. These loads are taken from the piping loads
provided for each plant, as summarized in Section 2.2. All critical crack size calculations in the
case matrix were performed using primary (deadweight plus pressure) and normal thermal
expansion piping loads, with the exception of Cases 49, 50, and 51, which were explicitly
designated to not consider thermal loads as a sensitivity study.

Using the supplied load data from all nine plants, the effective moments were calculated from the

bending moment components for each nozzle based on a Von Mises stress approach using
Equation [5-2]:

M, = \/{QMJ +M:+M: [5-2)
> y TM;

where M_(torsion, T), M, and M are taken as the sum of the individual moment components
(i.e., dead weight + thermal expansion).

Similarly, as shown in Equation [5-3], the total axial force was taken as the scalar sum of the
relevant individual axial forces (dead weight + thermal expansion), plus the end cap pressure (p)
load calculated based on the pressure times the cross sectional area of the weld inside diameter
plus the area of the crack face.

D} z(D; - D}
Eol = F\'DW + F;NOT + p 4 : cracked (—4_) [5'3]
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5.3 Load Considerations

The inclusion of full normal thermal expansion loads is considered a conservatism for the critical
flaw size calculations. Appendix B and Appendix C include separate evaluations detailing how
thermal bending loads would be expected to significantly relax in the presence of a large
circumferential flaw. Of particular interest are the surge nozzle thermal loads, which generate
larger stresses than the thermal loads for the safety/relief and spray nozzles. The Appendix B
study reviews test data from the NRC-sponsored Degraded Piping Program and provides analysis
results from piping models for the surge lines of two representative plants. The results of this
study support the conclusion that the surge nozzle piping thermal loads are completely relieved
prior to nozzle rupture since the supportable crack plane rotation is greater than the imposed
rotation due to thermal expansion. Appendix C describes a set of elastic and elastic-plastic finite
element analyses of a pipe with an idealized through-thickness crack that were used to determine
the effect on bending moment and crack driving force due to an imposed end rotation. The
analyses performed in Appendix C result in a similar amount of crack plane rotation as the
Appendix B results. As discussed in Section 2.2.2, the additional conservatism introduced by
including the normal thermal loads bounds the potential effects of potentially higher thermal
loads in the surge line during heat and cooldown due to stratification.

Welding residual stresses and through-wall bending stresses caused by radial differential thermal
expansion between the stainless steel piping and the carbon steel nozzle were likewise not
included as part of the limit load analyses since they are local secondary stresses. Seismic loads
were also neglected from the critical crack size calculations since it was considered overly
conservative to consider such an unlikely event given the time frame under investigation (~6
months). It should be noted that the loads resulting from an SSE event were not significantly
higher than those resulting from the combination of pressure, dead weight, and normal operation
thermal.

5.4 EPFM Considerations

Though the crack growth calculations were performed elastically, the critical crack size
calculations included elastic-plastic considerations through the use of a Z factor. The Z factor
acts as a correction factor on the limit load solution and is a function of the material toughness
and pipe diameter. It is used to reduce the supportable moment when elastic-plastic fracture
mechanics conditions control rather than limit load conditions. Per Reference [25], for a given
material, the Z factor is solely a function of the size of a weld (NPS). For the case of Alloy
82/182, Z factor curves were calculated [26,27] using the stainless steel base metal strength and
the toughness of the Alloy 182 weld metal. Fits to the calculation results yielded Equation [5-4].

[5-4]

0.00065NPS* —0.01386 NPS* +0.1034NPS +0.902 , NPS <8"
0.0000022NPS> —0.0002NPS?* + 0.0064 NPS +1.1355 , NPS >8"

In this analysis, the Z factor as calculated using Equation [5-4] was used to reduce the
supportable moment, thereby reducing the margin on stability for a given crack profile.
However, experimental evidence suggests that a Z factor needs only be applied when the
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Dimensionless Plastic Zone Parameter (DPZP), an empirically based parameter providing a
measure of the size of the plastic zone at the crack tip relative to the pipe size (see Section 5.6),
is less than unity. In the analyses conducted, a Z factor was conservatively applied to all limit
load calculations regardless of the DPZP for the case under consideration.

5.5 Calculations Verification

The Arbitrary Net Section Collapse (ANSC) software [28] was used to validate the spreadsheet
implementation of the NSC solution to an arbitrary crack profile. Unlike the model developed in
[24], the ANSC software allows the moment loading to be arbitrarily positioned around the pipe
relative to the location of the crack. However, when half symmetry conditions exist in the pipe
cross-section and the moment is applied such that its axis is perpendicular to the symmetry plane,
as is assumed throughout this report, the ANSC program’s solution should default to that of the
regular NSC model implemented in spreadsheet form in support of this project. Several crack
profiles under various loads were investigated and in all cases, exact agreement (within three
significant figures) was obtained between the results of the ANSC program and the spreadsheet
implementation of the NSC solution.

5.6 Model Validation Comparison with Experiment

The predictions obtained from the spreadsheet implementation of the net section collapse model
were also compared to experimental complex crack data from bending failure tests [29,30,31].
Complex crack data were deemed most applicable to this project since the model predictions for
the majority of cases investigated resulted in either complex cracks or through-wall cracks with a
long ID surface component. The data from the test programs [29,30,31] were taken for materials
with higher toughness (Alloy 600 and Stainless Steel) than those considered here.

Using the geometric data from each test, the DPZP was calculated as in Appendix B (see -
Equation [5-5]) using the C(T) toughness and not the possibly reduced apparent toughness for
complex cracks. Then, the moment corresponding to net section collapse was computed with
DEI's spreadsheet implementation of the net section collapse model. These calculated moments
were then compared with the maximum moments obtained from the experimental programs. The
results of this comparison are shown in Figure 5-3 and Figure 5-4. As shown, the net section
collapse model in which the crack is not allowed to take compression provides a better and more
conservative estimate of the experimental maximum moments. Hence, this version of the net
section collapse model was used for all the stability calculations in this report. Additionally, the
results shown in Figure 5-3 and Figure 5-4 appear to support the need for a correction factor (i.e.,
Z factor) at DPZP’s below unity. Hence, the Z-factor was conservatively applied in all cases
considered in this report.
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EJ, > ( r—a )D ,  forsurface cracks
270, 4
g, /|| 7% |
DPZP = L ,  for through-wall cracks
27:0'} /4 4
EJ, d D
2/70']2. /{|:7Z’ - (a + % (zr - a))] Z} ,  for complex cracks

[5-9]
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Temperature of 650°F Based on the Relative Dependence of Yield Strength and Ultimate

Available CMTR Strength Data for Subject Stainless Steel Safe Ends Adjusted to a
Tensile Strength on Temperature in the ASME Boiler & Pressure Vessel Code [11]

Figure 5-2
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6

LEAK RATE MODELING

This section describes the leak rate calculation procedure applied to the through-wall portion of
the crack growth simulations using EPRI’s PICEP software. The crack opening area at the weld
OD calculated in the crack growth finite-element simulations was applied directly in the PICEP
leak rate calculations. NRC’s SQUIRT software was also applied in a scoping study for the
purpose of comparison.

6.1 PICEP Modeling

The leak rates discussed in this report were calculated using EPRI’s Pipe Crack Evaluation
Program (PICEP), a computer program developed for LWR pipe and SG tube leaks [32].
Although PICEP can be used to compute crack opening displacements and leak rates (see
Section 6.3), in this analysis, it was used solely to model leak rates since the crack opening
displacements calculated during the crack growth modeling were used to generate the required
crack opening displacement (COD) inputs. Therefore, no material property inputs were required
for the leak rate calculations and the effects of pipe loads on leak rates were captured through the
crack opening displacements calculated during crack growth.

All leak rate simulations were performed using crack opening displacements at the outside
diameter of the fracture mechanics models described in Sections 4 and 7. Specifically, the outer
diameter crack opening displacements from the fracture mechanics FEA model were used to
compute a crack opening area, which was then used in conjunction with the OD length of the
crack and an assumed crack shape (normally elliptical) to calculate the single-value crack
opening displacement input for PICEP. In the PICEP calculations, a uniform length through the
weld thickness was assumed.

For longer through-wall cracks predicted in this project (which are mostly complex or through
wall with a long ID surface component), the crack opening area is generally smallest at the OD.
However, as shown in Figure 6-2, under some conditions, crack opening displacements near the
mid-wall were computed to be less than those at the OD. Even though the circumferential extent
of cracking is somewhat greater at the mid-wall in comparison to the OD, in some cases the
crack opening area at the mid-wall was found to be somewhat smaller than the opening area at
the OD. In order to quantify the impact of using the OD crack opening displacements rather than
those at the mid-wall, crack opening displacements at the mid-wall were extracted from the
structural calculations for one case (Case 1) and used to calculate a leak rate taking into account
the difference in area between the mid-wall and the OD. Though the crack opening area at the
outside diameter was 1.5 times that at the mid-wall, the flow rate calculated assuming the crack
to have a constant cross sectional area equal to that at the OD was only 20% greater than that
calculated using the crack with variable cross sectional area. Given that this effect is
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considerably smaller than the expected accuracy of the leak rate simulations, the more readily
available outside diameter crack opening displacements were used to compute the leak rates in
Tables 7-5 and 7-6. No comparisons were made using crack opening displacements at the inside
diameter since, as stated earlier, most cases exhibited either complex cracks or through-wall
cracks with long ID surface components leading to even larger crack opening areas than those at
the outside diameter.

The inputs to the leak rate calculations are listed in Table 6-1. The crack morphology parameters
(surface roughness and number of turns) were selected to be representative of PWSCC cracks
[32,33]. The results of the leak rate simulations are included with the stability results in Tables
7-5 and 7-6.

6.2 Scoping Results

As part of the leakage calculations, scoping analyses were performed to confirm the appropriate
selection of inputs. Specifically, the effect of assuming the crack shape to be elliptical was
investigated. The choice of an elliptical shape was motivated by the actual crack opening
displacements computed during the crack growth simulations. A plot showing the shape of the
crack opening at the OD for Case 1 when the leak rate was calculated to be 1 gpm is shown in
Figure 6-3 along with the elliptical, diamond, and rectangular profiles which correspond to the
actual profile’s crack opening area and length. As seen in the figure, the actual shape of the
crack is very well approximated by an ellipse.

In order to quantify the effect of assumed crack shape, leakage simulations were conducted for
one case using rectangular and diamond shaped crack openings rather than the default ellipse.
The results showed the ellipse to be conservative (i.e., result in lower flow rate) by 2% relative to
the other two crack shapes. Therefore, the elliptical crack shape was used to generate all of the
leak rate results shown in Tables 7-5 and 7-6.

6.3 Comparison with SQUIRT Modeling

As part of leakage calculation verification studies, comparisons were made between leak rates
predicted using PICEP and those predicted using the NRC’s Seepage Quantification of Upsets in
Reactor Tubes (SQUIRT) program [34]. Since these calculations were performed prior to the
crack growth calculations, a slightly different approach than that described in Section 6.1 was
used. Specifically, PICEP was used to calculate both crack opening displacement and leakage
for a given crack length, loading condition, and assumed crack shape. A summary of the
structural inputs used in the crack opening displacement calculations is provided in Table 6-2.
The crack opening displacement and assumed crack shape were then used to calculate the leak
rate using the SQUIRT code for the same assumed crack shape.

When specifying the crack geometry, PICEP allows the user to vary the crack opening area
linearly from the ID to the OD whereas SQUIRT allows the user to linearly vary the crack length
and opening independently through the thickness. In order to be compatible with the inputs used
in PICEP, the crack length and opening used in SQUIRT were kept constant through the
thickness resulting in a constant crack cross-sectional area through the thickness. The assumed
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crack shape for this study was taken to be rectangular. As described in Section 6.2, the shape of
the crack was concluded to have a minimal effect on the predicted leak rates.

The PICEP modeling used the same fluid friction inputs as those used in the final leakage
calculations presented in Tables 7-5 and 7-6. The SQUIRT simulations were conducted using its
built-in PWSCC modeling inputs.

The leak rate calculations were done for cracks ranging in length from 1 to 10 inches using the
geometry and loading applicable to the Wolf Creek relief nozzle, and the results are shown in
Figure 6-1. As shown in the figure, the PICEP calculations spanned a range of applied bending
moments, whereas the SQUIRT calculations were performed only for the full moment case. It is
clear from the figure that the leak rates obtained using the SQUIRT code, albeit consistently
greater than those obtained using PICEP (1% to 30% greater in the figure), are generally in good
agreement with those obtained from PICEP. The results in Figure 6-1 also clearly demonstrate
the effect of the applied bending moment to increase the crack opening area and, thus, leak rate.

6.4 Leak Rate Predication Uncertainty

An estimate of the uncertainty associated with the leak rate calculations described above is
presented in Appendix D of this report. This appendix describes a statistical study of
experimental leak rate data for through-wall cracks having an IGSCC morphology. The study
shows that a multiplicative factor of 1.5 to 2.0 on the leak rate calculated using the NRC
SQUIRT code describes the uncertainty in leak rate due to scatter in the test data for the IGSCC
samples tested. As noted in Section 7.2.3, a leak rate margin factor of 4.0 is applied in
recognition of other sources of uncertainty in the leak rate calculation not addressed by this
statistical evaluation such as the variability in the PWSCC crack morphology parameters (e.g.,
crack surface roughness and tortuosity) versus the PWSCC type assumptions described in this
section.
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I\a:t:‘te ga:'ameters to PICEP Leak Rate Calculations Based on PWSCC Flaw Morphology
Quantity Units Sasf::)tr);ylﬁcl;:i,l::d Surge Nozzles
Outside Diameter in Case-specific
Thickness in Case-specific
Crack Orientation - Circumferential
Crack Cross-Sectional Shape - Elliptical
Crack Opening Displacement in Case- and Step-specific
Crack Length in Case- and Step-specific
Fluid Conditions Inside Pipe in Wet Steam Saturated Liquid
Fluid Stagnation Pressure psia 2250
Steam Quality - 100% -
Stagnation Temperature °F - 653
External Pressure psia 14.7
Surface Roughness in 3.94E-04
Exit to Inlet Crack Area Ratio - 1
Number of 45° turns per inch 24
Entrance loss coefficient - 0.61

Table 6-2

Input Parameters to PICEP Crack Opening Displacement Calculations Used in Leakage
Comparison Study with SQUIRT Code

Quantity Units Value
Outside Diameter in 7.75
Thickness in 1.29
Young's Modulus ksi 28300
Yield Stress ~ ksi 34.2
Flow Stress ksi 45.6
Crack Shape - Rectangular
Ramberg-Osgood Exponent (o) - 3.25
Ramberg-Osgood Parameter (n) - 3.56
Non-pressure Axial Load kips 5.41
Effective Bending Moment in-kips 275.235
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Figure 6-1

Scoping Leak Rate Results Based on Wolf Creek Relief Nozzle Dissimilar Metal Weld
Dimensions and Crack Opening Displacement Calculated by PICEP and SQUIRT
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Case 12 — 1 gpm leak rate

Figure 6-2
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SENSITIVITY CASE MATRIX

This section discusses the development and application of an extensive crack growth sensitivity
matrix covering the geometry, load, and fabrication factors for each of the 51 subject welds, as
well as the uncertainty in key modeling parameters such as those associated with welding
residual stress, initial crack shape and depth, the K-dependence of the crack growth rate
equation, and the effect of multiple flaw initiation sites in a single weld. Section 7 also presents
a set of evaluation criteria that was developed to guide interpretation of the matrix results. The
evaluation criteria provide safety margins based on explicit consideration of leak rate detection
sensitivity, plant response time, and uncertainty in the crack stability calculations. This section
begins with a description of the key modeling outputs that are developed using the crack growth
(Section 4), crack stability (Section 5), and leak rate (Section 6) models described in previous
sections.

7.1 Modeling Procedure and Outputs

In order to evaluate each crack growth sensitivity case, the following general procedure was
applied based on the crack growth, crack stability, and leak rate submodels described in the
previous sections:

o Step 1. Using FEACrack, the assumed initial crack is grown as a part-depth surface crack
until the crack reaches a depth of about 93% of the wall thickness. This is the maximum
depth for which the surface crack can be reliably meshed. In the case of partial-arc surface
cracks, if the ends of the crack are calculated to join up, then the partial-arc model is
transitioned to a 360° surface crack by assuming that the relatively small ligament between
the ends of the partial-arc crack is instantaneously eliminated. In some cases, the surface
crack may be observed to arrest prior to growing through-wall due to decay in the driving
stress intensity factor to zero. In such cases, the analysis case is terminated at this step.

e Step 2. The surface crack profile is extended from the 93% depth to 100% depth based on a
single step using the stress intensity factors along the crack front at the 93% depth.

o Step 3. The final 100% deep surface crack, which intersects the OD surface at a single point,
is converted to an initial through-wall or complex crack by eliminating the thin ligament
between the final surface crack and the OD surface. It is assumed that this surface ligament
between the final 100% deep surface crack and the weld OD is instantaneously cracked in the
region in which it is thinner than about 10% of the wall thickness. (In some cases, the
surface ligament is assumed to be instantaneously cracked out to a significantly thicker
ligament location.) For the case of surge nozzles the initial through-wall total opening angle
was typically about 26°, while for the safety/relief and spray nozzles the initial through-wall
total opening angle was typically about 42°. However, for the ID repair cases the initial
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through-wall total opening angle was often about 20° because of the difference in ligament
geometry specific to the repair cases.

e Step 4. Using FEACrack, the initial through-wall or complex crack profile from Step 3 is
grown until the point that subsequent post-processing shows the crack to reach its stability
limit. In a few cases in which the initial through-wall crack is much longer on the inside
surface than on the outside surface (e.g., 180° compared to 40°), the initial through-wall
crack may be converted to a complex crack because of the difficulty in properly meshing the
highly slanted through-wall crack geometry. This was applied in the following cases: 28b,
37c¢, 38c, 39¢, 40c, and 41c. This conversion is a conservative assumption given that the
complex crack envelopes the through-wall crack, reducing crack stability while not having a
significant effect on the calculated leak rate.

e Step 5. The crack stability load margin factor and leak rate are determined for various steps
in the through-wall or complex crack progression as a post-processing calculation as
described in Sections 5 and 6. In the crack stability model, the crack face pressure is applied
as an increase in the axial end cap load. The total axial load considers the operating pressure
acting on the inside diameter cross section and on the crack face, as well as the dead weight
and normal operating piping thermal constraint axial forces. Note that in the crack stability
calculation the sum of dead weight and normal thermal axial forces is always taken based on
the maximum reported for each geometry configuration, even though the typical (i.e.,
midrange) axial stress is usually assumed in the crack growth calculations. This approach is
conservative because a higher axial load will always lead to reduced crack stability, whereas
the effect of the axial load magnitude on the overall analysis through its effect on crack
growth was not known with certainty before the matrix was substantially completed.

Step 5 facilitates calculating the time from detectable leakage to rupture based on different
choices for margin factors on the calculated leak rate and on the loads used to calculate crack
stability. Closely related to this time interval output are the calculated leak rates at the beginning
and end of this interval. In some cases, the initial leak rate upon cracking of the thin surface
ligament between the final surface flaw and OD surface may be greater than the detectable leak
rate, including consideration of a margin factor applied to the calculated leak rate. Another key
output is the load stability margin factor at the time that the leaking flaw produces a detectable
level of leakage. A secondary key output parameter is the time from the initial assumed surface
flaw until stable through-wall penetration, or alternatively until rupture. This time may be
compared to the operating age of the subject weld as a secondary evaluation.

7.2 Evaluation Criteria

7.2.1 Introduction

In order to facilitate interpretation of the main analysis results of this study, a set of evaluation
criteria were developed based on input from the EPRI expert panel and industry representatives.
Consideration was given to the many modeling uncertainties addressed in the detailed
calculations performed, with explicit treatment of uncertainties in the crack stability and leak rate
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calculations. Attributes related to RCS leak rate detection sensitivity and plant response times
were derived from current licensing commitments of the subject plants.

Hence, analytical case results of this study that meet these evaluation criteria fulfill the objective
of this project as stated in Section 1.2 by demonstrating the viability of leakage detection to
preclude the potential for rupture. However, these results should be applied by others to make a
final determination regarding the timing of the initial PDI examination or mitigation for each of
the subject welds.

7.2.2 Criteria

Figure 7-1 illustrates the evaluation criteria that were developed from the calculated development
of increasing leak rate and decreasing stability margin with time for the through-wall phase of
the crack growth progression. The criteria can be stated in either of two equivalent ways:

1. Are there at least 7 days after the calculated leak rate reaches 1.0 gpm prior to the critical
crack size being reached based on a margin factor of 1.2 applied to the applicable loads?

or equivalently

2. Is the crack stability margin factor on the applicable loads at least 1.2 at a time seven
days after the calculated leak rate reaches 1.0 gpm?

In Figure 7-1, the line with square markers reflects the calculated leak rate for the predicted
through-wall crack as a function of time. The line with circular markers reflects the ratio of the
critical supportable load versus the reported operating load (i.e., stability load margin) for the
cracked nozzle weld also as a function of time. The plot begins at the time of the initial leaking
through-wall crack. Applying a margin factor of four to a detection limit of 0.25 gpm accounts
for the analytical uncertainties in calculating the leak rate, and results in a value of 1.0 gpm.
Where the leak rate curve intersects 1.0 gpm establishes the beginning time when the
hypothetical plant initially identifies the existence of this small leak and initiates its actions in
response to a potential unidentified leak source. Conservatively, the plant would be in Mode 5
within the seven day period. The final criterion evaluates the stability margin on load. This is
graphically illustrated by plotting a stability margin value of 1.2 on the seven-day line previously
established and determining where the stability curve resides relative to this point. If this point is
below the stability curve, then plant shutdown prior to rupture is indicated.

7.2.3 Basis

The technical basis for the evaluation criteria are as follows:

e Seven days are conservatively required for the plant to shut down in response to a slowly
increasing leak rate after it reaches 0.25 gpm more than the baseline leak rate. In early 2007
US PWRs committed to implement enhanced leakage monitoring programs until completion
of inspection / mitigation actions on their pressurizer nozzles. These commitments include
daily measurement of RCS leakage and specific timetables for plant actions to identify and
respond to a change in RCS leakage relative to a baseline value. The baseline leakage for
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7-4

each plant is established using leak rates measured within 7 days after achieving Mode 1
100% power operation following the most recent bare metal visual examination of the
pressurizer Alloy 82/182 butt weld locations. Two leakage thresholds were established: a
0.25 gpm leak rate above the plant baseline that is sustained for 72 hours; or a 0.1 gpm leak
rate change from one day to the next, which is sustained for 72 hours. If either of these
thresholds is exceeded, and it cannot be confirmed that it is from sources other than
pressurizer nozzle welds, then the unit will be placed in Mode 3 within 6 hours and Mode 5
within 36 hours. Therefore, the cumulative total elapsed time, assuming that a through-wall
leak occurs just after the daily leakage measurement, would be approximately 6 days.
However, because key actions in this sequence occur on roughly a daily basis, an additional
full day has been included to conservatively define a minimum plant response period for
application within the evaluation criteria.

A margin factor of 4.0 is applied to a level of leakage (0.25 gpm) that plant detection systems
can confidently detect to account for uncertainty in the calculated leak rate. A statistical
study comparing the predictions of the SQUIRT leak rate code to leak rate measurements for
IGSCC samples (see Appendix D) shows that for measured leak rates greater than about

0.1 gpm, there is a 95% probability that the predicted leak rate is within a factor of 1.5 to 2.0
of the measured value. The EPRI PICEP code, which was used in this study to calculate the
leak rate for the matrix of crack growth sensitivity cases, conservatively tends to predict a
slightly lower leak rate compared to the SQUIRT code given the modeling inputs appropriate
to PWSCC presented in Section 6. The final leak rate margin factor of 4.0 is applied in
recognition of other sources of uncertainty in the leak rate calculation not addressed by the
statistical evaluation cited above such as the variability in the PWSCC crack morphology
parameters (e.g., crack surface roughness and tortuosity) versus the PWSCC type
assumptions in Section 6. This margin factor is also judged adequate to account for any
delayed plant response that might result if sustained daily average leakage declines below the
defined baseline leakage. However, to place normal plant RCS unidentified leakage in
context, typical baseline leakage rates within several of the subject plants reported in a recent
informal poll were on the order of 0.1 gpm or less.

The margin factor of 1.2 on the loads applied in the critical crack size calculation accounts
for uncertainty in these loads and in the critical crack size calculation methodology. The
stability margin factor is the factor that when multiplied with each of the nozzle load
components results in the critical loading that produces crack instability and rupture. The
factor of 1.2 is appropriate in consideration of the significant conservatisms implemented in
the critical crack size calculation methodology of Section 5. First, the secondary normal
operating piping thermal constraint loads are included in the critical crack size calculation on
an equal basis with the primary pressure and dead weight loads, although evaluations tend to
demonstrate that such secondary loads are expected to be significantly or completely relaxed
prior to failure. Second, the critical supportable load is reduced using a Z-factor approach to
account for the possibility of an EPFM failure mechanism, although there is no clear
evidence that a purely limit load based approach is insufficient. (It is recognized that there
are no experimental data specific to circumferential cracks in Alloy 82/182 piping butt welds
verifying that limit load rather than elastic-plastic fracture conditions control for this specific
material.) Third, the safe end strength properties are applied in the critical crack size
calculation. This has been shown to be appropriate for cracks located close to the safe end
material. However, the WRS simulations tend to show that the highest axial stresses are
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located toward or within the butter weld material built up on the low alloy steel nozzle
material, consistent with the reported location of the Wolf Creek indications. In addition, the
statistical crack stability model implemented as part of the complementary statistical
evaluations presented in Appendix E supports the conclusion that the load margin factor of
1.2 bounds the prediction of rupture with high confidence. Moreover, the value of the factor
of 1.2 reflects the degree to which modeling uncertainties have been addressed in‘the
extensive matrix of crack growth cases considered. Given these considerations, the factor of
1.2 was selected as the midpoint between 1.0 and 1.4. The factor of 1.4 has historically been
applied as one consideration in the critical crack size calculations of regulatory leak before
break (LBB) evaluations [35].

o Extensive sensitivity cases are investigated to examine the effect of other modeling
uncertainties such as in the basic weld dimensions, welding residual stress, other loads that
drive crack growth, and stress intensity factor dependence of the crack growth rate equation.

7.2.4 Application

The general procedure for application of the evaluation criteria discussed above is as follows:

e Analysis sensitivity cases showing stable crack arrest prior to through-wall penetration are
acceptable.

e For cach analysis sensitivity case, additional margin beyond the evaluation criteria values
may be identified in terms of:

a. Additional time beyond 7 days after the calculated leak rate reaches 1.0 gpm prior to the
critical crack size being reached based on a load factor of 1.2, and

b. The stability load factor 7 days after a leak rate of 1.0 gpm is reached.

e Additional margin is also indicated by the increased magnitude of the calculated leak rate as
the stability margin factor decreases toward 1.2. For some cases, the calculated leak rate may
reach several tens of gallons per minute prior to the load margin factor decreasing to 1.2. For
such relatively high calculated leak rates, prompt action is required by plant Technical
Specifications with the added reinforcement of the recent plant commitments to enhanced
leakage monitoring.

e Sensitivity cases not satisfying the above evaluation criteria may be investigated in greater
detail through additional cases and/or types of analyses. Such additional analyses may
identify unnecessary overconservatisms in the inputs or assumptions of the initial sensitivity
case. (However, for the current study all sensitivity cases satisfied the above evaluation
criteria, with the exception of Cases S1b and S2b, which are not credible cases as discussed
in Section 7.5.13.)

e Asdiscussed above, application of the evaluation criteria provides information for guiding a
final determination as to the issue of timing of the initial PDI examination or mitigation for
each of the subject welds.
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7.3 Sensitivity Parameters

A matrix of 119 crack growth sensitivity cases was developed in order to cover the range of
design, load, and fabrication conditions, as well as to address key modeling uncertainties. The
119 cases are defined in Table 7-1. Each of the key sets of sensitivity parameters addressed in
this table is discussed below (moving from the leftmost columns toward the right). Each case is
numbered sequentially from top to bottom (1 through 53), with the supplemental cases S1
through S9 at the bottom of the table. Up to three different welding residual stress (WRS)
assumptions are considered for each line in the table, resulting in the total number of 119
analysis cases.

7.3.1 Fracture Mechanics Model Type

For all cases except for 52c, 52d, and 53b, the simplified cylindrical component geometry is
assumed as discussed in Section 4. The effect of this assumption is investigated in Cases 52¢
and 53b through application of a nozzle-to-safe-end geometry in the fracture mechanics crack
growth model.

7.3.2 Geometry Cases

The weld OD and thickness are the main required geometry inputs. In Table 7-1, the relative
curvature of the cylindrical geometry is expressed in terms of the inside-radius-to-thickness-ratio
(R/1). The R/t ratio expresses the relative distance for crack growth to through-wall penetration
(leakage) versus the distance for crack growth around the circumference (increased crack size
and reduced crack stability). Table 7-1 also lists the EPFM Z-factor calculated on the basis of
the equivalent nominal pipe size of the weld as discussed in Section 5.

7.3.3 Piping Load Cases

The next set of inputs relate to the piping loads assumed in each particular case. The nominal
axial stress loading (Pm) is based on the nominal operating pressure applied to the weld inside
diameter cross sectional area plus the combination of dead weight axial and normal operating
piping thermal constraint axial forces, applied over the intact weld cross sectional area. The
bending moment listed is based on the effective moment calculated from the two bending
moment components and the torsion component as discussed in Section 5. The bending stress
(Pb) shown in the table is per the thick-walled section modulus of the weld cross section.

7.3.4 Welding Residual Stress Cases

The WRS assumptions are based on the results of the WRS FEA simulations presented in
Section 3 for the fabrication conditions relevant to each nozzle type. The polynomial curve fits
shown in Figures 7-2 through 7-9 were applied to develop the temperature inputs to the various
FEACrack models to simulate the various WRS profiles. The “a” cases generally reflect
nominal WRS modeling assumptions, in which the effect of the stainless steel weld is modeled.
The “b” and “c” cases reflect the assumption of more conservative WRS profiles. It is noted that
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because the axisymmetric WRS results for the safety and relief WRS FEA cases were observed
to result in crack arrest for all the safety/relief and spray crack growth cases (even without the
benefit of the stainless steel weld assumed), the “modified ASME” WRS profile developed by
EMC® [3] was assumed as the “c” case in many instances. This profile becomes compressive at a
greater depth than the profiles calculated in Section 3 for the safety and relief WRS FEA cases.
EMC’ developed the “modified ASME” WRS profile based on the “thick-wall” stress data from
stress measurements performed on BWR piping weld mockups [42,43], scaled to account for the
higher yield strength of Alloy 182 weld material.

Figure 7-8 is included for the specific purpose of comparing the WRS profile assumed in

Case 17b and its derivative sensitivity cases versus three other key profiles. As discussed below,
the surge nozzles covered by Case 17, which have a thermal sleeve fill-in weld and a relatively
high normal operating thermal piping bending moment, tend to have the most limiting results in
the crack growth sensitivity matrix. In Figure 7-8, the heavy unmarked line is the profile
assumed in Case 17b based on the fit from Figure 7-7. The other profiles in Figure 7-8 are the
profiles calculated by DEI and the NRC contractor EMC? [36] for the complete set of nominal
fabrication steps for the surge nozzles with fill-in welds (including the beneficial effect of the
stainless steel weld), along with the ASME profile as modified by EMC’ [3]. Figure 7-8 shows
that the WRS profile applied in Case 17b is conservative with respect to all three of these key
profiles. Because the WRS profile applied in Case 17b is shifted significantly in the
conservative direction (i.e., tensile for a greater distance radially from the ID) versus each of
these three profiles, it appropriately addresses the effect of WRS uncertainty. The size of the
shift versus the other profiles is consistent with the level of WRS uncertainty indicated in a
comparison study of WRS measurements and multiple predictions for a similar application [37].
Furthermore, it is noted that assumption of the EMC’ WRS FEA results shown in Figure 7-8
leads to stable crack arrest if assumed for the Case 17 set of modeling inputs. Finally, it is
emphasized that WRS distributions for actual components are expected to show circumferential
variations even in the absence of weld repairs because of the starts and stops required by the
welding process. The tendency of start/stop locations to drive a flaw locally through-wall is
conservatively not credited when axisymmetric profiles such as those in Figure 7-8 are applied.

Note that the actual as-built configuration for the Plant E and H surge nozzles does not include a
thermal sleeve fill-in weld. As discussed under “Bounded Cases” in Section 3.1.1, the surge
nozzles at Plants E and H have a machined ID, and as such are expected to have a through-wall
WRS distribution similar to that of a CE-design Type 9 surge nozzle. Therefore, the surge
nozzles for Plants E and H are conservatively bounded by the WRS profiles assumed for the
Type 8 surge nozzles (base Cases 17 and 18).

7.3.5 K-Dependence of Crack Growth Rate Equation

The standard power-law form of the MRP-115 deterministic crack growth rate equation is
assumed in the crack growth simulations. Table 7-1 shows the assumed exponent applied to the
Mode-1 stress intensity factor and the power-law constant corresponding to the nominal nozzle
operating temperature of 650°F, based on the standard thermal activation energy of 31 kcal/mole
from MRP-115. No credit is taken in the crack growth calculations for the possibility of the
temperature of the surge nozzle weld being somewhat reduced from the nominal pressurizer
temperature. Likewise, no credit is taken in the crack growth calculations for the possibility of
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the temperature of the spray nozzle weld being reduced by the small steady spray flow that is
typical of spray line operation.

7.3.6 Initial Flaw Cases

At the rightmost section of Table 7-1, the initial flaw geometry assumptions are listed for each
case. For most cases a full arc 360° flaw having a depth of 10% of the wall thickness was
assumed as the starting flaw. The Phase I scoping calculations indicated that in many cases a
relatively long partial-arc surface flaw tends to grow to the same initial through-wall profile as
an initial 360° flaw. Thus, the initial 360° flaw geometry was assumed in most cases in order to
simplify the calculations. The assumption of an initial 360° flaw is also a conservative approach
to addressing the concern for multiple flaw initiation and growth.

The flaw shape factor listed in Table 7-1 refers to the area of the initial flaw in comparison to a
uniform depth flaw having the same ID length and depth. The “natural” shape refers to the shape
that was found to grow in a self-similar manner for the beginning stages of growth under the
Phase I set of geometry and load assumptions. This “natural” shape has a somewhat larger shape
factor in comparison to the semi-elliptical flaw shape.

For the cases in which a partial-arc flaw is assumed as the initial flaw, the flaw is assumed to be
centered at the circumferential location that is coincident with the maximum bending stress
location. The point of maximum bending stress on the weld ID is the most likely point of crack
initiation if an axisymmetric WRS profile is assumed. For example, for Case 17 the assumed
bending moment (Pb = 13.57 ksi) results in a difference in axial stress of about 21 ksi between
the maximum and minimum stress locations on opposites side of the ID. Based on experimental
data (e.g., [40]), a stress exponent of 4 is typically assumed in the calculation of relative time to
PWSCC initiation. The 21 ksi difference results in about a 45% higher (elastic) stress maximum
versus minimum, considering the membrane axial stress loading and an assumed 54 ksi WRS at
the ID. The 45% higher total axial stress corresponds to a factor of 4.5 on relative time to crack
initiation assuming the stress exponent of 4. Finally, it is noted that Case S9b assumes that two
identical initial partial-arc cracks are located on opposite side of the ID, one centered at the point
of maximum total axial stress and the other centered at the point of minimum total axial stress.
This case, which is discussed in Sections 7.4.13 and 7.5.13 below, is included as part of the
investigation of the effect of multiple flaws for the limiting surge nozzle cases.

7.3.7 Consideration of Multiple Flaws

In the main matrix (Cases 1-53), the effect of multiple initiation is considered either through the
assumption of an initially very long partial-arc surface crack (i.e., length-to-depth aspect ratio of
21:1) that can be considered to envelope a series of individual flaws (which typically have an
aspect ratio in the range from 2:1 to 6:1 based on plant experience), or through the conservative
assumption of an initial 360° full-arc flaw. In the supplemental cases (S1 through S9),
alternative approaches are taken specific to the limiting surge nozzle cases in which either a set
of two or three assumed flaws are grown in separate models and then combined into one weld
cross section for application of the crack stability calculation. This approach is discussed further
in Section 7.4.13 below.
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7.4 Definition of Case Matrix

This subsection describes each subset of the 119 sensitivity cases, moving from Case 1 at the top
of Table 7-1 down to Case S9 at the bottom. Note that the matrix was developed in an adaptive
manner in which the initial cases (1-26) were used to determine the most limiting geometry,
piping load, and WRS parameters. Then the most limiting conditions were applied to the
remainder of the sensitivity matrix to ensure that the overall matrix covers modeling
uncertainties in a robust manner.

7.4.1 Geometry and Load Base Cases (1-20)

These cases cover the design dimensions for each of the design configurations per the
Westinghouse transmittal package of design sketches (see Section 2). Cases 1-9 cover the safety
and relief nozzle configurations, Cases 10-16 cover the variety of spray nozzle configurations,
and Cases 17-20 cover the surge nozzle configurations. In the case that the DM weld OD has a
designed taper, the average weld thickness was assumed in the setting of the simplified
cylindrical geometry. Cases 1-20 also cover the range of bending loads for each geometry
configuration. The high load case is for the highest reported effective bending moment for the
group of subject welds having the relevant geometry type. The low bending moment case was
generally picked to have a value high enough to avoid crack arrest for at least some of the WRS
input cases. It is emphasized that the reported moment loads for each subject weld may reflect
conservative assumptions taken in piping analyses, and as such should be considered upper
bound type values. The variability in axial membrane stress is much lower than the variability in
bending stress, so the sensitivity to this other load factor is investigated separately in Section
7.4.5 below. Finally, it is noted that Configurations 2a and 2b are combined in the matrix
because they correspond to the same basic weld ID and OD dimensions.

7.4.2 ID Repair Base Cases (21-26)

These cases reflect five different patterns of non-axisymmetric WRS profiles based on the part
circumference ID repair WRS cases discussed in Section 3, with applied stresses as described in
Section 4.1 and demonstrated in Figure 4-3. The nomenclature for these cases describe the
repair case followed by the “baseline” stress for the remainder of the model. Figure 4-3
represents Cases 21a, 22a, 23a, and 24a where the stresses local to a 20° (about 0.9") ID repair in
the safety/relief nozzle are considered versus a “baseline” stress for the nozzle model without a
stainless steel weld. As shown in this figure, the repair portion of the model extends over about
10° (due to half symmetry), followed by a 20° zone that includes the compressive effects of the
repair region, with the remainder of the model equal to the “baseline” stress state. Case 23b
evaluates the same repair condition with a “baseline” stress equal to the ASME distribution
considered in other analysis cases. Case 23c evaluates three ID repairs evenly spaced around the
nozzle circumference. Cases 25a and 26a consider a 40° (about 4.1") ID repair of the surge
nozzle using a baseline stress for the nozzle model with a stainless steel weld, and Case 25b is
the same repair with a baseline stress without a stainless steel weld. While a part circumference
repair WRS FEA case was not performed for the surge nozzles, a repair stress distribution was
assumed based on the axisymmetric surge nozzle repair case in combination with the relative
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circumferential stress dependence observed for the case of a part circumference repair in a
safety/relief nozzle.

7.4.3 Further Bending Moment Cases (27-30)

These cases examine in greater detail the effect of a variable bending moment for the case of
surge nozzles having a fill-in weld. This type of nozzle is shown in the matrix results to be one
of the most limiting cases. These cases ensure that the detailed dependence of the results on
bending moment is determined. Although not presented in this report, an additional set of
detailed sensitivity cases were also run for the case of the Phase I calculation inputs to
investigate the effect of a vartable bending moment.

7.4.4 Cases to Investigate Potential Uncertainty in As-Built Dimensions (31-32)

A review of available as-built dimensions for two of the nine subject plants did not reveal any
obvious inconsistencies versus the design dimensions. In general, the design dimensions are
believed to be the most accurate dimensional data because of the difficulty in accurately
determining the locations of the various material interfaces within the joint configuration based
on the outside surface appearance of the joint. As a hypothetical exercise, these two cases
assume that the weld thickness varies £10%, while maintaining the same inside diameter and
piping loads (axial force and effective moment).

7.4.5 Axial Membrane Load Sensitivity Cases (33-34)

These two cases vary the membrane stress loading based on Case 4. Case 4 covers geometry
Configuration 1b, which corresponds to one of the greatest ranges in membrane stress loading as
shown in Table 7-2. Configuration 2a/2b corresponds to a larger range of Pm values, but Case 6
explicitly bounds the weld with the highest Pm+Pb stress loading. The other geometry
configurations tend to correspond to a relatively tight range on membrane stress loading.

7.4.6 Effect of Length Over Which Thermal Strain Simulating WRS is Applied (35)

This case investigates the effect of the distance over which the temperature load is applied in the
cylindrical crack growth model in order to simulate the desired WRS profile. In the sensitivity
case, this distance is reduced from 1.0 inch to 0.5 inch in the half-symmetric model (2.0 inch to
1.0 inch for the full geometry). The nominal distance of 2.0 inches is based on the typical axial
length of weld metal.

7.4.7 Simulation of Elastic-Plastic Redistribution of Stress at ID (36)

This case is included to investigate the potential effect of elastic-plastic redistribution of stress at
locations near the ID surface on the tensile side of the neutral bending axis, where the high
assumed tensile WRS combines with tensile bending and axial membrane stresses. A
circumferentially varying WRS profile is assumed in this case in order to maintain the maximum
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total axial stress anywhere on the weld cross section to 54 ksi. It is noted that only a small
portion of the cross section, at the immediate ID surface, exceeds the nominal maximum stress of
54 ksi when the axial and bending loads are applied. The desired stress distribution was
therefore achieved by adjusting the input thermal distribution at the ID surface such that when
the axial and bending loads are applied, the ID surface stress does not exceed the nominal
maximum. The compressive side of the bending moment is not adjusted.

7.4.8 Effect of Initial Crack Shape and Depth (37-41)

These cases are included to investigate the sensitivity of the main leakage and stability analysis
results to the assumed initial flaw shape and depth given a fixed aspect ratio for the initial flaw.
Case 6 was chosen as the base case conditions for this sensitivity study because it was observed
to be the most limiting of the safety/relief and spray nozzle cases.

7.4.9 Effect of Stress Intensity Factor Dependence of Crack Growth Rate Equation
(42-47)

These six cases investigate the effect of uncertainty in the K-dependence of the MRP-115 crack
growth rate equation. The limiting safety/relief, spray, and surge nozzle configurations are
investigated in these cases.

Figures 7-10 through 7-13 illustrate the new Alloy 182 crack growth rate curves developed for
the low and high K-exponent cases. Figure 7-10 shows the new crack growth rate curves, and
Figures 7-11 through 7-13 show the “weld factor” fits used to develop the deterministic 75"
percentile power-law constants corresponding to each new K-exponent. The K-exponent value
(n) cannot sensibly be varied independently of the power-law constant C as the units for C
depend on the K-exponent n. The procedure to develop the two new curves is identical to that
described in detail in MRP-115, except that the K-exponent for the two new cases was forced to
be either the 5" (1.0) or 95" (2.2) percentile K-exponent value rather than the best-fit exponent
(1.6). The 5" and 95" percentile K-exponent values themselves are based on the standard error
for the K-exponent (s.e. = 0.3474) from the original MRP-115 [21] multivariate linearized fit
procedure.

7.4.10 Effect of Pressure Drop Along Leaking Crack (48)

This single case investigates the effect of the base assumption made in the matrix that the full
operating pressure applies to leaking through-wall cracks as well as to surface cracks. In reality,
for a leaking crack there must be a pressure drop along the crack path, resulting in a reduced
average crack face pressure. The reduced crack face pressure tends to increase crack stability
and reduce the crack growth rate, but it also tends to decrease the leak rate. For this case, PICEP
was used to calculate the pressure drop on the crack face, and the average pressure (1330 psig)
was applied in the crack growth and critical crack size calculations. The effect on the calculated
leak rate was determined through the normal procedure of applying the crack opening area from
the crack growth model in PICEP.
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7.4.11 Effect of Relaxation of Normal Operating Thermal Load (49-51)

These cases investigated the effect of relaxation of the normal operating thermal loads assumed
in the crack growth and crack stability calculations. For these cases, it is assumed that these
stresses are 100% relaxed at the point that the crack becomes through wall. Besides decreasing
the crack growth rate and increasing crack stability, the effect of removing these stresses is also a
decrease in the leak rate through the reduction in the crack opening area. In Section 5, it was
conservatively assumed to include the normal operating thermal constraint loads in the
calculations although detailed evaluations tend to indicate that such secondary stresses are
expected to significantly or completely relax prior to rupture. Cases 49-51 examine the effect of
this assumption.

7.4.12 Effect of Nozzle-to-Safe-End Crack Growth Model vs. Standard Cylindrical
Crack Growth Model (52-53)

These three cases (Case 52c, 52d, and 53b) are included to investigate the effect of the detailed
nozzle-to-safe-end geometry versus the simplified cylindrical geometry. The methodology of the
detailed nozzle-to-safe-end geometry as opposed to the simplified cylindrical model used for the
other cases is described in Section 4.1.1. Cases 52¢ and 53b were included to investigate
whether the simplified cylindrical geometry results in any significant differences in analysis
results versus the detailed nozzle-to-safe-end geometry when the same WRS profile is simulated
in both models using the thermal strain method. Case 52c is based on the Type 1a safety and
relief nozzle configuration of Case 1c, with the same piping loads applied. Case 53b is based on
the Type 8 surge nozzle configuration of Case 17b, with the same piping loads applied. Finally,
Case 52d 1s included to investigate the effect of basing the WRS input to the crack growth model
on direct interpolation of the results of the FEA WRS simulation (per the methodology described
in Section 3). For Case 52d, the stainless steel weld to the stainless steel piping was not
simulated as part of the FEA WRS simulation preceding the crack growth calculation.

Therefore, the direct FEA WRS simulation for Case 52d produces an axial stress profile that is
comparable to that for Case 1b, which also does not reflect the benefit of the stainless steel weld.

7.4.13 Supplementary Cases Specific to Effect of Multiple Flaws on Limiting
Surge Nozzles (S1-S9)

The supplemental cases S1-S9 were added to further investigate the potential effect of multiple
flaws in the subject surge nozzles. Cases Sla, S1b, and S8b examine the effect of assuming a
360° initial flaw on Cases 17a, 17b, and 19b, respectively, rather than a 21:1 initial partial-arc
flaw. Case S2b is a further sensitivity study on Case S1b in which the effective moment load
(dead weight and normal operating thermal load) is reduced to that corresponding to the surge
nozzle for Plant C. The moment load for Cases 17a and 17b bounds the surge nozzles for Plants
B and G.

Case S3b was designed to apply the Wolf Creek surge nozzle findings to develop additional
multiple flaw assumption cases. Table 7-3 shows detailed summary statistics for the three
circumferential indications that were reported in the Wolf Creek surge nozzle. The two largest
indications may be enveloped by a flaw having an aspect ratio of 20:1, just less than the standard
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21:1 assumption applied in the matrix. The third indication (Indication #1) was located away
from the two largest indications, but had an area that is less than 0.2% of the wall cross section.
In Case S3b, a flaw having the length and depth reported for this indication is grown with the
piping bending moment assumed to line up with the flaw center. After 1.3 years of growth this
flaw is predicted to have grown to the profile marked by closed squares shown at the top of
Figure 7-14 (with depth of 56% and total length of 67°). The 1.3 years was chosen because it is
the elapsed time at which the Case 17b flaw is calculated to reach 7 days of leakage (all above
1.0 gpm).

Cases S4b through S7b are crack stability cases in which a pair of flaws (one on each half-
model) are superimposed on the weld cross section for Case 17b at its growth step corresponding
to the point after which 7 days of leakage (all above 1.0 gpm) has occurred. For Cases S4b, S5b,
and S6b the pair of flaws that is superimposed is the Case S3b profile after 1.3 years of growth.
As shown in Figure 7-14, in Case S4b the pair of additional flaws are inserted on the Case 17b
cross section near the bottom of the cross section, with each additional flaw just touching. In
Case S6b the pair of additional flaws are assumed to be just in contact with both ends of the Case
17b profile. In Case S5b an intermediate position to these other cases is assumed. In this
manner, the sensitivity of the stability results to the assumed location of the pair of additional
flaws is checked. This approach to applying the Wolf Creek experience is conservative in that
the number of flaws outside the 21:1 envelope is doubled versus the Wolf Creek experience and
each of these two flaws is grown based on the moment direction aligning with the flaw center,
increasing the size of the grown flaw. Additionally, Case S7b was considered in which a
hypothetical pair of flaws, each 95% through-wall and 50° in circumferential extent, was added
to the Case 17b cross section.

It is noted that the approach of Cases S4b through S7b of addressing multiple flaws through
independent growth of the individual flaws presumes that any crack interaction effects do not
have a significant effect on the results. Based on experience, this is in fact a reasonable
assumption. Analysis work investigating the flaw interaction effects on the stress intensity factor
typically show only mild increases in stress intensity factor versus the single-flaw case. For
example, for the simplified case of two identical coplanar through-wall cracks in an infinite
plate, the stress intensity factor at the adjoining crack tips is only increased by about 10% when
the separation distance is half the total length of each individual crack [38].

Finally, Case S9b was designed as another case to further investigate the concern for multiple
flaws in the subject surge nozzles. This case is also closely related to Case 17b, but assumes a
pair of initial 26% through-wall 21:1 aspect ratio flaws placed at the top and bottom of the weld
cross section, rather than a single such flaw placed at the top of the cross section centered at the
location of maximum axial bending stress. Because the two flaws when grown in separate crack
growth models remain a considerable distance apart for the relevant growth period (see Figures
7-15 and 7-16), it is clear that crack interaction effects are insignificant for this case. Thus, it is
appropriate to model growth using separate meshes and then combine the two crack profiles onto
a single weld cross section for the purpose of the crack stability calculation. Unlike for Cases
S4b through S7b, this process was repeated for multiple times yielding a crack stability curve as
a function of time. In addition, because of the lack of crack interaction in this case, the leak rate
time dependence of the leaking (i.e., upper) flaw in Case S9b can be taken as identical to that for
Case 17b.
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7.5 Matrix Results

All 109 cases in the main sensitivity matrix (Cases 1-53) showed either stable crack arrest (60
cases) or crack leakage and crack stability results satisfying the evaluation criteria (49 cases). In
most cases, the results showed large evaluation margins in leakage time and in crack stability. In
addition, a supplemental set of 10 cases (Cases S1-S9) was investigated to further explore the
potential effect of multiple flaws on the limiting surge nozzle cases. With the exception of Cases
S1b and S2b, which are not credible cases as discussed below in Section 7.5.13, the
supplemental sensitivity cases also satisfied the evaluation criteria. Figure 7-17 shows nine
example crack meshes covering the variety of crack types.

Tables 7-4, 7-5, and 7-6 present detailed results for the 69 cases that were investigated using the
newly developed FEACrack software tools. An additional 50 cases were confirmed to show
stable crack arrest using a simplified axisymmetric crack growth model in which the bending
moment was conservatively applied as a linear stress profile based on the highest bending stress
circumferential position. The axisymmetric model is based on the axisymmetric stress intensity
factor solution published by Anderson et al. in WRC Bulletin 471 [39]. Table 7-4 shows the key
results for the surface crack at the point it becomes through wall. Table 7-5 shows similar key
results but also the calculated leak rate for the through-wall growth step that resulted in just
above a 1.0 gpm leak (or the initial through-wall leak rate if greater than 1.0 gpm). Table 7-6
shows corresponding crack stability and leak rate results for the through-wall growth step that
resulted in a load stability margin factor just above 1.2. Finally, Table 7-7 is a summary of the
key sensitivity results for three main output parameters: time interval from 1 gpm leak rate until
stability margin factor reaches 1.2, stability margin factor when leak rate is 1 gpm (or initial leak
if higher), and calculated leak rate when stability margin factor reaches 1.2.

For those cases that showed through-wall crack development, Figures 7-18 through 7-21 show in
column chart form the main analysis results from Tables 7-4, 7-5, and 7-6. Figures 7-18 and
7-19 cover the first half of the main matrix, while Figures 7-20 and 7-21 cover the second half.
Figures 7-18 and 7-20 show the key time and leak rate outputs, specifically the time between the
leak rate reaching 1.0 gpm and the crack stability margin factor decreasing to 1.2, and the leak
rates corresponding to the beginning and end of this interval. (In some cases, the initial through-
wall leak rate is greater than 1.0 gpm.) The time intervals shown in these two figures may be
directly compared to the 7-day interval of the evaluation criteria. It is observed that all the time
intervals in these two plots exceed 7 days. Additional key results are illustrated in Figures 7-19
and 7-21, which show the calculated load margin factor at the time that the leak rate reaches 1.0
gpm (or initial leakage if greater than 1.0 gpm). The minimum load margin factor for the cases
covered in these two figures is 1.38. Lastly, Figures 7-22 through 7-41 show complete leak rate
and crack stability margin trends versus time for 20 selected cases, including 16 of the most
limiting cases (those cases in which the load margin factor was calculated to be 1.75 or lower
when the leak rate was calculated to be 1 gpm). These plots directly illustrate the margin levels
that exist versus the evaluation criteria illustrated in Figure 7-1. The results of the individual
subsets of cases are discussed below.
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7.5.1 Geometry and Load Base Cases (1-20)

All these cases show at least 35 days from the 1.0 gpm leak rate until the load margin factor of
1.2 is reached. The most limiting base cases are 6¢ (safety/relief), 12¢ (spray), and 17b (surge).
For Case 17b the initial through-wall leak rate is calculated to be 2.6 gpm, with the leak rate
increasing to 69 gpm when the stability factor reaches 1.2. These cases also show that the effect
of increased piping moment load (Pb) is to decrease somewhat the available margin. This
behavior shows that the beneficial actions of an increased moment in pushing the crack through-
wall at a more concentrated location on the circumference plus increased leak rate for a given
through-wall crack extent are outweighed by the detriment of decreased crack stability.

7.5.2 ID Repair Base Cases (21-26)

These repair cases show relatively high evaluation margins compared to the axisymmetric WRS
cases. This behavior is due to the tendency of the high tensile WRS in the repair zone to quickly
push the crack through wall at that location. Note that for Cases 21a, 22a, 23a, 24a, and 26a the
crack growth progression was terminated with load margin factors much greater than 1.2 because
of difficulty in meshing these more extreme crack profiles. However, the existing results clearly
illustrate large levels of evaluation margin in these cases.

7.5.3 Further Bending Moment Cases (27-30)

The results of these cases for the limiting surge nozzle configuration confirm that Case 17b
reflecting the maximum effective moment value is in fact the limiting surge nozzle case. The
competing effects of the moment on crack stability, leak rate, and crack shape development
result in the maximum moment case being most limiting.*

Note that like Case 17b, Cases 27b and 28b assume an initial 21:1 aspect ratio flaw. The 21:1
aspect ratio corresponds to the highest aspect ratio reported for any of the Wolf Creek pressurizer
nozzle indications (in the relief nozzle) and also bounds the 20:1 aspect ratio enveloping the two
largest indications reported in the Wolf Creek surge nozzle (see Table 7-3). The assumption of a
21:1 initial flaw accounts for the possibility of multiple significant and growing flaws because
the typical aspect ratio for a single flaw is usually in the range of 2:1 to 6:1 based on plant
experience. Moreover, these cases tend to show a relatively short time (1.2, 1.3, and 3.4 years,
respectively) between the initial flaw depth and through-wall penetration. Within this relatively
short time period, it is highly unlikely that a large portion of the 360° length (i.e., 37 inches) of
the inside circumference would initiate flaws. Section 7.5.13 below discusses the results of the
supplemental cases to further investigate the effect of multiple flaws on the limiting surge nozzle
cases.

* The effect of decreased moment in increasing the time interval from a 1 gpm leak rate until the stability margin
factor of 1.2 is reached is observed through comparison of Case 27b versus base Case 17b (38 versus 35 days). Case
28b shows a decrease in the time interval result because in this case the calculated through-wall crack was converted
to a complex crack having a 10% through-wall depth on the uncracked portion of the ID. As discussed in Section
7.1, the conversion to a complex flaw geometry was conservatively made because of the difficulty in meshing the
through-wall crack geometry for this case. In addition, Case 29b shows a reduced time interval result because in its
case an initial 360° surface flaw was assumed rather than an initial partial-arc flaw as in Cases 17b, 27b, and 28b.
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7.5.4 Cases to Investigate Potential Uncertainty in As-Built Dimensions (31-32)

These cases show that a change of £10% in the wall thickness (assuming same ID) acts to
increase ‘'or decrease the time margin by about one third given Case 1 as a baseline. Reducing the
wall thickness reduces the time margin. Again the effect on critical crack size of a reduced wall
cross section outweighs the benefit of a smaller distance for growth through-wall to leakage.
These results show that the analysis results are modestly sensitive to the exact weld diameter and
thickness.

7.5.5 Axial Membrane Load Sensitivity Cases (33-34)

Consistent with the previous results, these cases show that an increase in the membrane stress
loading results in a slight decrease in the time margin. These cases confirm that the membrane
stress variations within each geometry configuration are not significant. Even given this
conclusion, it is noted that the most limiting cases in the matrix (Case 6¢, 12c, and 17b) do
bound the highest Pm+Pb combined stress loads for the subject welds covered in each case.

7.5.6 Effect of Length Over Which Thermal Strain Simulating WRS is Applied (35)

Case 35¢ shows the time interval result for Case 6c is reduced from 41 to 32 days when the
length over which the thermal strain applied to simulate WRS is reduced in half. This behavior
is due to a slight increase in the cracked area fraction at the point of through-wall penetration for
Case 35c¢ (0.447 vs. 0.435). This case shows that the modeling results are reasonably insensitive
to this modeling length assumption. Furthermore, there does not appear to be any evidence of a

“significant WRS relaxation effect on the crack growth progression. Such effects are apparent in
other cases in which there is a clear change in global component stiffness with the presence of a
large flaw.

7.5.7 Simulation of Elastic-Plastic Redistribution 6f Stress at ID (36)

Case 36¢ shows only small differences in results versus those for its base case (Case 6¢). For
example, the main time interval result for Case 6c is increased by one day from 41 to 42 days.
Very similar behavior in leak rate and stability margin factor development is observed in

Figure 7-22 (Case 6¢c) and Figure 7-31 (Case 36c). These results indicate that the assumption of
elastic combination of the high welding residual stresses assumed at the weld ID with the piping
axial membrane and bending stresses does not introduce significant modeling uncertainties.

7.5.8 Effect of Initial Crack Shape and Depth (37-41)

As expected based on Phase I calculation results, these cases confirm that the results in terms of
time between detectable leakage and rupture are insensitive to initial partial-arc crack shape
factor for a given initial crack length and depth (Cases 37 through 39). Cases 40 and 41 show
furthermore that the results are relatively insensitive to the initial crack depth given a fixed initial
. aspect ratio. Therefore, it was appropriate that these factors (initial shape factor and depth) were
investigated in a limited manner in the sensitivity matrix.
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7.5.9 Effect of Stress Intensity Factor Dependence of Crack Growth Rate Equation
(42-47)

These six cases showed that the limiting base cases are only modestly sensitive to the K-
dependence exponent assumed. The limiting surge nozzle case (17b) was shown to be most
sensitive of the three limiting cases, with the time interval result reduced from 35 to 22 days
when the K-exponent is increased from 1.6 to 2.2 (Case 47b). Even given this K-dependence
sensitivity, there is sufficient margin in this result to accommodate an unlikely combination of
detrimental factors, for example this K-dependence sensitivity plus the sensitivity to as-built
weld thickness of £10% assumed in Cases 31c and 32¢. Likewise, there is sufficient margin in
the Case 47b results to accommodate the possibility of an increased crack growth rate power-law
constant versus the 75" percentile value assumed (see MRP-115 [21] and Section 7.4.9). Use of
the 95" percentile MRP-115 *“weld factor” rather than the 75" percentile “weld factor”
corresponds to a factor of 1.77 on the crack growth rate magnitude, which would reduce the 22
days calculated for Case 47b to about 13 days. It is highly unlikely that the stress intensity factor
dependence and power-law constant effect would combine in this manner.

7.5.10 Effect of Pressure Drop Along Leaking Crack (48)

This sensitivity case showed a very small benefit of considering the decrease in pressure across
the leaking crack face for the limiting surge nozzle case (17b). The time interval result increased
from 35 to 39 days. This small difference justifies excluding the modeling complication of
reduced crack face pressure for leaking cracks in the base matrix.

7.5.11 Effect of Relaxation of Normal Operating Thermal Load (49-51)

Two of these three sensitivity cases (49¢ and 50b) show a greatly increased time between a leak
rate of 1.0 gpm and the load margin factor of 1.2 being reached, while the third (51b) shows
stable crack arrest as does its base case (19b). The time interval result increased from 41 to 145
days for Case 6¢, and from 35 to 293 days from Case 17b. These cases clearly show a large
benefit if the piping thermal constraint loads are significantly relaxed once the crack grows
through-wall. Furthermore, based on the results for low piping moment cases, stable crack arrest
could be expected to occur in many cases if the piping thermal constraint loads are significantly
relaxed before the crack reaches through-wall penetration. The degree to which such relaxation
might occur would depend on the amount of nozzle rotation produced by the piping system, with
greater rotation as the critical crack size is approached.

7.5.12 Effect of Nozzle-to-Safe-End Crack Growth Model vs. Standard Cylindrical
Crack Growth Model (52-53)

The results for these cases indicate that there is no significant nonconservatism introduced by use
of the simplified cylindrical geometry versus the more detailed nozzle-to-safe-end geometry.
Case 52c (safety/relief nozzle) yielded a time interval result (time from 1 gpm until stability
margin factor reaches 1.2) of 94 days compared to 109 days for Case 1c. Case 53b (surge
nozzle) produced a time interval result of 49 days versus 35 days for Case 17b. As described in
Section 7.4.12, Cases 52c and 53b were based on WRS simulation using the thermal strain
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method with the same temperature profile as the corresponding base case. On the other hand,
Case 52d was based on direct interpolation of the results of a WRS FEA simulation. As was the
case for Case 1b, Case 52d produced crack-tip closure and stable crack arrest.

7.5.13 Supplementary Cases Specific to Effect of Multiple Flaws on Limiting
Surge Nozzles (S1-S9)

The supplemental sensitivity cases assuming an initial 360° flaw do not satisfy the evaluation
criteria for the case of surge nozzles having a fill-in weld (used to seat the thermal sleeve) and a
relatively high moment load and given the WRS assumption that does not take credit for the
benefit of the stainless steel weld (Cases S1b and S2b).* However, these 360° initial flaw cases
are not appropriate for making conclusions regarding these surge nozzles, which show relatively
fast growth through wall, because of the unlikelihood of initiation over.the 37-inch inside
circumference during a narrow time band. (For Case 17b, 1.22 years was calculated for growth
from the initial 26% through-wall flaw to through-wall penetration.) On the other hand, for the
surge nozzles that have a fill-in weld but not a relatively high moment load (addressed by Cases
18, 26, 29, and 30), the calculated time for through-wall growth is considerably longer than 1.22
years, and a 360° 10% through-wall initial flaw geometry was assumed for these cases.

As described above in Section 7.4.13, the results of Case S3b were used as an input to stability
Cases S4b, S5b, and S6b. In this manner, the three indications found in the Wolf Creek surge
nozzle weld were conservatively applied to further investigate the potential effect of multiple
flaws for the limiting surge nozzle case. After 7 days of detectable leakage per Case 17b (initial
leak rate of 2.6 gpm), Cases S4b, S5b, and S6b show a load margin factor of 1.43, 1.48, and
1.29, respectively. The lowest of the three margin factors (1.29) is for Case S6b, in which the
pair of additional flaws is assumed to just touch the leaking crack profile from Case 17b. The
highest of the three load margin factors (1.48) is for Case S5b, which is the case in which the
additional pair of flaws is closest to the fully plastic NSC neutral axis. Finally, as an additional
hypothetical case, Case S7b shows a corresponding load margin factor of 1.44 even given the
pair of 95% through-wall additional flaws on the weld cross section of Case 17b after 7 days of
detectable leakage.

Also as described above in Section 7.4.13, Case S9b was designed to further investigate the
effect of multiple flaws on the subject surge nozzles. Case S9b assumes a pair of initial 26%
through-wall 21:1 aspect ratio flaws placed at the top and bottom of the weld cross section,
rather than a single such flaw placed at the top of the cross section centered at the location of
maximum axial bending stress (Case 17b). As discussed in Section 7.4.13, the leak rate and
stability margin trends can be based on separate growth of the two assumed initial flaws, with
combination of the flaws in a single weld cross section for the purpose of the crack stability
calculation. The resulting crack growth progression for Case S9b is shown in Figure 7-15 in
terms of Cartesian coordinates, and in Figure 7-16 in terms of polar coordinates. Because of the
lack of crack interaction, the time from the initial flaws to through-wall penetration of the upper
flaw is unaffected versus the 1.22 years of Case 17b. Likewise, the leak rate trend with time

T For Case S2b the time interval result is 4 days. Although less than 7 days, the initial leak rate for this case is 4.9
gpm, increasing to 6.0 gpm after 3 days. These relatively high leak rates are expected to be readily detectable even
considering a leak rate margin factor of 4 to account for uncertainty in the leak rate calculation. Therefore, despite
the time interval result being 4 days in this case, the results may still be acceptable.
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shown in Figure 7-40 is unaffected versus Case 17b. However, the stability margin factor trend
in Figure 7-40 is lowered between 0.10 and 0.12 by the presence of the second flaw. The effect
is to reduce the time interval from the initial leak rate of 2.6 gpm until reaching a load margin
factor of 1.2 from 35 to 29 days. In summary, Case S9b shows a modest effect on crack stability
if two initial flaws covering 46% (167°) of the ID circumference are assumed as opposed to a
single initial flaw covering half this circumferential extent and centered at the location of
maximum axial bending stress.

On the basis of the supplemental set of cases, it is concluded that the concern for multiple flaws
in the limiting surge nozzles is adequately addressed by cases that satisfy the evaluation criteria
with additional margin.

7.6 Conclusions

7.6.1 Main Sensitivity Matrix

All 109 cases in the main sensitivity matrix showed either stable crack arrest (60 cases) or crack
leakage and crack stability results satisfying the evaluation criteria (49 cases). In most cases, the
results showed large evaluation margins in leakage time and in crack stability.

In the base matrix, an initial partial-arc flaw having a length-to-depth aspect ratio of 21:1 was
assumed for the surge nozzle cases having a relatively large piping thermal constraint bending
moment. (As discussed above in Section 7.5.13, a 360° initial flaw is not a credible assumption
for the surge nozzle cases having a relatively large piping thermal constraint bending moment
because of the unlikelihood of initiation over the 37-inch inside circumference during a narrow
time band. For Case 17b, 1.22 years was calculated for growth from the initial 26% through-
wall flaw to through-wall penetration.) The 21:1 aspect ratio corresponds to the highest aspect
ratio reported for any of the Wolf Creek pressurizer nozzle indications (in the relief nozzle) and
also bounds the 20:1 aspect ratio enveloping the two largest indications reported in the Wolf
Creek surge nozzle. The assumption of a 21:1 initial flaw accounts for the possibility of
significant growing multiple flaws because the typical aspect ratio for a single flaw is usually in
the range of 2:1 to 6:1 based on plant experience. Moreover, the surge nozzle cases that tend to
show the least margin between detectable leakage and rupture show a relatively short time (e.g.,
1.2 years) between the initial flaw depth and through-wall penetration. Within this relatively
short time period, it is highly unlikely that a large portion of the 360° length (i.e., 37 inches) of
the inside circumference would initiate flaws.

7.6.2 Supplemental Sensitivity Matrix

In order to further investigate the potential effect of multiple flaws in the subject surge nozzles,
several supplemental cases were added. The supplemental sensitivity cases assuming an initial
360° flaw do not satisfy the evaluation criteria for the case of surge nozzles having a fill-in weld
(used to seat the thermal sleeve) and a relatively high moment load and given the WRS
assumption that does not take credit for the benefit of the stainless steel weld. However, these
360° initial flaw cases are not appropriate for making conclusions regarding these surge nozzles,
which show relatively fast growth through wall, because of the unlikelihood of initiation over the
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37-inch inside circumference during a narrow time band. On the other hand, as described in
Section 7.4.13, conservative application of the three indications found in the Wolf Creek surge
nozzle weld for surge nozzles with a fill-in weld and relatively high moment load gives results
meeting the evaluation criteria. In addition, considering a case with two long initial partial-arc
flaws covering 46% of the ID circumference as opposed to a single initial flaw covering half this
circumferential extent (and centered at the location of maximum axial bending stress) has only a
modest effect on crack stability for these limiting surge nozzles. On this basis, it is concluded
that the concern for multiple flaws in the limiting surge nozzles is adequately addressed by cases
that satisfy the evaluation criteria with additional margin.

7.6.3 Tendency of Circumferential Surface Cracks to Show Stable Arrest

An additional key finding concerns the significant number of crack growth sensitivity cases that
showed stable crack arrest prior to through-wall penetration. This type of behavior is consistent
with the relatively narrow band of relative depths reported for the four largest Wolf Creek
indications (23%, 25%, 26%, and 31% through-wall). As emphasized in the MRP white paper
[1], it is statistically unlikely that these four indications would be found in this narrow depth
band if they were in fact growing rapidly in the depth direction at the time they were detected.
The basic reason that circumferential cracks may tend to arrest prior to through-wall penetration
is that to the extent the through-wall welding residual stress profile is axisymmetric, it must be
self-balanced at a particular circumferential position, meaning that a significant portion of the
wall thickness must have compressive axial welding residual stresses. On the other hand, for
axial flaws that are driven largely by tensile hoop welding residual stresses, these hoop welding
residual stresses are generally balanced by the compressive residual stresses in the base metal
material upstream and downstream from the dissimilar metal weld. Hence, the hoop welding
residual stress in the weld material is more likely to remain tensile and drive an axial flaw
through-wall than is the case for axial residual stress and circumferential flaws. This expectation
is consistent with general PWR plant experience that has shown part-depth and leaking axial
PWSCC in Alloy 82/182 piping butt welds, but only indications of part-depth circumferential
flaws in such weldments.

7.6.4 Nozzles with Liner Directly Covering Dissimilar Metal Weld

In this evaluation, the liners installed in lieu of weld cladding for safety/relief nozzle Type 2a/2b
and spray nozzle Type 5 are conservatively not credited with precluding PWSCC-susceptibility
in the underlying DM weld. The design function of these liners is, like weld cladding, to isolate
the nozzle low alloy steel material from the RCS coolant. The deterministic crack growth
calculations for these nozzles presuppose that RCS coolant has access to the DM weld surface
under the liner, for example via through-wall cracking of the nickel-alloy fillet weld at the end of
the liner, and that the DM weld material subsequently initiates PWSCC.

7-20



Sensitivity Case Matrix

7.6.5 Potential Effect of Multiple Through-Wall Flaw Segments on Leak Rate

It is noted that another type of multiple flaw concern than the one discussed in Section 7.5.13 is
the potential effect of multiple through-wall flaw segments to reduce the leak rate in comparison
to a single through-wall flaw. However, this concern is addressed as follows:

o First, it should be recognized that the effect of the tight intergranular SCC type morphology
is generally addressed by the leak rate prediction methodology.

e Second, the effect of multiple through-wall flaw segments to reduce the leak rate is mitigated
by the increased resistance to rupture provided by the ligaments between the flaw segments.
Significant axial offsets between crack segments may be likely in this situation because of
the relatively long axial region of susceptible material, and such axial offsets would be
expected to increase the resistance to rupture substantially.

e Third, substantial margin in the calculated leak rate above the detection threshold exists for
all the cases in the main sensitivity matrix. Applying a leak rate margin factor of 10, which
has historically been applied in regulatory LBB assessments [35], rather than 4 on the 0.25
gpm detectability limit results in all 13 of the most limiting cases in the main sensitivity
matrix satisfying the evaluation criteria with one exception (Case 44c). The 13 most limiting
cases are defined here as those cases for which the load margin factor is 1.75 or less at the
time the leak rate is calculated to be 1 gpm. Full leak rate and load margin factor curves
versus time were developed for these 13 cases (see Figures 7-22 through 7-38). A leak rate
margin factor of about 9 does satisfy the evaluation criteria for Case 44c. All other cases in
the main matrix very likely satisfy the evaluation criteria with a leak rate margin factor of 10
based on the compiled leak rate and stability data, although this has been verified explicitly
for only four of the other cases (12c, 23b, 25a, and 43c). Moreover, the most limiting surge
nozzle case (Case 17b) is predicted to have an initial through-wall leak rate of 2.6 gpm, with
the leak rate increasing to 69 gpm when the load margin factor decreases to 1.2, indicating
robustness with respect to the value of the assumed leak rate margin factor for the surge
nozzle cases.

It is concluded that the sensitivity matrix demonstrates sufficient margin to address modeling
uncertainties such as those associated with the potential for multiple through-wall crack
segments.

7.6.6 Overall Conclusion

The sensitivity matrix robustly addresses the range of nozzle design and fabrication factors, as
well as the key modeling uncertainties. Later cases in the sensitivity matrix were defined to
further investigate cases showing limiting results. Furthermore, the margins in the matrix results
demonstrate that even cases representing an unlikely combination of detrimental factors are
likely to result in sufficient time for leak detection prior to rupture. Hence, it is concluded that
all 51 subject welds are adequately covered by crack growth sensitivity cases that satisfy the
evaluation criteria presented in Section 7.2.
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Sensitivity Case Matrix

Table 7-1
Sensitivity Matrix Case Definitions
Geometry Case Load Case
TW
Z-factor
per max Pb

Case|Base Sensitivity Model | Nozzle| Geometry D, t PVP | Pm | p |Fowa| Faxar | Pm|Fowm| Pb M |(thick)
# |Case Purpose Type | Type |Configuration| Plants | (in) (in) | R/t | paper |Case| (ksi) | (kips) | (kips) [(ksi)| (kips)| Case |[(in-kips)| (ksi)
1 - geomeiryfload cylinder | S&R Config 1a AEH | 7.750 11.290|2.004] 1.17 |typical| 2.235] -1.28 | 45.64 |1.74] 2.42 high 209.28 | 5.71
2 - geometryfioad cylinder | S&R Config 1a AEH 7.750 [1.290/2.004| 1.17 |typical| 2.235] -1.28 | 45.64 {1.74] 2.42 | intermed | 194.09 | 5.30
3 - geometryfload cylinder |  S&R Config 1a AEH | 7.750 11.290|2.004] 1.17 | typical| 2.235] -1.28 | 45.64 | 1.74] 2.42 low 178.90 | 4.88
4 geometryfload cylinder | S&R Config 1b F 8.000 [1.405|1.847| 1.17 |typical| 2.235| 7.90 | 55.19 [1.90] 15.37 high 23740 | 5.74
5 - geometryfload cylinder | S&R Config 1b F 8.000 [1.405(1.847| 1.17 |tpical| 2.235] 7.90 | 55.19 ]1.90] 15.37 low 201.91 | 4.88
6 - geometryfload cylinder | S&R Config 2a/2b BCG | 7.750 [1.065|2.638| 1.17 |typical| 2.235( -3.01 | 52.44 [ 2.34| 4,98 high 252.14 | 7.63
7 - geometry/load cylinder |  S&R Config 2a/2b BcG | 7.750 [1.065|2.638| 1.17 | typical| 2.235[ -3.01 | 52.44 [ 2.34| 4.98 fow 158.04 | 4.78
8 - geomeltry/load cylinder | S&R Contig 3 ol 8.000 [1.405/1.847| 1.17 | typical| 2.235| 0.66 | 47.94 |1.65| 1.74 high 277.18 | 6.70
9 geomelry/load cylinder | S&R Config 3 ol 8.000 [1.405|1.847| 1.17 | typical| 2.235| 0.66 | 47.94 [1.65] 1.74 fow 201.91 | 4.88
10 - geometry/load cylinder | spray Config 4 AE 5.810 |10.900|2.228| 1.16 | typical| 2.235| -1.27 | 26.96 [1.94] -0.35 high 7278 | 4.89
11 - geometryfload cylinder | spray Config 4 AE 5.810 |0.900|2.228| 1.16 | typical| 2,235 -1.27 | 26.96 [1.94] -0.35 low 66.98 | 4.50
12 - geomnetryfload cylinder | spray Config § BCG | 5.810(0.780|2.724| 1.16 | typical| 2.235( -0.77 | 30.94 |2.51| 0.47 high 65.33 | 4.75
13 - geometryfload cylindes | spray Config § BCG 5.810 |0.780|2.724| 1.16 |typical| 2.235| -0.77 | 30.94 | 2.51| 0.47 low 56.76 | 4.13
4 | - geometrylload cyfinder | _spray Config6 F | 8.000 |1.150[2.478] 1.17 |[typical| 2.235] -0.84 | 56.19 | 2.27] -0.84 | hgh | 27.91 | 0.75
15 - geometryfload cylinder | spray Config 7 ol 5.190 | 1.045|1.483] 1.15 |typical| 2.235| 0.62 | 17.49 [1.29] 0.81 high 55.65 | 4.65
16 geometry/load cylinder | spray Config 7 ol 5.190 | 1.045/1.483] 1.15 | typical| 2.235| 0.62 | 17.49 [1.29] 0.81 low 49.47 | 413
17 - geometryfioad cylinder | surge Contig 8 AEHBCG| 15.000(1.580(3.747] 1.19 |typical | 2.235| 1.62 |247.70]3.72] 8.04 high |2750.77| 13.57
18 - geometryfload cylinder | surge Config 8 AEHBCG|15.000(1.580(3.747| 1.19 | typical | 2.235| 1.62 |247.70]3.72| 8.04 low 989.57 | 4.88
19 - geometryfload cylinder | surge Config 9 ol 13.060(1.470(3.442] 1.19 high | 2.235| 4.97 |184.75{3.45| 4.97 high 12034.30| 14.55
20 - geomelryfioad cylinder | surge Config 9 ol 13.060(1.470|3.442} 1.19 high | 2.235| 4.97 1184.75[3.45| 4.97 low 929.97 | 6.65
21 1 1D repair cylinder | S&R Config 1a AEH | 7.75011.290|2.004] 1.17 |typical| 2.235] -1.28 | 45.64 }1.74| 2.42 high 209.28 | 5.71
22 3 1D repair cylinder | S&R Contig 1a AEH 7.750 [1.290|2.004} 1.17 |typical| 2.235| -1.28 | 45.64 {1.74| 2.42 low 178.90 | 4.88
23 6 ID repair cylinder | S&R Config 2a/2b BCG | 7.750 [1.065/2.638} 1.17 | typical| 2.235( -3.01 [ 52.44 [ 2.34| 4.98 high 25214 | 7.63
24 7 1D repair cylinder | S&R Config 2a/2b BCG | 7.750 [1.065|2.638] 1.17 |typical| 2.235|-3.01 | 52.44 | 2.34| 4.98 low 158.04 | 4.78
25 17 1D repair cylinder | surge Contfig 8 AEHBCG| 15.000{1.580(3.747] 1.19 | wypical | 2.235| 1.62 {247.70(3.72| 8.04 high |2750.77|13.57
26 18 1D repair cylinder | surge Config 8 AEHBCG| 15.000{1.580(3.747] 1.19 | typical | 2.235| 1.62 [247.70(3.72| 8.04 low 989.57 | 4.88
27 37 Pb sensitivity cylinder | bound bounding AEHBCG|15.000[1.580(3.747] 1.19 | typical | 2.235] 1.62 [247.70[3.72| 8.04 | sens1 {2635.33] 13.00
28 17 Pb sensitivity cylinder | bound bounding AEHBCG| 15.000{1.580|3.747| 1.19 | typical | 2.235{ 1.62 [247.70[3.72| 8.04 | sens2 |2027.18] 10.00
29 18 Pb sensitivity cylinder | bound bounding AEHBCG| 15.000{1.580(3.747] 1.19 | typical | 2.235] 1.62 |247.70(3.72| 8.04 | sens3 |1419.02| 7.00
30 18 Pb sensitivity cylinder | bound bounding AEHBCG| 15.000(1.580|3.747] 1.19 | typical | 2.235} 1.62 [247.70(3.72] 8.04 | sens4 | 817.40 | 4.03
31 1 as-built uncertainty cylinder |  S&R as-buift 1 AEH | 8.008 |1.419|1.822} 1.17 | typical| 2.235] -1.28 | 45.64 | 1.55| 2.42 | bounding| 209.28 | 5.02
32 1 as-built uncertainty cylindes | S&R as-built 2 AEH | 7.492 |1.161]2.227] 1.17 | typical| 2.235} -1.28 | 45.64 | 1.98| 2.42 | bounding| 209.28 | 6.56
33 4 Pm sensitivity cylinder | S&R bounding S&R F 8.000 [1.405/1.847] 1.17 low | 2.235] 0.44 | 47.73 |1.64( 15.37 | bounding | 237.40 | 5.74
34 4 Pm sensitivity cylinder | S&R bounding S&R F 8.000 [1.405/1.847] 1.17 high | 2.235]15.37| 62.65 | 2.15( 15.37 | bounding | 237.40 | 5.74
35 6 shortened 0.5" "weld” | cylinder | S&R bounding S&R BCG | 7.750 [1.065/2.638] 1.17 | typical| 2.235] -3.01 | 52.44 [ 2.34| 4.98 | bounding| 252.14 { 7.63
36 6 plastic redistribution | cylinder | S&R bounding S&R BCG | 7.750 [1.065|2.638] 1.17 | typical| 2.235( -3.01 | 52.44 [2.34| 4.98 | bounding| 252.14 | 7.63
37 6 initial crack shape cylindes | S&R bounding S&R BCG | 7.750 | 1.065]2.638) 1.17 | typical| 2.235}-3.01 | 52.44 | 2.34| 4.98 | bounding| 252.14 | 7.63
38 6 initial crack shape cylinder | S&R bounding S&R BCG | 7.750 [1.065/2.638] 1.17 | typical| 2.235| -3.01 | 52.44 [2.34| 4.98 | bounding| 252.14 | 7.63
39 6 initial crack shape cylinder | S&R bounding S&R BCG | 7.750 [1.065/2.638] 1.17 | typical| 2.235] -3.01 | 52.44 [2.34| 4,98 | bounding| 252.14 | 7.63
40 [ inial crack depth cylinder | S&R bounding S&R BCG | 7.750 [1.065/2.638] 1.17 | typical| 2.235{ -3.01 | 52.44 [2.34| 4.98 | bounding| 252.14 | 7.63
41 6 initial crack depth cylinder | S&R | boundingS&R | BCG | 7.750 | 1.065(2.638| 1.17 | typical| 2.235] -3.01 | 52.44 | 2.34| 4.98 | bounding | 252.14 | 7.63
42 6 CGR K-exponent cylinder | S&R bounding S&R BCG | 7.750 [1.065/2.638| 1.17 | typical| 2.235] -3.01 | 52.44 [2.34]| 4,98 | bounding| 252.14 | 7.63
43 6 CGR K-exponent cylinder |  S&R bounding S&R BCG | 7.750 [1.065[2.638] 1.17 | typical| 2.235] -3.01 | 52.44 | 2.34] 4.98 | bounding| 252.14 | 7.63
44 12 CGR K-exponent cylinder | spray | boundingspray | BCG | 5.810 |0.780]2.724| 1.16 | typical| 2.235( -0.77 | 30.94 | 2.51| 0.47 | bounding| 65.33 | 4.75
45 12 CGR K-exponent cylinder | spray | boundingspray | BCG | 5.810 |0.780]|2.724| 1.16 | typical| 2.235] -0.77 | 30.94 | 2.51| 0.47 | bounding| 65.33 | 4.75
46 17 CGR K-exponent cylinder | surge | bounding surge | AEHBCG|15.000] 1.580]3.747| 1.19 | typical| 2.235{ 1.62 |247.70|3.72| 8.04 | bounding | 2750.77] 13.57
47 17 CGR K-exponent cylinder | surge | bounding surge | AEHBCG|15.000]1.580|3.747] 1.19 | typical| 2.235] 1.62 [ 247.70|3.72| 8.04 | bounding | 2750.77| 13.57
48 17 reduced press. on CF | cylinder | bound bounding AEHBCG| 15.000(1.580|3.747] 1.19 | typical | 2.235] 1.62 1247.70(3.72| 8.04 | bounding | 2750.77| 13.57
49 6 no thermal load for TW | cylinder | bound bounding BCG | 7.750 | 1.065]|2.638] 1.17 | typical| 2.235] -0.33 | 55.11 | 2.46| 0.17 | bounding| 31.10 | 0.94
50 17 | nothermal load for TW | cyfinder | bound bounding AEHBCG| 15.000(1.580(3.747| 1.19 | wypical | 2.235] 0.76 |246.84(3.71| 5.76 | bounding| 160.18 | 0.79
51 19 | nothermal load for TW | cylinder | bound bounding ol 13.060(1.470|3.442] 1.19 high | 2.235{ 0.00 |179.78|3.36| 0.00 | bounding| 126.20 | 0.90
52 1 detailed geometry nozzle S&R example S&R AEH 7.806 |1.318/1.961| 1.17 | typical| 2.235] -1.28 | 45.64 | 1.70| 2.42 | bouding| 209.28 | 5.55
53 17 detalled geometry nozzle | surge | example surge | AEHBCG|15.000]1.580]3.747] 1.19 | typical| 2.235] 1.62 [ 247.70|3.72| 8.04 | bounding [ 2750.77] 13.57
S1 17 effect of multiple flaws | cylindes | surge Config 8 AEHBCG| 15.000[1.580(3.747] 1.19 | upical | 2.235| 1.62 [247.70(3.72| 8.04 high [2750.77] 13.57
S2 17 effect of multiple flaws | cylinder | surge Config 8 AEHBCG| 15.000(1.580(3.747] 1.19 |typical | 2.235| 1.62 | 247.70]3.72| 8.04 high [1702.83| 8.40
S3 17 effect of multiple flaws | cylinder | surge Config 8 AEHBCG| 15.000(1.580(3.747] 1.19 | typical | 2.235] 1.62 [247.70(3.72| 8.04 high | 2750.77] 13.57
S4 17 effect of multiple flaws | cylinder | surge Config 8 AEHBCG| 15.000(1.580(3.747| 1.19 | typical | 2.235| 1.62 [247.70(3.72| 8.04 high | 2750.77| 13.57
S5 17 effect of multiple flaws | cylinder | surge Config 8 AEHBCG| 15.000(1.580|3.747| 1.19 | typical | 2.235} 1.62 [ 247.70(3.72| 8.04 high | 2750.77| 13.57
S6 17 effect of multiple flaws | cylinder | surge Config 8 AEHBCG| 15.000(1.580|3.747| 1.19 | typical | 2.235} 1.62 [ 247.70(3.72| 8.04 high |2750.771 13.57
S7 17 effect of multiple flaws | cylinder | surge Contig 8 AEHBCG| 15.000(1.580(3.747| 1.19 | typical | 2.235| 1.62 |247.70(3.72| 8.04 high |2750.77] 13.57
S8 19 effect of multiple flaws | cylinder | surge Config 9 DI 13.060[1.470{3.442| 1.19 high | 2.235[ 4.97 [184.75(3.45| 4.97 high | 2034.30] 14.55
S9 17 effect of multiple flaws | cylinder | surge Config 8 AEHBCG| 15.000(1.580/3.747| 1.19 | wpical| 2.235| 1.62 [247.70(3.72] 8.04 high [2750.77] 13.57
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Table 7-1 (continued)
‘Sensitivity Matrix Case Definitions

Sensitivity Case Matrix

WRS Case (see Note 1) CGR Equation Initial Flaw
Weld ) More Conservative | K- C’?“"G-""'F

Case|Base| Repair Nominal WRS Case Conservative WRS Case WRS Case Exp.| (n/h; Shape |Depth
# |Case| Case? ("a" case) ("b" case) ("c" case) n psi-ino's) 2c/al Factor | (%tw)
1 - | Axisymm|[ “1a: Type 1 S&R with SS weld “1b: Type 1 S&R without SS weld 1c: Mod ASME 3/30 Fit | 1.6 | 8.515E-12 [360°| uniform | 10%
2 - | Axisymm| “2a: Type 1 S&R with SS weld “2b: Type 1 S&R without SS weid 2c: Mod ASME 3/30 Fit | 1.6 [ 8.5156-12 [360°| uniform | 10%
3 - | Axisymm| "3a: Type 1 S&R with SS weld *3b: Type 1 S&R without SS weld 3c: Mod ASME 3/30 Fit | 1.6 | 8.515€-12 | 360°| uniform | 10%
4 - | Axisymm /[ “4a: Type 1 S&R with SS weld *4b: Type 1 S&R without SS weld 4c: Mod ASME 3/30 Fit | 1.6 | 8.515€-12 | 360°| uniform | 10%
5 - | Axisymm| "5a: Type 1 S&R with SS weld *5b: Type 1 S&R without SS weld 5c: Mod ASME 3/30 Fit | 1.6 [ 8.515E-12 [360°[ uniform | 10%
6 - | Axisymm| “6a: Type 1 S&R with SS weld *6b: Type 1 S&R without SS weld 6¢c: Mod ASME 3/30 Fit | 1.6 | 8.515€-12 [360°| uniform | 10%
7 Axisymm [ "7a: Type 1 S&R with SS weld *7b: Type 1 S&R without SS weld 7¢: Mod ASME 3/30 Fit { 1.6 | 8.515E-12 | 360°| uniform | 10%
8 - | Axisymm [ *Ba: Type 1 S&R with SS weld "8b: Type 1 S&R without SS weld 8c: Mod ASME 3/30 Fit | 1.6 | 8.515€-12 [ 360°| uniform | 10%
9 - | Axisymm | "9a: Type 1 S&R with SS weld “9b: Type 1 S&R without SS weld 9¢c: Mod ASME 3/30 Fit | 1.6 | 8.515-12 [360°| uniform | 10%
10 - | Axisymm | “10a: Type 1 S&R with SS weld “10b: Type 1 S&R without SS weid 10c: Mod ASME 3/30 Fit | 1.6 | 8515€-12 |360°| uniform [ 10%
11 Axisymm | “11a: Type 1 S&R with SS weld “11b: Type 1 S&R without SS weld 11¢: Mod ASME 3/30 Fit | 1.6 | 8.515€-12 [ 360°| uniform | 10%
12 - | Axisymm | “12a: Type 1 S&R with SS weld “12b: Type 1 S&R without SS weld 12c: Mod ASME 3/30 Fit | 1.6 | 8.515E-12 | 360°| uniform | 10%
13 - Axisymm | “13a: Type 1 S&R with SS weld “13b: Type 1 S&R without SS weld 13c: Mod ASME 3/30 Fit | 1.6 | 8.515€-12 [360°| uniform | 10%
14 - ] Axisymm | *14a: Type 1 S&R with SS weld “14b: Type 1 S&R without SS weld 14c: Mod ASME 3/30 Fit | 1.6 | 8515€-12 |360°]| uniform [ 10%
15 - | Axisymm | *15a: Type 1 S&R with SS weld “15b: Type 1 S&R without SS weld 15c: Mod ASME 3/30 Fit | 1.6 | 8.515€-12 |360°| uniform [ 10%
16 - Axisymm | “16a: Type 1 S&R with SS weld “16b: Type 1 S&R without SS weld 16c: Mod ASME 3/30 Fit | 1.6 | 8.515€-12 [ 360°| uniform | 10%
17 Axisymm | 17a: Type 8 surge with SS weld 17b: Type 8 surge without SS weld _ 1.6 | 8515E-12 | 21 | natural | 26%
18 - Axisymm [ 18a: Type 8 surge with SS weld 18b: Type 8 surge without SS weld L 1.6 | 8515612 |360°| uniform | 10%
19 - | Axisymm | *19a: Type 9 surge 19b: Type 8 surge with SS weld ~ 116 [ ssisEz2 | 21 | natural | 26%
20 - | Axisymm | "20a: Type 9 surge 20b: Type 8 surge with SS weld o 1.6 | 8.515€-12 [360°| uniform [ 10%
21 1 |ID Repair| 21a: S&R 20° ID repair /wo SSweld |~ . L 1.6 | 8.5156-12 [360°[ uniform | 10%
22 | 3 |iD Repair| 22a: S&R 20° ID repair / wo SS weld o L 1.6 | 8.5156-12 [360°] uniform | 10%
23 6 |!D Repair| 23a: S&R 20" ID repair / wo SS weld 23b: S&R 20° 1D repair / mod ASME | 23c: 23a with 3 repairs 1.6 | 8.515€-12 | 360°] uniform | 10%
24 7 |ID Repair| 24a: S&R 20° ID repair / wo SS weld ] o ] 1.6 | as156-12 |360°| uniform [ 10%
25 17 {ID Repair| 25a: surge ID repair / with SS weld 25b: surge ID repair / wio SS weld 1.6 | 8515692 [ 21 [ natural | 26%
26 18 |ID Repair| 26a: surge ID repair / with SS weld o 1.6 | 8515612 |360°| uniform | 10%
27 | 17 ] Axisymm ) 27b: Type 8 surge without SS weld 1.6 | 8515E.12 | 21 | natural | 26%
28 17 JAxisymm| 77 o 28b: Type 8 surge without SS weld o 1.6 | 851512 | 21 | nawral | 26%
29 | 18 | Axisymm | . 29b: Type 8 surge without SS weld |/ - 1.6 | 8.515€-12 [360°| uniform [ 10%
30 [ 18 JAxisymmb " _ 30b: Type 8 surge without SSweld | . 1.6 | 8.5156-12 [360°] uniform | 10%
31 1 | Axisymm [ “31a: Type 1 S&R with SS weld *31b: Type 1 S&R without SS weld 31c: Mod ASME 3/30 Fit | 1.6 | 8.515E-12 |360°| uniform | 10%
32 1 | Axisymm [ *32a: Type 1 S&R with SS weld “32b: Type 1 S&R without SS weld 32c: Mod ASME 3/30 Fit | 1.6 | 8.515E-12 | 360°] uniform | 10%
33 |- 4 | Axisymm | *33a: Type 1 S&R with SS weld "33b: Type 1 S&R without SS weld 33c: Mod ASME 3/30 Fit | 1.6 | 8.515E-12 [360°] uniform | 10%
34 4 | Axisymm | "34a: Type 1 S&R with SS weld “34b: Type 1 S&R without SS weld 34c: Mod ASME 3/30 Fit | 1.6 | 8.515E-12 [360°] uniform | 10%
35 | 6 [Axisymm - - 35c: Mod ASME 3/30 Fit | 1.6 | 8.515€-12 |360°] uniform | 10%
36 | 6 |Axisymm . ~ ] 36c: Mod ASME 3/30 Fit | 1.6 | 8.515€-12 [360°] uniform | 10%
37 6 | Axisymm B ] , 37c; Mod ASME 3/30 Fit | 1.6 | 851512 | 21 | natural | 26%
38 | 6 ]Axisymm] . _ . 38c: Mod ASME 3/30 Fit | 1.6 | 8.515E-12 | 21 | semiellipse [ 26%
39 | 6 [Axisymm] e - . . 39c: Mod ASME 3/30 Fit | 1.6 | 8.515E-12 | 21 | constant | 26%
40 | 6 | Axisymm] o I 40c: Mod ASME 3/30 Fit | 1.6 | 8.515E-12 | 21 | natural | 15%
41 6 |Axisypmm| ) o 41c: Mod ASME 3/30 Fit | 1.6 | 851512 | 21 | natural | 40%
42 6 | Axisymm | "42a: Type 1 S&R with SSweld *42b: Type 1 S&R without SS weld 42c: Mod ASME 3/30 Fit | 1.0 | 4.313E-09 |360°] uniform | 10%
43 6 | Axisymm [ "43a: Type 1 S&R with $S weld *43b: Type 1 S&R without SS weld 43c: Mod ASME 3/30 Fit | 2.2 | 1.530E-14 |360°] uniform | 10%
44 12 | Axisymm [ “44a: Type 1 S&R with SS weld “44b: Type 1 S&R without SS weld 44c; Mod ASME 3/30 Fit | 1.0 | 4.313E-09 |360°]| uniform | 10%
45 | 12 | Axisymm| "45a: Type 1 S&R with SS weld *45b: Type 1 S&R without SS weld 45c: Mod ASME 3/30 Fit | 2.2 | 1.530E-14 |360°| uniform | 10%
46 | 17 | Axisymm| . _____| 46b: Type 8 surge without S5 weld | 1.0] 433609 [ 21 | nawral | 26%
47 17 | Axisymm | _ 47b: Type 8 surge without SS weld 2.2 | 153014 | 21 | natural | 26%
48 | 17 | Axisymm . _ | _48b: Type 8 surge without SSweld |, L 1.6 | 8515612 | 21 | natural | 26%
49 6 |Axisymm| R ] o 49¢c: Mod ASME 3/30 Fit | 1.6 | a.515E-12 [360°f uniform | 10%
50 | 17 | Axisymm | L 1| 50b: Type 8 surge without SSweld | -~ [1.6]8515E12 | 21 | natural | 26%
51 19 [ Axisymm |~ T ___| 51b: Type 8 surge with SS weld ] T | 1.6 | 8s15E-12 | 21 | natural | 26%
52 1 Axisymm | 52d: Type 1 S&R wio SS weld (Interpolated) | 52¢: Mod ASME 3/30 Fit | 1.6 | 8.515E-12 |360°| uniform | 10%
53 [ 17 ] Axisymm _ - | 53b: Type 8 surge without SSweld |~ 1.6 | 8515€-12 [ 21 | natural | 26%
S1 17 | Axisymm | Sia: Type 8 surge with SS weld S1b: Type 8 surge without SSweld | 1.6 | 8.515E-12 {360°| uniform | 10%
S2 | 17 [Axisymm . __ ] S2b: Type 8 surge without SSweld |l . 1.6 | 8.515E-12 {360°| uniform | 10%
S3 | 17 | Axisymm S3b: Type 8 surge without SS weld | - 1.6 | 8515612 | 5.6 | natural | 10%
S4 | 17 | Axisymm o S4b: Type 8 surge without SSweld [ 1.6] 8515612 [Combine 17b + S3b #1
S5 | 17 | Axisymm |, j SSb: Type 8 surge without SSweld |~ B | 1.6 | 8.515E.12 |Combine 17b + S3b #2
S6 17 | Axisymm |, L - _ | seb: Type 8 surge without SSweld |/ L | 1.6 | 8.5156-12 |Combine 17b + S3b #3
S7 | 17 [Axisymm e | _S7b: Type 8 surge without SSweld || ) 1.6 | 8.5156-12 [ Combine 17b + 95%tw
S8 | 19 | Axisymm L S8b: Type 8 surge with SS weld ‘ — 116 | 8515e112 [ 360°[ uniform | 10%
S9 | 17 | Axisymm ) L S9b: Type 8 surge without SS weld | - 1.6 | 8.515E-12 | 2 Case 17b 21:1 flaws

Notes

(1) Asterisk before case number indicates stable crack arrest verified using axisymmetric crack growth solution for uniform depth 360° crack.
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Table 7-2
Geometry and Load Combination for 51 Subject Welds
Loads
P P, Py/(PutPy)
‘ 4 of (ksi) (ksi) -
Type Design nozzles
Min Max Min Max Min Max
la 12 317 | 345 | 007 | 571 | 0.02 | 0.64-
Safety 1b 4 320 | 371 | 078 | 574 | 020 | 0.63
and 2a 8 393 | 420 | 1.04 | 7.63 | 021 | 0.64
Relief
Nozzles | 4 357 1 390 | 235 | 478 | 038 | 057
3 7 316 | 324 | 000 | 670 | 0.00 | 0.67
4 2 345 | 358 | 138 | 489 | 028 | 059
5 3 400 | 420 | 1.12 | 475 | 021 | 0.54
Spray
Nozzles 6 1 384 | 3841 075 | 075 | 0.16 | 0.16
7 2 276 | 3.05 | 1.16 | 480 | 0.30 | 0.61
8 6 524 | 543 | 4.04 | 1358 | 043 | 0.72
Surge
Nozzles | 2 492 | 506 | 665 | 1455| 057 | 0.74
Note:

Pm in this table is based on ASME pressure stress pD/4t, plus dead weight and normal thermal
axial loads divided by metal cross sectional area.
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Table 7-3

Summary Statistics for Wolf Creek Pressurizer Surge Nozzle DM Weld Indications

Reported in October 2006
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Table 7-4
Sensitivity Matrix Case Surface Crack Results
Geometry Case Surface Crack Stability Results {(Press + DW + NT loads and Z-factor for Critical Size)
§ Time Fraction | Crack Max tot | Max Pm | Stability | Support. | Support.
Case & 8 [Nozzle Geometry Ri 1 to TW | Xsection Face Faxial |Basedon| Margin Pm Pb (thick)

¢ |23 Type | Configuration | (in {in) (yrs) Cracked | F (kips) (kips) CF (ksi) Factor (ksi) (ksi)
1 c S&R Config Ta_ [2.585]1.290] 174 0.400 23.40 72.74 2.78 3.10 8.6 17.7
2 C S&R Configla [2.585{1.290] 21.3 0.395 23.12 72.45 2.77 3.33 9.2 17.6
3 [ S&R Config 1a 2.585/1.290 26.3 0.383 22.43 .77 2.74 3.67 10.1 17.9
4 c S&R Config 1b 2.595{1.405 18.0 0.400 26.04 88.68 3.05 2.95 9.0 16.9
5 [ S&R Config 1b 2.595{1.405 25.7 0.381 24.79 87.44 3.00 3.51 10.6 17.2
6 c S&R | Config 2a/2b | 2.810}1.065 3.4 0.435 21.74 82.16 3.67 2.04 15 15.6
7 c S&R [ Config 2a/2b [2.8101.065 105 0.440 22.01 82.43 3.69 2.63 9.7 12.6
8 c S&R Config 3 2.595[1.405] 134 0.399 25.94 74.96 2.58 2.87 1.4 19.2
9 c S&R Config 3 2.59511.405| 322 0.364 23.69 72.11 2.50 4.12 10.3 20.1
10 c spray Config 4 2.005{0.900 21.2 0.389 12.06 39.94 2.88 3.57 10.3 17.4
1 c | spray Config 4 2.005]0.900] 25.3 0.378 1.1 39.59 2.85 3.95 11.3 17.8
12 [+ spray Config 5 2.125(0.780 105 0.436 12.01 4418 3.58 2.76 9.9 13.1
13 c | spray Config 5 2.125]0.780] 13.6 0.427 11.76 43.94 3.56 3.05 10.9 12.6
14 C | spray Config 6 2.850[1.150 Arrest
15 ¢ | spray Config 7 1.55011.045 Arrest
16 c__| spray -Config 7 1.550]1.045 Arrest
17 a_ | surge Config 8 5.920(1.580 Arrest :
17 b | surge Config 8 5.920]1.580 1.2 ] 0240 ] 3580 [ 28991 | 435 | 173 | 75 [ 234
18 a_ | surge Config 8 5.920{1.580 "~ Arrest
18 b | surge Config 8 5.920[1580] 115 [ 0499 | 7422 [ 32834 | 493 | 205 | 101 [ 100
19 b | surge Config 9 5.060|1.470 Arrest
20 b | surge Config 9 5.060|1.470 Arrest
21 a S&R Config la_ [2.585]1.290 0.6 0.212 12.41 61.75 2.36 5.08 12.0 29.0
22 a S&R Config la__ [2.585[1.290 06 0.213 12.44 61.78 2.36 5.58 13.2 27.2
23 a S&R | Config 2a/2b |2.810|1.065 0.4 0.208 10.40 70.82 3.17 3.79 12.0 28.9
23 b S&R | Config 2a/2b [2.810]1.065 0.4 0.275 13.74 74.16 3.32 3.37 11.2 25.7
23 c S&R | Config 2a/2b |2.810]1.065 0.5 0.298 14.91 75.33 3.37 3.55 12.0 271
24 a S&R | Config 2a/2b |2.810]1.065 0.5 0.210 10.49 70.91 3.17 6.09 19.3 29.1
25 a | surge Config 8 5.920|1.580 08 0.173 25.13 279.84 4.20 2.13 9.0 28.9
25 b | surge Config 8 5.920]1.580 05 0.183 21.21 281.33 4.22 2.07 8.7 28.0
26 a | surge Config 8 5.920]1.580 2.2 0.359 53.51 307.62 4.62 2.88 13.3 14.1
27 b | surge bounding 5.920(1.580 13 0.243 36.20 290.32 4.36 1.76 1.1 22.9
28 b | surge bounding 5.920]1.580 2.0 0.271 40.31 294.42 4.42 1.92 8.5 19.2
29 b | surge bounding 5.920]1.580 71 0527 78.39 332.50 4.99 1.47 13 10.3
30 b | surge bounding 5.920] 1.580 Arrest
31 C S&R as-built 1 2.585|1.419] 352 0.369 24.22 73.55 2.50 3.97 10.0 20.0
32 c S&R as-built 2 2.585{1.161 15 0.417 21.50 70.83 3.07 2.58 19 16.9
33 c S&R | bounding S&R }2.595[1.405| 19.8 0.388 25.22 87.87 3.02 3.10 9.4 17.8
34 c S&R | bounding S&R ]2.595|1.405| 14.6 0.407 26.50 89.15 3.06 2.86 8.8 16.4
35 c S&R | bounding S&R |2.810( 1.065 2.9 0.447 22.33 82.75 3.70 1.93 1.2 14.8
36 c S&R | bounding S&R | 2.810] 1.065 3.6 0.434 21.69 82.11 3.67 2.05 1.5 15.6
37 5 S&R | bounding S&R | 2.810]1.065 34 0.332 16.59 77.01 3.44 2.32 8.0 17.7
38 c S&R | bounding S&R | 2.810]1.065 3.4 0.331 16.56 16.98 3.44 - 2.32 8.0 17.7
39 [+ S&R | bounding S&R |2.810] 1.065 3.4 0.340 16.99 77.41 3.46 2.29 7.9 17.4
40 c S&R | bounding S&R {2.810]1.065 3.9 0.308 15.38 75.80 3.39 2.44 8.3 18.6
11 c S&R | bounding S&R |2.810]1.065 2.6 0.357 17.83 78.25° 3.50 2.22 18 17.0
42 c S&R | bounding S&R [2.810]1.065 1.8 0.476 23.79 84.21 3.77 1.68 6.3 12.8
43 c S&R | bounding S&R |2.810]1.065 1.6 0.408 20.41 80.83 3.61 2.27 8.2 17.3
44 c | spray | bounding spray |2.125)0.780 2.9 0.470 12.94 45.11 3.66 2.34 8.6 11.1
45 ¢ | spray | bounding spray {2.125|0.780] 48.1 0.417 11.50 43.67 3.54 2.97 10.5 14.1
46 b | surge | bounding surge |{5.920|1.580 1.1 0.236 35.14 289.26 4.34 1.74 15 23.6
47 b | surge | bounding surge |5.920|1.580 1.5 0.247 36.77 290.88 4.37 1.7 7.5 23.2
48 b | surge bounding 5.920(1.580 1.2 0.240 35.80 289.91 4.35 1.73 15 23.4
49 c S&R bounding 2.810]1.065 3.4 0.435 21.74 717.35 3.46 3.96 13.7 3.7
50 b | surge bounding  {5.920|1.580 1.2 0.240 35.80 287.63 4.32 4.37 18.9 35
51 b | surge bounding 5.060|1.470 Arrest
52 c S&R | example S&R [2.585[1.318] 116 [ 0422 | 2534 [ 7468 | 278 | 288 | 80 [ 160
52 d S&R | example S&R {2.585/1.318 Arrest
53 | b | surge | example surge {5.920[1.580 11 ] 0244 | 3633 [ 29045 [ 436 | 170 [ 74 [ 231
S1 a | surge Config 8 5.920]1.580 Arrest
51 b | surge Config 8 5.920(1.580 1.2 0.489 72,76 326.88 4.91 1.08 5.3 14.6
S2 b | surge Config 8 5.920|1.580 3.4 0518 11.12 331.23 4.97 1.37 6.8 11.5
S3 b | surge Config 8 5.920]1.580 2.2 0.179 26.63 280.74 4.21 2.10 8.8 28.4
S4 b | surge Config 8 5.920(1.580 N/A
S5 b | surge Config 8 5.920{1.580 N/A
S6 b | surge Config 8 5.920{1.580 N/A
S7 b | surge Config 8 5.920]1.580 N/A
S8 b | surge Config 9 5.060{1.470 Arrest
S9 b | surge Config 8 5.920]1.580 N/A
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Table 7-5
Sensitivity Matrix Case Through-Wall Crack Results at 1 gpm or Initial Leak Rate if Higher
Crack
Fraction Face Max tot Max Pm | Support. | Support. | Stability Time Time |Leak Rate

Case and | Xsection Force Faxial Based on Pm Pb (thick) | Margin |since TW |since TW| (gpm @

Step Cracked (kips) (kips) CF (ksi) (ksi) (ksi) Factor (hrs} (days) 70°F)
01¢S13 0.466 21.27 76.61 2.93 6.55 12.78 2.24 2726 114 1.04
02cS14 0.470 27.48 76.82 2.93 6.79 12.25 2.31 3416 142 1.05
03cS15 0.472 27.59 76.93 2.94 7.04 11.70 2.40 4358 182 1.07
04¢S12 0.462 30.06 92.71 3.18 6.95 12.52 2.18 2567 107 1.00
05¢S14 0.466 30.30 92.95 3.19 7.50 11.47 2.35 4328 180 1.00
06¢S13 0.471 23.53 83.96 3.75 6.37 12.95 1.70 752 3 1.04
07¢S21 0.491 24.53 84.95 3.80 7.64 9.62 2.01 1682 70 1.02
08cS12 0.459 29.88 78.91 271 5.79 14.32 2.14 2268 94 1.09
09cS16 0.470 30.56 79.58 2.73 6.84 12.21 2.50 5489 229 1.08
10cS20 0.497 15.42 43.30 312 6.46 1013 2.07 4690 195 1.01
11¢S22 0.506 15.69 43.57 3.14 6.54 9.38 2.08 6251 260 1.04
12¢S17 0.507 13.96 46.13 3.74 6.95 8.82 1.86 2639 110 1.03
13cS18 0.512 14.10 46.28 3.75 7.29 8.03 1.94 3120 130 1.03
14cSna Arrest

15cSna Arrest

16cSna Arrest

17aSna Arrest

17bS00 | 0.243 | 36.18 | 29030 | 4.36 744 ] 237 17 | o T o 2.55
18aSna Arrest

18bS00 | 0523 | 77.93 | 332.04 | 4.98 894 | 875 179 | 0 [ o 2.71
19bSna Arrest

20bSna Arrest

21aS16 0.255 14.95 64.28 2.46 10.86 25.26 4.42 1762 73 1.02
22aS17 0.260 15.23 64.57 2.47 11.78 23.31 4.78 1894 79 1.06
23aS13 0.248 12.38 72.80 3.26 10.92 25.59 3.36 1194 50 1.01
23bS02 0.31 15.55 75.98 3.40 10.13 22.75 2.98 194 8 1.06
23cS16 0.369 18.44 78.87 3.53 10.53 22.76 2.99 1799 75 1.00
24aS15 0.255 12.75 7317 3.27 13.86 20.25 4.24 1607 67 1.03
25aS00 0.175 25.99 280.10 4.20 8.92 28.78 212 0 0 5.28
25bS00 0.185 27.47 281.58 4.23 8.68 217.88 2.05 0 0 6.03
26aS00 0.364 54.17 308.29 4.63 13.12 13.84 2.83 0 0 1.18
27bS00 0.246 36.58 290.69 4.36 7.61 22.68 1.74 0 0 2.50
28bS00 0.355 52.84 306.96 4.61 7.1 16.74 1.67 0 0 2.43
29bS00 0.537 79.95 334.07 5.02 6.91 9.65 1.38 0 0 4.05
30bSna Arrest

31¢S16 0.471 30.90 80.23 273 6.73 12.37 2.46 5656 236 1.06
32¢S11 0.471 24.32 13.66 3.19 6.26 12.86 1.96 1847 77 1.02
33c¢S13 0.460 29.94 92.59 3.18 6.98 12.60 2.20 3374 141 1.00
34cS12 0.468 30.45 93.09 3.20 6.77 12.16 2.12 2346 98 1.06
35c¢S06 0.480 23.98 84.40 3.77 6.13 12.38 1.62 617 26 1.10
36cS08 0.471 23.56 83.98 3.75 6.35 12.89 1.69 857 36 1.05
37¢S19 0.419 20.96 81.38 3.64 6.67 13.98 1.83 1024 43 1.01
38cS19 0.420 21.02 81.44 3.64 6.67 13.98 1.83 1035 43 1.01
39cS19 0.424 21.22 81.64 3.65 6.62 13.82 1.81 993 1 1.03
40cS22 0.410 20.47 80.89 3.62 6.82 14.39 1.89 1151 48 1.01
41cS18 0.434 21.68 82.10 3.67 6.51 13.53 1.77 957 40 1.03
42cS00 0.487 24.36 84.79 3.79 5.96 12.00 1.57 0 0 1.07
43cS09 0.452 22.58 83.00 3N 6.82 14.01 1.84 1035 43 1.00
44cS09 0.528 14.55 46.72 3.79 6.41 8.04 1.69 1228 51 1.01
45¢S19 0.501 13.81 45.98 3.73 7.14 9.10 1.9 3284 137 1.06
46bS00 0.240 35.69 289.80 4.35 7.45 23.25 1.7 0 0 4.63
47bS00 0.248 36.95 291.07 4.37 7.42 23.03 1.70 0 0 1.38
48bS00 0.243 21.53 275.65 4.14 7.18 23.54 1.73 0 0 2.42
49cS30 0.502 25.10 80.71 3.61 10.30 2.68 2.85 4004 167 1.01
500500 0.243 36.19 288.03 4.32 18.70 3.42 4.33 0 0 1.07
51bSna Arrest

52¢S10 | 0470 | 2822 [ 7755 | 289 651 [ 1252 226 [ 1858 | 69 1.00
52dSna Amrest

53bS00 | 0.246 | 36.68 | 290.80 | 4.37 736 | 22.88 169 | 0 | © 2.39
S1aSna Arrest

S1bS00 0.496 73.89 328.00 4.92 5.08 14.01 1.03 0 0 7.39
S2bS00 0.529 78.83 332.95 5.00 6.38 10.72 1.28 0 0 4.87
S3bS00 0.188 28.04 28215 4.24 8.61 27.58 2.03 0 [ 2.43
S4bSna* 0.400 59.53 313.64 4.71 6.75 19.44 1.43 167 7 2.55
S5bSna* 0.400 59.53 313.64 4.1 6.95 20.02 1.48 167 7 2.55
S6bSna* 0.400 59.53 313.64 4.1 6.10 17.57 1.29 167 7 2.55
S7bSna* 0.453 67.50 321.61 483 6.95 19.52 1.44 167 7 2.55
S8bSna Arrest

S9bS00 | 0.322 | 47.95 | 302.06 | 453 724 | 2165 1.60 0 | o 2.55

*Stability results after 7 days of detectable leakage for these multiple flaw cases only (S4b through S7b)
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Table 7-6
Sensitivity Matrix Case Through-Wall Crack Results at Load Margin Factor of 1.2
Crack Max Pm Time lime Time Leak
Fraction Face |Max tot| Based | Support.| Support. | Stability| Time since | since 1| since 1 Rate
Case and | Xsection | Force Faxial | on CF Pm Pb (thick) | Margin | since TW ™w gpm gpm  |(gpm @
Step Cracked (kips) (kips) (ksi) (ksi) (ksi) Factor (hrs) (days) (hrs) (days) 70°F)
01cS36 0.568 33.21 82.55 3.15 3.80 6.89 1.21 5350 223 2623 109 5.81
02¢S37 0.574 33.61 82.95 3.17 3.85 6.43 1.21 6255 261 2839 118 5.89
03cS38 0.580 33.93 83.26 3.18 3.88 595 1.22 1357 307 2998 125 6.22
04cS34 0.558 36.29 98.94 3.40 4.19 1.07 1.23 5252 219 2685 112 5.22
05cS37 0.574 37.36 100.01 3.44 4.15 5.90 1.2% 7615 317 3288 137 5.81
06cS41 0.529 26.45 86.87 3.88 4.70 9.23 1.21 1741 73 989 41 4.04
07cS62 0.573 28.64 89.06 3.98 4.79 5.75 1.20 3389 141 1706 71 5.44
08cS34 0.553 36.00 85.03 2.92 3.58 8.21 1.23 4643 193 2375 99 5.58
09cS41 0.586 38.10 87.13 2.99 3.63 5.93 1.21 8942 373 3453 144 6.56
10cS38 0.582 18.05 45.92 3.31 3.98 5.89 1.20 6450 269 1760 73 3.80
11cS39 0.587 18.21 46.09 3.32 4.09 5.54 1.23 7996 333 1745 73 3.70
12cS33 0.575 15.83 48.00 3.89 4.66 5.69 1.20 3801 158 1163 48 3.54
13cS34 0.582 16.04 48.21 3.91 4.83 5.10 1.23 4414 184 1295 54 3.49
14cSna Arrest
15cSna Arrest
16cSna Arrest
17aSna Arrest
176573 | 0331 | 49.30 | 303.42] 455 | 545 | 1624 | 1.20 829 | 35 | 829 | 35 [ 69.28
18aSna Arrest
18bS21 05917 | 88.03 [34275] 514 [ 615 | 584 ] 1.20 1022 | 43 [ 1022 ] 43 ] 1579
19bS32 Arrest
20bSna Arrest
21aS20 0.270 15.78 65.12 2.49 10.47 24.04 4.21 2272 95 509 >>21 1.28
22aS20 0.271 15.84 65.18 2.49 11.46 22.47 4.60 2295 96 400 >>17 1.25
23a521 0.278 13.91 74.34 3.32 10.05 23.06 3.02 2085 87 891 >>37 1.67
23bS33 0.517 25.84 86.26 3.86 4.64 9.18 1.20 4354 181 4160 173 6.44
23c520 0.387 19.34 79.76 3.57 10.08 21.57 2.83 2296 96 497 >>21 1.27
24aS19 0.270 13.48 73.90 3.30 | 13.31 19.26 4.03 2115 88 508 >>21 1.31
25a575 0.330 49.10 |303.22| 455 5.49 16.36 1.21 1868 78 1868 78 98.51
25bS79 0.329 49.04 303.15| 4.55 5.49 16.37 1.21 1642 68 1642 68 91.86
26aS09 0.383 57.09 | 311.21 4.67 12.24 12.79 2.62 958 40 958 >>40 5.40
27bS68 0.337 50.12 30424 4.57 5.50 15.64 1.20 919 38 919 38 70.43
28bS30 0.424 63.08 [317.20| 4786 5.71 12.00 1.20 655 27 655 27 28.75
29bS08 0.560 83.38 |33750| 507 6.07 8.38 1.20 267 11 267 11 8.49
30bSna Arrest
31cS40 0.588 38.59 87.92 2.99 3.58 6.00 1.20 9163 382 3507 146 6.43
32c¢S31 0.552 28.50 17.84 3.37 4.07 7.91 1.21 3616 151 1769 74 4.80
33cS35 0.560 36.46 99.10 3.40 4.11 6.94 1.21 6338 264 2964 123 5.27
34cS34 0.561 36.51 99.16 3.41 4.11 6.93 1.21 4709 196 2363 98 5.52
35c518 0.528 26.38 86.80 3.88 4.76 9.35 1.23 1393 58 776 32 3.67
36cS24 0.529 26.43 86.86 3.88 4.70 9.24 1.21 1870 78 1013 42 3.99
37¢S57 0.503 25.16 85.58 3.83 4.58 9.14 1.20 2193 91 1170 49 4.97
38c556 0.504 25.21 85.63 3.83 4.58 9.12 1.20 2210 92 1175 49 4.98
39cS55 0.504 25.22 85.64 3.83 4.60 9.16 1.20 2117 88 1124 47 4.87
40cS63 0.501 25.05 85.47 3.82 4.59 9.16 1.20 2424 101 1273 53 5.18
41cS52 0.508 25.39 85.81 3.84 4.60 9.14 1.20 2009 84 1052 44 4.70
42cS15 0.534 26.71 87.13 3.90 4.66 9.12 1.20 927 39 927 39 2.97
43cS30 0.525 26.26 86.68 3.88 4.68 9.21 1.21 2171 90 1135 47 4.84
44cS18 0.581 16.01 48.18 3.91 4.80 5.84 1.23 2125 89 898 37 2.64
45¢S37 0.573 15.78 47.95 3.89 4.69 573 1.21 4397 183 1113 46 3.86
46bS44 0.330 49.07 303.18| 4.55 5.48 16.33 1.20 1755 73 1755 73 73.58
47b585 0.331 49.25 | 303.37| 4.55 5.48 16.32 1.20 534 22 534 22 63.34
48bS76 0.335 29.71 28382 4.26 5.12 16.32 1.20 941 39 941 39 70.05
49c586 0.628 31.37 86.98 3.89 4.67 1.13 1.20 7474 31 3470 145 8.57
50bS150 0.492 73.20 |32504| 4.88 6.14 0.99 1.26 7034 293 7034 293 191.43
51bSna Arrest
52cS35 | 0567 | 34.0/ | 8340 ] 310 | 384 | 687 | 1.24 | 3916 | 163 | 2257 | 94 | 661
52dSna Arrest
53b5103 | 0331 | 49.29 | 30341] 455 | 546 | 1626 | 120 | 1164 | 49 | 1164 | 49 | 42.35
Sl1aSna Arrest
S1bSna Nat Applicable -- @ TW Load Factor = 1.08 (1.03 at first leakage) / 2 days from TW to load factor of 1.0
S2bS01 0.537 [ 79.90 [33401] 501 [ 614 [ 10.28 1.22 82 [ 3MNoen [ 82 [ 3(Noten [ 6.00
S3bS93 | 0.330 | 49.16 |303.27] 455 | 547 | 1630 | 1.20 | 1772 | 74 | 1772 | 714 | 87.49
S4bSna
2222:2 Not Applicable
S7bSna
S8bSna Arrest
S9bSna 0.415 | 6174 [31586] 474 | 517 [ 1481 [ 1.09 | 829 [35(Note2)| 829 [35(Noe2)| 69.28

Note 1: Case S2b showed 4 days from initial leakage (at 4.9 gpm) until load margin factor of 1.20 based on interpolation.
Note 2: Case S9b showed 29 days from initial leakage (at 2.6 gpm) until load margin factor of 1.20 based on interpolation.
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Leak Rate (gpm at 70°F)

Sensitivity Case Matrix

7.
H + 2.0
6.0 I leak rate + 1.8
+ 1.6
| stability margin
50 + Does this point fall
i below the stability + 1.4
margin line?
L load factor of 1.2
40 4 ® T 1.2
110
3.0 1 :
I 1+ 0.8
L & 1
2.0 E| days - 0.6
i £ ]
b5
& +0.4
1.0 |—x40n025 gpm leak rate e
i 102
00 } . 4 L i 1 L 1 i : - - ; ; ! i 00
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Time after Initial Through-Wall Crack (days)
Figure 7-1

lllustration of Approach for Hypothetical Leak Rate and Crack Stability Results
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Sensitivity Case Matrix

| =% Type 1a-1 (base case) === Poly. (Type 1a-1 (base case)) |

80,000
60,000 + — = = e e
y = 1515168.38650x" - 3679386.65241x” + 3143956,32984x” - 952635.91691x + 42800.90186
R? = 0.99155
40,000

20,000 +

Axial Stress (psi)
(=]

-20,000

-40,000

-60,000 ~+

-80,000 t t+ + + t +
0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Nondimensional Distance from ID, x/t

Figure 7-2
WRS Fit for Type 1 Safety and Relief Nozzle Including Effect of Stainless Steel Weld (with
normal operating temperature applied)

| == Type 1a-3 (no SS Weld) —e— ASME Modified per EMC2 == Poly. (Type 1a-3 (no SS Weld)) |

80,000

BIO00) - o o 5 . e <o o

40,000

20,000

Axial Stress (psi)
o

-20,000 -~

-40,000

y = -591849.2769x" + 1207788.1107x° - 618169.1311x + 54261.3841

R’ = 0.9443
SBOLOIO0 om0 B R RS ] i e e Bt
-80,000 - ¢ + +
0.0 0.1 0.2 03 0.4 0.5 0.6 0.7 0.8 0.9 1.0
Nondimensional Distance from ID, x/t
Figure 7-3

WRS Cubic Fit for Type 1 Safety and Relief Nozzle Excluding Effect of Stainless Steel Weld
(with normal operating temperature applied)
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Sensitivity Case Matrix

|—e—Type 1a-3 (no SS Weld) —#— ASME Modified per EMC2 === Poly. (Type 1a-3 (no SS Weld)) \

80,000

60,000 o s e e e e e e e v e . e s e e £
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'60,000 e i i e e Lo e W e A e . PR
180,000 ~ ; ; ;
0.0 01 0.2 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0
Nondimensional Distance from ID, x/t
Figure 7-4

WRS Quartic Fit for Type 1 Safety and Relief Nozzle Excluding Effect of Stainless Steel
Weld with o, set to 54 ksi (with normal operating temperature applied)

|~ 0 —8— 20 === EQUIV AXI REPAIR Poly. (0) === Poly. (20) ]

r = 368125.90618x" - 302363.56840x” - 72263.72562x + 74800.00000
R’ = 0.96857
40000 -+

. 1

Z 20000 |

i

»

3" (I . e R e . e
SOOI o 55 it 5 i o i B e T e OO S i W 7 A 6 g S 50 R
-40000

- -346646.916833x” + 872630.992358x” - 487133.355555x + 27500.000000
F R’ = 0.992444
0.0 0.1 0.2 03 0.4 0.5 06 0.7 08 0.9 1.0
Nondi ional Distance from ID, x/t
Figure 7-5

WRS Fits for Safety and Relief Nozzle with 3D ID Repair Excluding Effect of Stainless Steel
Weld with o, set to 27.5 ksi and 74.8 ksi (with normal operating temperature applied)
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|——Type 8-1 (base case) - * ASME Modified per EMC2 ~ Poly. (Type 8-1 (base case)) }

80,000

y = -631856.99262x" + 1095034.88608x” - 222382.33339x” - 214726.77628x + 33090.33630
R’ = 0.95120

40,000 -

20,000 3

Axial Stress (psi)
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BO000 4 = = = 2o = e B

-80,000 + 4 t t + +
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

Nondimensional Distance from ID, x/t

Figure 7-6
WRS Fit for Type 8 Surge Nozzle Including Effect of Stainless Steel Weld (with normal
operating temperature applied)

E—o— Type 8-3 (no SS Weld) -+ ASME Modified per EMC2 === Poly. (Type 8-3 (no SS Weld))

80,000

y = -379575.57924x" + 629044.56427x" + 51816.32546x° - 305132.55771x + 54000.00000
R? =0.92775
40,000 - — NgZ/TON\ = = = e

20,000 i e T eE S e
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260,000 - = im0 i e e e e e
-80,000 + + t
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Nondimensional Distance from ID, x/t
Figure 7-7

WRS Fit for Type 8 Surge Nozzle Excluding Effect of Stainless Steel Weld with o, set to
54.0 ksi (with normal operating temperature applied)
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—»— Type 8-1 (base case)

-~ - ASME Modified per EMC2 —8— EMC2 NoRepair-WithSS (Left-Right) === Poly. (Type 8-3 (no SS Weld))

80,000
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20,000

Axial Stress (psi)
o
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-40,000 -

160,000 moms
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Figure 7-8
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Nondimensional Distance from ID, x/t

WRS Fit for Type 8 Surge Nozzle Excluding Effect of Stainless Steel Weld (Applied in Case
17b) Compared to DEI and EMC® WRS FEA Results Including Effect of Stainless Steel Weld

|—— Type 9-1 (CE surge) ==—Poly. (Type 9-1 (CE surge)) |
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Figure 7-9
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Nondi ional Dist from ID, x/t

WRS Fit for Type 9 Surge Nozzle Excluding Effect of Stainless Steel Weld with o, set
to -15.2 ksi (with normal operating temperature applied)
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1.E-08

1.E-09

1.E-10

Crack Growth Rate, da/dt (m/s)
o

1.E-12

ZZZZZ] = === MRP-55 Alloy 600

MRP-115 Alloy 182 (n
=1.6)

MRP-115 Alloy 82 (n=
1.6)

MRP-115 Alloy 182 (n
= 1.0)

MRP-115 Alloy 182 (n
=22)

0 10 20 30 40 50 60
Stress Intensity Factor, K (MPaVm)

Figure 7-10
MRP-115 Deterministic Crack Growth Rate Equation for Alloy 82 and 182 (best-fit K-
exponent of 1.6) and Newly Developed Curves for Alloy 182 with 5" and 95" Percentile K-

Exponents (n = 1.0 and 2.2, respectively)

1.0 T T T T T T T 1 P ——
Weld factors for 19 welds of Alloy 82/182/132 i
0.9 4 material with fit log-normal distribution
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