ENCLOSURE 2

CORRECTED DOCUMENTATION FOR
RELIEF REQUEST NUMBER RR 4-18

Discussion

Entergy Nuclear Operations, Inc., (ENO) submitted a proposed alternative (relief
request number RR 4-18) concerning volumetric examinations of the subject branch
connection welds on February 25, 2014 (Reference 1), and supplemental information
was submitted on March 1, March 4, March 6, March 9, and March 11, 2014
(References 2 through 7).

On March 12, 2014 (Reference 8), the NRC staff verbally authorized the use of relief
request number RR 4-18 at PNP until the next scheduled refueling outage,
scheduled in the fall of 2015 (1R24). A NRC safety evaluation detailing the technical
basis for the verbal authorization was subsequently issued on September 4, 2014
(Reference 9). The safety evaluation credited the ENO flaw and structural
evaluation, in addition to the identified hardship and conditions of relief identified in
the proposed alternative, in concluding that ENO had provided sufficient information
to demonstrate reasonable assurance of the structural integrity of the nine subject
welds for one cycle of operation without performing a volumetric examination.

On February 27, 2015, Structural Integrity Associates, Inc. (Sl) verbally notified ENO
of a discrepancy discovered in the residual stress calculation (Calculation No.
1200895.306) that was submitted on March 6, 2014 (Reference 4). In a letter to
ENO dated March 6, 2015, Sl stated that the discrepancy was discovered in the load
application for the normal operating conditions (NOC) evaluation. Specifically, the
inside diameter surface elements adjacent to the circumferential free end and the
axial free end of the hot leg pipe did not receive pressure loading (i.e., the effective
pressure was 0 psig), while the remaining internal surfaces were pressurized to
2,122 psig for the NOC cycles.

The pressure application for the hydrostatic test condition in the calculation was also
reviewed, and the same pressure discrepancy was discovered. However, the
application and subsequent removal of the erroneous hydrostatic test pressure
loading did not significantly affect the residual stress condition at 70°F, indicating that
applied pressure did not generate significant yield level stresses in the weld region.

In the case of the NOC evaluation, the stresses generated during the loaded state
were used in subsequent calculations for crack growth life determination. Therefore,
it was necessary to understand how the erroneous pressure application altered the
stress results in the loaded condition. The erroneously applied pressure caused an
unbalanced pressure load, which introduced a bending moment into the hot leg pipe
wall rather than an expected radial and axial expansion typical of internally applied
pressure in the piping. In particular, the induced moment tended to create a
compressive (i.e., less tensile) stress behavior in and around the inside of the
nozzle-to-pipe weld. As a result, the erroneously applied pressure reduced the radial
and hoop tensile stresses at the weld inside diameter rather than increase them.
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The Sl calculations were revised to correct the discrepancy and the associated Sl
reports were updated to reflect the updated calculations. The revised Sl calculations
and updated memorandums are provided in the attachment.

The revised calculations and updated reports are provided for informational purposes
only and do not provide the technical basis for the proposed alternative described in
Enclosure 1.
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ATTACHMENT

The attached Structural Integrity Associates, Inc. reports and calculations are provided for
informational purposes only and do not provide the technical basis for the enclosed
proposed alternative.

1.

Structural integrity Associates, Inc., Letter Report No. 1400669.403.R0,
“Evaluation of the Palisades Nuclear Plant Hot Leg Drain Nozzle for Primary
Water Stress Corrosion Cracking,” Revision 0, dated May 8, 2015.

Structural Integrity Associates, Inc., Letter Report No. 1400669.404.R0,
“Additional Evaluations of the Palisades Nuclear Plant Hot Leg Drain Nozzle for
Primary Water Stress Corrosion Cracking,” Revision 0, dated May 8, 2015.

Structural Integrity Associates, Inc., Calculation 1200895.306, “Hot Leg Drain
Nozzle Weld Residual Stress Analysis and Circumferential Crack Stress Intensity
Factor Determination,” Revision 1, dated May 8, 2015.

Structural Integrity Associates, Inc., Calculation 1200895.307, “Hot Leg Drain
Nozzle Crack Growth Analyses,” Revision 1, May 8, 2015.

Structural Integrity Associates, Inc., Calculation 1200895.308, “Hot Leg Drain

Nozzle Limit Load Analyses for Flawed Nozzle-to-Hot Leg Weld,” Revision 1,
dated May 8, 2015.
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Dear William,

Structural Integrity Associates has been contracted by Entergy to evaluate the Alloy 82/182 full
penetration weld which connects the hot leg to the drain nozzle. The evaluation focuses on the
probability of occurrence of primary water stress corrosion cracking (PWSCC), and the PWSCC
growth of a postulated axial and circumferential flaw in the weld.

The original Memorandum, RAM-14-008 [1], has been revised and reissued as a Letter Report to
incorporate new circumferential and axial crack growth evaluations that were developed due to
an error in an earlier weld residual stress analysis, which generated an inaccurate residual stress
field and resulted in un-conservative crack growth durations.

Finite Element Analyses

A three-dimensional finite element model encompassing 90° of the circumference was
constructed using the ANSYS software [2]. Per Reference 3, the weld was modeled with eighty-
seven nuggets representing the lumped weld beads connecting the hot leg to the nozzle. Figure 1
depicts the finite element model, and Figures 2 and 3 depict the weld and patch nuggets,
respectively.

Analyses were performed for the following steps of construction:

Deposit cladding on hot leg inside surface (ID).

Install drain line nozzle/backing ring and deposit weld.

Remove backing ring and deposit ID patch.

Post weld heat treatment, including creep effects based upon experimental data.
Subject the configuration to a hydrostatic test.

Impose five cycles of “shake down” at normal operating temperature and pressure.

O Lh & L0 b

Stress results normal to a circumferential crack are shown in Figure 4, and those normal to an
axial crack are shown in Figure 5.

Crack tip elements along the nozzle-weld boundary were evaluated at seven depths through the
thickness, and at 0°, 30°, 60° and 90° angular locations, for a postulated circumferential flaw. A
plot of the applied stress intensity vs. crack depth is shown in Figure 6 for the circumferential
flaw.

Assessment of Likelihood of PWSCC Initiation

The likelihood of PWSCC initiation occurring on the wetted Alloy 600 and Alloy 82/182
surfaces of the Palisades hot leg drain nozzle was assessed by Dominion Engineering, Inc. (DEI)
[4]. This assessment concludes that there is a low probability that a stress corrosion crack of
engineering size has initiated in the Alloy 82/182 full penetration branch pipe connection welds
at Palisades, including in the hot leg drain nozzle and full penetration weld. The low probability
of initiation is the result of the nickel-based material being exposed to the post weld heat
treatment (PWHT) applied to the adjacent carbon steel material. The greatly reduced
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susceptibility to the occurrence of PWSCC of Alloy 600 weldments that have been exposed to
PWHT after welding is demonstrated by the following:

e Detailed laboratory investigations including studies that show a very significant
relaxation of the residual stress in the surface layer of the weldment,

e PWR plant experience showing hundreds of cases of PWSCC when the Alloy 82/182 or
Alloy 600 material was not exposed to PWHT, but extremely few cases when the
material was exposed to PWHT subsequent to welding, and,

e the favorable operating temperatures of the Alloy 600 branch connection nozzles at
Palisades (eight operate at the relatively low reactor cold leg temperature, and only the
single hot leg drain nozzle operates at reactor hot leg temperature).

The finite element analyses [3] for the hot leg drain nozzle showed peak total tensile stresses on
the wetted surface for normal operating conditions of 16 to 36 ksi. As discussed in the DEI
letter, given the large demonstrated sensitivity of initiation time to surface stress, there is a low
probability that PWSCC initiation of a flaw of engineering size has occurred on this weldment at
Palisades. Because of the cold leg operating temperature of the nozzles located on the Palisades
cold legs, and because the weld residual stress is expected to be similar for the cold leg locations,
this conclusion extends to the eight cold leg nozzles.

Crack Growth Evaluation

Growth of circumferential and axial flaws was investigated in Reference 5 in order to assess the
consequences of such hypothetical cracking in the case of PWSCC initiation. Using the applied
stress intensity factors described above for a circumferential flaw, crack growth through the
depth of the weld was calculated, and the results are presented in Figure 7 for the circumferential
flaw. For the axial flaw, a conservative classical fracture mechanics solution was used for an
elliptical flaw which has a constant width along the inside surface of the Alloy 600 nozzle and
Alloy 82/182 weld, and a variable depth through the thickness. Three widths for the elliptical
flaw were modeled. Figures 8 and 9 present the applied stress intensity factors vs. crack depth
and crack growth for the axial flaw, respectively. However, more realistic, less conservative
results can be obtained using finite element analysis techniques for the axial flaw as was done for
the circumferential flaw. The crack growth law used in developing these plots is as described in
MRP-115 [6].

As discussed in the DEI letter, laboratory crack growth testing has shown a significant benefit of
PWHT in reducing the crack growth rate for Alloy 182 weld metal (e.g., by a factor of between
two and four). This benefit is conservatively not credited in the MRP-115 crack growth rate
equation for Alloy 182.
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Limit Analysis

Circumferential Cracking:

In the event that circumferential PWSCC were to occur in the Alloy 82/182 full penetration
weld, the variability in residual stress with azimuthal position around the nozzle (for the
geometry of a nozzle welded into a cylindrical pipe) would tend to drive crack growth
through-wall along part of the circumference. This non-axisymmetric crack growth behavior
would be expected ultimately to result in detection of leakage prior to the possibility of
unstable pipe rupture.

At 40 effective full power years, the finite element model described above was modified in
Reference 7 to include “cracking” at the four circumferential locations documented in

Table 3 of Reference 5. This flaw is predicted to be through-wall for 35° in each 90° of arc
(70° for each 180° of the circumference in the final model) using the MRP-115 crack growth
rate equation [6]. The hypothetical partial-arc through-wall circumferential flaw is illustrated
in Figure 10. A limit analysis, as described in ASME Code, Section III, Subparagraph NB-
3228.1 [8], was performed, taking into consideration the effects of the flux Alloy 82/182
weld by decreasing the weld metal effective yield strength by the “Z” factor [9, Appendix C,
C-6330]. The limit analysis results satisfy the Section IlI criteria. The analysis, which
applied Level A Service Limits of the ASME Code, showed that the flaw remains stable at
1.71 times the applied loads.

Axial Cracking:

For the axial flaw, the flaw modeled in ANSYS was initially assumed to be at a depth of 75%
through-wall. The analysis satisfies the ASME Code, Section IlI criteria [8]. Per Figure 9,
this equates to 11.3 effective full power years of operation, assuming a 2" wide axial flaw.
As noted above, if more detailed finite element analyses were performed, there would be an
increase in the effective full power years of operation corresponding to a flaw depth of 75%
through-wall.

Another limit analysis was performed in order to investigate the stability of a hypothetical
axial flaw that has grown through-wall to encompass the entire Alloy 82/182 weld cross-
section and a large portion of the Alloy 600 nozzle. The extent of this conservatively
assumed axial flaw is shown in Figure 11. The analysis, which applied Level A Service
Limits of the ASME Code, showed that the flaw remains stable at 1.87 times the applied
loads. This limit analysis shows that the structural stability provided by the pipe branch
connection geometry would be expected to preclude the possibility of a rupture. Leakage
and not rupture would be the ultimate result of growth of an axial flaw.
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Conclusions

Based on the assessments and calculations performed, it is concluded that the visual
examinations for evidence of pressure boundary leakage required by ASME Code Case N-722-1
are sufficient to ensure that nuclear safety is maintained (i.e., periodic volumetric/surface
examinations for indications of PWSCC are not necessary). The adequacy of visual
examinations to address the PWSCC concern is demonstrated by the following:

e Because of the PWHT of the nickel-based materials, there is a low probability that a
stress corrosion crack of engineering size has initiated on the Alloy 82/182 full
penetration branch pipe connection welds at Palisades. Confidence in this conclusion is
provided by a combination of laboratory investigations, extensive plant experience, the
favorable operating temperatures, and finite element weld residual stress analyses
specific to Palisades.

e In the unlikely case that crack initiation were to occur, crack growth calculations
considering PWSCC as the failure mechanism demonstrate that the hot leg drain nozzle
weldment satisfies ASME Code acceptance criteria (i.e., 75% through-wall) for 20
effective full power years for a circumferential flaw, and 11.3 years for an axial flaw.
These results are highly conservative in that they assume a crack could initiate, that a
crack initiates immediately at the start of plant operation, and that a conservative limit
load analysis is satisfied. In the unlikely case that a crack has already initiated, it would
most likely have occurred closer in time to today than to plant startup.

e The ultimate result of any circumferential or axial cracking would very likely be
detection of leakage prior to the possibility of unstable pipe rupture. In the unlikely case
of initiation of an axial crack and the unlikely case that an axial crack were to exceed a
depth of 75% through-wall, the structural stability provided by the pipe branch
connection geometry would be expected to preclude the possibility of a rupture. Leakage
and not rupture would be the ultimate result of growth of an axial flaw. Similarly, in the
unlikely case of initiation of a circumferential crack and the unlikely case that a
circumferential crack were to exceed a depth of 75% through-wall, non-axisymmetric
crack growth behavior would be expected ultimately to result in detection of leakage
prior to the possibility of unstable pipe rupture. The periodic visual examinations for
evidence of leakage that are performed during every refueling outage for the hot leg drain
nozzle per ASME Code Case N-722-1 are direct examinations of the metal surface that
are capable of detecting small amounts of pressure boundary leakage.

Finally, the potential presence of weld repairs made during plant construction would not affect
these conclusions. Any such weld repairs would have been made prior to PHWT being applied,
and would be expected to extend over a relatively limited circumferential portion of the original
weld. The PWHT would relax the residual stresses in the weld repair area, including the
substantial relaxation expected at the surface exposed to primary coolant. Moreover, in the
unlikely case that initiation occurred in the area of a weld repair, the weld repair would be an
additional source of non-axisymmetric crack loading that would tend to drive crack growth
through-wall over a relatively local circumferential region, ultimately resulting in detection of
leakage prior to the possibility of unstable pipe rupture.
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These conclusions extend to the pipe connection Alloy 82/182 full penetration weldments on the
reactor cold legs at Palisades. The assessments presented above for the single hot leg location
clearly bound the concern for PWSCC at each of the cold leg locations. The susceptibility to
PWSCC initiation is greatly reduced for nickel-based weldments operating at reactor cold leg
temperature, and the PWSCC growth rate at reactor cold leg temperature is approximately four
times lower than the corresponding crack growth rate at reactor hot leg temperature (considering
the standard thermal activation energy for crack growth of 130 kJ/mole per MRP-115 [6]). The
PWHT applied to the cold leg locations is expected to result in similar residual stress levels as
those calculated for the hot leg drain nozzle.
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Figure 1. Finite Element Model

ﬁmwwkymm nc®




William Sims May 8, 2015
Report No. 1400669.403.R0

Page 8 of 17
Evaluation of the Palisades Nuclear Plant Hot Leg Drain Nozzle for Primary Water Stress
Corrosion Cracking

MAIN
WELD

it 3
=2

DRAINNOZZLE

1 8&’:{ 2

1 -
BACKING RING

Figure 2. Weld Nuggets

ﬁmmm inc®



William Sims May 8, 2015
Report No. 1400669.403.R0 Page 9 of 17
Evaluation of the Palisades Nuclear Plant Hot Leg Drain Nozzle for Primary Water Stress
Corrosion Cracking

DRAIN NOZZLE

ID PATCH WELD

Figure 3. Patch Nuggets
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Figure 4. Radial Stresses at Operating Conditions
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Figure 5. Circumferential Stresses at Operating Conditions
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Note: Wall Thickness is 4".
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Note: Flaw is Located at the Nozzle-Weld Interface.
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Dear William,

The original Memorandum, RLB-14-001 [1], has been revised and reissued as a Letter Report to
incorporate new circumferential and axial crack growth evaluations that were developed due to
an error in an earlier weld residual stress analysis, which generated an inaccurate residual stress
field and resulted in un-conservative crack growth durations.

The original series of Structural Integrity (SI) calculations, Reference 2, 3 and 4 (in Revision 0
form) were revised and the initial results updated in Reference 5 in order to justify that there was
no structural integrity/safety issues resulting from circumferential and axial-radial flaws in the
Alloy 182 small bore nozzle-to-main loop piping weld that were assumed to initiate at plant
startup and grow due to Primary Water Stress Corrosion Cracking (PWSCC).

The original inaccurate results, documented in Reference 6, were submitted to the Nuclear
Regulatory Commission (NRC) as part of Relief Request Number RR 4-18 [7]. During a
conference call with the NRC staff on March 7, 2014, the NRC staff expressed concerns about
the potential for leakage from an axial flaw. The NRC staff indicated that in addition to
demonstrating reasonable assurance of structural integrity, a second criterion is to demonstrate
reasonable assurance of leak tightness over the operating period covered by the relief request.

Finally, the NRC staff indicated its preference that the residual stresses, assumed in the crack

growth calculation, should reflect the presence of a substantial ID weld repair at the hot leg drain
nozzle-to-hot leg piping weld.
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In response, SI performed additional PWSCC based crack growth evaluations with increased
hoop stresses, which are intended to bound the effects of any weld repairs that might be present
in order to demonstrate reasonable assurance of leak tightness. The evaluations conservatively do
not take credit for time to crack initiation or crack growth rate reductions due to Post Weld Heat
Treatment (PWHT). The revised crack growth calculations also remove unnecessary
conservatisms previously assumed with regard to operating temperature and the initial flaw
depth. These additional evaluations and results have been updated in response to the original
residual stress error and included as part of the revision in Reference 3.

Revised Evaluation Descriptions

The additional evaluations, documented in Reference 3, altered the following inputs to the
original crack growth evaluation (Run 0 in the Table below):

Temperature

The original crack growth evaluation for the axial flaw used a hot leg temperature (Thot) of
593°F, which was based on the Palisades Design Input Record No. EC-LATER [8]. The
document and temperature in question is the plant design normal operating temperature, which
was used for the design and safety calculations. This value does not represent the actual
operating temperature as plants can operate at lower Thot values.

NMC Calculation EA-FC-977-01 [9, Attachment 1, page 6] indicates that a Pre-Uprate Thot was
582.7°F, and the Post-Uprate Thot is 583°F. Therefore, additional crack growth evaluations will
be performed using 583°F. Additional analyses were performed at 580°F to evaluate the impact
of additional temperature reduction on the crack growth.

It should be noted, that per Palisades document Reactor Head projected EDY at end of 1R24 [10]
the reactor head temperature at the end of Cycle 9 (end of cycle: 2/6/1992) was 586.4°F, which is
a difference of approximately (586.4 — 582.7) = 3.7°F between head and hot leg. During cycles 1
and 2 (12/31/1971 to 12/20/1975 and 5/91976 to 1/6/78) the head temperature was 569°F and
575°F, respectively. This would result in hot leg temperatures of approximately 565.3°F and
571.3°F, which are 17.7°F and 11.7°F less than was analyzed for the 583°F case. Considering
these reduced temperatures during early operation, the crack growth evaluations for 580°F and
583°F will tend to be conservative as less crack growth would initially occur.

Reduced Initial Flaw Depth

The original crack growth evaluation for the axial flaw used an initial flaw depth of 0.1 inches.
This initial flaw size was chosen arbitrarily as simply a small flaw. However, as documented in a
letter by Dominion Engineering, Inc. [11], under the very conservative assumption of a flaw that
has initiated immediately upon plant startup, an initial flaw depth of 0.025 inches may
appropriately be assumed. Extensive laboratory PWSCC crack growth rate testing has
demonstrated that long crack growth behavior is exhibited for flaws with depths of only 0.002
inches.
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Note that for these additional axial flaw crack growth evaluations, the surface length will be held
constant at 2 inches, which produced the lowest axial crack growth life of 11.3 years (to 75%
through-wall) in Reference 3. Considering the geometry of the hot leg drain nozzle and its stress
field, the assumed constant surface length of 2 inches is considered a conservative assumption, as
the root of the hot leg drain nozzle-to-hot leg piping weld is approximately 0.5 inches wide,
which leaves 1.5 inches of the flaw in the Alloy 600 nozzle body, which would have a slower
PWSCC crack growth rate than the Alloy 182 weld material.

Modified Hoop Stress Profiles to Address the Possibility of a 50% Through-Wall Weld Repair

During the NRC conference call, it was indicated that an independent residual stress evaluation
had included an ID weld repair. The stresses at the ID were reported to have been reduced, but
the though-wall stresses were about 5 ksi larger than that generated in SI'’s original residual
stress results submitted with the Relief Request [7].

To account for a weld repair, a second hoop stress profile was also evaluated. The new profile
was simply the original profile, increased uniformly by 5 ksi (tensile) and conservatively did not
attempt to take credit for the lower ID stresses. In this manner, the new hoop profile
conservatively bounds the potential presence of a large weld repair on the weld ID.

Flaw Depth Allowed to Grow to 93.125% versus 75%

The original crack growth evaluation for the axial flaw halted the growth evaluation at 75% of
the nominal thickness (i.e. 3 inches). For the evaluations for Thot equal to 583°F, the flaw will be
allowed to grow to 3.725 inches (93.125% of nominal wall) instead of stopping at 3 inches. The
limit of 3.725 inches is based the extent of the hoop stress field data that was extracted in
Reference 3 (see Figure 1). The originally assumed end point of a 75% through-wall flaw
corresponds to the maximum flaw depth allowed by the ASME Code, Section XI [12].

However, an axial flaw that is 93.125% through-wall also meets the criterion of demonstrating
leak tightness.

Crack Growth Evaluations
Thus a total of 4 crack growth evaluations were run: the two temperatures with the Original
stress field, and the new flaw depth and the two temperatures with the revised stress field

(original + 5 ksi) and the new flaw depth.

In addition, flaw growth out to a depth of 3.725 inches (93.125% through-wall) as well as 3
inches (75% through-wall) were reported.

The results and methodology are documented in Reference 3.
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Crack Growth Results

The results of the additional crack growth evaluations are provided in the following table:

Initial Flaw etineriite Time (yrs) to crack to
Run # Stress Field Depth l()OF) a given depth
(inches) 75% 93.125%
0 Original" 0.17 593 11.3 ---
1 Original") 0.025” 580 16.9 22.3
2 Original") 0.025” 583 15.6 20.7
3 Original + 5 ksi® 0.025” 580 12.8 16.6
4 Original + 5 ksi® 0.025” 583 11.8 154

Notes:
1) “Original” indicates the stress field generated in Reference 2, Table 11.
2) “Original + 5 ksi” adds 5 ksi of tensile stress to the “Original” stress field results.

As an example, the K values for the 3.725 inch crack depth cases, Runs 1 through 4, are shown
in Figure 2 and their corresponding crack growth results shown Figure 3.

A direct comparison between Run 0 and Run 1 shows that the reduction of temperature and
initial flaw size produces a beneficial effect on the crack growth time. Compared to the original
analysis, Run 0, to Run 1, the crack growth time increases from 1 1.3 years to 16.9 years to reach
75% through-wall.

A direct comparison of the “Original + 5 ksi” stress field evaluation, Run 3, to Run 0 actually
increased the crack growth time, but not significantly, only increasing the original 11.3 years to
12.8 years. It should be noted that the use of a generic increase of 5 ksi across the entire original
stress field (i.e., full thickness) is very conservative. It should also be noted the advantage of the
reduction in temperature from 593°F to 580°F on PWSCC growth rate.

For the more accurate/realistic evaluations (i.e. actual operating temperature, and growth out to
93.125%, Runs 2 and 4), the crack growth results exceeded the results for the 580°F, 75%
through-wall evaluations (Runs 1 and 3). The improvement is 20.7 years vs. 16.9 years for
original hoop stress field and 15.4 years vs. 12.8 years for original + 5 ksi hoop stress field. This
is despite the fact that Runs 2 and 4 are evaluated at the slightly greater temperature of 583°F. It
should again be noted that during the plants operation from 12/31/1971 to 1/6/1978 [10], the hot
leg temperatures where approximately 17.7°F and 11.7°F less than was analyzed. Inclusion of
these lower temperatures for the given time periods would further increase the crack growth
time.

It is also recognized that there is still an additional 0.275 inches of base material available to
grow through, before onset of leakage that was not included in the Run 2 and 4 evaluations.

Extrapolating from Figure 3, for the Original Stress Field (Run 2), it is estimated that a total
crack growth time of approximately 22.5 years is required to grow the flaw to 4 inches (i.e.
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through-wall). For the Original Stress Field + 5 ksi (Run 4), it is estimated that a total crack
growth time of approximately 17 years is required to grow the flaw through-wall.

Conclusions

Using accurate operating conditions and a more appropriate initial flaw size and allowing the
flaw to actually grow through-wall, a crack growth evaluation was performed, which indicates
that the total time to grow through-wallthrough-wall is 22.5 years when using the hoop stress
field generated in Reference 2.

Since the SI generated hoop residual stress field did not include an ID weld repair, a second
evaluation was performed with the hoop stress field uniformly increased by 5 ksi (tensile). Using
this conservative stress field the total time to grow through-wall is 17 years.

Finally, the resulting crack growth time is in terms of years of time during which the reactor is at
operating pressure and temperature and not simply years since licensed to operate. Per
Reference 10, the total Effective Full Power Years (EFPY) at the end of the next refueling
outage (1R24) is expected to be 27.61. However, this result is still greater than the 22.5 years
when using the original stress field (Run 2) and the 17 years for original + 5 ksi stress field.

Note that all of the analysis described above do not include the beneficial effects of reduced
PWSCC crack growth rate in Alloy 82/182 weld material that have been subjected to PWHT. As
documented in a second letter by Dominion Engineering, In¢. [13]. on the basis of laboratory
PWSCC crack growth rate testing, French research investigators have developed a disposition
equation that includes a factor of 2 reduction in the crack growth rate as a function of K for
Alloy 182 that has been exposed to PWHT. Using such a factor would increase crack growth
time to 45 years for the original hoop stress field and 34 years for the original + 5 ksi stress field.
Based on these durations, there is 17.4 EFPY margin (45 EFPY-27.6 EFPY) for an axial flaw to
leak based on the original stress field and a 6.4 EFPY margin (34 EFPY — 27.6 EFPY) for
original + 5 ksi stress field.

In addition, all of the analysis presented do not take into account the time to crack initiation. The
results assume that an initial flaw (0.025” or 0.10”) exists at plant startup. Figure 4 shows crack
initiation time verses stress in Alloy 182 material. The plot shows a threshold just above

400 MPa (58 ksi). The maximum ID surface stresses for these components are in the range of 36
to 40 ksi (250 to 275 MPa) as shown in Figures 4 and 5 of Reference 5. Figure 4 shows that in
the range of 250 to 275 MPa no cracks occurred. The longest duration on the figure in which no
initiation occurred is in the order to 10° hours. For this evaluation it is conservatively assumed
that initiation would not occur for at least 10° hours or 11.4 EFPY. Therefore, the total duration
for a flaw to initiate and grow through-wall will be increased by 11.4 EFPY.

The final duration for a flaw to initiate and grow through-wall, including the effects of PWHT on
Alloy 82/182 weld material, is 56 EFPY (45 EFPY + 11 EFPY), based on the original stress
field, and 45 EFPY (34 EFPY + 11 EFPY) for the original + 5 ksi stress field.
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In summary, the crack growth evaluations demonstrate reasonable assurance of leak tightness, in
addition to reasonable assurance of structural integrity, for a period well beyond that covered by
the relief request (i.e., one future cycle of operation).

Prepared by: Verified by:
y2% Mgt 5

5/8/2015 5/8/2015
Richard Bax Date Chris Lohse Date
Associate Senior Consultant, P.E.

Approved by:

/@% 5/8/2015

Richard Mattson Date
Senior Associate, P.E.

cc: Norman Eng
Christine King
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Figure 1 — Hoop Stress Extraction Grid for Axial Crack Growth Evaluation
(Figure is reproduced from Reference 2, Figure 20)
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0.025" Initial Flaw, Original and Original + 5 ksi
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Figure 2 — SmartCrack Stress Intensity Factors for Axial Cracks (Runs 2 and 4)

(0.025 inch Initial Flaw, Original or Original + 5 ksi Stress Field)
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0.025" Initial Flaw, 583 deg F, Original and Original + 5 ksi
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Figure 3 — Crack Depth vs. Time for the Growth of Axial Cracks (Runs 2 and 4)

(0.025 inch Initial Flaw, 583°F, Original or Original + 5 ksi Stress Field, 3.725 inch depth)
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Environment [14, Figure 5]
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1.0 OBJECTIVE

The objective of this calculation package is to document the revised weld residual stress analysis and the
resulting circumferential crack stress intensity factor determination for the hot leg drain nozzle at the
Palisades Nuclear Plant (Palisades).

The revised weld residual stress analysis is based on the latest methodology and process developed by
Structural Integrity Associates (SI). The stress intensity factor determination is performed using finite
element analysis (FEA) for a full circumferential crack in the nozzle-to-hot leg dissimilar metal weld.

Revision 1 corrects an error in the pressure application for the hydrostatic test and normal operating
cycle load steps.

2.0 TECHNICAL APPROACH

The finite element model is obtained from a previous project for Palisades [1] and the weld residual
stress analysis repeats the steps in the previous weld residual analysis [2], but uses the latest weld
residual stress analysis methodology and process developed by SI.

The circumferential flaws are modeled in this calculation and evaluated by finite element analyses.
Hoop stress results in the weld region, corresponding to the hot leg, from the weld residual stress
analysis are extracted to evaluate axial flaws (i.e. flaws aligned with the hot leg axis), which will be
performed in a separate calculation package.

The finite element model includes all components in the post-nozzle installation stage because new
elements cannot be added during an ANSYS FEA. Since all the weld elements need to be included in the
initial model, the element “birth and death” technique in ANSYS is used to initially deactivate the weld
elements, with elements corresponding to the active weld segment reactivated at the melting
temperature, thus simulating the weld metal deposition.

2.1 Material Properties

The revised weld residual stress analysis performed in this calculation uses the material properties
specifically developed in a separate calculation package for weld residual stress analyses [3]. Per the
material designation used in the previous project [1], the following materials are used:

e SA-516 Grade 70:  Hot leg base metal

e ER308L: Hot leg cladding (typical weld metal for Type 304)
e Alloy 82/182: Boss main weld and ID patch weld

e Alloy 600 (SB-166): Drain nozzle
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The material properties for the above materials are tabulated in Tables 1 through 8.

2.2 Finite Element Model for Weld Residual Stress Analysis

The finite element model for the analyses was developed in a previous project for Palisades [1], which
was created using a legacy version of the ANSYS finite element analysis software package [4]. The
finite element model is recreated using a newer version of ANSYS [5] for the analyses in this calculation
to take advantage of the solver and speed enhancements in the newer software release.

The base finite element model for the weld residual stress analysis is meshed with 8-node solid elements
(SOLID185) in ANSYS. This finite element model is shown in Figure 1.

2.3 Finite Element Models with Circumferential Flaws

The intent of the residual stress analysis is to evaluate the fracture mechanics characteristics of
postulated flaws through the nozzle boss weld. The stress intensity factors for a full circumferential flaw
in the nozzle boss weld are determined by finite element analysis using deterministic linear elastic
fracture mechanics (LEFM) principles. As a result, seven fracture mechanics finite element models are
derived to include “collapsed” crack meshing that represent full (360°) circumferential flaws
surrounding the nozzle at various depths within the boss weld.

The circumferential cracks align with the interface between the boss weld and the nozzle. The modeled
crack depths are: 0.13”, 0.57”, 1.21, 1.85”,2.49”, 3.13”, and 3.95".

The modeling of the flaws, or cracks, involves splitting the crack plane and then inserting “collapsed”
mesh around the crack tips followed by concentrated mesh refinements that surround the “collapsed”
mesh, and are referred to as “crack tip elements”. This step is implemented on a source finite element
model without the cracks, which is referred to as the “base model”, and then the crack tip elements are
inserted by an in-house developed ANSYS macro (see Appendix A for file listing).

For the fracture mechanics models, 20-node quadratic solid elements (SOLID95) are used in the crack
tip region, while 8-node solid elements (SOLID45) are used everywhere else in the model. The mid-side
nodes for the SOLID95 elements around the crack tips are shifted to the “quarter point™ locations to
properly capture the singularities at the crack tips, consistent with ANSYS recommendations. The finite
element model for the 0.13” deep crack, with the crack tip mesh, is shown in Figure 2 as an example; the
crack tip mesh for the other crack depths follows the same pattern.

The quarter point mid-side nodes combined with the extra layers of concentrated elements around the
crack tips, as shown in Figure 2, provide sufficient mesh refinement to determine the stress intensity
factors for the fracture mechanics analyses.

2.4 Welding Simulation

The FEA for predicting the weld residual stresses is performed as a continuous analysis so that the load
history from the cladding is carried over to the boss main weld and then the ID patch weld. Specifically,
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the residual stresses and strains at the end of one weld pass are used as initial conditions for the next
weld pass.

The procedures for this complex multi-step simulation are encoded in ANSY'S Parametric Design
Language (APDL) macros which utilize elastic-plastic material behavior and elements with large
deformation capability to predict the residual stresses due to the various welding processes.

2.5 Heat Inputs

The deposition of the weld metal is simulated by imposing a heat generation function on the elements
representing the active weld, which is applied as a volumetric body heat generation rate. The amount of
equivalent heat input energy, Q (in terms of kJ/inch), is determined from the welding parameters.

Since the welding parameters for the welds are not available, a typical heat input of 28 kJ/in, with an
overall heat efficiency of 0.8, is assumed for all of the welds. The heat efficiency represents a
“composite” value reflecting the concepts of arc efficiency, melting efficiency, etc., and is an optimum
value to produce reasonable heat penetration in the analysis.

The APDL macros automatically calculate the appropriate cooling time intervals for the thermal pass to
ensure that sufficient heat penetration is achieved, the required interpass temperature between weld
passes is met, and a reasonable overall temperature distribution within the finite element model is
achieved. The resulting temperature time history is then imported into the stress pass in order to
calculate the residual stresses due to the thermal cycling of the weld elements using nonlinear, elastic-
plastic load/unload stress reversal relations.

The following summarizes the welding parameters used in the analysis:

e Interpass temperature = 350°F
e Melting temperature = 2500°F
e Ambient temperature = 70°F
e Heat input for all welds = 28kJ/in
e Heat efficiency for all welds = 0.8
e Inside/Outside heat transfer coefficient = 5 Btu/hr-ft’-°F
e Inside/Outside temperature = 70°F
2.6 Creep Properties

Strain relaxation due to creep at high temperature is considered in the post weld heat treatment (PWHT)
step. In general, creep becomes significant at temperatures above 800°F; thus, creep behavior under
800°F will not be considered in this analysis.

There are two main categories of creep: primary and secondary. The primary creep addresses the creep
characteristics for a short duration at the early stages of the creep regime, while the secondary creep
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accounts for the creep behavior for a long duration — usually more than 10,000 hours. Based on this
definition, the PWHT falls within the primary creep characteristics. However, primary creep rates for
materials are difficult to obtain, so the conservative secondary creep rates are used since primary creep
rate is typically an order of magnitude higher than that for secondary creep.

In general, the primary creep rate for the materials is governed by the equation:
ds _
dt

The creep data for the SA-516 Grade 70 hot leg material is based on carbon steel material [6]. The creep

data for the Alloy 82/182 and ER308L weld metals are not available, so the creep properties for their

base metals are used instead. The creep data for Type 304 (for ER308L) is provided in the same
reference as the carbon steel [6], while the creep data for the Alloy 600 (for Alloy 82/182) is provided in

a separate publication [7]. All the creep strengths, o, are provided at two creep rates [6, 7] for each
temperature point.

Ao"

When creep strength is provided at two creep rates at the same temperature point, as listed in Table 9,
then A4 and » can be calculated as follows, where subscripts 1 and 2 refer to the creep data sets 1 and 2:

e =g=4d0" .
dt £
N n N n ln .
g =40, ; &, =40, &
A ) n=——2
L (f_‘-) ln(ﬂj
;, \o 2

&1 o, A=2

In - |=h In| — o-l"

&, 72
2.7 Mechanical Load Boundary Conditions

For the weld residual stress and all of the LEFM analyses, the mechanical load boundary conditions
for the stress analysis are symmetric boundary conditions on the symmetry planes of the model, and
axial displacement couplings on the ends of the drain nozzle and hot leg piping, as shown in Figure 3.

3.0 ASSUMPTIONS

The following assumptions are used in the analyses:

e The hot leg cladding material is assumed to be ER308L, which is a common weld metal for
Type 304 stainless steel cladding.
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e The modeled circumferential flaws are assumed to align with the boss weld and nozzle interface,
which represents a potential crack path of the susceptible material.

e The welding interpass temperature is assumed to be 350°F, which is a typical parameter for
residual stress analysis.

e The metal melting temperature is assumed to be 2500°F, which is the temperature point where
the strength of the material is set to near zero [3].

e The analysis is performed with an ambient temperature of 70°F.

e The exposed surface of the model is subject to a typical ambient air cooling convection film
coefficient of 5 Btu/hr-ft>-°F at a bulk temperature of 70°F. The exposed surface is defined as
the external surface of the model excluding the symmetry planes and geometric ends.

e The focus of this analysis is the residual stresses in the drain nozzle boss weld region, while the
detailed interaction between the clad buildup and the hot leg base metal is secondary. Therefore,
the clad is assumed to be fully deposited in a one-layer single pass process.

e The boss main weld is represented by an 80-bead process, as shown in Figure 4, with each bead
represented by a one pass “bead ring” nugget. This approach is a common and acceptable
industry practice when information regarding the bead start/stop position and sequencing are
unknown.

e Similarly, the ID patch weld is represented by a 7-bead process, as shown in Figure 5, with each
bead represented by a one pass “bead ring” nugget.

e For modeling simplicity, the penetration hole is present during the deposition of the clad. This is
acceptable since any localized stress that would have developed without the hole is relieved
when the material is removed from the pipe.

e For convenience, the modeled ID patch weld shares the same geometry as the backing ring for
the main weld.

4.0 WELD RESIDUAL STRESS ANALYSIS

The weld residual stress analysis consists of a thermal analysis to determine the temperature distribution
followed by a stress analysis to determine the resulting stresses. The analytical sequence described
below is used in the finite element analysis, followed by detailed discussions of the steps:

1. Deposit clad on hot leg pipe inside (ID) surface.

2. Install drain nozzle, backing ring, and deposit boss main weld.

3. Remove backing ring and deposit ID patch weld.

4. Post weld heat treatment.

5. Subject the configuration to hydrostatic test.

6. Impose 5 cycles of “shake down” with normal operating temperature and pressure.
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4.1 Hot Leg Cladding

The clad material is typically welded onto the inside surface of the hot leg pipe, and the nominal
thickness of the clad is thicker than the typical thickness for a single weld layer used in the process.
However, the focus of this analysis is on the as-welded residual stresses, while the detailed interaction
between the clad buildup and the base material during the many actual weld passes is not of interest.
Therefore, the clad is assumed to be fully deposited in a single pass.

At this step, only the hot leg pipe base metal elements and clad material elements are active; all other
components are deactivated. At the end of the cladding application, the entire model is cooled to 70°F
before the application of the boss main weld.

4.2 Boss Main Weld

The main weld connects the drain nozzle boss to the hot leg piping. As shown in Figure 4, the weld is
composed of 80 nuggets deposited in 30 weld layers. In the absence of detailed weld fabrication

information, a weld sequence is assumed based on standard welding practice at the time of fabrication.
In particular, for every layer, the first nugget is deposited on the hot leg side, the second nugget on the
nozzle side, and the remaining nuggets (if any) are added in the radial direction from hot leg to nozzle.

At this step, the drain nozzle elements and backing ring elements are reactivated, and the boss main weld
nuggets are reactivated sequentially to simulate the welding process. At the end of the boss main weld,
the entire model is cooled to 70°F before the application of the ID patch weld.

4.3 ID Patch Weld

The final weld step is to add the ID patch weld, which replaces the backing ring. As seen in Figure 5,
the ID patch weld is composed of 7 nuggets deposited in 2 layers.

At this step, the backing ring is first deactivated to allow the residual stresses to redistribute, and the ID
patch weld nuggets are reactivated sequentially to simulate the welding process. At the end of the ID
patch weld, the entire model is cooled to 70°F before the application of the PWHT.

4.4 Post Weld Heat Treatment

An important reason for performing PWHT is to relieve the residual stresses from welding. PWHT is
assumed to be performed as per the following procedure outlined in Article 5, paragraph 1-731.3.1-d of
USA Standard B31.7 [8]:

1. Heat welded piping component to 1125°F at a heating rate of 200°F per hour.
2. Hold at temperature for approximately 4 hours (1hr/in of weld thickness).

3. Allow to cool to 600°F at a cooling rate of 200°F per hour.
4

. Air-cool from 600°F to ambient.
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5. A steady state load step is imposed at the end of the PWHT process.

During the PWHT, creep behavior is activated for time steps with the maximum temperature above
800°F. At the end of the PWHT, the entire model is cooled to 70°F before the application of the
hydrostatic test.

4.5 Hydrostatic Test

A hydrostatic test pressure of 3.125 ksi [9, page 9] is applied after the welding. The pressure is applied
on the ID surfaces of hot leg pipe and nozzle. End-cap traction loads, Pend-cap-nozzle and Pend-cap-hi, are
applied at the free ends of the drain line nozzle and hot leg piping, respectively. These are calculated
based on the following expressions:

P*r?

Pend—cap-noule = 2 mﬂdg

r(mt.wde - rinside
where,
P = Hydrostatic test pressure (ksi)
Pend-capnozzle = End cap pressure on drain line nozzle end (ksi)
Tinside = Inside radius of drain line nozzle (in)
Toutside = Qutside radius of drain line nozzle (in)
and,

Prec i w
Pend-cap—hl = 2 ;

rautsia'e'hl -r inside _hl

where,
P = Hydrostatic test pressure (ksi)
Pend-cap-h = End cap pressure on hot leg pipe end (ksi)
Finside_hl = Inside radius of hot leg pipe (in)
Foutside_hl = QOutside radius of hot leg pipe (in)

The applied pressure loads on the model are shown in Figure 6.

4.6 Five Normal Operating Cycles (NOC)

After the hydrostatic test, the assembled configuration is put into service and subjected to 5 cycles of
shake down to stabilize the as-welded residual stresses. This step involves ramping the model from zero-
load to steady-state conditions at normal operating temperature and pressure simultaneously then back to
steady-state at 70°F and no pressure five times.
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The applied operating pressure is 2.122 ksi and temperature is 593°F [10]. The temperature is assumed
to be uniform throughout the components and operating pressure is applied as an internal pressure on the
ID surface, with corresponding end cap pressures calculated using the equations in the previous section.
The term “P” is replaced by the operating pressure in the expressions.

5.0 RESULTS OF WELD RESIDUAL STRESS ANALYSIS

The ANSYS input files and computer output files for the analyses are listed in Appendix A.

5.1 Welding Temperature Contours

The maximum temperature prediction contours for each weld are created using a macro MapTemp.mac.
This type of contour plot is also called a “fusion boundary” plot because it provides an overview of the
maximum temperature on each node throughout the thermal transient for each welding process. The
plots are useful in visualizing the melting of weld metal and the extent of heat penetration.

The predicted fusion boundary contours for the cladding, main weld, and ID patch weld are shown in
Figures 7, 8, and 9, respectively. The purple color in the plots represents elements at melting
temperature; the plots show complete melting of the weld metal for each weld and slight melting of the
base metal along the weld interface.

5.2 PWHT Temperature Results

Figure 10 plots the inside surface temperature curve for the PWHT process. It shows the linear
200°F/hour heating rate, four hours (240 minutes) hold time at 1125°F, 200°F/hour cooling rate at
temperature above 600°F, and the air cooling to room temperature of 70°F.

5.3 Residual Stress Results

Figure 11 plots the von Mises residual stresses after welding is complete, but before PWHT. It shows
extensive residual stresses of greater than 66 ksi in the weld material. However, as shown in Figure 12,
after the PWHT the residual stresses in the weld have relaxed significantly, to below 41 ksi, but the
residual stresses in the cladding remain essentially unchanged.

To further investigate the effects of the PWHT, before and after PWHT residual stresses are extracted
along the two through-wall paths shown in Figures 11 and 12. The through-wall residual stresses are
compared in Figure 13, and it shows that there is little to no stress reduction in the clad material, while
there is significant stress reduction in the pipe base metal.

The PWHT results from the FEA trend comparably well with the data in EPRI report TR-105697 [12],
which contains a comparable through-wall clad residual stress distribution based on experimental
measurements, as shown in Figure 14. The experimental measurements were for a low alloy steel vessel
with a Type 304 stainless steel clad. The data shows tensile hoop stress through the clad thickness and
the base metal near the clad interface, but the hoop stress drops rapidly to compressive values at farther
distances from the clad.
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Figure 15 depicts the predicted von Mises residual stresses after the hydrostatic test. It shows a reduction
in maximum stress when compared to the post-PWHT step: 62.24 ksi (Figure 15) versus 73.75 ksi
(Figure 12), while the overall stress distributions between the two stages remain fairly similar.

Figures 16 and 17 depict the combined weld residual plus operating radial and hoop stresses at the fifth
stabilization NOC cycle, respectively. The stress results at this step are used in the fracture mechanics
evaluations.

6.0 K CALCULATION FOR CIRCUMFERENTIAL CRACKS

The stress intensity factors (Ks) for the circumferential cracks are calculated using the KCALC feature
in ANSYS which is based on the LEFM principle. For the LEFM evaluation, only the elastic properties
in Tables 1 through 4 are used in the FEA, the stress-strain curves and creep properties in Tables 5
through 9 are not used.

6.1 Crack Face Pressure Application

In order to determine the Ks for the circumferential cracks due to residual stresses, the stresses on the
boss weld-to-nozzle interface, at the fifth operating condition (at time = 3046 minutes), are extracted
from the residual stress analysis and reapplied on the crack face as surface pressure loading.
Representative transferred residual stresses onto the crack face for the deepest circumferential crack of
3.95” are shown in Figure 18.

This approach is based on the load superposition principle [11], which is utilized to transfer the stresses
from the weld residual stress finite element model onto the fracture mechanics finite element model that
contains crack tip elements. The superposition technique is based on the principle that, in the linear
elastic regime, stress intensity factors of the same mode, which are due to different loads, are additive
(similar to stress components in the same direction).

The superposition method can be summarized with the following sketches [11, page 66]:
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A load p(x) on an uncracked body, Sketch (a), produces a normal stress distribution p(x) on Plane A-B.
The superposition principle is illustrated by Sketches (b), (c), and (d) of the same body with a crack at
Plane A-B. The stress intensity factors resulting from these loading cases are such that:

Ki(b) = Ki(c) + Ki(d)
Thus, Ki(d) = 0 because the crack is closed, and:
Ki(b) = Ki(c)

This means that the stress intensity factor obtained from subjecting the cracked body to a nominal load
p(x) is equal to the stress intensity factor resulting from loading the crack faces with the same stress
distribution p(x) at the same crack location from the uncracked body.

6.2 Circumferential Crack Stress Intensity Factor Results

The radial stresses on the weld/nozzle interface, as shown at the top of Figure 16, are transferred to the
circumferential cracks as crack face pressure per the superposition principle described above.

Figure 18 depicts, as an example, the transferred radial stresses as crack face pressure for the 3.95” crack
depth. During the crack face pressure transfer, the operating pressure of 2122 psi [10] is added to the
crack face pressure to account for the internal pressure acting on the crack face due to cracking.

Each crack model is analyzed as a steady state stress pass at the operating and reference temperature of
593°F [10] in order to use the material properties at the operating temperature, but without inducing
additional thermal stresses.

At the completion of each analysis, the ANSYS KCALC post-processing is performed to extract the Ks
at each crack tip node around the nozzle. The K results are summarized in Table 10 for various crack
depths “a”. The “K vs. a” trend at the 0°, 30°, 60°, and 90° azimuths are then plotted in Figure 19. The
results are also included in the Excel spreadsheet listed in Appendix A.

7.0 STRESS EXTRACTION FOR AXIAL CRACKS

The axial cracks in the weld region will be evaluated in a separate calculation, designated as SI
Calculation No. 1200895.307. That calculation will use the hoop stresses (corresponding to the hot leg)
on the model symmetry plane at the 0° azimuth location, which represents the cross section with the
most tensile residual stresses, as shown in Figure 17.

7.1 Hoop Stress Extraction for Axial Crack Growth Evaluation

The stress extraction location for the axial crack is defined as a rectangular 2.06”x3.75” grid located on
the axial cut plane of the hot leg (i.e., at the 0° azimuth), as shown in Figure 20. The hoop stresses at the
fifth NOC cycle (with operating loads) are extracted, which are output in terms of Radius, Height, and
Stress.
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The extracted hoop stresses are tabulated in Table 11 for use in the separate axial crack growth
evaluation. The results are also included in the Excel spreadsheet listed in Appendix A.

8.0 CONCLUSIONS

Finite element residual stress and circumferential flaw analyses have been performed on the hot leg drain
nozzle boss weld at Palisades:

e The stress intensity factors for circumferential flaws along the boss/nozzle interface have been
determined using finite element analysis at normal operating conditions combined with residual
stresses; the stress intensity factor results are presented in Table 10 as a function of flaw depth
and azimuth location.

e Hoop stresses at normal operating conditions combined with residual stresses have been
extracted on the hot leg axial cut plane and tabulated in Table 11. The hoop stress results will be
used in a separate calculation to determine crack growth for axial cracks in that plane.
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Table 1: Elastic Properties for SA-516 Grade 70 (<4” Thick)

Temperature | Elastic Modulus Moan Thgrmal Thermal Conductivity Specific Heat
(°F) (x10° ksi) Expansion (Btu/min-in-°F) (Btu/lb-°F)
(x10°8 in/in/°F)

70 29.5 6.4 0.0488 0.103

500 27.3 7.3 0.0410 0.128
700 25.5 7.6 0.0369 0.138
1100 18.0 8.2 0.0290 0.171
1500 5.0 8.6 0.0218 0.198
2500 0.1 9.5 0.0014 0.204

2500.1 N/A 0.0 N/A N/A

Density (p) = 0.283 Ib/in®, assumed temperature independent.
Poisson’s Ratio (v) = 0.3, assumed temperature independent.

Table 2: Elastic Properties for ER308L

Temperature Elastic Modulus Niwn Thgrmal Thermal Conductivity Specific Heat
(°F) (x10° ksi) Expanaion (Btu/min-in-°F) (Btu/lb-°F)
(x10°¢ in/in/°F)

70 28.3 8.5 0.0119 0.116

500 25.8 9.7 0.0151 0.131

700 24.8 10.0 0.0164 0.135
1100 221 10.5 0.0189 0.140
1500 18.1 10.8 0.0212 0.145
2500 0.1 11.5 0.0292 0.159

2500.1 N/A 0.0 N/A N/A

Density (p) = 0.283 Ib/in®, assumed temperature independent.
Poisson’s Ratio (v) = 0.3, assumed temperature independent.
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Table 3: Elastic Properties for Alloy 600

Temperature Elastic Modulus Wean The-rmal Thermal Conductivity Specific Heat
(°F) (x10° ksi) =xpansion (Btu/min-in-°F) (Btu/lb-°F)
(x10° in/in/°F)

70 31.0 6.8 0.0119 0.108
500 29.0 7.6 0.0147 0.120
700 28.2 7.9 0.0161 0.125
1100 25.9 8.4 0.0192 0.139
1500 23.1 9.0 0.0222 0.148
2500 0.1 10.0 0.0306 0.177

2500.1 N/A 0.0 N/A N/A

Density (p) = 0.30 Ib/in3, assumed temperature independent.
Poisson’s Ratio (v) = 0.29, assumed temperature independent.

Table 4: Elastic Properties for Alloy 82/182

Temperature Elastic Modulus Maan The.rmal Thermal Conductivity Specific Heat
(°F) (x10° ksi) Expansion (Btu/min-in-°F) (Btu/lb-F)
(x10¢ in/in/°F)

70 31.0 6.8 0.0119 0.108
500 29.0 7.6 0.0147 0.120
700 28.2 7.9 0.0161 0.125
1100 25.9 8.4 0.0192 0.139
1500 23.1 9.0 0.0222 0.148
2500 0.1 10.0 0.0306 0.177

2500.1 N/A 0.0 N/A N/A

Density (p) = 0.30 Ib/in3, assumed temperature independent.
Poisson’s Ratio (v) = 0.29, assumed temperature independent.
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Table 5: Stress-Strain Data for SA-516 Grade 70 (<4” Thick)

Temperature Strain Stress
(°'F) (infin) (ksi)

0.00128814 38.000

0.00187809 42.000

70 0.00257329 46.000

0.00381110 50.000

0.00600383 54.000

0.00113553 31.000

0.00142679 35.875

500 0.00183954 40.750

0.00261139 45.625

0.00415246 50.500

0.00106667 27.200

0.00132412 32.550

700 0.00166876 37.900

0.00228121 43.250

0.00354341 48.600

0.00116667 21.000

0.05116163 22.125

1100 0.05915444 23.250

0.06794123 24.375

0.07755935 25.500

0.00300000 15.000

0.16717493 15.125

1500 0.16992011 15.250

0.17268761 15.375

0.17547742 15.500

0.01000000 1.000

0.10961239 1.125

2500 0.12781277 1.250
0.14689940 1.375

0.16683167 1.500
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Table 6 Stress-Strain Data for ER308L

Temperature Strain Stress
(°F) (infin) (ksi)

0.00203180 57.500

0.02471351 61.563

70 0.03107296 65.625

0.03861377 69.688

0.04747167 73.750

0.00140089 36.143

0.00714793 40.250

500 0.01065407 44.357

0.01558289 48.464

0.02233857 52.571

0.00132488 32.857

0.00477547 37.125

700 0.00743595 41.393

0.01143777 45.661

0.01727192 49.929

0.00121913 26.943

0.00264833 30.138

1100 0.00404100 33.332

0.00634529 36.527

0.01005286 39.721

0.00117995 21.357

0.05352064 21.563

1500 0.05610492 21.768

0.05878975 21.973

0.06157807 22.179

0.01000000 1.000

0.10961239 1.125

2500 0.12781277 1.250
0.14689940 1.375

0.16683167 1.500

File No.: 1200895.306
Revision: 1

Page 20 of 45

F0306-01R1




gswmmmwm incs

Table 7: Stress-Strain Data for Alloy 600

Temperature Strain Stress
(°F) (infin) (ksi)
0.00157419 48.800
0.01658847 55.300
70 0.02343324 61.800
0.03212188 68.300
0.04291703 74.800
0.00152069 44.100
0.01539220 50.338
500 0.02210610 56.575
0.03072476 62.813
0.04153277 69.050
0.00152128 42.900
0.01634485 49.000
700 0.02334760 55.100
0.03227153 61.200
0.04338643 67.300
0.00155985 40.400
0.02275193 44 475
1100 0.03004563 48.550
0.03888203 52.625
0.04943592 56.700
0.00092641 21.400
0.08827666 22.475
1500 0.09785101 23.550
0.10796967 24.625
0.11863796 25.700
0.01000000 1.000
0.10961239 1.125
2500 0.12781277 1.250
0.14689940 1.375
0.16683167 1.500
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Table 8: Stress-Strain Data for Alloy 182

Temperature Strain Stress
('F) (infin) (ksi)

0.00179032 55.500

0.03456710 60.113

70 0.04292837 64.725

0.05257245 69.338

0.06359421 73.950

0.00164483 47.700

0.02976152 52.313

500 0.03809895 56.925

0.04790379 61.538

0.05929946 66.150

0.00159574 45.000

0.02849157 49.538

700 0.03680454 54.075

0.04663682 58.613

0.05812078 63.150

0.00159073 41.200

0.03568855 44.488

1100 0.04402702 47.775

0.05360088 51.063

0.06449835 54.350

0.00106494 24.600

0.11812735 25.325

1500 0.12540227 26.050

0.13290814 26.775

0.14064577 27.500

0.01000000 1.000

0.10961239 1.125

2500 0.12781277 1.250
0.14689940 1.375

0.16683167 1.500
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Table 9: Creep Properties

(o] h (ksi
Material Tempoerature reep Strength (ksi) A n
(°F) 61 (0.0001%/hr) | o2 (0.00001%/hr) (ksi/hr)
800 19.0 [6] 12.4 [6] 1.26E-13 5.40
SA-516 Gr. 70
900 9.0 (6] 6.7 [6] 3.59E-14 7.80
(Based on 1000 3.5[6] 2.8[6] 2.43E-12 10.32
carbon steel)
1100 1.4 6] 0.8 [6] 2.50E-07 411
800 33.4[6] 25.0 [6] 7.73E-19 7.95
ER308L
900 24.0 [6] 17.6 [6] 5.67E-17 7.42
(Based on 1000 17.6 [6] 11.5 [6] 1.82E-13 5.41
Type 304)
1100 11.5 [6] 7.116] 8.62E-12 478
Alloy 600 800 40.0 [7] 30.0[7] 1.50E-19 8.00
Alloy 82/182 900 28.0[7] 18.0 [7] 2.87E-14 5.21
(Based on 1000 12.5[7] 6.1[7] 3.02E-10 3.21
Alloy 600) 1100 6.87] 3.41[7] 1.72E-09 3.32
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Table 10: Circumferential Crack “K vs. a” Table

Azimuth K (ksi-in”0.5) for Various Crack Depths (inch)

(degree) | 0.13 0.57 1.21 1.85 2.49 3.13 3.95
5
10
15
20
25
30
35
40
45
50
55
60
65
70
75
80
85
90

Notes:
1. The 0° azimuth is at the axial cut plane of the hot leg (see Figure 1).
2. The 90° azimuth is at the circumferential cut plane of the hot leg (see Figure 1).
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Table 11: Hoop Stress Table at 0° Azimuth for Axial Crack Growth Evaluation

Radius i i Radit

0.00 | 0.00 |3551§ 023 | 000 |31.08 046 | 0.00 {2969 069 | 0.00 |3268f 092 | 0.00 [3420§ 1.15 | 0.00 |3521 | 1.38 | 0.00 {3732 160 | 0.00 |39.14 } 1.83 | 0.00 |37.89 § 2.06 | 0.00 |29.58

0.00 | 008 |3455}) 023 | 0.08 [31.04f 046 | 008 |30.02)| 0.69 | 0.08 3271 092 | 0.08 |3461 4 115 | 008 3586 1.38 | 0.08 |3550 160 | 0.08 [36.74 | 1.83 | 0.08 |3646 § 2.06 | 0.08 |26.56

0.00 | 016 |34.08 4 023 | 0.16 3066 046 | 0.16 |2967 )| 069 | 0.16 3240 092 | 0.16 |3513 § 1.15 | 016 [36.10§ 1.38 | 0.16 |3238 ) 160 | 0.16 [33.06 § 1.83 | 0.16 |3580 § 2.06 | 0.16 | 2275

0.00 | 023 |3382 023 | 023 13035} 046 | 023 {2929 069 | 023 [3220 092 | 023 |3540 1.15 | 023 |3542 4 138 | 023 3041 160 | 023 (2528 1.83 | 023 |2323 } 2.06 | 023 |15.19

000 | 031 |33434 023 | 031 3017 f§ 046 | 031 |2926 | 069 | 031 3218 092 | 031 |3497 § 115 | 0.31 3503 § 138 | 031 |3060 ) 160 | 0.31 |1605) 1.83 | 031 |1297 § 2.06 | 0.31 | 1269

0.00 | 039 |3302} 023 | 0.39 [2995f 046 | 039 |2952 ) 069 | 0.39 3193 § 092 | 039 |34054 115 | 039 3595 1.38 | 039 |31.02 160 | 039 {1725} 1.83 | 039 |13.18 | 206 | 0.39 |1252

000 | 047 |3263f 023 | 047 |2969 ) 046 | 047 |2898 || 069 | 047 [31.14 092 | 047 [3319§ 1.15 | 047 |3640 | 1.38 | 047 {3004 | 160 | 047 [18.67 )| 183 | 047 |1353 | 2.06 | 047 |12.67

000 | 055 |3222§ 023 | 055 [2869f 046 | 055 |27.08 | 069 | 055 [29.78 }§ 092 | 055 |3236§ 1.15 | 055 {3337 ) 138 | 055 |2916 | 160 | 055 |2033 § 1.83 | 055 1366 § 206 | 0.55 | 1264

000 | 063 |3150) 023 | 063 |2639 ) 046 | 063 [2413 ) 069 | 063 {2802 092 | 063 |3186§ 1.15 | 063 3072 1.38 | 063 |2847 § 160 | 063 [2148 ) 1.83 | 063 |1352§ 206 | 063 | 1248

0.00 | 070 |2951} 023 | 0.70 {2297} 046 | 070 |21.18}| 069 | 0.70 {2698 §§ 092 | 0.70 {3234 | 1.15 | 0.70 |3165§ 138 | 070 |28254 160 | 0.70 {21858 1.83 | 0.70 |1332} 206 | 0.70 | 1223

000 | 078 |26.12 ) 023 | 0.78 (1899 || 046 | 0.78 |18.44 )| 069 | 0.78 [26.17 || 092 | 0.78 [33.08 4 1.15 | 0.78 (3254 | 1.38 | 0.78 |2906 § 160 [ 0.78 |22.31 )| 1.83 | 0.78 [1321 § 2.06 | 0.78 |11.98

0.00 | 0.86 |2233§ 023 | 086 (1512l 046 | 086 |16.14 j 069 | 086 (2554 | 092 | 0.86 |3359 4 1.15 | 086 [3219§ 1.38 | 086 2950} 160 | 086 [2256 ) 1.83 | 0.86 [13.21 | 206 | 0.86 |11.78

000 | 094 |1839 ) 023 | 094 [1179f| 046 | 094 |1401 ) 069 | 094 {2504 092 | 094 |3368 ) 115 | 094 3171 138 | 094 |2892} 160 | 0.94 |2208 ) 183 | 094 |13204 206 | 0.94 | 1162

000 | 102 |1451 § 023 | 1.02 | 861 046 | 1.02 {1232 069 | 1.02 [2455§ 092 | 102 [3395§ 115 | 1.02 {3137 1.38 | 1.02 [2685§ 160 | 1.02 |2337 | 183 | 1.02 [1323}f 206 | 1.02 | 11.50

000 | 1.09 {1085} 023 | 1.09 | 582 || 046 | 1.09 {1029} 069 | 1.09 {2389l 092 | 1.09 [3416 | 115 | 1.09 {3018 ]| 1.38 | 1.09 2745 160 | 1.09 |2531 f 183 | 109 (1331 § 206 | 1.09 | 11.38

000 | 117 | 764 | 023 | 117 | 365 || 046 | 117 | 848 }| 069 | 1.17 (2297 § 092 | 1.17 |3310 115 | 1.17 (2914 § 138 | 117 |2728§ 160 | 1.17 |2549 4 183 | 117 |1337 § 206 | 1.17 | 1125

000 [ 125 | 497 J 023 | 125 | 167 || 046 | 125 | 650 }| 069 | 1.25 |2209 | 092 | 1.25 |[3238§ 1.15 | 125 [28.94 | 1.38 | 125 2456 | 160 | 1.25 |2436§ 183 | 125 [13.37 § 206 | 1.25 |11.14

000 | 133 | 267 § 023 [ 133 [ 000 § 046 | 133 | 522 § 069 | 1.33 [2141§ 092 | 133 |31.77 § 115 | 133 |2720f 1.38 | 133 [2303 § 160 [ 1.33 12411 § 1.83 | 133 {1327 § 206 | 1.33 | 1107

000 | 141 1072 § 023 | 141 [-166 046 | 141 | 403 || 069 | 1.41 |2076 | 092 | 141 |3033 § 115 | 1.41 |2550 1.38 | 141 [2116 ) 160 | 141 12416} 183 | 141 [1325§ 206 | 1.41 |10.99

000 | 148 |-089§ 023 | 148 |-286 | 046 | 148 | 290 | 069 | 148 |1919 | 092 | 148 (2901 § 1.15 | 148 |2480f 138 | 1.48 [2030 160 | 148 2384 | 183 | 148 [1322§ 206 | 148 [ 1093

000 [ 156 |-219|f 023 | 156 [-405)| 046 | 156 | 1.98 }§ 069 | 1.56 (1794 § 092 | 156 |28.13 § 115 | 1.56 [24.32 | 138 | 1.56 |1988 § 160 | 1.56 |2331 4 183 | 156 [1295¢ 2,06 | 1.56 |10.88

000 | 164 |-318 | 023 | 164 |-499 1 046 | 164 | 058 § 069 | 164 {17281 092 | 164 |27550 1.15 | 164 [2404 | 138 | 164 [1869 ) 160 | 164 |2313 4 183 | 164 |1291 ] 206 | 1.64 |10.82

000 {172 | 400§ 023 | 172 |-564 )| 046 | 1.72 |-034 § 069 | 1.72 |1653 | 092 | 1.72 {2709 115 | 1.72 |2366 ) 1.38 | 1.72 [1911 | 160 | 172 |2320§ 183 | 1.72 |1282% 206 | 1.72 | 10.76

000 | 180 |-467 ) 023 | 180 |-624 § 046 | 180 [-095§ 069 | 1.80 |1597 092 | 180 |2658 | 1.15 | 1.80 2381 138 | 1.80 [1868 f 160 | 1.80 |2328 § 1.83 | 1.80 | 1275} 2.06 | 1.80 [10.72

} 000 | 188 |-521 § 023 | 188 |-673 | 046 | 188 |-183 || 069 | 1.88 (1549 092 | 1.88 |2641 § 1.15 | 188 |2406| 1.38 | 1.88 {18811 160 | 188 {23394 183 | 188 [1368§ 206 | 1.88 | 10.68

000 | 195 |-564 | 023 | 195 |-717 | 046 | 195 |-233 ) 069 | 1.95 |1531 4 0082 | 195 {2638 115 | 195 |2444 || 1.38 | 1.95 [1931 ]| 160 | 195 [2352 0 183 | 195 |13.94) 206 | 195 | 1064

000 | 203 |-609§ 023 | 203 |-756} 046 | 203 |[-282 § 069 | 203 |1533 | 092 | 203 2646 1.15 | 203 |2505 1.38 | 2.03 {1931 | 160 | 203 [2335§ 183 | 203 [1482}) 206 | 203 | 1060

000 | 211 |-643 § 023 | 211 |-791 )| 046 | 211 [-315f§ 069 | 211 | 15384 092 | 211 [2682 ) 1.15 | 211 |2583 | 1.38 | 211 |2000} 160 | 2.11 (2323 § 183 | 211 | 1583 § 2.06 | 2.11 [10.54

000 | 219 |-670 1 023 | 219 |-815}§ 046 | 219 |-328 )| 069 | 219 (1568 ) 092 | 219 12728 115 | 219 [2683 | 1.38 | 219 |2048 | 160 | 219 |2350§ 183 | 219 1600 206 | 219 | 1049

000 | 227 |-690 ) 023 | 227 |-830 f§ 046 | 227 |-355 | 069 | 227 [16.03 || 092 | 227 |28.00 1.15 | 227 |2886 || 1.38 | 227 |23.03 | 160 | 227 |2441 ) 1.83 | 227 |[1783 § 206 | 2.27 | 1049

000 | 234 |-701 § 023 | 234 |-841 §§ 046 | 234 |-364 | 069 | 234 [1638§ 092 | 234 |2885§ 115 | 2.34 [3119 | 138 | 234 [2759 | 160 | 234 |2421§ 1.83 | 234 (1814 § 206 | 234 |1053

000 [ 242 |-7.03 | 023 | 242 [-B41 || 046 | 242 |-364 )| 069 | 242 [1652 | 0.92 | 242 (2916 | 1.15 | 242 |2824 || 1.38 | 242 (2184 | 160 | 242 |16.09 ] 183 | 242 |1839 ) 206 | 242 [ 1069

000 | 250 |-696 | 023 | 250 |-833 § 046 | 250 |-377 | 069 | 250 |1648 ) 092 | 250 |2790§ 1.15 | 2.50 {2587 § 1.38 | 250 2105} 160 | 250 [17.80 4 1.83 | 250 (1891 § 206 | 250 |11.19

000 | 258 |-681 } 023 | 258 |-817 | 046 | 258 |-362 || 069 | 258 [1645]| 092 | 258 2675 1.15 | 258 |2574 )| 1.38 | 258 |26.29 | 160 | 258 |2210 } 1.83 | 258 |2017 | 2.06 | 258 [12.14

000 | 266 |-663 | 023 | 266 |-791 | 046 | 266 |-3.55 § 069 | 266 [1691 | 092 | 266 (2636 1.15 | 266 |2559 | 1.38 | 266 [2744 | 1.60 | 266 |2226 | 1.83 | 266 |2098 | 2.06 | 266 |12.83

000 273 1639 023 | 273 |-755 | 046 | 273 |-3.36 }| 069 | 273 |1647 | 092 | 273 |2589§ 115 | 273 12607 | 1.38 | 2.73 {2879 160 | 273 [23.74 § 183 | 273 |2053 § 2.06 | 273 [13.34

000 | 281 |-600§ 023 | 281 |-729 | 046 | 281 |-263 | 069 | 281 |1552)| 092 | 281 2567 § 1.15 | 2.81 |2630 ) 1.38 | 281 [29.11§ 160 | 281 |2465§ 183 | 281 |2153 ) 206 | 281 |1293

000 289 |-529 § 023 | 289 |-669 || 046 | 289 |-258 || 069 | 289 |1518}| 092 | 289 [2578 ) 1.15 | 2.89 |2712 1.38 | 289 (2924 | 160 | 2.89 [2432§ 183 | 2.89 |21.81 ) 206 | 289 |13.28

000 (297 |-440 | 023 | 297 |-564 || 046 | 297 |-251 || 069 | 297 |1521 ]| 092 | 297 2627 § 1.15 | 297 |2824 | 138 | 297 [29.13 | 160 | 297 |2458 | 1.83 | 2.97 |2290§ 206 | 297 |13.52

000 | 305 |-340§ 023 | 305 |-423 § 046 | 3.05 |-219 }§ 069 | 3.05 |1522 | 092 | 305 [2654 | 1.15 | 3.05 |2857 || 1.38 | 3.05 {2893 | 160 | 3.05 (2427 | 183 | 3.05 {2362} 206 | 3.05 |13.76

000 313 |-238§ 023 | 313 |-300f 046 | 3.13 |-202 )| 069 | 3.13 |1550 092 | 313 {27194 1.15 | 3.13 |2937 || 1.38 | 3.13 (2906 | 160 | 3.13 2453 § 183 | 3.13 |24.03§ 206 | 3.13 | 13.93

000 | 320 |-1.35 4 023 | 320 |-205 | 046 | 320 |-094 | 069 | 3.20 |1647 | 092 | 320 {2760 1.15 | 320 |2943 | 138 | 3.20 {2879 160 | 320 (2470 § 183 | 3.20 |2461}§ 2.06 | 320 |14.03

000 | 328 |-034§ 023 | 328 |-097 || 046 | 3.28 | 0.09 || 069 | 3.28 |17.32}| 0.92 | 328 2837 1.15 | 3.28 |2982 138 | 3.28 [28.35|| 160 | 3.28 2405 1.83 | 3.28 | 2451} 2.06 | 3.28 |14.05

000 | 336 | 065 | 023 | 336 | 017 § 046 | 3.36 | 140 § 069 | 3.36 {1840 092 | 3.36 2909 1.15 | 3.36 |3030| 1.38 | 3.36 |27.79 | 160 | 3.36 |2360§ 183 | 336 |2428) 206 | 3.36 |14.00

000 | 344 | 163 §| 023 | 344 | 131 | 046 | 344 | 312 || 069 | 344 [1954 )| 092 | 344 [2940f 115 | 344 12004 | 138 | 344 2690 160 | 344 |2245§ 183 | 344 |2377 ) 206 | 344 |13.89

000 [ 352 | 259 § 023 | 352 | 249 | 046 | 352 [ 421 || 069 | 352 |2030 092 | 352 {3008 1.15 | 3.52 |30.08 | 138 | 3.52 |2645 160 | 352 {2124 § 183 | 3.52 |2251§ 206 | 3.52 |13.76

000 | 359 [ 352 | 023 | 359 | 363 | 046 | 3.59 | 573 || 069 | 3.59 |21.08 092 | 359 [3069 | 1.15 | 3.59 [30.21 || 138 | 3.59 |2646 | 160 | 3.50 |2048 § 1.83 | 359 |21.69 | 2.06 | 3.59 |14.20

0.00 | 367 | 440 § 023 | 367 | 463 | 046 | 367 | 713 || 069 | 3.67 |2145} 092 | 367 [3146 1.15 | 367 |3029 138 | 367 [27.34 | 160 | 367 (2054 § 183 | 367 |2025§ 206 | 3.67 | 1459

000 | 375 | 520 § 023 | 375 | 551 |l 046 | 3.75 [ 826 || 069 [ 3.75 |21.44 | 092 | 375 [31.72§ 1.15 | 3.75 |2951 | 138 | 3.75 |2749 160 | 3.75 {2079 § 183 | 3.75 |18.34 § 206 | 3.75 | 13.73

Note:
1. Stress (ksi) for each Radius (inches) and Height (inches) extracted per the grid shown in Figure 20.
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/.

Figure 1: Finite Element Model for Residual Stress Analysis

Notes:
1. The 0° azimuth is at the axial cut plane of the hot leg.
2. The 90° azimuth is at the circumferential cut plane of the hot leg.
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Collapsed crack tip mesh

/ Mesh transition to rest of model

Mesh refinement around crack tip

Figure 2: Finite Element Model for the 0.13” Deep Circumferential Crack
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Symmetry displacement constraints

Axial
displacement
couples

Figure 3: Applied Mechanical Boundary Conditions
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Figure 4: Weld Nugget Definitions for the Boss Main Weld
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DRAIN NOZZLE

HOT LEG

ID PATCH WELD

Figure 5: Weld Nugget Definitions for the ID Patch Weld
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TYPE NOM
PRES

Nozzle end cap pressure Y

Hot leg end cap pressure

/

Internal pressure

R e . kS|
AT 6 24578 0T 3 09308 21T ) ce030 902 qgp305 1993 5 455
Figure 6: Applied Hydrostatic and Corresponding End Cap Pressure Loads
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NCOAL SCLDTION

70 610 115 169
. 340 880 150 1420 . 1960
Predicted fusion boundary plot (Purple = Temperature > Melting)

72230

2500 °F

Figure 7: Predicted Fusion Boundary Plot for Cladding
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7 610 1150 T, 1690 2230
v 340 880 1420 1960 2500 °F
Predicted fusion boundary plot (Purple = Temperature > Melting)

Figure 8: Predicted Fusion Boundary Plot for Boss Main Weld
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Figure 9: Predicted Fusion Boundary Plot for ID Patch Weld
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Figure 10: Temperature Curve for PWHT
Note:
1. PWHT temperature history is for an arbitrary ID node on the model.
|
File No.: 1200895.306 Page 35 of 45 |

Revision: 1

F0306-01R1




iiswmmw Associates, inc®

SMN =.055027
SMX =74.7507

Figure 11: Predicted von Mises Residual Stress after ID Patch Weld at 70°F

Notes:

1. Inthe hot leg coordinates, hoop residual stresses along path P1 and axial residual stresses along path P2
are extracted for before and after PWHT.

2. The before and after PWHT through-wall residual stresses are compared in Figure 13.
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NCOAL SCLUTICN

STEP=2261

SUB =1

TIME=3024

SECV (AVG)
SYS=5

MY =.178785
SMN =,019971
SMX =73.75

Figure 12: Predicted von Mises Residual Stress after PWHT at 70°F

Notes:

1. In the hot leg coordinates, hoop residual stresses along path P1 and axial residual stresses along path P2
are extracted for before and after PWHT.

2. The before and after PWHT through-wall residual stresses are compared in Figure 13.
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Figure 13: Residual Stress Comparison for Before and After PWHT
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Figure 14: Measured Through-Wall Residual Stresses for PWHT

Notes:
‘ 1. Figure is obtained from EPRI report TR-105697 [12].
| 2. Measurements show little to no stress reduction in the cladding after PWHT.
3. Measurements show significant stress reduction in the base metal after PWHT.
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NCDAL SOLUTICON

STEP=2263
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TIME=3028
SEQV 0 (AVG)
[l*&(ua .177638

SMN =,01902
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Figure 15: Predicted von Mises Residual Stress after Hydrostatic Test at 70°F
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Figure 16: Predicted Radial Residual Stress + Operating Conditions (5" NOC Cycle)

Note:
1. Radial stresses in the nozzle axis.
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Figure 17: Predicted Hoop Residual Stresses + Operating Conditions (5™ NOC Cycle)

Note:
1. Hoop stresses in the nozzle axis.
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DISPLACEMENT
STEP=1
SUB ~1
TIME~3046
RSYS=0

DMK =.004433
SEPCO=12.7847

Figure 18: Transferred Radial Residual + NOC + Pressure Stresses (3.95” Crack Shown)
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Circumferential Crack FEA "K vs. 2"
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Figure 19: FEA Calculated Circumferential Crack “K vs. a” at Four Azimuth Locations

File No.: 1200895.306 Page 44 of 45
Revision: 1

F0306-01R1



Radius

2.06”

Figure 20: Hoop Stress Extraction Grid for Axial Crack Growth Evaluation
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