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7 SUMMARY

An extensive evaluation has been carried out to characterize the loads and stresses that exist in the
head penetrations at St. Lucie Unit 2. Three-dimensional finite element models were constructed,
and all pertinent loads on the penetrations were analyzed [6]. These loads included internal
pressure and thermal expansion effects typical of steady state operation. In addition, residual
stresses due to the welding of the penetrations to the vessel head were considered.

Results of the analyses reported here are consistent with the axial orientation and location of
flaws that have been found in service in a number of plants. The largest stress component is the
hoop stress and the maximum stresses were found to exist at the attachment weld. The most
important loading conditions were found to be those which reside on the penetration for the
majority of the time. These conditions are the steady state loading and the residual stresses.

These stresses are important because the cracking that has been observed to date in operating
plants has been determined to result from primary water stress corrosion cracking (PWSCC).
These stresses were used in the fracture mechanics calculations to predict the future growth of
flaws postulated to exist in the head penetrations. A crack growth law was developed specifically
for the operating temperature of the vessel head at St. Lucie Unit 2 based on the EPRI
recommendation, which is consistent with laboratory data as well as crack growth results for
operating plants.

The crack growth predictions contained in Section 6 show that the future growth of cracks which
might be found in the penetrations will be typically moderate, however, a number of effective full
power years would be required for any significant extensions.

The examples in Appendix C show that the most important figures used in evaluating the detected
flaws in the head penetrations are Figures 6-2 through 6-10 for the axial surface flaws, and Figure
6-11 for circumferential flaws postulated near the top of the attachment weld. Figures 6-12
through 6-20 provide valuable information on the projected growth of through-wall flaws, but
may be of limited practical application with the current acceptance criteria. However, there is an
important safety aspect to the through-wall flaw evaluation charts in that they demonstrate that
flaw propagation above the weld will be very limited.

7.1 SAFETY ASSESSMENT

It is appropriate to examine the safety consequences of an indication that might be found. The
indication, even if it were to propagate through the penetration nozzle wall, would have only
minor consequences since the pressure boundary would not be broken, unless it were to propagate
above the weld.

Further propagation of the indication would not change its orientation, since the hoop stresses in
the penetration nozzle are much larger than the axial stresses. Therefore, it is extremely unlikely
that the head penetration would be severed.
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If the indication were to propagate to a position above the weld, a leak could result, but the
magnitude of such a leak would be very small, because the crack could not open significantly due
to the tight fit between the penetration nozzle and the vessel head. Such a leak would have no
immediate impact on the structural integrity of the system, but could lead to wastage in the
ferritic steel of the vessel head as the borated primary water concentrates due to evaporation.
Davis Besse has demonstrated the consequence of ignoring such leaks.

Any indication is unlikely to propagate very far up the penetration nozzle above the weld since
the hoop stresses decrease in this direction, causing the indication to slow down and stop before it
reaches the outside surface of the head.

The high likelihood that the indication will not propagate up the penetration nozzle beyond the
vessel head ensures that no catastrophic failure of the head penetration will occur. The indication
will be enveloped in the vessel head itself, which precludes the opening of the crack and limits
leakage.

Summary March 2003
Revision 0



8-1

8 REFERENCES

1. Scott, P. M., "An Analysis of Primary Water Stress Corrosion Cracking in PWR Steam
Generators," in Proceedings, Specialists Meeting on Operating Experience With Steam
Generators, Brussels Belgium, Sept. 1991, pages 5, 6.

2. Mcllree, A. R., Rebak, R. B., Smialowska, S., "Relationship of Stress Intensity to Crack Growth
Rate of Alloy 600 in Primary Water," Proceedings International Symposium Fontevraud II,
Vol. 1, p. 258-267, September 10-14, 1990.

3. Cassagne, T., Gelpi, A., "Measurements of Crack Propagation Rates on Alloy 600 Tubes in PWR
Primary Water, in Proceedings of the 5 th International Symposium on Environmental Degradation
of Materials in Nuclear Power Systems-Water Reactors," August 25-29, 1991, Monterey,
California.

4A. Crack Growth and Microstructural Characterization of Alloy 600 PWR Vessel Head Penetration
Materials, EPRI, Palo Alto, CA. 1997. TR-109136.

4B. Vaillant, F. and C. Amzallag. "Crack Growth Rates of Alloy 600 in Primary Water," Presentation
to the EPRI-MRP Crack Growth Rate (CGR) Review Team, Lake Tahoe, NV, presented
August 10, 2001, and revised October 11, 2001

4C. Vaillant, F. and S. Le Hong. Crack Growth Rate Measurements in Primary Water of Pressure
Vessel Penetrations in Alloy 600 and Weld Metal 182, EDF, April 1997. HT-44/96/024/A.

4D. Framatome laboratory data provided by C. Amzallag (EDF) to MRP Crack Growth Rate Review
Team, October 4, 2001 (Proprietary to EDF).

4E. Cassagne, T., D. Caron, J. Daret, and Y. Lefevre. "Stress Corrosion Crack Growth Rate
Measurements in Alloys 600 and 182 in Primary Water Loops Under Constant Load," Ninth
International Symposium on Environmental Degradation of Materials in Nuclear Power Systems-
Water Reactors (Newport Beach, CA, August 1-5, 1999), Edited by F. P. Ford, S. M. Bruemmer,
and G S. Was, The Minerals, Metals & Materials Society (TMS), Warrendale, PA, 1999.

4F. Studsvik laboratory data provided by Anders Jenssen (Studsvik) to MRP Crack Growth Rate
Review Team, October 3, 2001 (Proprietary to Studsvik).

4G.
a,c,e

4H. "Materials Reliability Program (MRP) Crack Growth Rates for Evaluating Primary Water Stress
Corrosion Cracking (PWSCC) of Thick Wall Alloy 600 Material (MRP-55) Revision 1," EPRI,
Palo Alto, CA:, November 2002. 1006695.

41. "Crack Growth Rate Tests of Alloy 600 in Primary PWR Conditions," Communication from
M. L. Castaflo (CIEMAT) to J. Hickling (EPRI), March 25, 2002.

4J. G.-. mez-BriceZo, D., J. LapeZa, and F Bl<zquez. "Crack Growth Rates in Vessel Head
Penetration Materials," Proceedings of the International Symposium Fontevraud III: Contribution
of Materials Investigation to the Resolution of Problems Encountered in Pressurized Water
Reactors (Chinton, France, September 12-16, 1994), French Nuclear Energy Society, Paris, 1994,
pp. 209-214.

References March 2003
Revision 0



8-2

4K. G.-. mez-BriceZo, D. and J. LapeZa. "Crack Growth Rates in Vessel Head Penetration Materials,"
Proceedings: 1994 EPRI Workshop on PWSCC of Alloy 600 in PWRs (Tampa, FL,
November 15-17, 1994), EPRI, Palo Alto, CA, TR-105406, August 1995, pp. E4-1 through
E4-15.

4L. G.-. mez-BriceZo, D., et al. "Crack Propagation in Inconel 600 Vessel Head Penetrations,"
Eurocorr 96, Nice, France, September 24-26, 1996.

4M. CastaZo, M. L., D. G.-. mez-BriceZo, M. Alvarez-de-Lara, F. Bl<zquez, M. S. Garcia,
F. Hern<ndez, and A. Largares. "Effect of Cationic Resin Intrusions on IGA/SCC of Alloy 600
Under Primary Water Conditions," Proceedings of the International Symposium Fontevraud IV.
Contribution of Materials Investigation to the Resolution of Problems Encountered in Pressurized
Water Reactors (France, September 14-18, 1998), French Nuclear Energy Society, Paris, 1998,
Volume 2, pp. 925-937.

SA. Newman, J. C. and Raju, I. S., "Stress Intensity Factor Influence Coefficients for Internal and
External Surface Cracks in Cylindrical Vessels," in Aspects of Fracture Mechanics in Pressure
Vessels and Piping, PVP Vol. 58, ASME, 1982, pp. 37-48.

SB. Hiser, Allen, "Deterministic and Probabilistic Assessments," presentation at NRC/Industry/ACRS
meeting, November 8, 2001.

6A. [

6B [ 3,

7. USNRC Letter, W. T. Russell to W. Raisin, NUMARC, "Safety Evaluation for Potential Reactor
Vessel Head Adapter Tube Cracking," November 19, 1993.

8. USNRC Letter, A. G Hansen to R. E. Link, "Acceptance Criteria for Control Rod Drive
Mechanism Penetrations at Point Beach Nuclear Plant, Unit 1," March 9, 1994.

9. Materials Reliability Program Response to NRC Bulletin 2001-01 EPRI MRP Report 48 (TP
1006284), August 2001.

10. CEOG Report # CEN-614, 'Safety Evaluation of the Potential for and Consequences of Reactor
Vessel Head Penetration Alloy 600 OD Initiated Nozzle Cracking," December 1993.

1 IA. CE Drawing No. 71172-108-002-E, "Instrument Nozzle Assembly", Revision 1.

113B. CE Drawing No. 71172-112-002-E, "CEDM Nozzle Details",Revision 1.

llC. CE Drawing No. 71172-107-001 -D. "Vent Pipe Assembly", Revision 2.

lI D. CE Drawing No. 71172-171-003-E, "General Arrangement", Revision 3.

12. "CEOG Program to Address Alloy 600 Cracking of CEDM Penetrations Subtask I Nozzle
Evaluation," CE NSPD-903-P. CEOG Task 730, Combustion Engineering Owners Group,
February 1993.

References March 2003
Revision 0



A-i

APPENDIX A

ALLOWABLE AREAS OF LACK OF FUSION: WELD FUSION ZONES

There are two fusion zones of interest for the head penetration nozzle attachment welds, the penetration
nozzle itself (Alloy 600) and the reactor vessel head material (A533B ferritic steel). The operating
temperature of the upper head region of the St. Lucie Unit 2 is 313'C (5960F) and the materials will be
very ductile. The toughness of both materials is quite high and any flaw propagation along either of the
fusion zones will be totally ductile.

Two generic calculations were completed for the fusion zones, one for the critical flaw size, and the
second one for the allowable flaw size, which includes the margins required in the ASME code. The
simpler case is the Alloy 600 fusion zone. where the potential failure will be a pure shearing of the
penetration as the pressurized penetration nozzle is forced outward from the vessel head, as shown in
Figure A-1.

The failure criterion will be that the average shear stress along the fusion line exceeds the limit shear
stress. For the critical flaw size, the limiting shear stress is the shear flow stress. which is equal to half the
tensile flow stress, according to the Tresca criterion. The tensile flow stress is the average of the yield
stress and ultimate tensile stress of the material. The criterion for Alloy 600 tubes in the upper head
region is:

Average shear stress < shear flow stress = 26.85 ksi

This value was taken from the ASME Code, Section III, Appendix I, at 600'E

For each penetration, the axial force, which produces this shear stress, results from the internal pressure.
Since each penetration has the same outer diameter, the axial force is the same. The average shear stress
increases as the load carrying area decreases (the area of lack of fusion increases). When this increasing
lack of fusion area increases the stress to the point at which it equals the flow stress, failure occurs. This
point may be termed the critical flaw size. This criterion is actually somewhat conservative.
Alternatively, use of the Von Mises failure criterion would have set the shear flow stress equal to 60
percent of the axial flow stress, and would therefore have resulted in larger critical flaw sizes.

The allowable flaw size, as opposed to the critical flaw size discussed above, was calculated using the
allowable limit of Section III of the ASME Code, paragraph NB 3227.2. The criterion for allowable shear
stress then becomes:

Average shear stress < 0.6 Sm = 13.98 ksi

where:

Sm = the ASME Code limiting design stress from Section III, Appendix I.

The above approach was used to calculate the allowable flaw size and critical flaw size for the outermost
and center penetrations. The results show that a very large area of lack of fusion can be tolerated by the
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head penetrations. regardless of their orientation. These results can be illustrated for the outermost
CEDM penetration.

The total surface contact area for the fusion zone on the outermost head penetration is 17.4 in2. The
calculations above result in a required area to avoid failure of only 1.45 in2, and using the ASME Code
criteria, the area required is 2.79 in2. These calculations show that as much as 83.9 percent of the weld
may be unfused, and the code acceptance criteria can still be met.

To envision the extent of lack of fusion allowed, Figure A-2 was prepared. In this figure. the weld fusion
region for the outermost penetration has been shown in an unwrapped, or developed view. The figure
shows the extent of lack of fusion allowed in terms of limiting lengths for a range of circumferential lack
of fusion. This figure shows that the allowable vertical length of lack of fusion for a full circumferential
unfused region is 84 percent of the weld length. Conversely, for a region of lack of fusion extending the
full vertical length of the weld, the circumferential extent is limited to 302 degrees. The extent of lack of
fusion which would cause failure is labeled "critical" on this figure, and is even larger. The dimensions
shown on this figure are based on an assumed rectangular area of lack of fusion.

The full extent of this allowable lack of fusion is shown in Figure A-3, where the axes have been
expanded to show the full extent of the head penetration-weld fusion line. This figure shows that a very
large area of lack of fusion is allowed for the outer most penetration. Similar results were found for the
center penetration, where the weld fusion area is somewhat smaller at 16.1 in2.

A similar calculation was also carried out for the fusion zone between the weld and the vessel head, and
the result is shown in Figure A-4. The allowable area of unfused weld for this location is 84.8 percent of
the total area. This approach to evaluating the fusion zone with the carbon steel vessel head is only
approximate, but may provide a realistic estimate of the allowable. Note that even a complete lack of
fusion in this region would not result in penetration nozzle ejection, because the weld to the head
penetration would prevent the penetration nozzle from moving up through the vessel head.

The allowable lack of fusion for the weld fusion zone to the vessel head using the approximate approach
may be somewhat in doubt, because of the different geometry, where one cannot ensure that the failure
would be due to pure shear. To investigate this concern, additional finite element models were
constructed with various degrees of lack of fusion discretely modeled, ranging from 30 to 65 percent.
The stress intensities around the circumference of the penetration were calculated to provide for the
effects of all the stresses, as opposed to the shear stress only, as used above. When the average stress
intensity reaches the flow stress (53.7 ksi), failure is expected to occur. The code allowable stress
intensity is 1.5 Sm, or 35 ksi, using the lower of the Alloy 600 and ferritic allowables at 316'C (600'F).

The results of this series of analyses are shown in Figure A-5, where it is clear that large areas of lack of
fusion are allowed. As the area of lack of fusion increases, the stresses redistribute themselves, and that
the stress intensity does not increase in proportion to the area lost. These results seem to confirm that
shear stress is the only important stress governing the critical flaw size for the vessel head fusion zone
as well.
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Figure A-2 Allowable Regions of Lack of Fusion for the Outermost Penetration Tube to Weld
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Figure A-3 Allowable Regions of Lack of Fusion for the Outermost Penetration Tube to Weld
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APPENDIX B

FLAW TOLERANCE EVALUATION GUIDELINES

The following guidelines are provided to assist in determining the allowable service time for a typical
flaw found during inspections. The section entitled "Additional guidelines" is provided to assist in
evaluating flaws not specifically covered in the enclosed flaw tolerance charts.

Definition of Terms

a = Flaw depth.

t = Wall thickness (0.661 inches for CEDM, 0.407 inches for ICI with
counterbore, and 0.154 for Head Vent).

a/t = Ratio of flaw depth to wall thickness.

d = Distance below or above the weld (See diagram below)

c = Flaw half-length (2c shall be the full length of the flaw)

aspect ratio = 2c/a = Flaw length / depth

The subscript "initial" refers to the state at which the flaw is found

The subscript "final" refers to the state at which the flaw has reached the acceptance criteria (Table 6-1)
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Procedure I (See Example 3 in Appendix C)

Used For:
- Inside, Axial Surface Flaws At the Attachment Weld
- Inside, Axial Surface Flaws 0.5 " or More Above the Weld

I. Determine Location and Orientation of the Flaw
- Axial or Circumferential
- Inside or Outside Surface
- Above, At or Below Attachment Weld
- Uphill or Downhill

2. Go to Table 1-1 to obtain the Penetration Nozzle Locality Angle

3. Identify the Applicable Flaw Tolerance Chart(s)
- At the Weld
- 0.5" Above the Weld

4. Determine the Ratio ainjifit (Flaw Depth / Wall Thickness)

5. Determine the Initial Reference Time for the Flaw
- Draw a horizontal line intersecting the vertical axis at the value of ainilial/t

- Draw a vertical line downward at the point where the horizontal line intersects the applicable
penetration nozzle locality angle curve.
- The initial reference time for the flaw is where the vertical line intersects the horizontal axis.

6. Go to Table 6-1 to Determine Acceptance Criteria
- Acceptance criteria will provide the final allowable flaw depth (afinat)

- Determine the acceptable afinal/t ratio

7. Determine the Final Reference Time for the Flaw
- Draw a horizontal line intersecting the vertical axis at value of allowable afinal/t

- Draw a vertical line downward at the point where the horizontal line intersects the applicable
penetration nozzle locality angle curve.
- The final reference time for the flaw is where the vertical line intersects the horizontal axis.

8. Determine the Remaining Service Life
- Remaining Service Life = Final Reference Time - Initial Reference Time
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Procedure II (See Examples land 4 in Appendix C)

Used For:
- Inside, Axial Surface Flaws 0.5" or More Below the Attachment Weld

Inside, Axial Surface flaws 0.5" or more below the attachment weld may require the use of more
than one flaw tolerance chart. The following guidelines can be used to determine the remaining
service life if the flaw length (2cfinal) grows within 0.5" below the weld before the flaw depth
(aail) reaches the acceptance criteria (Table 6-1).

1. Determine the final length of the flaw (2cfinal)
- Assume initial aspect ratio (2 cinitial/ainitial) is maintained
- Determine allowable flaw depth (afonai ) based on acceptance criteria (Table 6-1)
- Final length equals the product of aspect ratio and allowable flaw depth

2c initial
2cfinal V a final

a initial

2. Determine the distance between the upper extremity of the flaw and the bottom of the weld

d final = d initial - (c final - c initial)

3. Determine if the flaw will grow within 0.5" below the weld
- If dfinal > 0.5", the flaw will not grow within 0.5" below the weld and the remaining service
life can be determined using the guidelines for Procedure 1.
- If dfinal < 0.5", separate charts should be used for the time that the upper extremity grows to
0.5" below the weld, and the time that it grows from 0.5" below the weld to the acceptance
criteria (Table 6-1). Evaluation continues with Step 4 of this section.

4. Determine Location of the Flaw
- Uphill or Downhill

5. Go to Table 1-1 to obtain the Penetration Nozzle Locality Angle

6. Identify the Applicable Flaw Tolerance Charts
- At the Weld and 0.5" Below the Weld

7. Determine the Ratio a/t when the upper extremity of the flaw is 0.5" below the weld.
- Assume initial aspect ratio (2 cinitiai/ainitial) is maintained.
- Determine flaw length (CO5 ' below) when upper extremity reaches 0.5" below the weld.

C0 .5" below = Cinitial + dinitial - 0.5

- Determine flaw depth (ao 5 " be,.ow) at which the upper extremity reaches 0.5" below the weld.
ao.5- below = 2CO 5 below * (ainitial / 

2
cinitial)

- Determine ratio aft

Ratio = ao.5 below /t
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8. Determine the initial reference time for the flaw (use 0.5" below the weld flaw tolerance chart)
- Draw a horizontal line intersecting the vertical axis at the value of ainitial/t.

- Draw a vertical line downward at the point where the horizontal line intersects the applicable
penetration nozzle locality angle curve.
- The initial reference time for the flaw is where the vertical line intersects the horizontal axis.

9. Determine the final reference time for the flaw to grow to 0.5" below the weld (use 0.5" below
the weld flaw tolerance chart)
- Draw a horizontal line intersecting the vertical axis at value of ao5 below/t.

- Draw a vertical line downward at the point where the horizontal line intersects the applicable
penetration nozzle locality angle curve.
- The final reference time for the flaw is where the vertical line intersects the horizontal axis.

10. Determine the Service Life for the flaw to grow to 0.5" below the weld
- Service Lifeo.5 below = Final Reference Timeo.5 below - Initial Reference Timeo.5 below

11. Go to Table 6-1 to Determine Acceptance Criteria
- Acceptance criteria will provide the final allowable flaw depth (afina )

- Determine the acceptable afnal/t ratio

12. Determine the initial reference time for the flaw to grow from 0.5" below the weld to the
acceptance criteria (use at the weld flaw tolerance chart)
- Draw a horizontal line intersecting the vertical axis at the value of ao.5 below /t.
- Draw a vertical line downward at the point where the horizontal line intersects the applicable
penetration nozzle locality angle curve.
- The initial reference time for the flaw is where the vertical line intersects the horizontal axis.

13. Determine the final reference time for the flaw to grow from 0.5" below the weld to the
acceptance criteria (use the at the weld flaw tolerance chart)
- Draw a horizontal line intersecting the vertical axis at value of afina /It.

- Draw a vertical line downward at the point where the horizontal line intersects the applicable
penetration nozzle locality angle curve.
- The final reference time for the flaw is where the vertical line intersects the horizontal axis.

14. Determine the Service Life for the flaw to grow from 0.5" below the weld to the acceptance
criteria.

Service Lifeat weld = Final Reference Timeat weld - Initial Reference Timeat weld

15. Determine the Remaining Service Life
Remaining Service Life = Service Lifeo0 5 below + Service Lifeat weld

See the additional guideline #5 on page B-8 for a quicker, yet more conservative, evaluation of
flaws 0.5" below the attachment weld that cross zones before reaching the acceptance criteria.
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Procedure III (See Example 2 in Appendix C)

Used For:
- Outside, Axial Surface Flaws Below the Attachment Weld

Outside, Axial Surface flaws below the attachment weld may have a flaw length (2cfinai) that will
grow into the weld before its depth (afmal) can reach the acceptance criteria (Table 6-1). The
following guidelines can be used to determine the remaining service life if the upper extremity of
the flaw reaches the bottom of the weld before the acceptance criteria is met.

1. Determine the final length of the flaw (2cfinar)
- Assume initial aspect ratio (2cinitial/ainitial) is maintained
- Determine allowable flaw depth (afnai) based on acceptance criteria (Table 6-1)
- Final length equals the product of aspect ratio and allowable flaw depth

2cinitial
2c final = a final

a initial

2. Determine the distance between the upper extremity of the flaw and the bottom of the weld

d final = d initial - (c final - C initial)

3. Determine if the flaw will grow into the weld
- If dfina > 0, the flaw will not grow into the weld and the remaining service life can be
determined using the guidelines for Procedure I.
- If dfinal < 0, the flaw will grow into the weld and evaluation continues with Step 4 of this
section.

4. Determine Location of the Flaw
- Uphill or Downhill

5. Go to Table 1-1 to obtain the Penetration Nozzle Locality Angle

6. Identify the Applicable Flaw Tolerance Charts
- Outside Surface, Below the Attachment Weld

7. Determine the Ratio a/t when the upper extremity of the flaw reaches the bottom of the weld
- Assume initial aspect ratio (2cjnjtial/ajnjtjal) is maintained
- Determine flaw length (Cbottom of weld) when the upper extremity reaches the bottom of the
weld

Cbottom of weld = Cinitial + dinitial

Determine flaw depth (abottom of weld) at which the upper extremity reaches the bottom of the weld
abottom of weld = 2c bottom of weld * (amitial / 2 cinitial)
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Determine ratio a/t at which the upper extremity reaches the bottom of the weld

Ratio = abottom of weld /t

8. Determine the initial reference time for the flaw
- Draw a horizontal line intersecting the vertical axis at the value of ainitial/t

- Draw a vertical line downward at the point where the horizontal line intersects the
applicable penetration nozzle locality angle curve

- The initial reference time for the flaw is where the vertical line intersects the horizontal axis

9. Determine the final reference time for the flaw to grow to the bottom of the weld
- Draw a horizontal line intersecting the vertical axis at the value of abottom of weld / t.
- Draw a vertical line downward at the point where the horizontal line intersects the

applicable penetration nozzle locality angle curve.
- The final reference time for the flaw is where the vertical line intersects the horizontal axis.

10. Determine the Service Life for the flaw to grow to the bottom of the weld
Service Life bottom of weld = Final Reference Time bottom of weld - Initial Reference Time bottom of weld
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Procedure IV (See Example 5 in Appendix C)

Used For:
- Axial Through- Wall Flaws Below the Weld

1. Go to Table 1-1 to obtain the Penetration Nozzle Locality Angle

2. Identify the Applicable Flaw Tolerance Chart(s)
- Nozzle Locality Angle
- Uphill or Downhill

3. Determine the Initial Reference Time for the Flaw
- Draw a horizontal line intersecting the vertical axis at the value corresponding to the
location of the crack tip with respect to the bottom weld.
- Draw a vertical line downward at the point where the horizontal line intersects the
applicable penetration nozzle locality angle curve.
- The initial reference time for the flaw is where the vertical line intersects the horizontal
axis.

4. Determine the Final Reference Time for the Flaw
- Draw a vertical line downward at the point where the CEDM bottom weld horizontal line
intersects the penetration nozzle locality angle curve.
- The final reference time for the flaw is where the vertical line intersects the horizontal
axis.

5. Determine the Remaining Service Life
- Remaining Service Life = Final reference Time - Initial Reference Time
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Additional Guidelines

1. If a flaw is found in a penetration nozzle for which no specific analysis was performed and there is
a uniform trend as a function of penetration nozzle angle, interpolation between penetration nozzles is the
best approach.

2. If a flaw is found in a penetration nozzle for which no specific analysis was performed and there is
no apparent trend as a function of penetration nozzle angle, the result for the penetration nozzle with the
closest angle should be used.

3. If a flaw is found which has a depth smaller than any depth shown for the penetration nozzle angle
of interest, the initial flaw depth should be assumed to be the same as the smallest depth analyzed for that
particular penetration nozzle.

4. The flaw evaluation charts are applicable for aspect ratio of 6 or less. Consult with Westinghouse if
the as-found flaw has an aspect ratio larger than 6.0.

5. In the Procedure 1I guidelines. flaws whose upper extremities grow within 0.5" below the weld
require the use of both the 0.5" below the weld and "at the weld" flaw tolerance charts. To avoid the use
of these two charts, the "at the weld" charts may solely be used in determining the service life. This shall
provide a conservative estimate of the crack growth due to a larger stress field.

6. All references to service life are in effective full power years.

7. Results are only provided for the uphill and downhill sides of the selected penetration nozzles. If
flaws are found in locations between the uphill and downhill side, use the results for either the uphill or
downhill location, whichever is closer.
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APPENDIX C

EXAMPLE PROBLEMS

The flaw tolerance charts in Figures 6-2 through 6-21 can be used with the acceptance criteria of Section
6.5 to determine the available service life. This appendix uses the guidelines of Appendix B to present a
few examples illustrating the use of these figures. The example cases are listed in Table C-1.

Example 1 - Determine the service life of an axially oriented inside surface flaw whose upper extremity
is located 1.25' below the weld on the uphill side of penetration no. 40, the penetration locality angle
must first obtained from Table 1-1. In this case, the locality angle is 29.1 degrees and the initial flaw
depth is 0.078" (ainitjai) and the initial flaw length is 0.195" (2cinitiai). Assuming that the initial aspect ratio

of 2.5:1 is maintained throughout the time that the inside surface flaw becomes a through-wall flaw, the
final length of the flaw (2cfi-,,) will be 1.653". The upper extremity of the flaw is now located 0.521"
below the weld and validates the use of a single crack growth curve. The crack growth curve for the 29.1
degrees nozzle angle of Figure 6-2 is applicable and Figure 6-2 has been reproduced as Figure C-1. The
flaw is initially 11.8 percent of the wall thickness, and a straight line is drawn horizontally at a/t = 0.118
that intersects the crack growth curve. Using the acceptance criteria in Table 6-1, the service life can then
be determined as the remaining time for this flaw to grow to the limit of 100 percent of the wall thickness
or approximately 4.2 years (labeled as Service Life in Figure C- 1).

Example 2 - In this case, the flaw is identical in size to that used in Example 1, but located on the outside
surface and on the downhill side of penetration no. 40. This flaw, just as the flaw in Example 1, will not
cross into the weld region. The applicable curve to use is Figure 6-10. The ratio a/t and initial reference
time are likewise found using the same approach as used in Example 1. Using the acceptance criteria in
Table 6-1, the determination of service life is illustrated in Figure C-2, where we can see that the result is
approximately 1.8 years.

Example 3 - An axial inside surface flaw is located at the weld and on the downhill side of penetration
no. 1. The initial length of the flaw is 0.250" and the initial depth is 0.05". From Table 1-1, the angle of
this penetration nozzle is 0.0 degrees. The applicable curve is Figure 6-5 and is reproduced here as Figure
C-3. In this case, the initial flaw depth is 7.6 percent of the wall thickness. The initial reference time can
be found by drawing a horizontal line at a/t = 0.076. Using the acceptance criteria in Table 6-1, the
allowable service life can then be determined as the time for the flaw to reach a depth of 75 percent of the
wall thickness. The final reference time is found through a horizontal line drawn at a/t = 0.75. The
service life can be determined through the intersection points of these lines and the crack growth curve.
The resulting service life is approximately 5.4 years, as shown in Figure C-3.
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Example 4 - In this case, we have postulated an axial inside surface flaw with an upper extremity located
1.0 inch below the attachment weld on the downhill side of penetration no. 40 (29.1 degrees). The flaw

has an initial depth of 0.079" and an initial length of 0.394". Assuming that the initial aspect ratio of 5:1

(0.394" / 0.079") is maintained as the flaw propagates into the nozzle wall, the final length of a through-

wall flaw would be 3.31" long (0.661" x 5). The location of the upper extremity of this flaw would have

reached within 0.5 inch below the weld as it propagates into the nozzle wall (1.0 - ((3.31" / 2) - (0.394" /

2))). Therefore the evaluation will require the use of two flaw charts. The first step is to estimate the

time required for the initial flaw to grow to within 0.5 inch of the weld. This can be accomplished with

the use of Figure 6-3 and is reproduced here as Figure C-4a. The upper extremity is I inch below the weld

and is assumed to grow until the extremity is 0.5 inches below the weld. The final half-length of the flaw

when it reaches 0.5 inches below the weld will be the sum of the initial half-length and the 0.5 inches it

has grown or 0.697" ((0.394" / 2 + 1.0" - 0.5"). Multiplying this by two and then dividing by the aspect

ratio ((2 x 0.697") / 5.0) gives the flaw depth (0.279") when the upper extremity is 0.5 inches below the

weld. Figure C-4a can be used to find the time it takes to grow from 12.0% through-wall (a/t = 0.079" /

0.661" = 0.12) to 42% through-wall (a/t = 0.279" /0.661" = 0.42). The time is estimated as 5.8 years.

Using the flaw depth calculated previously (a/t = 0.42) as the initial flaw depth, the curves in Figure 6-5

reproduced here as Figure C-4b, for inside surface flaws near the weld can be used to determine the

remaining service time before the flaw depth reaches the allowable flaw size. Using the acceptance

criteria in Table 6-1, Figure C-4b shows an additional 1 years of service life for a total of 6.8 years

(Consult additional guidelines #5 for a simplified, more conservative approach).

Example 5 - This case is an axial through-wall flaw with its upper extremity located 0.40 inches below

the weld region on the uphill side of penetration no. 101. The angle of the penetration nozzle is 55.3

degrees as shown in Table 1-1. The crack growth curves of Figure 6-19 are applicable and has been

reproduced as Figure C-5. The initial reference time is found by drawing a horizontal line 0.40 inches

below the line representing the bottom of the weld. then dropping a vertical line to the x axis. The final

reference time is found by drawing a vertical line where the crack growth curve intersects the bottom of

the weld horizontal line. The service life is estimated to be approximately 3.3 years for the initial flaw to

grow to the bottom of the attachment weld.

The examples show that the most important figures used in evaluating the detected flaws in the head

penetrations are Figures 6-2 through 6-10 for the axial surface flaws, and Figure 6-11 for circumferential

flaws postulated near the top of the attachment weld. Figures 6-12 through 6-20 provide valuable

information on the projected growth of through-wall flaws, but may be of limited practical application

with the current acceptance criteria. However. there is an important safety aspect to the through-wall flaw

evaluation charts in that they demonstrate that flaw propagation above the weld will be very limited.
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Table C-I Example Problem Inputs: Initial Flaw Sizes and Locations

Wall
Vertical Circum. Penetration Length Depth Asp. Thick. Pen. Source

No. Orientation Location Location Angle (2c) (a) a/t Ratio (t) No. Figure

Axia - Iside 1.25"
A Suia-ce Below Uphill 29. 1 0.195" 0.078" 0.118 2.5:1 0.661" 40 6-2

Axial - 1.25"
2 Outside Below Downhill 29.10 0.195" 0.078" 0.118 2.5:1 0.661" 40 6-10

Surface Weld

3 Axial - Inside At Weld Downhill 0.00 0.250" 0.05" 0.076 5:1 0.661 " 1 6-5
Surface

1 0"_l
Axial - Inside

4 Surface Below Downhill 29.1° 0.394" 0.079" 0.120 5:1 0.661" 40 6-3, 6-5
Surface Weld

0.4"Axial 0elo
5 Through-Wall Blw Uphill 55.30 - - - - 0.407"* 101 6-19

Weld

*When evaluating for ICI nozzles, use the thickness of counterbore at all time.
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Acceptance Criteria (Table 6-1)

Location Axial
af L

Below Weld No
(ID) Limit

Locality Angles (Table 1-1)

Nozzle
No. T pe Angle
40 CEDM 29.1

0
0
0

= 0.6'_

t 0.5

0

_ 0.4
(U
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Tine (Year)
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Figure C-I Example Problem I
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Crack Tip | Circum. Pen Length Depth I Penetration Source Asp. Wall
Non Location Location No. (2c) (a) Angle Figure a/t 1 Ratio j Thick. (t)

2 Axial-Outside 1.25 Below .D4 0.195" 0.078" 29.1 6-10 0.118 2.5:1 0.661"

Acceptance Criteria (Table 6-1)
St. Lucie Unit 2

Axial09
Location I l

af LM

BOw W N 0.8 - dog

Locality Angles (Table I-1) 07 5d.3 dqgc/

Nozzle 0.6 Nozie A:r<e

No. T pe Angle
40 CEDM 29.1 N s/ r

_ 04

0.3

0.2

0.1

0 2

Figure C-2 Example Problem 2
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Acceptance Criteria (Table 6-1) 1

Location Axial

At and Above 075 LNot
Weld (ID) . t im

Locality Angles (Table I-1)

Nozzle
No. Type Angle
_I CEDM 0.0

0.9

0.8

0.7
w

a)
B 0.

03

C
x 046

0.2

013

0

[l 2 3 4 5 6

Tiwe (Year)

7

Figure C-3 Example Problem 3
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Acceptance Criteria (Table 6-1) 1

Location Axiall af | L
Below Weld | No

_(ID) ] | Limit

Locality Angles (Table 1-I)

! Nozzle l I
No. T pe | Angle
40 I CEDMI 1 29.1

0.9

0.8

0.7

00a
C

0.6

0.2

0.2

3:0.4

0

0 2 4 6 8 10

Figure C-4a Example Problem 4 (See also Figure C-4b)
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Acceptance Criteria (Table 6-1)

Lo o .Axial
Locato . L

z ~ No.
At Weld (ID) 0.75 t Lim t

Locality Angles (Table 1-1)

Nozzle
No. Type Angle
40 CEDM 29.1

0.9

0,8

0.7

0

Y0 .C
*0.6

3 05'a
V:0.

0.3

0.2

0.1

0
0 1 2 3 4 5 6

Tmn(Year)

Figure C-4b Example Problem 4 (See also Figure C4a)
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Acceptance Criteria (Table 6-1) 11.9

Location Axial
-- f L

Below Weld Bottom
(ID) Weld

Locality Angles (Table 1- 1)

Nozzle
No. Type Angle
101 ICI 55.3

11.7-

11.5-

11.3-

'- 11.1-

E
0
r! 10.9-0
0

0 10.7
0
z
E 10.5

c 10.3

a 10.1

9.9

9.7 -

9.5 -

9.3 -
0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Period (Year)

Figure C-5 Example Problem 5
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APPENDIX D

WORKSHEETS

Table D-1 St. Lucie Unit 2 Head Penetration Nozzles with the Intersection Angles Identified

Nozzle Angle Nozzle Angle Nozzle Angle
No. Type (Degrees) No. Type (Degrees) No. Type (Degrees)

CEDM 0.0 35 CEDM 25.2 69 CEDM 42.4
2 CEDM 7.8 36 CEDM 29.1 70 CEDM 42.4
3 CEDM 7.8 37 CEDM 29.1 71 CEDM 42.4
4 CEDM 11.0 38 CEDM 29.1 72 CEDM 42.4
5 CEDM 11.0 39 CEDM 29.1 73 CEDM 42.4
6 CEDM 11.0 40 CEDM 29.1 74 CEDM 42.4
7 CEDM 11.0 41 CEDM 29.1 75 CEDM 42.4
8 CEDM 15.6 42 CEDM 29.1 76 CEDM 42.4
9 CEDM 15.6 43 CEDM 29.1 77 CEDM 42.4
10 CEDM 15.6 44 CEDM 32.6 78 CEDM 42.4
11 CEDM 15.6 45 CEDM 32.6 79 CEDM 42.4
12 CEDM 17.6 46 CEDM 32.6 80 CEDM 43.4
13 CEDM 17.6 47 CEDM 32.6 81 CEDM 43.4
14 CEDM 17.6 48 CEDM 33.8 82 CEDM 43.4
15 CEDM 17.6 49 CEDM 33.8 83 CEDM 43.4
16 CEDM 17.6 50 CEDM 33.8 84 CEDM 43.4
17 CEDM 17.6 51 CEDM 33.8 85 CEDM 43.4
18 CEDM 17.6 52 CEDM 33.8 86 CEDM 43.4
19 CEDM 17.6 53 CEDM 33.8 87 CEDM 43.4
20 CEDM 22.4 54 CEDM 33.8 88 CEDM 49.7
21 CEDM 22.4 55 CEDM 33.8 89 CEDM 49.7
22 CEDM 22.4 56 CEDM 34.9 90 CEDM 49.7
23 CEDM 22.4 57 CEDM 34.9 91 CEDM 49.7
24 CEDM 23.9 58 CEDM 34.9 92 ICI 55.3
25 CEDM 23.9 59 CEDM 34.9 93 ICI 55.3
26 CEDM 23.9 60 CEDM 37.1 94 ICI 55.3
27 CEDM 23.9 61 CEDM 37.1 95 ICI 55.3
28 CEDM 25.2 62 CEDM 37.1 96 ICI 55.3
29 CEDM 25.2 63 CEDM 37.1 97 ICI 55.3
30 CEDM 25.2 64 CEDM 37.1 98 ICI 55.3
31 CEDM 25.2 65 CEDM 37.1 99 ICI 55.3
32 CEDM 25.2 66 CEDM 37.1 100 ICI 55.3
33 CEDM 25.2 67 CEDM 37.1 101 ICl 55.3
34 CEDM 25.2 68 CEDM 42.4
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Table D-2 Summary of R.V. Head Penetration Flaw Acceptance Criteria (Limits for Future Growth)

Axial Circumferential

Location a, af e

Below Weld (ID) t no limit t .75 circ.

At and Above Weld (ID) 0.75 t no limit *

Below Weld (OD) t no limit t .75 circ.

Above Weld (OD) *k

Note: Surface flaws of any size in the attachment weld are not acceptahle.

* Requires casc-hy-case evaluation and discussion with regulatory authority.

ac = Flaw Depth
C = [law Length
L = Wall Thickness
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Crack Tip Circum. Length Depth Penetration ; Asp. Wall
|Orientation Location Location Pen No. (2c) Ale at Ratio

Axial - Inside "Below Uphill
L Surface Weld Uphdl [

1
Acceptance Criteria (Table 6-1)

I
Location Axia

Locality Angles (Table 1-1)

Nozzle I
No. Type I Angle

0.9

0.8

0.7
0
0
C0

0.6

0.5

.80.4

0.3

0.2

0.1

0
0 1 2 3 4 5 6 7

Tme (Yea)
8

Figure D- Inside, Axial Surface Flaws, .5" Below the Attachment Weld, Nozzle Uphill Side - Crack Growth Predictions
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1
Acceptance Criteria (Table 6-I1)

Location Axial

Locality Angles (Table I -1)

I Nozzle
IN Tye Angle

0.9

es

0.8

0.7

0
S
C
X 0.6

i

0.
4~

0.4

0
0.3

020.1

0
0 2 4 6 8

ln (Year)
10

Figure D-2 Inside, Axial Surface Flaws, .5" Below the Attachment Weld, Nozzle Downhill Side - Crack Growth Predictions
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Acceptance Criteria (Table 6-1)

Location Axial

I a i

Locality Angles (Table I-1)

I Nozzle
No. Tye Angle:

0.9

0.7

0

C
0.6

0.5
a.
*0

10

0.3

0.2

0.1

0
0 1 2 3 4 5 6

Tine (YeW)

7

Figure D-3 Inside, Axial Surface Flaws, At the Attachment Weld, Nozzle Uphill Side - Crack Growth Predictions
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Acceptance Criteria (Table 6-1)

Location Axial

II

Locality Angles (Table I -I)

Nozzle
No. Type Angle

0.9

0.8

0.7

e
C

0.6

0I

A 0.5

CL

a.
S9

0.3

0.2

0.1

0

0 1 2 3 4 5 6 7

Tine (Yea)

Figure D-4 Inside, Axial Surface Flaws, At the Attachment Weld, Nozzle Downhill Side - Crack Growth Predictions
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I ,II,,!,
Crack Tip Circum. Length Depth Penetration Asp. Wall

Orientation i Location Location Pen No. (2c) | (a) Angle aft Ratio Thick. (t)
Axial - Inside | "Above i

Surface Weld Uphill

Acceptance Criteria (Table 6-1) 2
St. hie Unit 2 b

Location Axial 09- 7.8g0
afI L

0.8

Locality Angles (Table I-I) 0.7

Nozzle CTNzleAge

LNO. Type Angle 2o. 06ft//z 1 e
N T Ee A Agn

r 55.3,'degI

Aft 03 -
0.2

0.3.

02

0 2 4 6 8
Tibm (Ya)

Figure D-5 Inside, Axial Surface Flaws, .5" Above the Attachment Weld, Nozzle Uphill Side - Crack Growth Predictions
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Acceptance Criteria (Table 6- 1)

Location Axial

Locality Angles (Table I -I)

| Nozzle
No. T nle

0.9

0.8

0.7

C
0.6

.| 0.5

a

3 0.4

0.3

0.2

0.1

0
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Figure D-6 Inside, Axial Surface Flaws, .5" Above the Attachment Weld, Nozzle Downhill Side - Crack Growth Predictions
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Acceptance Criteria (Table 6- 1)

Location Axial
l octo l l I lIL

I I ;

Locality Angles (Table 1- 1)

Nozzle I
No. Type Angle

0.9

0.8

0.7

us
0
C
J 0.6

.Q 0.5

0
V

% 0.4

0.3

0.2

0.1

0
0 2

Tr (YVea)

Figure D-7 Inside, Axial Surface Flaws, At the Attachment Weld, Head Vent, Nozzle Downhill Side - Crack Growth Predictions
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Acceptance Criteria (Table 6-1)

Location Axial
af L

Locality Angles (Table 1-1)

Nozzle
No. Type Angle

0 2 4

Trne (Yeaw)

Figure D-8 Outside, Axial Surface Flaws, Below the Attachment Weld, Nozzle Uphill Side - Crack Growth Predictions
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Crack Tip Circum. j Length Depth Penetration Asp. Wall
i Orientation Location Location Pen No. (2c) (a) I Anle a/t Ratio Thick. (t)

Axial-Outside e Downhill j '
Surface Weld

Acceptance Criteria (Table 6-1) SL Lu1e Urit 2

Location Axial 0| 9af L NSAnge

0.8 29.1dog

Locality Angles (Table 1-1) 0.7 56.3 do(ga) A7 e:
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C~
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Figure 11-9 Outside, Axial Surface Flaws, Below the Attachment Weld, Nozzle Downhill Side - Crack Growth Predictions
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1
Acceptance Criteria (Table 6-1)

Locality Angles (Table I- 1)

Nozzle
No. Type Angle

0.9
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0.7

,0

0 0.6

| 0.5
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a.
0

X 0.4
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0
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Figure D-10 Outside, Circumferential Surface Flaws, Along the Top
2.0 Included)

of the Attachment Weld - Crack Growth Predictions (MRP Factor of
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Acceptance Criteria (Table 6- 1)

I Axial
Location

afI L

Locality Angles (Table I -1)

Nozzle
No. Type Angle

E
0
0

as0co

z
E
0

C
a}

0
3.0

2.5

Z.U-

0 2 3 4 5 6 7 8 9 10 11 12 13 14 15

Period (Year)

Figure D-11 Through-Wall Axial Flaws Located in the Center CEDM (0.0 Degrees) Penetration, Uphill and Downhill Side - Crack
Growth Predictions
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Acceptance Criteria (Table 6-1) 5.6

Location Axial
at L

Locality Angles (Table I -1)

Nozzle
No. Type Angle

5.1 I

I
I
I

I

I

I
i

C

Ej 4.6
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0
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C

.n 3.65
4y4

3.1

2.6 .T
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Figure D-12 Through-Wall Axial Flaws Located in the 7.8 Degree Row of Penetrations, Uphill Side - Crack Growth Predictions
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Acceptance Criteria (Table 6- 1)

Location Axial

Locality Angles (Table I -1)

Nozzle | I
i No. i Type Angle

l l lI
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. _
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E 3.5
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Figure D-13 Through-Wall Axial Flaws Located in the 7.8 Degree Row of Penetrations, Downhill Side - Crack Growth Predictions
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Acceptance Criteria (Table 6-1) 7.2

Location Axial
atI

Locality Angles (Table I -I)

Nozzle
No. Type Angle
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Figure D-14 Through-Wall Axial Flaws Located in the 29.1 Degree Row of Penetrations, Uphill Side - Crack Growth Predictions
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Acceptance Criteria (Table 6-1)

Location Axial

Locality Angles (Table 1-1 )
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Figure D-15 Through-Wall Axial Flaws Located in the 29.1 Degree Row of Penetrations, Downhill Side - Crack Growth Predictions
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Acceptance Criteria (Table 6- 1 )

Axial
aocationa, I

Locality Angles (Table I - 1)
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Figure D-16 Through-Wall Axial Flaws Located in the 49.7 Degree Row of Penetrations, Uphill Side - Crack Growth Predictions
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Acceptance Criteria (Table 6-1) 5.9

Location Axial

af II
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Figure D-17 Through-Wall Axial Flaws Located in the 49.7 Degree Row of Penetrations, Downhill Side - Crack Growth Predictions
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Acceptance Criteria (Table 6- 1)
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Figure D-18 Through-Wall Axial Flaws Located in the 55.3 Degree Row of Penetrations, Uphill Side - Crack Growth Predictions
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Acceptance Criteria (Table 6-1) 5.0
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Figure D-19 Through-Wall Axial Flaws Located in the 55.3 Degree Row of Penetrations, Downhill Side - Crack Growth Predictions
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Acceptance Criteria (Table 6-1) 180.000

Location Axial
af I

Locality Angles (Table I - l)
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Figure D-20 Through-Wall Circumferential Flaws Near the Top of the Attachment Weld for CEDM and ICI Nozzles - Crack Growth
Predictions (MRP Factor of 2.0 Included)
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Figure E-1 Hoop Stress Vs Distance from Bottom of Weld Plot for the Center CEDM Penetration
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Figure E-2 Hoop Stress Vs Distance from Bottom of Weld Plot for the 7.8 Degrees Row of Penetration, Downhill Side
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Figure E-3 Hoop Stress Vs Distance from Bottom of Weld Plot for the 7.8 Degrees Row of Penetration, Uphill Side
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Figure E-4 Hoop Stress Vs Distance from Bottom of Weld Plot for the 29.1 Degrees Row of Penetration, Downhill Side
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Figure E-5 Hoop Stress Vs Distance from Bottom of Weld Plot for the 29.1 Degrees Row of Penetration, Uphill Side
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Figure E-6 Hoop Stress Vs Distance from Bottom of Weld Plot for the 49.7 Degrees Row of Penetration, Downhill Side
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Figure E-7 Hoop Stress Vs Distance from Bottom of Weld Plot for the 49.7 Degrees Row of Penetration, Uphill Side
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