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IMPORTANT NOTICE REGARDING
CONTENTS OF THIS REPORT

Please Read Carefully

The only undertakings of the Generzl Electric Company (GE) respecting
information in this document are contained in the Task Author:zation between the
participating members of the BWR Owners’ Group and GE, and nothing contained in this
document shall be construed as changing the Task Authorization. The use of this
information by anyone other than the participating members, or for any purpose other than
that for which it is intended, is not authorized; and with respect to any unauthorized use,
GE makes no representation or warranty, and assumes no liability as to the completeness,
accuracy, or usefulness of the information contained in this document, or that its use may
not infringe privately owned rights.
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UNITED STATES
NUCLEAR REGULATORY COMMISSION

WASHINGTON D C 20555-0001

HEL 08

Mr. Lesley A. England, Chairman
Gulf States Utilities Company
P. 0. Box 220

St. Francisville, LA 70775
Dear Mr. _ngland:

ACCEPTANCE FOR REFERENCING OF TOPICAL REPORT NEDO-32205, Revision 1,
"10CFR50 Appendix G Equivalent Margin Analysis for Low Upper Shelf

Energy in BWR/2 Through BWR/6 Vessels”
t topical report submitted by the

SUBJECT:

We have completed our review of the subjec
BWR Owners' Group. We find the report to be acceptable for referencing in

license applications to the extent specified and under the limitations
delineated in the report and the associated NRC safety evaluation (SE), which
is enclosed. The evaluation defines the basis for acceptance of the report.

r review of the matters described in the report
plications, except to
pecific plant

Qur acceptance

Wwe do not intend to repeat ou
when the report appears as a reference in license ap
assure that the material presented is applicable to the s
involved as indicated in the conclusion section of the SE.
applies only to the matters described in the report.

In accordance with procedures established in NUREG-0390, it is requested that
the BWR Owners' Group publish this report within three months of receipt of
this letter. The final version shall incorporate this letter and the enclosed
evaluation between the title page and the abstract. The final version shall
include an -A (designating accepted) following the report identification

symbol .

Should our criteria or regulations change such that our conclusions as to the
acceptability of the report are invalidated, licensees referencing the topical
report will be expected to revise and resubmit their respective documentatian,
or submit justification for the continued effective applicability of the
topical report without revision of their respective documentation.

Sincerely,

-

Wiggin kActing Director

Divis n of Engineering
Office of Nuclear Reactor Regulation

Enclosure:
As stated

CONTACT: §. Sheng, DE/EMCB, 504-2708
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ENCLOSURE

SAFETY EVALUATION BY THE OFFICE OF NUCLEAR REACTOR REGULATION
BWR_OWNERS' GROUP TOPICAL REPORT
NEDO-32205, REVISION 1
oN UPPER SHELF ENERGY EQUIVALENT MARGIN ANALYSIS
MATERIALS INTEGRITY SECTION
MATERIALS AND CHEMICAL ENGINEERING BRANCH
DIVISION OF ENGINEERING

1.0 REVIEW durs 4RY

The staff has reviewed the equivalent margin analysis presented n the topical
report submitted by the BWR Owners' Group (BWROG) and finds the report to be

acceptable.

The staff has verified that the BWROG has complied with the analytical
procedures and the acceptance criteria in The American Society of Mechanical
Engineers (ASME) Code Case N-512 in calculating the minimum permissible upper-
shelf energy (USE) for each type of material. Some minor deviations from the
Code Case procedures and some unique approaches used by the BWROG due to lack
of guidance in the Code Case have been identified, evaluated, and found to be
acceptable. A unique approach by the BWROG 1s the statistical analysis of the
BWROG's database, which is comprised of USE test data of some beltline
materials from about 31 BWR reactor vessels. The BWROG has derived
statistically the initial USE values for materials that originally did not
have documented USE values. The BWROG predicted the end-of-1ife (EOL) USE
values in accordance with Regulatory Guide 1.99, Revision 2 (RG 1.99, Rev. 2).
The EOL USE value for each type of beltline materials is higher than the
minimum permissible USE calculated by Code case N-512; therefore, the topical
report demonstrates that the materials evaluated have the margins of safety
against fracture equivalent to Appendix G of the ASME Code, in accordance with

Appendix G of 10 CFR 50.

2.0 INTRODUCTION

By letter dated April 30, 1993, the BWROG submitted a topical report entitled
*10CFR50 Appendix G fquivalent Margin Analysis for Low Upper Shelf Energy in
BWR/2 Through BWR/6 vessels,” [1] for staff review and approval. Subsequent
to the staff’s preliminary review, the BWROG submitted its response to the
staff's request for additional information (RAI) in a letter dated August 23,
1993 [2] to clarify some technical concerns. Recently, because Vermont Yankee
was added to the topical report coverage and Oyster Creek’s EOL USE drop for
welds was changed from 33% to 34%, the BWROG faxed a revised version [3)
(Revision 1) on December 2, 1993 to NRC. This topical report was intended to
demonstrate through fracture mechanics analysis that there exists margins of
safety against fracture equivalent to those required by Appendix G of ASME

®
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Code Section 111, for beltline materials having USE values below 50 ft-1bs.

3.0 EVALUATION

The BWROG followed the procedures and criteria developed by the ASME Section
X1 Working Group on Flaw Evaluation, which was recently approved by the ASME
Boiler and Pressure vessel Code, Section XI. A section X1 Code Case, N-512,
on the subject of low USE equivalent margins has been published [4]. In
accordance with the Code Case, the BWROG assumed a quarter-thickness deep flaw
for Level A and B conditions and assumed a depth of 1/10 of the base metal
wall thickness, plus cladding for Level C and D conditions. The flaw geometry
for all service loadings is of the semi-elliptical surface flaw type with an
aspect ratio of 6:1. In the equivalent margin analysis, both the axial and
the circumferential flaw cases have been considered for plates, but only the
more limiting axial flaw case has been corsidered for welds. The beltline
plates covered by this topical report are SA302B low alloy steel plates
(including SA302B-Modified plates) and 5338 plates; the welds covered are
submerged arc welds (SAW) with Linde 80 or non-Linde 80 flux, electroslag
welds (ESW), and shielded metal arc welds (SMAW). For ease of referencing and
evaluation, the staff has compiled copper contents, fluences, and predicted
EOL USE drops for all eight types of materials covered in this report in Table
1. Also reported in Table 1 are the BWROG's final results from the equivalent
margin analysis.

The equivalent margin analysis compared two EOL USE values for each type of
belt]1ine materials: the predicted EOL USE value obtained by using RG 1.99,
Rev. 2 and the minimum permissible EOL USE value obtained by the equivalent
margin analysis described in Code Case N-512. The adequacy of the equivalent
margin analysis can be determined from the following considerations for each
of the beltline materials mention2d above: (1) the determination of the
predicted EOL USE value, (2) the selection of the model for generating the J-R
curves, (3) the selection of transients, (4) the applied J calculation, and
(5) the bounding nature of the analysis.

3.1 PREDICTED EOL USE VALUES

Based on the assumed copper contents and fluences shown in Table 1, the BWROG
used RG 1.99, Rev. 2 to predict the EOL USE drops for all eight material
types. They then used these predicted USE drops and the statistically
determined initial USE values to obtain the predicted EOL USE values. The
results from this procedure has been verified independently by the staff. The
critical concerns here are the bounding nature of the assumed copper contents
and fluence levels for all ei?ht materials considered in this report and the
bounding nature of the initial USE values derived for them. The first concern
involves BWR licensees’ responses to Generic Letter (GL) 92-01 and will be
evaluated separately in Section 3.5; the second concern is self-contained and
is evaluated here.

The concern abeut the initial USE values derived for all eight types of
materials can be resolved by evaluating the BWROG's data gathering and
statistical analysis. For the BWR/2 plants, all beltline plates are of SA3028
material and all USE data are available for them; therefore, the BWROG used




5 for this type of material
for the rest of the majority BWR plants, the records on initial USE values for

bhoth plates anc welds are incomplete; consequently, the BWROG relied on a
statistical approach based on existing data from similar materials to derive
initial USE values for their beltline materials. Initial Charpy USE values ir
BWRDG's database are either from the surveillance programs or certified

>

material test reports (CMTR), and are from materials fabricated by using the

L
.ame vendor, fabrication time frame, fabrication process, and material
ting all 31 BWR plants Therefore, all beltline

ants belong to the same population

the lowest USE data point as the initial USE value '

specification represen
materials of the 31 pl
rhe B4ROG in their analysis of plate material in BWR/3-6 used the lowest
observed USE as the lower 1imit of USE. The BWROG in their analysis of SMAW,
electroslag, and non-Linde 80 welds used a 97.7 tolerance limit. However, the
ctated result is invalid because they did not consider the sample size. The
taff has performed an independent statistical analysis that considers the
ample size This method is described in [5], where the lower tolerance 1imit
defined as the sampie mean minus X times s, where s is the sample standard
jeviation the coefficient x (Table T-11b in [5]) 1S determined from the
;ample size and provides 95% confidence that at least 95% of the populatior
greater than the tolerance limit. This approach 1s conservative because 1t
provides 95% confidence that 95% of the population has been bounded by the
statistically determined initial USE value, and the bounding approach in RG

Rev. 2 is used to predict the USE drop.

THE SELECTION OF THE J-R MODEL

The BWROG selected the J-R models for all eight types of material as shown 1r
fable 3 In order to bound all plates Dy the equivalent margin analysis, the
BWROG only used the more conservative SA3028 plate model for plates. In the
case of welds, the BWROG used two weld models for different types of welds.
rhe derivation of J-R curves for the SA302B model involves two steps: first,
establishing the relationship between material toughness values (J,.) and
Charpy energy values; second, establishing the relationship between the
maximum J value and the J,. value. Based on 21 experimental data points from
SA302B plates in both longitudinal and transverse orientations as shown in
Figure 4-1 of the topical report, the BWROG established a mean minus two sigma

) 1ine relating J,, values to EOL Charpy energy values for SA302B
plates hey then used the only set of J-R curves (tested at 180 °F) [6]
reported so far for the SA302B plate to conclude that the J-R curve will first
reach a value of 1.3 times J,., and then the crack will keep on growing stably
at the same J value. The tests, which were performed to study the size effect
for SA302B plates, were conducted at 180 °F; therefore, some temperature

Mean - 20
T
3

adjustment has to be done in applying the results in [6] to predict J-R curves

at the USE temperature (for example, 550 °). In summary, for each assumed
FOL USE value, the BWROG's SA302B mode] would give a J-R curve. The staff
concludes that the approach described above 1§ acceptable. The 21l data
points, from which the Mean - 20 line relating J, values to EOL Charpy energy
values for SA302B plates was obtained, corresponJ to tests conducted at
temperatures from 400 to §50°F: therefore, some temperature effect has already
neen reflected in the standard deviation of the database. Further, using the
Mean - 20 relationship for J,. V.5 FOL USE in the statistical approach in the
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first step results in a 95% confidence for about 91% of the population, which
is acceptable to the staff because a margin of 16 ft-1bs exists in the final
result. Although the method of obtaining the maximum J value through
multiplying J,. by a factor of 1.3 is not rigorous, it is an acceptable

engineering approach.

So far, no other methods have been attempted for predictin the J-R curves for
SA3028 plates except for the one described in a draft Regu?atory Guide [7],
which deals with materials with low USE values. The staff applied both the
BWROG's method and the method in the draft Regulatory Guide to a typical
SA302B plate at §25°F for different EOL USE values and presented the Mean - 20
(for Level A, B, and C Toadings only) J, 4 results in Table 4. It can be seen
that the J, , values from the BWROG's method for all EOL USE values are
smaller than the corresponding values predicted by the method in the draft
Regulatory Guide. This indicates that the BWROG's method 1s conservative.

As to the Combined Database Charpy Model without thickness terms selected by
the BWROG from NUREG/CR-5729 (8] for non-Linde welds, the staff has checked
their bounding nature by comparing the J-R curves from the BWROG's selection
to those from other models also available in the same source. In the response
to the staff’s RAI about the selection of the Combined Database Charpy Model
for non-Linde 80 welds, the BWROG presented two J-R curves: one from the
Combined Database Charpy Model and the other from the reactor preasure vessel
(RPV) Weld Copper-Fluence Model (also available in (8]). These curves show
clearly the conservative nature of BWROG's model selection. Regarding the
BWROG's decision to use the Combined Database Charpy Model without thickness
terms as opposed to the mode] with thickness terms, the staff agrees that the
statistical quality of the J-R curve fit for ‘hese two cases is about the same
(standard deviation of .229 versus .224), and using either J-R model 1%
acceptable. Further, the staff calculated J values for two more competing
models from [8] that were not mentioned in_[&f and made a comparison to that
from the Combined Database Charpy Mode] used by BWROG. The results are 592
in-1b/in® for BWROG'S Combined Database Charpy Model without thickness terms;
680 19-1b/1nz for the RPV weld CVN, model with thickness terms; and 668 in-
1b/in® for the copper-fluence mode‘ with thickness terms. This samp}g
calculation was based on the following assumptions: 0.35 CuX, 4.9x10' n/cm’
fluence, 1 inch B, and 550 °f temperature. This confirms that the BWROG's J-

R model for non-L?nde welds is the most conservative one.

80 Copper-Fluence Model without thickness terms from
nde 80 welds. Since the final results presented in

Figure 5-5 of the topical report show large margins between the applied J
curve and the J-R curve for both criteria, the staff has concluded that
checking a1l possible J-R models for Linde 80 welds is not necessary and the

results for Linde B0 welds are acceptable.

3.3 THE SELECTION OF TRANSIENTS

states that after a review of all BWR/2-6 thermal c¢c1e

and B transients, it was determined that the 100 "F/Hr
evel B loss of feedwater pump

alyzed by the BWROG.

The BWROG chose the Linde
NUREG/CR-5729 for their Li

The topical report
diagrams for Level A
heatup/cooldown case 1s bounding except for the L
transient. Consequently, both transient cases were an
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Although the stress intensity factor K, duq o the thermal loading associated

with the loss of feedwater pumps (12 ksi.in'’%) is higher thaq ;he K

associated with the 100 °f /Hr heatup/cooldown case (10 ksi.in'’%), the former
is less severe because the associated pressure loading is less than one-half
the accumulation pressure of 1375 psi.

The BWROG reviewed all Level C transients associated with a BWR/6 standard
plant and jdentified automatic blow down (Event 23) to be the limiting
transient for BWR/2 vessels and the improper start of cold recirculation loop
(Event 24) the limiting transient for BWR/3-6 vessels; for Level D loading,
the loss of coolant accident (Event 27) was identified to be the most limiting

case.

The staff believes that the transients selected for Level A, B, and C loadings
are bounding. The BWROG made the transient selection for Levels A and B after
they had reviewed all thermal cycle diagrams for all BWR/2 to BWR/6 plants.
Further, the 100 °F/Hr heatup/cooldown case is the same as that used in
NUREG/CR-6023 [9). The Level C transient for BWR/3-6 vessels begins with a
straight drop from §28°F to 268 °F in zero seconds followed by a constant
temperature at 268 °F for 26 minutes and then straight back to §28°F in zero
seconds. It is more severe than the two transients, referred to as Transients
| and 2 in (9], where the cooldown rate is 43.75 °F/min from 550°F to 375°F

and 5.55 °Fémin from 375°F to 275°F for Transient 1, and is 4.75 °F/min from
§50°F to 75°F for Transient 2. For Level D loading, the transient selected
may not be bounding because many older BWR plants have no Level D loadings
defined for the RPV. Considering that not much different results were
reported in [9] for two rather different transients (Transients 1 and 2), and
considering the lack of definition of Level D transient for older plants, the
staff believes that using the limiting transients from a BWR/6 standard plant
for Leve! C and D loadings is acceptable.

3.4 THE APPLIED J CALCULATION

Using the heatup/cooldown of 100°F /hour and a pressure of 1581 psi (1.15 times
the accumulation pressure) for the Jo. criterion and a pressure of 1719 psi
(1.25 times the accumulation pressure) for the stability criterion, the BWROG
followed the procedure in Code Case N-512 and calculated the K., K, and
applied J values for cracks with the orientations, shapes, and depths
described in Section 3.0 for Leve) A and B ioadings for all eight types of
materials listed in Table 1. The applied J value for each type of material
was then compared to the corresponding J-R curves (Mean - 20 curves) with
various assumed USE values to determine its minimum permissible EOL USE
values. The results are acceptable based on the following considerations: (1)
the procedure is straightforward and al) equations for applied J calculation
are clearly defined in Code Case N-512 for Level A and B loadings; (2) the
BWROG's final results are comparable to those from similar analyses presented
in NUREG/CR-6023; (3) there are additional margins of various magnitudes up to
approximately 10 ft-1b (see Table 1) implicitly built into the BWROG's final
results when the graphical results (Figures 5-2a,b, 5-3a,b, and 5-4 of the
topical report) were transformed to numerical ones (the table on page 8-11 of
the topical report) <ummarized in Table 1. These extra margins exist because
for most cases the BWR0G's equivalent margin analysis was stopped before the .
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lowest permissible USE values had been reached. The NUREG results [9] are
reproduced in the last column of Table 1 for comparison. Table 1 shows that
based on staff’s calculation the type of material with the least margin (3 ft-
1bs) is ESW welds. The actual margin for ESW welds should be higher because
the BWROG indicates in Revision 1 of the topical report that the actual EOL

USE drop for ESW welds is 25%, not the bounding value of 34%.

Unlike the Level A and B loadings, Code Case N-512 does not provide procedures
to calculate the stress intensity factor K for temperature transients with
rates exceeding 100°F per hour. Therefore, the finite element method was
employed in both the thermal and stress analyses for the Level C and D
loadings by using the transients defined in Section 3.3. In the subsequent
fracture mechanics evaluation, the BWROG employed the Raju-Newman method to
calculate K values for the postulated axial flaws and a point force approach
to calculate K due to clad. BWROG used the K values developed for the axial
flaw for circumferential flaws and used the K equations derived for 0.2 < a/t
¢ 05 to the current situation of a/t = 0.1. In [2], the BWROG supplied K
curves for both axial and circumferential surface cracks and showed that using
the axial flaw curves for both flaw orientations is conservative. Also in (2]
are results cited from another reference, which justifies the use of the
formulas, Equations 3-1 to 3-3 of the topical report, to smaller flaws (a/t =

0.1). The staff accepts both explanations.

By comparing the final results for Level C (Figure 6-6 of the topical report)
and Level D 1oadin? (Figure 6-10) for SA302B plate, the staff agrees that
Level A and B results are controlling and the same conclusion can be applied
to other types of material also. Therefore, the minimum permissible EOL USE
values, listed under the heading "Code Case N-512 EOL USE" in Table 1, are

actually results from Level A and B analyses.

3.5TH N NATUR TH

To ensyre that all 29 BWR plants of the participating utilities are covered by
this topical report, the staff has compiled information on the copper contents
and the fluence levels of the limiting beltline plates and welds reported by
the BWROG licensees in their Jatest submittals including responses to GL 92-
01. The staff has confirmed the bounding nature of the analysis by comparing
the EOL USE drops of the limiting plate and weld of each plant to those
predicted by the pertinent materials in the topical report. The results are
summarized in Table 5, which show that the EOL USE drops reported by all BWROG
plants for their limiting plates or welds are smaller than the corresponding
values assumed in this topical report; therefore, all 29 BWROG plants are

bounded by this topical report.

Since the eight types of material in the topical report assume the worst
combination of copper content and fluence level, the limitin beltline
materials of some plants may have either copper content or fluence level
exceedig the values documented in the topical report. This is acceptable as
long as the predicted EOL USE drops for those particular plants are smaller
than those in the topical report because the USE drops are caused by the
combined effect of copper content and fluence level, not by the effect of any

single value.
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4.0 CONCLUSION

As indicated by the results summarized in Table 1 under the heading "CODE CASE
N-§12 EOL USE", the BWROG'S equivalent margin analysis passed the two criteria
stated in Code Case N-512 with margins of at least 3.0 ft-1bs. Based on these
results and the evaluation conducted in Section 3, the staff concludes that
the reactor pressure vessels of the participating utilities should have
adequate margins of safety against ductile failure in low USE plates and welds
until the EOL (32 EFPY) for Level A, B, C, and D conditions, and meet the
criteria of Code Case N-512.

Individual licensees that reference this topical report as the basis for
addressing the USE requirements of 10 CFR Part 50, Appendix G, must confirm
the plant specific applicability, as specified in Appendix B of the report,
and request approval in accordance with 10 CFR part 50, Appendix G.
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TABLE 1

Summary on results from equivalent margin analysis
for eight types of beltline material

PREDICTED CODE CASE

FLUENCE INI. PREDICTED  EOL USE N-512  CR-6023

MATERIAL cu  x10"™  USE USE DROP BWROG  NRC  EOL USE EOL USE

TYPE g In/emt) (ft-1b) % (ft-1b) (FT-LB) (ft-1b) (FT-LB)
BWR/2 (L)* 21 2.4 76 26 56 —ee  50[45)** 55
gWR/2 (T) 27 214 49 26 36.5 —e=  35[25 36
gWR/3-6(L)*** .17 3.8 91 21 72 78 59(59] 55
BWR/3-6(T) 17 3.8 59 21 47 5] 35(25 36
SMAW 35 2.4 87 34 57 56 35(33 33
ELECTROSLAG .35 2.4 69 34 46 36 35(33] 33
NON-LINDE 80 .35 2.4 71 34 47 46 35(33 33
L INDE 80 31 1.0 - e . s 33

« Containing SA302B »lates only.

»+ Values inside brackets are estimated by the staff directly from Figures

§-2a,b, 5-3a,b, and 5-4 of the topical report, which represent the lowest
limits that the USE values of beltline materials may reach. These values
are only used to assess margins; they do not represent the minimum
permissible USE values acceptable to the staff.

*++ (ontaining SA302B Modified and 533B plates.

xXv1)
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TABLE 2

Summary on staff’s statistical analyses
for predicting 95% of the entire population with a one-sided 95% confidence
for five types of beltline material

INITIAL EOL
USE PRELICTED USE N-512%**
MATERIAL  NO. OF BWROG* NRC** USE OROP BWROG  NRC EOL USE
TYPE DATA (ft-1b) (ft-1b) % (ft- - -

BWR/3-6(L) >200 91 99 21 72 78 59(59]
BWR/3-6(T) >200 59 64 2l 47 51 35({25)
SMAW 41 87 85 34 57 56 35(33)
ELECTROSLAG 11 69 55 34 46 36 35[33]
NON-LINDE 80 58 71 70 34 47 46 35(33)

* The first two in the column are lower bound values; the rest are Mean-20
values.

#+ A1] are Mean-xo values (x values are, from top to bottom, 1.837, 1.837,
2.119, 2.823, and 2.030.)

s*+ these results are reproduced from Table 1 “or comparison.
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. TABLE 3

BWROG’s selection of J-R models for beltline materials

MATERIAL
TYPE J-R MODEL

BWR/2 (L) SA3028B

BWR/2 (T) SA3028B
BWR/3-6(L) SA3028B
BWR/3-6(T) SA3028

SMAW COMBINED DATABASE CHARPY
ELECTROSLAG COMBINED DATABASE CHARPY
NOW-LINDE 80 COMBINED DATABASE CHARPY
LINDE 80 | INDE 80 CU-FLUENCE

Pi)\
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TABLE 4

Comparison of J, , for low toughness SA3028 plates

T= 525°F
EOL Jo 4 Jo.u*
USE (BﬁRO?) (draft Re?u1atory Guide)
ft-1b in=1b/in in-1b/in
35 195 216
40 222 256
45 249 297
P 276 339

* A safety Factor (SF) of 0.749 for high toughness plates
has been applied
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. TABLE 5
predicted EOL USE drops for the limiting plates and welds
for the 29 participating plants

PLANT NAME BWR PLATE WELD I(QT FLUENCE
TYPE CU%  aUSEX  CU% JUSEX 10" (n/em®)
Browns Ferry 1 4 0.15 13.5 0.31 23 0.86
Browns Ferry 2 4 0.17 14.5 0.25ES 22 0.73
Browns Ferry 3 4 0.15 13 0.25ES 22 0.72
Brunswick 1 4 0.15 15.2 0.05 12.0 1.42*
Brunswick 2 4 0.19 17.7 0.06 12.5 1.42*
Cooper 4 0.21 18 0.22 30, 5% 1.10
Dresden 2 3 0.23 13.9 0.2% 16.8 0.25
Dresder 3 3 0.24 15.4 0.30ES 21.0 0.37
Duane Arnold 4 0.15 18.3 0.03 14.9 3.60
FitzPatrick 4 0.18 17.8 0.26 26.6 1.70
Grand Gulf 1 &6 0.04 11.9 0.06 12.5 1.42*
Hatch 1 4 0.17 17.3 0.28 29.0 1.8
Hatch 2 4 0.11 12.0 0.23 22.0 1.0
Hope Creek 4 0.15 14 .0 0.10 14.0%* 1.1
LaSalle 1 5§ 0.15 10.2 0.33 19.0 0.25*
LaSalle 2 5§ 0.12 9.0 D.04 8.1 0.28*
Limerick 1 4 0.12 12.6 0.09 13.9 1.20
Limerick 2 4 0.15 14.6 0.09 13.9 1.20

. Millstcae 1 3 0.23 18.3 0.21 29.0%* 0.90
Montice!lo 3 0.17 20.6 0.10 19.0 3.80
Oyster (reek 2 0.27 5.7 0.35 34.0 2.36
Peach Bottom 2 4 0.13 11.1 0.21 17.9 0.55
peach Bottom 3 4 0.15 11.9 0.21 17.6 0.50
Quad Cities 1 3 0.27 15.9 0.30ES 18.0 0.25
Quad Cities 2 3 0.18 12.3 0.30ES 20.5 0.35
Susquehanna | 4 0.14 11.5 0.04 9.5 0.53
Susquehanna 2 4 0.13 11.0 0.06 9.9 0.53
Yermont Yankee 4 0.13 B.4 0.03 7.2 0.17
WP 2 4 0,15 13.8 0.09 13.2 0.94

29

+ The fluence is from the most recent submittal since it was not reporied in
the response to GL 92-01
+* Reported by the licensee from surveillance data
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LIST OF PARTICIPATING BWR UTILITIES

Unlity

Carolina Power & Light
Commonwealth Edison

Entergy Operations
GPU Nuclear

lowa Electric Light & Power
Nebraska Public Power District
New York Power Authority
Northeast Utilities

Northern States Power
Pennsylvania Power & Light
Philadelphia Electric

Public Service Electric & Gas

Plant(s)

Brunswick 1 & 2
Dresden 2 & 3
Quad Cities 1 & 2
LaSalle 1 & 2
Grand Gulf

Oyster Creek
Duane Arnold
Cooper

FitzPatrick
Milistone 1
Monticello
Susquehanna 1 & 2
Peach Bottom 2 & 3
Limerick 1 & 2
Hope Creek

Southern Nuclear Operating Company Hatch 1 & 2
Tennessee Valley Authority Browns Ferry 1, 2 & 3
Vermont Yankee Nuclear Power Corp.  Vermont Yankee

Washington Public Power Supply System WNP-2
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ABSTRACT

As a result of reviewing responses to Generic Letter 92-01, the NRC recommended that
Owners' Groups perform equivalent margin analyses, following the methods provided in
the then-draft Appendix X, which has since become Code Case N-512. Since many
BWRs do not have the necessary initial upper shelf energy (USE) data to demonstrate 50
ft-1b USE per NRC methods, as required by 10CFR50 Appendix G, the BWR Owners’
Group (BWROG) initiated an equivalent margin analysis for BWR/2-6 vessels.

The analysis addresses axial and circumferential flaws in plate material, with the
corresponding longitudinal and transverse USE data used for comparison to analysis
results. For welds, only the more limiting axial flaw case was evaluated. The analysis
addressed BWR/2 plates separately from BWR/3-6 plates, due to differences in
geometries, ma rial properties and availability of USE data. The welds were addressed
together for BWR/2-6 vessels, but were grouped by weld method type, specifically
shielded metal arc, electroslag and submerged arc welding.

The Code Case analysis results, based on consistently conservative assumptions for Level
A and B conditions, showed that equivalent margin is demonstrated for 35 ft-1b USE
values, except in the longitudinal plate direction, where the results were 50 ft-1b for
BWR/2 plates and 59 ft-1b for BWR/3-6 plates. The analysis results for Level C and D
conditions were less limiting than Level A and B results.

Projections for each material type evaluated showed that, at 32 effective full power years
(EFPY), the USE values will remain higher than, and therefore meet, the allowable limits
from the equivalent margin analysis. The assumptions made in simplifying the analysis to
cover all vessels considered were consistently conservative. In cases where statistical
evaluation was done on the data available for a particular material type, the projections for
as much as a 3o, or 99.8% confidence, lower bound still met the allowables.

Specific BWR plants can compare their USE surveillance results to the predictions of
Regulatory Guide 1.99 to verify that the comparisons of 32 EFPY USE with the
equivalent margin analysis are bounding for their vessel beltline, using the approach
provided in Appendix B. Once th2 bounding nature of the BWR Owners’ Group analysis
has been established, the plant can reference the analysis to demonstrate compliance with
the USE requirements of 10CFRS0 Appendix G for 32 EFPY of operation.

“XXll-
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EXECUTIVE SUMMARY

10CFRS0 Appendix G requires that 50 ft-1b upper shelf energy (USE) be maintained in
the vessel beltline low alloy steel material throughout operation. It further requires, if
SO ft-1b USE cannot be demonstrated, that methods to show equivalent margin be
provided. As a result of reviewing responses to Generic Letter 92-C1, the NRC expressed
concern in September 1992 that some plants could not demonstrate that their USE levels
would remain above 50 ft-lb. The NRC recommended that Owners' Groups perform
equivalent margin analyses, following the methods provided in the then-draft Appendix X,
which has since become Code Case N-512. Since many BWRs do not have the necessary
initial USE data to demonstrate 50 ft-lb USE per NRC methods, the BWR Owners’ Group
(BWROG) initiated an equivalent margin analysis for BWR/2 through BWR/6 vessels.

As a first step, analysis was done of an ASME Code Section XI example problem, to
provide a check on some of the methods and assumptions which are not specifically
defined in the Code Case. The GE results for the BWR example problem agreed closely
with the NRC solutions for the same problem.

The scope of the equivalent margin analysis is intended to bound the materials and 32
effective full power year (EFPY) fluences of all U.S. BWR/2 through BWR/6 (BWR/2-6)
vessels. The materials which the analysis addresses are as follows:

SA302 Grade B and Grade B Modified low alloy steel plate
SAS533, Grade B Class 1 low alloy steel plate

Shielded Metal Arc Welds (SMAW)

Electroslag Welds (ESW)

Subnicrged Arc Welds (SAW) made with non-Linde 80 flux
SAW with Linde 80 flux

The approach used in performing the equivalent margin analysis was to evaluate axial and
circumferer al flaws for the geometric and loading conditions specified in the Code Case.
The results provide an USE value above which adequate fracture toughness is assured.
Throughout the analysis, bounding assumptions were made to assure that the results would
be applicable to all U.S. BWR/2-6 vessels. The various aspects of the analysis, by report
section, and the conservatisms of the analysis in that section are summarized next.

“XXiV-
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Section 2: Vessel Geometry Considerations

The radii and thicknesses of all U.S. BWR/2-6 vessels were evaluated against
material types to determine the dimensions which would provide the bounding
stress intensity factor (Kp), and thus the limiting Japplied. for each category ol
material e.aluated.

Section 3: Evaluation Methodology

The methodology generally followed that of Code Case N-512. The pressure and
thermal loadings for the most limiting BWR vessel were applied to the
evaluations. While the Code Case requires, f - Level A and B conditions, thermal
stresses for heatup/cooldown conditions o 100°F/hr, all BWR thermal cycle
diagrams were reviewed to determine whether any other Level A or B conditions
caused more severe thermal loading. Similarly, Level C and D conditions from
all BWR thermal cycle diagrams were reviewed to determine the event or events
with the most severe thermal loading.

Section 4: J-R Curve Devciopment

The material categories evaluated were ultimately reduced to four for the
establishment of minimum allowable USE. The categories were SA302B plate,
533 plate, non-Linde 80 weld and Linde 30 weld.

J-R curves for the plates were developed from data for the V50 plate, tested as
described in NUREG CR-5256, which was SA302B material. The V50 plate
results are expected to be very conservative compared to typical vessel plates, due
to the small amount of cross-rolling the V50 plate received during fabrication.
The VS0 J-R curve data from the NUREG were adjusted further in the
conservative direction to account for effects of the nominal BWR operating
temperature of S50°F. For analysis purposes, the resulting J-R curves were
applied to BWR/2-4 vessel plates which are SA302B Modified material. In
addition, 533 plate J-R curves were developed using methods in NUREG
CR-5356. The 533 plate results show that the SA302B J-R curves based on the
V50 plate are much lower, and are therefore very conservative.

XXV~
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Section 7: Summary of Equivalent Margin Requirements

Sections 2 through 6 establish the USE values above which equivalent fracture
toughness margin is assured. The results are summarized in Section 7.

Section 8: Bounding Nature of Analyses

-4

Evaluations of the BWR beltline material properties are done to show that the USE
values established in Section 5 are lower than predicted for any U.S. BWR/2-6 at
32 EFPY, using the NRC-approved methods. In order to bound all BWRs, the
limiting combination of copper content and fluence for each material type was
applied to all appropriate vessels. The table below summarizes the bounding
conditions for irradiation effect on USE:

32 EFPY USE
Material Cu Content Fluence (n/cm?) Decrease
BWR/2 Plate 0.27% 2.4x1018 26%
BWR/3-6 Plate 0.17% 3.8x1018 21%
BWR/2-6 Welds (non-Linde 80) 0.35% 2.4x1018 34%
BWR/3-4 Welds (Linde 80) 0.31% 1.0x1018 N/A2

As long as a plant can show that their USE decrease will stay within the
percentages above, the results of the equivalent margin analysis apply
conservatively. Appendix B addresses evaluation of plant-specific surveillance
program results needed to verify applicability.

Linde 80 weld evaluation was based on Cu and
fluence values, not on USE. The values shown bound
those for the worst case BWR, 0.31% Cu and 5.3x1017 n/em? fluence.

~XXV1i-
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The results of the equivalent margin analysis are compared in Section 8 to
predictions of the lowest expected 32 EFPY USE values. Factoring in all of the
conservatisms discussed above, the comparisons show that all materials for all

(.S, BWR/2-6 vessels will have USE values with acceptable equivalent margin
for 32 EFPY of operation.

COMPARISON OF EXPECTED USE AT 32 EFPY
TO USE REQUIRED TO SHOW EQUIVALENT MARGIN

32 EFPY Equiv. Margin
BWR Material  Predicted Required

BWR/2 Long Plate 56 >50 Acceptable
BWR/2 Trans Plate 36.5 >35 Acceptable
BWR/3-6 Long Plate 72 259 Acceptable
BWR/3-6 Trans Plate 47 235 Acceptable
BWR/2-6 SMAW 57 235 Acceptable |
BWR/3-4  ESW 46 235 Acceptable
BWR/2-6 Non-L80 SAW 47 >35 Acceptable |

BWR/3-4 L8O SAW Acceptable results for bounding Cu, fluence

-XXVill-
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1.0 INTRODUCTION AND BACKGROUND

1.1 _General

he nuclear reactor pressure vessels (RPVs) are typically made of low-alloy ferritic steels
(e.g., SA302B; or SAS33, Grade B, Class 1). They are exposed to high energy neutrons
in the beltline region as a result of which the constituent parts (i.e., the plates, forgings,
and welds) can experience degradation of material properties: yield and ultimate tensile
strengths increase, brittle-to-ductile transition temperature increases, and the upper shelf
toughness decreases. The last two effects are the most important from the point of view
of structural margins during the operation of a RPV. The impact of low Charpy upper
shelf energy (USE) on the vessel integrity analyses is the focus of this report.

10CFRS0 Appendix G [1-1] states that the RPV must maintain USE throughout its life of
no less than 50 ft-1b, unless it is demonstrated in a manner approved by the Director,
Office of Nuclear Reactor Regulation, that lower values of upper shelf energy will provide
margins of safety against fracture equivalent to those required by Appendix G of
Section X1 the ASME Code [1-2]. Regulatory Guide 1,99 [1-3] provides a method to
estimate the decrease in USE as a function of fluence and copper content. It is now
recognized that some RPVs have materials where USE values may fall below 50 ft-Ib due
to irradiation embrittlement, In 1982, the Nuclear Regulatory Commission (NRC)
published proposed procedures for the analyses required by 10CFRS0 for operating RPVs
as NUREG 0744 [1-4]. At the time of publication of the NUREG, the NRC eofficially
requested the ASME to recommend criteria for evaluation of RPVs which do not meet
USE requirements. In response to that request, the Working Group on Flaw Evaluation
has developed a document which contains the criteria and the methodology, which is
currently in the form of a Code Case [1-5] and a proposed Appendix to Section XI. A
final draft copy of the text of the Code Case is included as Appendix A to this report.
The evolution of the methodology and the technical background on the criteria are
described in [1-6] through [1-9].

1-1
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In September 1992, the NRC, in discussing the preliminary review of the responses to
Generic Letter 92-01, strongly recommended that equivalent margin analyses be done by
the Owners' Groups. The objective was to provide a "safety net” analysis for plants that
could not quantitatively demonstrate, using NRC-approved methods, that USE would
remain above 50 f.-lb and might, therefore, be subject to regulatory action. A second
objective, which developed within the BWR Owners’ Group in the process of performing
the analysis, was to provide a topical report, which could be referenced by utilities as part
of their licensing basis, to address compliance with the 50 ft-1b requirement on USE in
10CFRS0 Appendix G.

The BWR Owners’ Group authorized the equivalent margin analysis in October 1992.
The preliminary results of the equivalent margin evaluation were presented to the NRC
staff in a meeting in January 1993. Revision 0 of this report was submitted in April 1993,
Revision 1 incorporates a change in the bounding weld metal percent decrease in USE
from 33% to 34%, based on a BWR utility’s input. The conclusions in the report have
not changed. Locations where revisions have been made are shown by side bars.

1.3_Scope of Analysis

This BWROG equivalent margin analysis is applicable to all U.S. BWR/2 through BWR/6
RPVs. The evaluation included bounding assumptions on material chemistry, vessel
fluence, vessel geometry, and Level A through D plant transients,

The analysis specifically addresses the following base metals and welds:

(1) SA302B and SA302B modified plate in the transverse and longitudinal
orientations.

(2) SAS33B plate in the transverse and longitudinal orientations.
(3) Submerged arc, shielded metal arc and electroslag welds. Linde 80 flux

subm=rged arc welds (present in circumferential welds of four vessels) are
treatea separately.
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The analysis consisted of the following broad steps:

(1)

(4)

The RPV beltline material and geometry information on the US BWR/2-6
vessels were reviewed to determine the number of distinct materials involved
and to select the limiting geometries. The reactor pressure and thermal
loadings were also reviewed to select the appropriate values for the
evaluation of Level A through D conditions.

For the types of beltline materials selected in step 1, the fracture toughness
characterization in the form of J-Resistance curves were developed.

Using the procedures of the Code Case and considering material fracture
toughness properties and operating condition loadings, the minimum
required USE to meet the Code Case criteria in both the longitudinal and
transverse directions were determined for plates. The output of this step was
a set of minimum required USE values for each distinct beltline material
type which would assure compliance with the Code Case criteria throughout
the design life of the vessel.

The available initial USE data on the BWR/2-6 beltline materials and the
fluence information were compiled to estimate the projected 32 EFPY
irradiated USE values. These USE values were compared with the minimum
required values calculated in step 3 to assess the equivalent margins.

1.4 _Report Qutline

Section 2 summarizes the important material and geometry information on the US
BWR/2-6 RPV beltline regions. Section 3 describes the methodology of the Code Case
and how it was implemented in this evaluation. Fracture toughness characterizations and
modeling of base metals and welds published in the technical literature were reviewed in
Section 4 to determine the lower bound and best estimate J-Resistance (J-R) curves.
Section 5 describes the evaluation of Level A and B conditions based on the lower bound
toughness values. Evaluation of Level C and D conditions is covered in Section 6.
Section 7 summarizes the results of analysis in terms of minimum required USE to meet
the criteria of the Code Case.

1-3
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Section 8 presents the 32 EFPY USE estimates for the U.S. BWR/2-6 vessels considering
initial USE and fluence data. A comparison with the minimum USE requirements is
presented to show the margins. Appendix B presents the steps required to show that the
USE requirements developed in this report can be applied to individual BWR plants.

1.5 _References

[1-1] “Fracture Toughness Requirements,” Appendix G to Part 50 of Title 10, the Code
of Federal Regulations, July 1983.

[1-2] “Fracture Toughness Criteria for Protection Against Failure,” Appendix G to
Section XI of the ASME Boiler & Pressure Vessel Code, 1989 Edition.

[1-3] “Radiation Embrittlement of Reactor Vessel Materials,” USNRC Regulatory
Guide 1.99, Revision 2, May 1988.

[1-4] Johnson, R., "Resolution of the Reactor Vessel Materials Toughness Safety Issue,
Volumes 1 and 2," NRC Report NUREG 0744, 1982,

[1-5] "Assessment of Reactor Vessels With Low Upper Shelf Charpy Impact Energy
Levels," Code Case No. N-512, February 1993.

[1-6] "Evaluation of Upper Shelf Toughness Requirements for Reactor Pressure
Vessels," EPRI Report NP-6790-SL, April 1990,

[1-7) Merkle, J.G., "An Overview of the Low-Upper-Shelf Toughness Safety Margin
Issue," NUREG/CR-5552, August 1990.

[1-8] Griesbach, T.J. and Smith, E., "A Review of the ASME Low Upper Shelf
Toughness Evaluation Procedures for Nuclear Reactor Pressure Vessels," Nuclear
Engineering and Design, 130 (1991), pp. 259-266.

[1-9] "Development of Criteria for Assessment of Reactor Vessels With Low Upper
Shelf Fracture Toughness,” Document prepared by ASME Section XI Working
Group on Flaw Evaluation, December 1991.
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2.0 BWR VESSEL MATERIALS AND GEOMETRIES

A review of RPV beltline materials and geometries for the U.S. BWR/2-6 vessels was
conducted to determine the variations involved. Table 2-1 shows a summary of the
beltline geometries and the material types.

2.1 Base Metals

The review of plate materials in the last column of Table 2-1 shows that, basically, three
types of base metals are involved: SA302B (only two plates in one BWR/2), SA302B
modified, and SAS33B Class 1.

SA302B plates were used in the older RPVs. Nickel was added to SA302B to improve
ductility, and this steel was designated as SA302B modified. After an interim period, the
SAS33B standard was issued. The chemical composition and the tensile requirements of
the SA302B modified plates are similar to those of the SA533B Class 1 plates. Despite
these similarities, there hes been some concern, due primarily to the steel making practices
of that time, that the fracture toughness of SA302B modified plates may not be
comparable to that of SAS33B plates [2-1]. Presently, not enough fracture toughness test
data are available to address this issue. In response to this, a BWROG sponsored J-R
curve test program using specimens made from archival SA302B modified material, is
currently underway. In the meantime, for the purpose of this evaluation, it was
conservatively assumed that the fracture toughness of SA302B modified plate material is
similar to that of SA302 plate material.

Thus, two types of base metals were considered in the evaluation: SA302B and SA533B
Class 1.

2.2 Weld Metals

A review of the second to last column in Table 2-1 shows that three types of welds were
used in joining the plates in the beltline region: submerged arc welds (SAW), shielded

ra
—
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metal arc welds (SMAW), and electroslag welds (ESW). The same column in Table 2-1
also identifies the flux type used in making the welds. The purpose was to identify the
welds that were made with Linde 80 flux, which is known to produce somewhat lower
toughness welds. Only one BWR/4 plant has a Linde 80 flux weld as its limiting beltline
weld. A few other BWR plants (indicated by * in Table 2-1) also have Linde 80 flux in
their circumferential welds in the beltline region.

For the purpose of material J-R curves, the combined data base model of [2-2] was used
for all non-Linde 80 welds. The copper fluence model of [2-2] was used for the Linde 80
welds.

5 3 Beltline G .

Table 2-1 shows the radii, wall thicknesses and the calculated nominal circumferential
siresses at the design pressure of 1250 psi, for the various U.S. BWR/2-6 plants. It is
seen that the pressure stresses for the BWR/3-6 RPVs fall in a very narrow range,
distinctly different from the BWR/2 stresses. Based on the rcview of stresses and wall
thicknesses, the follow 1g two reoresentative geometries were selected for evaluation: (1)
R=106.7 inch and t =7.13 inch for BWR/2 RPVs, and (2) R=126.7 inch and
t=6.19 inch for BWR/3-6 RPVs. These selected dimensions yield the highest
combinations of pressure stress and flaw depth, thus producing the largest Japplied values.

Based on the review of the reactor drawings, the clad thickness was assumed as 7/32 inch
or 0.22 inch for the BWR/2s and 0.19 inch for the BWR/3-6s.

2.4 _References

[2-1] Hiser, A.L. and Terrell, J.B., "Size Effects on J-R Curves for a 302B Plate,"
NUREG/CR-5265, January 1989.

[22] Eason, E.A., J.LE. Wright and E.E. Nelson, "Multivariable Modeling of Pressure
Vessel and Piping J-R Data," NUREG/CR-5729, May 1991.
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TABLE 2-1
. Data on BWR Geometries and Material Type

Type R(in) tn) PR/t Weld Type () Plate Type

BWR-5 127.0
BWR-5 126.5

13 25897 SAW,Linde 1092 5338
20 25504 SAW,Linde 124 533B
19
19

BWR-2 106.7 7.13 18706 SAW,Arcos BS 3028-Mod
BWR-2 106.7 713 18706 SAW,Arcos BS 302B+B-Mod
BWR-3 125.7 6.13 25632 ESW,Linde 124(b) 302B-Mod
BWR-3 113.1 5.50 25705 SAW,Linde 1092 302B-Mod
BWR- 103.2 5.06 254594 SMAW 533B
BWR-3 113.9 5.53 25746 SAW Linde 1092 5338
BWR-3 125.7 6.13 25632 ESW,Linde 124(b) 302B-Mod
BWR-3 125.7 6.13 25632 ESW,Linde 124 302B-Mod
BWR-4 125.7 6.13 25632 SAW,Linde 80 302B-Mod
BWR-4 125.7 6.13 25632 [ESW,Linde 124 302B-Mod
BWR-4 110.2 5.38 25604 SAW,Linde 124 533B
BWR-4 110.4 5.38 25651 SAW,Linde 1092 533B
BWR-4 92.7 4.47 25923 SMAW 533B
BWR-4 127.0 6.13 25897 SAW, Linde 1092 533B
BWR-4 110.4 5.38 25651 SAW,Linde 1092 533B
BWR-4 110.4 5.38 25651 SAW,Linde 1092 533B
BWR-4 110.4 5.38 25651 SAW,Linde 0091 533B
BWR-4 126.5 6.10 25922 SAW(c) 5338
BWR- 126.7 6.19 25586 SAW, Linde 124 5338
BWR-4 125.7 6.13 25632 ESW,Linde 124 302B-Mod
BWR-4 1267 9 25586 SMAW 533B
BWR-4 103.2 5.06 25494 SMAW 533B
6.
6.

BWR-5 126.7 6. 25586 SAW, Linde 124 533B
BWR-5 126.7 6. 25586 SAW,Linde 124 533B
BWR-6 110.4 5.38 25651 SAW Linde 124 533B
BWR-6 126.7 6.19 25586 SAW Linde 124 533B
BWR-6 120.2 6.00 25042 SAW,Linde 124 5338
BWR-6 110.2 5.41 25462 SAW.Linde 124 533B

(a) SAW=Submerged Arc Weld
SMAW =Shielded Metal Arc Weld
ESW = Electroslag Weld
(b) These plants also have Linde 80 circumferential welds

(c) SAW performed by Ishikawajima-Harima Industries (THI)

. 2-3
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3.0 EVALUATION METHODOLOGY

The evaluation methods and acceptance criteria used in this report are those prescribed in
the recently approved ASME Code Case N-512 [1-5]. There are essentially four steps
involved: (1) postulate flaws in the reactor vessel, (2) determine the loading conditions at
the location of the postulated flaws for Level A, B, C and D Service loadings, (3) obtain
the material properties, including E, oy, and the J -Integral resistance curve (J-R curve), at
the locations of the flaws, and (4) evaluate the postulated flaws according to the
acceptance criteria.

Article A-3000 of the Code Case contains a general description of procedur:s used to
evaluate the applied fracture mechanics parameters, as well as requirements for selecting
the J-R curve for the material. Detailed calculation procedures for Level A and B Service
loadings are given in A-4000. The Code Case does not include a detailed calculation
procedure for Level C and D Service loadings since it was concluded by the ASME during
its development that the possible combinations of loadings and material properties which
may be encountered during these Service conditions are too diverse. This aspect is
discussed later in this section.

The acceptance criteria and the calculation procedures from the Code Case, as applicable
to the subject evaluation, are described in this section.

3.1_Acceptance Criteria
3.1.1 Level A and B Service Loadings

An interior semi-elliptical surface flaw with a depth one-quarter of the wall thickness
(1/4t) and a length six times the depth is postulated. When evaluating adequacy of the
upper shelf toughness for the base materiai, both interior axial and circumferential flaws
shall be postulated, and toughness properties for the corresponding orientation shall be
used. Two criteria which shall be satisfied are:
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(1) The applied J-Integral evaluated at a pressure which is 1.15 times the
accumulation pressure as defined in the plant-specific Overpressure
Protection Report, with a factor of safety of 1.0 on thermal loading for the
plant specified heatup and cooldown conditions, shall be shown to be less
than the J-Integral characteristic of the material resistance to ductile tearing
at a flaw growth of 0.10 inch.

(2) The flaw shall be shown to be stable, with the possibility of ductile flaw
growth, at a pressure which is 1.25 times the accumulation pressure defined
in (1), with a factor of safety of 1.0 on thermal loading for the plant
specified heatup and cooldown conditions.

The J-Integral resistance versus crack growth curve (J-R curve) shall be a conservative
representation for the vessel material under evaluation. The determination of the J-R
curves for this evaluation are discussed in Section 4. The mathematical expressions for
the calculation of applied J-Integral and for the evaluation of stability are discussed in
Subsection 3.2.

3.1.2 Level C Service Loadings

While the aspect ratio and orientation of the postulate flaw are the same as those for the
Level A and B Service loadings, the flaw depth for this service condition is up to 1/10 of
the base metal wall thickness (1/10t), plus the cladding thickness, with total depth not to
exceed 1.0 inch. For this analysis, the most conservative depth of 1/10t plus cladding
thickness is used. Two criteria which shall be satisfied are:

(1) The applied J-Integral shall be shown to be less than the J-Integral
characteristic of the material resistance to ductile tearing at a flaw growth of
0.10 inch, using a factor of safety of 1.0 on loading.

(2) ‘The flaw shall be shown to be stable, with the possibility of ductile flaw
growth, using a factor of safety of 1.0 in loading.
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The material J-R curve shall be the same as used in the evaluation of Level A and B
conditions. Thus, the key differences between the Level A/B evaluation and the Level C
evaluation are the postulated flaw size and the factor of safety on pressure loading.

3.1.3 Level D Service Loadings

The postulated flaw geometry and orientation for this service condition is the same as that
for the evaluation of Level C loadings. The flaw shall be shown to be stable, with the
possibility of ductile flaw growth, using a factor of safety of 1.0 on loading. The J-R
curve shall be a best estimate representation for the vessel material under evaluation. The

stable flaw depth shall not exceed 75% of the vessel wall thickness, and the remaining
ligament shall be safe from tensile instability,

3.2 | f i g

The calculation of applied J-Integral consists of three steps: Step 1 is to calculate the K
values from pressure and heatup/cooldown loadings; Step 2 is to calculate the effective
flaw depth which includes a plastic-zone correction; and Step 3 is to calculate the

J-Integral for small-scale yielding based on this effective flaw depth.

For an axial flaw of depth, a, the stress intensity factor due to internal pressure is
calculated with a safety factor (SF) on pressure using:

Kip = (SF) p [1 + Ry/(1))] (va)0-3 Fy (3-1)
where, Fi = 0.982 + 1.006 (a/t)2 (3-2)
For the postulated circumferential flaw of depth 'a’, the stress intensity factor due to
internal pressure with a safety facior (SF) on pressure, is calculated using the following:
Kip = (SF) p [1 + Rj/(21))] (xa)0-3 F7 (3-3)
where, Fa = 0.885 + 0.233(a/t) + 0.345(/1)? (3-4)

33
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where, Rj, t and a are vessel inside radius, vessel thickness and crack depth, respectively.
This equation for Kjp is valid for 0.20 < a/t < 0.50, and includes the effect of pressure
acting on the flaw faces. The units for K are shown in the report as ksiv/in.

For an axial or circumferential flaw with a depth, a, the stress intensity factor due to
radial thermal gradient was calculated by using the following:

Kit = ((CR)/1000) 12-5 Fy (3-5)
F3 = 0.584 + 2.647(a/t) - 6.294(a/t)2 + 2.990(a/t) (3-6a)

where CR is the cooling rate in “F/hour and the units of K are ksivin. This equation for
Kyy is valid for 0.20 < a/t < 0.50, and 0 < (CR) < 100°F/hour.

A recent comparison [3-1] with the finite element calculated K values indicated that the K
values predicted by using Equation (3-6a) may be underpredicted by as much as 18%. To
correct this, [3-1] proposed the following modification of Equation (3-6a):

Fq = 1.18132(0.584 + 2.647(a/t) - 6.294(@/1)2 + 2.990(a/t)3] (3-6b)
3

This modification essentially increases the old Ky; values by = 18%. The preceding
equation has been incorporated in the Code Case as follows:

Fy = 0.690 + 3.127(a/t) - 7.435@/t)? + 3.532(a/1)3 (3-6¢)

The effective flaw depth, ae, is then calculated by using:
ae = a + (1/(6m)[(Kyp + Kyp/oy)? (3-7)
where, oy is the matenal yield stress.

The K'1p and K'yy are calculated by substituting ae in place of a in equations 3-1 or 3-3
and 3-5.

3-4
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3.5 Lovel € and T Loadine Rushodon Mol

The Code Case [1-5] outlines the detailed calculation procedures and the criteria for the
evaluation of Level A and B service loadings. Similar procedures for Level C and D
service loadings are not included since it was concluded by ASME that the possible
combinations of loadings and material properties which may be encountered during these
service conditions are too diverse. To assure that the Level C and D loadings evaluation
results from different users of the Code Case are in reasonable agreement assuming the
same input information, the ASME Section XI Working Group on Operating Plant
Criteria and Flaw Evaluation proposed a set of five sample problems for a round robin of
calculations [3-2]). The RPV geometry in the Sample Problem No. 4 was closely related
to BWR vessel geometry and, therefore, was analyzed by GE. The results of the analysis
were presented at the Section XI meeting in December 1992, The GE calculated values of
allowable pressures were consistent with the values reported by other participants of the
round robin. This confirmed the reasonableness of the methods used in this report to
analyze Level C and D loadings. The results of GE’s calculation results are also
documented in [3-3).

The evaluation of BWR-specific Level C and D service loadings is covered in detail in
Section 6 of the report.

3.6 Summary of Evaluation Methods

The acceptance criteria and the evaluation methods of the Code Case relevant to the USE
requirement evaluation of U.S. BWR/2-6 RPVs are summarized in this section. The key
inputs in this evaluation are the appropriate material J-R curves and the applied J-l.iegral
values. The selection of appropriate material J-R curves is described in Section 4.
Sections 5 and 6 describe the rationale for the selection of appropriate pressure and
thermal loadings and the evaluation results for the Levels A/B and C and D conditions.

3.7 References

[3-1]1 Yoon, K, "Verification of Ky Equation in Appendix X," Presentation at Working
Group on Flaw Evaluation at Albuquerque, NM, January 1993,
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[3-3] Mehta, H.S., "A Low Upper Shelf Energy Fracture Mechanics Evaluation for a
Reactor Pressure Vessel," Paper to be presented at PVP Conference, July 1993,
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4.0 IRRADIATED FRACTURE TOUGHNESS CHARACTERIZATION

A key input in the evaluations based on the procedures of the Code Case is the material
J-R curve. The beltline region materials of the RPV wall undergo irradiation-induced
toughness changes during the operation of the plant. The irradiation-induced reduction in
the initial USE is a function of material chemistry and fluence [1-3]. The objective of the
analysis is to determine the lowest USE at which equivalent margin is demonstrated, so
the material J-R curves were developed for several Charpy energy values.

Four distinct base metal and weld types were identified in Section 2: (1) SA302B, (2)
SAS533B, Class 1, (3) non-Linde 80 welds, and (4) Linde 80 welds. For material types (2)
and (3), a combined data base model developed in [2-2] was used. Thus, there were
essentially three distinct groups for the purpose of material J-R curve determination.

4.1 Definition of Conservative and Best Esiimate J-R Curves

The Code Case states that the material J-R curve used for the evaluation of Levels A
through C loadings should be a conservative estimate. However, the Code Case does not
specify what constitutes a conservative estimate. For the purpose of this evaluation it was
assumed that a "mean minus two stardard deviation" (Mean-20) J-R curve constitutes a
conservative estimate. In statistical teams, it means that if the variability in the material
J-R curve were to be modeled by a normal cistribution, then 98% of the actual J-R curves
will lie above the Mean-20 J-R curve. This is considered reasonable, since a similar
approach was also used for the round robin problems on the use of this Code Case by the
ASME Section XI working groups [3-2].

The evaluation of Level D loadings requires a best estimate J-R curve. It was assumed
that a "mean” (as defined for a normal distribution) J-R curve constitutes a reasonable best
estimate.

For the SA302B plate material, the J-R curve is based on estimated Jj¢ value. For that
case. the best estimate and conservative J-R curves were obtained from the Mean and
Mean-20 Jj valucs, respectively.

4-1
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4.2 Charpy Energy Versus J-R Curve Correlations

The available information to assess the state of vessel wall embrittlement gene.ally
consists of initial Charpy V-notch (CVN) energy values, the material chemistry and the
fluence level at the vessel wall. Regulatory Guide 1.99, Revision 2 [1-3] provides method
to calculate the Charpy USE at any irradiation level given the preceding information.
This information can be supplemented when the Charpy energy values from the testing of
periodically removed surveillance specimens become available. Most of the material
fracture test data available in the technical literature generally include the CVN energy
values along with the J-R curve information. Similarly, most of the available models try
to correlate Jj. and the J-R curve parameters to CVN energy and material chemistry. The
specific correlations/models used and the calculated J-R curves are described next.

4.3 J-R Curves for SA302 Grade B

The approach used to calculate the J-R curve for this material was that used in {4-1], in
that the J-Integral values on the J-R curve were tied to the estimated Jjc value. J-R curve
data from {4-2] through [4-5] were reviewed and a CVN energy versus Jj correlation was
developed to obtain the Jj. values for the selected value of CVN energy.

To establish a Jj. versus Charpy USE correlation that can be used to determine the mean
and mean minus two standard deviation J-R curves, test data on SA302B base metal from
[4-3] and [4-5] were compiled and plotted in [4-1]. Figure 4-1 shows the plot. The data
in Figure 4-1 are for temperatures in the range of 400° ¥ to 550° F for both the
Jongitudinal and transverse orientations and irradiated as well as unirradiated material.
Fluences ranged from 0.6 to 3.5 x 1019 n/em?,

The data in Figure 4-1 show a trend for decreasing Ji with decreasing Charpy USE. The
mean and the mean minus iwo standard deviation lines shown in Figure 4-1 were obtained
using linear regression analysis. The mean line was used to determine the best estimate
J-R curve for the evaluation of Level D loadings. The mean minus two standard deviation
line was used to establish a conservative representation of the J-R curve, as required in the
evaluation of Levels A, B and C loading conditions.
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procedure outlined in {1-3] and then, using the combined da.a base model, obtain a J-R
curve. The second approach generally gives a lower J-R curve [3-3). Therefore, the J-R
curves in this evaluation are calculated using the second approach.

The values of various parameters shown in Table 4-2 would give a best estimate or mean
J-R curve which can be used for the evaluation of Level D loadings. A conservative
material J-R curve for the evaluation of Level A through C condition loadings, is obtained
by multiplying the J4 values obtained from equation (4-2) by the value of the ratio
corresponding to 2Se (shown at the bottom of Table 4-2). For example, the Jq values
obtained using the combined data base model were multiplied by 0.632 to obtain the mean
minus two standard deviation value of J4.

Figure 4-4 shows the Mean-20 J-R curves for CVN energies ranging from 35 to 60 ft-lb.
A comparison of {1e J-R curves in Figure 4-4 and those in Figures 4-3a and b shows that
the J values at the same crack extension in the latter case are considerably lower.

4.5 Linde 80 Weld 1-R Curves

A separate model for the Linde 80 flux welds is provided in [2-2]. Similar to the case of
the base metal, two approaches are provided. The first approach is based on CVNp,
copper content and fluence. The second approach does not use the CVNp information.
The second approach was used in this evaluation since it does not require a knowledge of
CVNp, value, which is not generally available. The constant C1 in this approach is
defined as the following:

In C1 = al + a2*Cu*(¢)d5 + a3*T (4-7)

The parameters al, a2, a3 and a5, along with the other constants, are given in the third
column from the right in Table 4-2. Table 8-1 in Section 8 shows the copper contents of
the beltline region welds. From this table, the highest copper content for the plants that
have Linde 80 flux welds was determined as 0.31%. The highest fluence for 32 EFPY of
operation was determined to be 5.3x1017 n/em?2. Since the minimum value of fluence for
the model in [2-2) is 1x1018 n/em2, the fluence value was conservatively assumed as
1x10'8 n/em2. Figure 4-5 shows the mean minus two sigma J-R curve for the Linde 80
welds based on a copper content of 0.31% and a fluence of 1x1018 n/em?,

4-5
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46 S f 1R Curve [ L

From a review of the base metals and weld types involved in the BWR beltline region,
three distinct material groups (SA302B, SAS33B and other non-Linde 80 flux welds, and
Linde 80 flux welds) were identified for the determination of J-R curves. The mean
minus two standards deviation J-R curves are developed for use in the evaluation of Level
A, B and C loadings while the mean J-R curves are developed for the evaluation of Level
[ loadings.
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TABLE 4-1

CVN Energy Mean - 2*Sigma Mean

(ft-1b) e  1.3%)c Jie  1.3%
(in-1b/in2) (in-1b/in?)

35 150 195 315 409.5
40 170 221 335 435.5
45 190 247 355 461.5
50 210 273 375 487.5
55 230 299 305 513.5
60 250 325 415 539.5
65 270 351 435 565.5
70 200 377 455 591.5
75 310 403 475 617.5

4-8
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TABLE 42

Constants in the J-R Curve [2-2] Models

RPV Welds Linde 80 Linde 80
Parameter Variable CVN, Model CVN, Model  Cugr Model
InC/
a, (constant) -3.99 -4.27 2413
a, Cu(on)* -0.584 -0.588 -0.506
a, T -0.00266 -0.00307 -0.00250
as (exponent) 0.469 0.498 0.634
a, InCVN, 1.47 1.59
c2
d, (constant) 0.0770 0.0770 0.0770
d, InC1 0.116 0.116 0.116
c3
d, (constant) -0.0812 -0.0812 -0.0812
d, InCl -0.00920 -0.00920 -0.00920
c4 (exponent) 0474 -0.489 -0.491
# Points 4152 3-667 3667
S, In units 0.194 0.202 0.234
Ratios
-1.645 §, 0.727 0.717 0.681
-18, 0.824 0.817 0.791
-2 §, 0.679 0.667 0.626
-3 8§, 0.559 0 545 0.496

4-9
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TABLE 4-2 (Cont’d)

Crnstants in the J-R Curve [2-2] Models

RPV Base Metals Combined Database
Parameter Variable CVN, Model Charpy Model
InCl
a, (constant) -2.89 -4.13
a, InCVN or InCVN, 1.22 1.48
ay T -0.00270 -.00239
as o -0.0104
c2
| (constant) 0.0770 0.0770
InC1 0.116 0.116
c3
d, (constant) -0.0812 -0.0812
d, InC1 -0.00920 -0.00920
cq (exponent) -0.417 -0.455
# Points 2295 8463
S, In units 0.150 0.229
Ratios
-1.645 S, 0.781 0.686
-18, 0.861 0.795
-2 §, 0.741 0.632
-3 §, 0.637 0.503

4-10
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£.0 EVALUATION OF LEVEL A AND B CONDITIONS

The methodology for the evaluation of Level A and B Service loadings was described in
Section 3. Key steps in that evaluation are the calculation of applied J-Integral and the
flaw stability evaluation. This Section describes the selection and the evaluation of
appropriate loadings for Service Levels A and B, and their evaluation using the methods in
the Code Case. Conservative J-R curves shown in Section 4 were used to determine the
USE at which acceptance criteria of the Code Case are satisfied.

5.1 Level A and B Service Loadings

The two loadings to be considered are internal pressure and thermal heatup/cooldown
rates. The heatup/cooldown rates for the BWR RPVs are specified in the reactor cycles
drawing for the each plant. The definitions of reactor thermal cycles and the associated
number of their occurrences have evolved over time. After reviewing all BWR/2-6
thermal cycle diagrams, it was determined that a more recent thermal cycle drawing [5-1],
for the BWR/6 standard plant, was bounding for determination of the limiting
heatup/cooldown rates. A review of this drawing indicated that the highest
heatup/cooldown rate for all Level A and B events was 100° F/hour except for the
Level B loss of feedwater pump transient. The pressure and temperature conditions during
this transient are shown in Figure 5-1. As shown later, the limiting case was still found to
be the 100° F/hour case.

The specified design pressure for BWR/2-6s is 1250 psi. The accumulation pressure is
[.1 times the design pressure and is, thus, equal to 1375 psi. The internal pressure value
used in the Jq_1 criterion is 1.15 times the accumulation pressure (i.e., 1375x1.15 or 1581
psi). Similarly, the internal pressure value used in the flaw stability criterion is 1.25 times
the accumulation pressure or 1719 psi.

The postulated flaw for this case has the depth equal to 1/4t (i.e., 7.125x.25 or 1.78 inch
for the BWR/2s, and 6.19x.25 or 1.55 inch for BWR/3-65). The internal pressure,
cooldown rate, and the flaw depth information were input in equations (3-1) through (3-7)
of Section 3 to determine the applied J-Integral values.

5-1
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$ 2 Evaluat i 1 Crigers

Tables 5-1a (for BWR/2s) and 5-1b (for BWR/3-6s) show the calculated values of applied
J-Integral for several crack depths beginning with the 1/4t crack depth. Both the axial and
circumferential flaws are considered. The applied J-Integral values from these tables for
use in this criterion were obtained at 0.1 inch crack extension (i.e., 1.88 inch for BWR/2s
and 1.65 inch for BWR/3-6s).

Figure 5-2a shows a comparison of the applied J values for the axial flaw case with the
material J-R curves for the SA302B plate material. Figure 5-2b shows the similar
comparison for the circumferential flaw case. Although not shown, the margins are
higher with the SAS33B combined database and Linde 80 weld J-R curves. The overall
USE requirements are discussed in Section 5.5.

The applied J-Integral values for the stability evaluation were calculated using an internal
pressure of 1719 psi (1.25 x accumulation pressure). The calculated values of applied
J-Integral are shown in Tables 5-2a and b. Figures 5-3a through b show the applied J
curve und the SA302B J-R curves for the axial and circumferential flaws. Flaw stability
at a given applied load is assured when the slope of the applied J-Integral curve is less
than “he slope of the material J-R curve at the point on the J-R curve where the two curves
intevsect (see Figure 3-1).

Figures 5-4 and 5-5 show the stability assessments for the axial flaw case with the
SAS33B/Non-Linde 80 weld and the Linde 80 weld J-R curves, respectively. It is seen
that the USE values at which equivalent margins are met are considerably lower than those
in the SA302B J-R curve cases. The determination of minimum USE requirements based
on the stability criterion is discussed further in Section 5.5.
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4 ‘eedwater Pump Transient

As stated earlier in this section, the heatup/cooldown rates during the loss of feedwater
pump transient, which is a Level B transient, exceed 100° F/hour, the rate used in the
preceding evaluations for the two criteria. Therefore, an assessment was conducted to see
if the applied J-Integral values produced during this transient would be enveloped by those
calculated in the preceding evaluations.

A review of the pressure-temperature conditions during the transient, as shown in Figure
5-1, shows both heatup and cooldown ramps are involved. However, only the cooldown
ramps are of interest since they produce tensile stresses at the inside surface and, thus, a
positive stress intensity factor. A one-dimensional axisymmetric finite element model of
the RPV wall (R=126.7 inch, t= 6.19 inch) was created using the ANSYS computer
program. Based on thermodynamic conditions, the convective heat transfer coefficient, h,
at the ID surface was specified as 500 BTU/hr-ft2-°F. The tensile thermal stresses were
determined to be the highest at the end of the cooldown ramp from 561° F to 485° F (see
Figure 5-1). Figure 5-6 shows the calculated values of K corresponding to the maximum
thermal stress. The assumed flaw orientation was axial with length six times the depth.
The K values were calculated using the Raju-Newman method [5-2]. The maximum value
of K in Figure 5-6 is approximately 12 ksiv/in.

The Ky; values for 100° F/hour in Table 5-1b are =10 ksivV'in at comparable crack depth.
However, a major component of the applied J-Integral value at the crack depths of interest
is the K from pressure loading. The pressure at the end of cooldown ramp in the loss of
feedwater pump transient (579 psi) is less than one-half the accumulation pressure of 1375
psi. Therefore, the applied J-Tntegral values for the loss of feedwater pump transient are
enveloped by those shown in Tables 5-1a and b.

The USE values required to assure equivalent margins per 10CFR50 Appendix G are

determined from Figures 5-2 through 5-5. A summary of the results from these figures,
for each material of interest, follows.

5-3
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BWR/2 Plates:
The flaw stability criterion is limiting. Figures 5-3a and 5-3b show the lines of
Japplied versus crack growth for the axial and circumferential flaw, respectively.
The stability criterion is met where the Japplied line crosses below the J-R curve
for a particular CVN energy. In this case, the stability criterion is met for J-R
curves, based on the SA302B material, with USE values of 50 ft-1b (longitudinal)
for the axial flaw and at least 35 ft-Ib (transverse) for the circumferential flaw.

BWR/3-6 Plates:

The flaw stability criterinn is limiting. Figures 5-3a and 5-3b, based on SA302B
J-R curves, show the required USE to be 59 ft-Ib (longitudinal) for an axial flaw
and at least 35 ft-1b (transverse) for a circumferential flaw, respectively. Note
that, in Figure 5-4, based on the combined data base J-R curve, the axial flaw
requirement is only 35 ft-lb (longitudinal), again showing the sizable conservatism
in basing J-R curves on the SA302B data. However, the BWR/3-6 plates are
evaluated against the 59 fi-Ib requirement in Section 8.

Non-Linde 80 Welds:

The flaw stability criterion is limiting. Figure 5-4 provides J-R curves for both
SAS533B plates and for non-Linde 80 welds, so the axial flaw requirement is
35 ft-1b. The circumferential flaw case is not analyzed, because it has a lower
Japplied and weld metal USE is independent of orientation of the flaw,

Linde 80 Welds:

The flaw stability criterion is limiting. Figure 5-5, with a J-R curve based on
bounding Cu and fluence assumptions, shows that the stability criterion is met.

Table 5-3 provides . summary of the required USE values for the various BWR types and
material types. The required USE values in Table 5-3 are based on the Level A and B
loadings. In Section 6, the evaluation of Level C and D loadings is described. The USE
requirements of Table 5-3 are then revisited to see if they also envelope the USE
requirements per the criteria for the Level C and D loadings.

5-4







N'QNNNNNNNNMNNMNN‘ B il ok

NEDO-32205-A

PR RS IO IR TE RN P RS PO N RO RN RS N 4 4 ed

) =
= )

TABLE 5-1a
Calculated Values of Applied J-Integral for 1.15xAccumulation Pressure
(BWR/2)

PRESSURE(PS1)= 1581

VESSEL RI (IN)= 106.7

VESSEL TH (IN)= 7.12%

COOLING RATE(F/MR) 100

a0 (IN)® 1.78125

E(KS])= 27700

YS (K8i)= 69

AXIAL FLAW
1 F3 Kp Kt ae F1! F3! Ktotal Japp
78 1.06  1.06 62.43 1630 .88 105 106 78,25 201.17
83 1.0% 1.06 63.52 14,40 1.90 1.08 1.06 79,38 206.9%9
88 1.08 1.06 64 .60 14.39 1.95 1.06 1.06 80.50 212.86
93 106 1.08 €5.69 1638 200 1.06 100 8161 8.7
58 106 108 .78 16,87 2,08 1.07  L.0s 8273 228.78
03 1.06  1.06 67.87 1635 .M y.07  1.06 83.82 230.8
8 107 106 689 .82 246 107 1.0 BSR4
13 107 1.05 70.06 1629 2.2 1.08  1.05 B6.03 243,15
18 108 1,08 716 1e.2s 226  1.08  1.05 BN13 204
3 108 1,08 T8 .21 231 109 1.0 8823 28.70
i teh TS WS RS L8 A5 8N . 1
33 1.09 1.04 74 .48 14,10 2.42 1.10 1.03 90.43 268.67
38 1.09 1,04 75.60 14.04 2.47 1.10 1.03 91.54 275.26
110 108 YT W s L1 L6 e R
R SR . R I % S R B
$ 11 1 mee WA 243 i L8 W 295.58
S8 111 .01 8013 75 248 LM2 100 B9 302.54
3 1f2 o1 s e a7 L3 0.9 9708 309.62
% 112 100 82.43 1358 278 L 0.9 9830 316.80
B 143 oee 83.89 1348 2.8 16 098 . 324.09
WM Ae 080 e 1538 A8 18 087 008 331,50
WORKSHEET: BWROGUS3 . w1
CIRCUMFERENTIAL FLAW

2 S F3 Kp Kt ae F2! F3! Ktotal Japw
.78 0.96 1.06 30.63 14.59 1.80 0.97 1.06 «5.26 67.28
33 097  1.06 31.15  fek0 1.8 067 1.98 «5.78  68.85
S oeT 146 34 B 1M o 1.0 .30  70.41
93 0.97 1.06 32.18 14.38 1.96 0.97 1.06 46.80 71.96
‘os 098 106 32.¢9 1437 201 098 LB 67,30 7.5
.03 0. RS S W e DM L ALEC A
08 0. 106 3.7 .32 21 0. .06 8.28  T76.57
C! T 1,08 36.22 .29 2.6 0. 1.08 48.76  78.10
A8 0. 108 .78 w25 220 O 1.08 49.23  79.6
23 0. 108 35.26 .21 2.2 0. 1.05  49.69  B1.12
28 0. 104 35.7% 1616 2.3 1.0 50.15  82.63
Rt 1.06 36,25 .10 236 1. 1.06  $0.60 84,12
38 1. 104 3675 .04 2.4 1 1,08 51.05  85.62
431 103 3726 13.98 246 1.03 $1.49  87.10
T S yo3 376 1391 251 . 1.02 51.93  g8.5¢
T 102 3827 13.83 2.5 . 1,02 52.36 90.06
A 101 377 178 28 L 1.0 52,78  91.53
83 101 3928 13.67 2.66 L. .00 §3.21 92.00
68 1. 100 3979 1358 270 L. 1.00 S3.62  9k.4b
73 L 0.99 40.29 13.48 2.76 1. 0.9 S56.04 95.92
- ¥ 099 40,80 1338 2.8 L 0.98  Se.ee  97.38
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TABLE 5-1b
. Calculated Values of Applied J-Integral for 1.1%xAccumulation Pressure
(BWR/3-6)

PRESSURE (PS] )= 1581

VESSEL Ri (IN)= 126.7

VESSEL TH (IN)= 6.19

COOLING RATECF/KR) 100

a0 (IN)= 1.547%

E(KS])= 27700

YS (KSI)= 69

AXTAL FLAW
a F1 F3 Kp Kt ae F1* F3! Ktotal Japp
1.55  1.04  1.06 78.20 10.12 1.3  1.05  1.06 91.05 272.33
1.60 1.0% 1.06 79.76 10.13 1.69 1.06 1.06 92.70 282.34
1.65 1,05  1.06 81,33 10.12  1.7%  1.06  1.06 9.36 292.51
170 1.06 1,06 82.90 10.11  1.7%  1.07  1.06 96.02 302.86
1.75 1.06 1.06 84.47 10.10 1.85 1.07 1.05 97.67 313.40
1.80  1.07  1.06 8605 10,08 1.90  1.08  1.05 99.33 32.12
1.85 1,07  1.05 87.63 10.05 1.95 1,08  1.05 100.99 335.04
1.90 1,08 1.05 89.21 10.02  2.01  1.09  1.04 102.65 346.18
1.9  1.08  1.05 90.80 9.9  2.06 1.09  1.06 104.32 357.53
2.00 1.09 1.04 92,40 9.95% 2.1 1.10 1.03 106.00 369.10
2.05 1.09 1.04 96.01 9.%0 2.17 .1 1.02 107.68 380.92
2.10 1.10 1.03 95.62 9.85 2.22 1.1 1.02 109.37 392.98
215 110 103 97,25 979  2.28  1.12 .01 119.07 405.29
220 11 1,02 98.88 973 2,33 1.12 100 112,78 417.88
2.5 1.1 1,01 100.53  9.67  2.38  1.13 0.9 11451 430.7%
2.30 1.12 1.01  102.18 9.60 2.44 1.14 0.98 116.24 443.89
2.35 113 1,00 103.85  9.52  2.49 1.0 0.97 117.99 457.35
240  1.13 0.9 105.53  9.45 2.5 115 0.9 119.75 471,11
. 2.45 1.% 0.98 107.23 9.36 2.60 1.16 0.95 121.53 485.20
2.50 1.15  0.97 108.93  9.28 2,65 1.17  0.9% 123.32 499.63
2.55 1.5 0.9 110.65 919 2,71 1.7 0.93 125.13  S514.41
WORKSHEET: BWROGUS3.wK1
CIRCUMFERENTIAL FLAW

2 1L F3 Kp Kt ae 1 3 Ktotal Japp
155  0.96 1,06 37.78 1012 1.57  0.97  1.06 48.29  76.60
1.60  0.97 1,06 38.52 10.13 1.2  0.97  1.06 49.03 7B.9%
1.65 0.97 1.06 39.25 10.12 .67 0.97 1.06 49.77 81.38
1.70 0.97 1.06 39.98 10.11 1.73 0.98 1.06 $0.50 83.78
1.75 0.98 1.06 40.71 10.10 1.78 0.98 1.06 $1.22 86.18
1.80  0.98  1.06 41.46 1008 1.83 0.98  1.06 51.93 88.50
1.8% 0.99 1.05 42.16 10.05 1.88 0.99 1.05 52.63 91.01
1.90 0.9  1.05 42.88 10.02 1.93 0.9  1.05 53.33  93.44
195 0.9  1.05 43.60 9.9 1.9 0.9 1.0 54.02 95.88
2,00 1.0 104 4432 9.9 203  1.00 1.04 54.71 98.32
2.05 1.0 1.04 45,06 9.90 2,08  1.00 1.03 55.39 100.78
2.0 1.00  1.03  45.76  9.88  2.13  1.01 1,03 $6.06 103.25
215 101 1,08 4647 979 218  1.001 1,02 56.73 105.73
220 1.0 1,02 47.19 973 223 101 1,02 57.39 108.21
2.25 102 1.01 4791 9.67 228 1.02  1.01 58.05 110.72
230 1.02 101 48.62 9.60 2.3  1.02  1.00 S58.71 113.23
2,35  1.02 1,00 49.3¢ 952 239 1.03 0.9 59.36 115.76
240 1,03 0.9 50.06 9.45 2,46  1.03  0.98 60.01 118.30
2.45 103 0.98 S0.78 9.36 2.49 1.03  0.97 60.65 120,86
2.5%0 1.04 0.97 51.50 9.28 2.54 1.04 0.97 61.30 123.44
2.55 104 0.9 52.22 919 2.9  1.04 0.9 1.9 126.03

w 57
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TABLE 5-2a
Calculated Values of Applied J-Integral tor 1.25xAccurmulation Pressure .
(BWR/2)
PRESSURE(PS! )= 1719
VESSEL Ri (IN)® 106.7
VESSEL TH (IN)= 7.125
COOLING RATE(F/HR) 100
al (IN)= 1.78125
E(KS1)= 27700
YS (K§1)= 69
AXIAL FLAW
a F1 F3 Kp Kt ae F1! 3 Ktotal Japp
1.78 1.04 1.06 67.88 14.39 1.86 1.0% 1.06 8., 06 232.11
1.83 1.05 1.06 69.06 14 .40 1.9 1.08 1.06 85.28 235.9%
1.88 1.0% 1,06  70.24 14,39 1.96 1.06 1.06  B86.51 245.84
1.93 1.06 V.06 T71.42 14.38 z2.0 1.06 1.06 87.73 252.82
1.98 1.06 1.06 72.61 14.37 2.07 1.07 1.06 B88.94 259.88
2.03 1.06 1.06 73.80 14.35 2.12 107 1.06 90.15 267.01
2.08 1.07 1.06 74.98 14.32 2.17 1.08 1.08 91.36 274.23
2.13 1.07 1.05 76.18 14.29 2.22 1.08 1.08 92.57 281.54
2.18 1.08 1.05 77.37 14,25 2.27 1.08 1.05 93.78 288.%4
2.23 1.08 1.08 78.57 16.21 2.33 1.09 1.04 94,99 296.44
2.28 1.09 1.04 79.78 14.16 2.38 1.08 1.04 96.20 304,04
2.33 1.09 1.04 80,98 14.10 2.43 1.10 1,03 97.41 378
2.38 1.09 1.04 82.20 14,04 2.48 1.10 1.03 98.63 319.56
2.43 1.10 1.03 83.42 13.98 2.54 1.1 1.02 99.84  327.49
2.48 1.10 1.03 84,65 13.91 2.59 1.11 1.01  101.06 335.53
2.53 .1 1.02 B5.88 13.83 2.64 1.12 1.0 102.28 343.70
2.58 1.1 1.01 87.12 13.7% 2.69 1.13 1.00 103.51 351.9¢
2.63 .12 1.0 88.37 13.67 2.7 1.13 0.99 104.74 380.42
2.68 1.12 1.00 89.62 13.58 2.80 1.14 0.98 105.98 368.98
.73 1.13 0.99 90.89 13.48 2.85 1.14 0.98 107.22 377.68
2.78 1.4 0.99 2.6 13.38 2N 1.15 0.97 108.47 386.53
WORKSHEET: BWROGUSS. WK1
CIRCUMFERENTIAL FLAW
a " F3 p Kt ae Fa 3 Ktotal Japp
1.78 0.96 1.06 33.30 14.39 8 0.97 1.06  47.98 75.63
1.83 0.97 1.06 313.86 14.40 1.86 0.97 1.06 48,55 77.464
1.88 0.97 1,06  34.43 14.39 1.9 0.97 1.06 49.11 79.24
1.93 0.87 1.06 34.99 14.38 1.96 0.98 1.06 49,67 81.04
1.98 0.98 1.08 35.54 14.37 2.01 0.98 1.06 $0.21 82.83
2.03 0.98 1.06  36.10 14.35 2.06 0.98 1.06 S0.7%  B4.8)
2.08 0.98 1.06 36,66 14.32 2.1 0.98 1.06 51.28 86.38
2.13 0.99 1.05 7. N 16.29 2.6 0.99 1.08 51.80 B8.16
2.18 0.99 1.05 37.7¢ 16.25 .20 0.99 1.0% 52.32 89.92
2.2% 0.99 1.05 38.% 1%.21 2.26 0.99 1.0% 52.83 91.68
2.28 0.99 1.04 38.86 14.16 g% b 1.00 1.04 53.33 93.44
2.33 1.00 1.04 39.41 14.10 2.3 1.00 1.04 $3.83 95.1%
2.38 1.00 1.04 39.96 14.04 2.61 1.00 1.03 54.32 96,93
2.43 1.00 1.03 40.51 13.98 2.46 1.01 1.03 54.81 98 .68
2.48 1.01 1.03 41.06 13.91 2.5 1.01% 1.02 55.2% 100.42
2.53 1.01 1.02 41.8" 13.83 2.57 1.0 1.02 §5.76 102.15
2.58 1.01 1.01 42.16 13.7% 2.62 1.02 1.01 $6.23 103.89
2.63 1.02 1.01 &L2.N 13.67 2.67 1.02 1.00 $6.70 105.62
2.68 1.02 1.00 43.26 13.58 .72 1.02 1.00 §7.16 107.34
2.73 1.03 0.99 438 13.48 2.77 1.03 0.99 57.62 108.07
2.78 1.03 .99 &4 36 13.38 2.82 1.03 0.98 58.07 110.80
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. TABLE 5-2b
Calculated Values of Applied J-Integral for !1.25xAccumulation Pressure
(BWR/3-6)

PRESSURE(PS])= 1719

VESSEL Ri (IN)= 126.7

VESSEL TH (IN)= 6.19

COOLING RATE(F/HR) 100

a0 (IN)= 1,5475

E(KS1)= 27700

YS (KSI)= 69

AXIAL FLAW
3 F1 3 Kp Kt av Fi! F3 Ktotal Japp
1.55 1.04 1.06 85.02 10.12 1,65 1.08 1.06 98.58 319.28
1.60 1.05 1.06 86.73 10.13 1.70 1.06 1.06 100,40 331.19
1.85 1.05 1.06 88.43  10.12 1.76 1.06 1.06 102,22 343.30
1.70 1.06 1.06  90.14 10.11 1.81 1.07 1.06 104.064 355.863
1.7% 1.06 1.06  91.85 10,10 1.86 1.07 1,05 105.87 348.19
1,80 1.07 1.06 93,5  10.08 1,92 1.08 1.05 107.69 380.99
1.85% 1.07 1.08  95.28 10.08 1.97 1.08 1,05 109.52 394,04
1.90 1.08 1.08  97.00 10.02 2.03 1.09 1.06 111.35 407.35
1.95 1.08 1.08 98,73 9.99 2.08 1.10 1.06 113.20 420.94
2.00 1.09 1.04 100,47 9.95 2.13 1.10 1.03 115,05 434,81
2.05 1.09 1.04 102,21 9.90 2.19 1.1 1.02 116,90 44B.98
2.10 1.10 1.03 103,97 9.85 2.24 1.1 1.01 118,77 4b63.46
2.1% 1,10 1.03  105.74 9.79 2.30 1.12 1.01  120.66 478.26
2.20 1.1 1,02 107.51 $.73 2.35 1.13 1.00 122.55 493.40
2.25 1.1 1,01 109.30 9.67 2.41 1.13 0.99 12¢.46 508.88
2.3 1.12 1.01  111.10 9.60 2.46 1.1 0.98 126.38 524.74
2.35 1.13 1.00 112.92 9.52 2.51 1.18 0.97 128.32 540.97
. 240 113 0.99 11476  9.45  2.57  1.16 0.9 130.28 557.60
2.45 1.14 0.58 116.59 9.36 2.62 1.6 0.95 132.26 574.63
2.50 1.15 0.97  118.44 9.28 2.68 1.17 0.94 134.25 592.09
2.55 1.15 0.96 120.31 9.19 2.73 1.18 0.92 136.26 610,00
WORKSHEET: BWROGUSS, w1
CIRCUMFERENTIAL FLAW

a FL 3 Kp Kt ae Fa' 3 Ktotal Japp
1.5% 0.96 1.06 41,08 10.12 1.58 0.97 1.06 51.68 87.73
1,60 0.97 1.06 41.88 10,13 1.63 0.97 1.06 S2.49  90.51%
1.45 0.97 1.06 42.68 10.12 1.68 0.97 1,06 53,29  93.30
1.70 0.97 1.06 43,47 10.M1 1.73 0.98 1.06 56.09 96,11
1.7% 0.98 1.06 44,27 10,10 1,78 0.98 1.06 54,87  98.92
1.80 0.98 1.06  45.0% 10.08 1.83 0.98 1.06  55.65 101,74
1.8% 0.9%9 1.05  45.84 10.05 1.88 0.99 1.05  56.42 104.57
1,90 0.9% 1.05  46.62  10.02 1.93 0.99 1.08  $7.18 107.42
1.95 0.99 1.05  47.41 9.99 1.98 1.00 1,06 57.94 110.28
2.00 1.00 1.06 48,19 9.95 2.04 1.00 1.06 58.6% 113,15
2.05 1.00 1.06 48,97 9.90 2.09 1.00 1.03  $9.43  116.04
2.10 1.00 1.03  49.7% 9.85% 2.1 1.01 1,03  60.17 118.9%
2.1% 1.0% 1.03  50.53 9.7% 2.19 1.01 1.02  60.91 121.86
2.20 1.0% 1.02 51.3% $.73 2.26 1.01 1.02  61.63 124.80
2.2% 1.02 1,01 52,09 9.67 2.29 1.02 1.01  62.36 127.7%
2.30 1.02 1.0 52.87 9.60 2.3 1.02 1.00 63.08 130,72
2.35 1.02 1.00 52 &5 9.52 2.39 1.03 0.99 63.80 133.7
2.40 1.03 0.99 56,43 9.45 2.4k 1.03 0.8  64.51 136.73
2.45 1,03 0.98 55,21 9.36 2.49 1.03 0.97  65.22 139.76
2.50 1.04 0.97  56.00 9.28 2.5 1.04 0.96  65.935 142.81
2 1.04 0.96 56.78 9.19 2.60 1,064 0.95  66.664 145.88
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6.0 EVALUATION OF LEVEL C AND D CONDITIONS

The Code Case procedures call for the evaluation of Service Level C and D loadings with
a safety factor of 1.0 and a postulated flaw equal to 1/10 of the vessel wall thickness.
Many of the early generation BWRs designed to ASME Section VIII or the 1965 edition
of Section III did not have an explicit Service Level classification for various loadings.
The later editions of the Code first introduced the Normal, Upset, Emergency and Faultzd
classification for the various plant transients and component loadings. To avoid confusion
between the plant or system operating conditions and the component operating conditions,
this classification was then changed for the components to Service Levels A through D.

As was the case for Level A and B loadings, a more recent thermal cycle drawing [5-1],
for the BWR/6 standard plant, was shown to have the limiting transients. Once the
transient was selected, the first step in the evaluation was to determine the throughwall
stress distribution in the RPV wall when the stresses reach their peak. This was done by
finite element analysis. The stress intensity factor, K, values and correspondingly the
applied J-Integral values are then calculated using the methods available in the technical
literature. The Code Case does not provide procedures to calculate K for temperature
transients in which heatup/cooldown rates exceed 100° F per hour.

6.1.1 Selection of Transients

A review of [5-1] indicates that among the transients specified for the Emergency
(Level C) condition, automatic blow down (Event 23, see Figure 6-1) and the improper
start of cold recirculation loop (Event 24, see Figure 6-2), are the most limiting for the
beltline region of the vessel. Of these, the second transient is not applicable to BWR/2
vessels, which do not have jet pumps. The internal pressure remains at the operating level
throughout the second transient, whereas in the first transient it is much lower,
corresponding to the saturation pressure when the thermal stresses reach their peak after
depressurization. Thus, the second transient was determined to be more limiting for the
BWR/3-6s.
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Based on the preceding dis.uss on, the BWR/2Z RPV geometry was analyzed using
transient 23 and the BWR/3-6 geome vy was used with transient 24,

6.1.2 Finite Element Stress Analysis

Figure 6-3 shows the axisymmetric finite element model used fo: the evaluation of the
BWR/2 case. The stainless steel clad on the ID surface, with a nominal thickness of
7/32 inch, is also included in the model. The ANSYS computer program [6-1] was used
in both the transient temperature and the stress analyses. The value for the convective
heat transfer coefficient, h, at the ID surface was assumed as 10,000 Btu/hr-ft2-°F, based
on a previous analysis [6-2] of a more severe transient. A model similar to that shown in
Figure 6-3 was also developed for the BWR/3-6 geometry. The "h’ at the ID surface for
transient 24 was assumed to bz the same as that for transient 23.

In both the models, temperature distributions were calculated at several time points along
the transient, and were then used in the subsequent stress analysis. A review of the stress
distributions at different time points showed that the stresses reached a maximum at
approximately 210 seconds in the BWR/2 model and at approximately 32 seconds in the
BWR/3-6 model. Figures 6-4a and b show the circumferential stress distributions through
the reactor wall in the two cases. The increased stress level in the clad (over and above
the extrapolated trend from the base metal stress) is due to the difference between the
thermal expansion coefficients of low alloy steel and stainless steel. This additional
thermal stress in the clad was approximated as a point force for the calculation of stress
intensity factor, K.

Since the axial and circumferential stress magnitudes through the reactor wall were
essentially similar, the axial stress distribution plots are not shown.

6.1.3 Fracture Mechanics Evaluation

The geometry of the postulated flaw for the Level C service loadings is essentially the
same as that Jor the Level A and B loadings except that the flaw depth is 1/10 of the base
metal wall thickness plus the clad thickness. Thus, the postulated crack depth in the
BWR/2 case was (0.1x7.13 + 0.22) or 0.93 inch, and (0.1x6.19 + 0.19) or 0.81 inch in
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the BWR/3-6 case. The K values for the postulated axial flav's were calculated using the
Raju-Newman method [6-3). The stress distribution in this approach is characterized in
the form of a third order polynomial across the thickness:

o=ao+alx+azx2+a3x3 (6-1)

Due to the dissimilarity in materials, a discontinuity stress is present at the clad-plate
interface, as evident in Figures 6-4a and b. This discontinuity stress was excluded in the
polynomial characterization but was considered separately by integrating it over the clad
thickness. The resulting force per unit thickness, P, was assumed to be located at the
middle of the clad. The following equation based on a solution given in [6-4] was used to
calculate the K contributed by P:

Kelad = 2P x 1.3V (7a) (6-2)

where, a is crack depth. The calculated values of K from the Raju-Newman solution and
from equation 6-2 were added together to obtain the overall K for the thermal transient
being analyzed.

The same thermal K values were also used for the circumferential flaw evaluation. This
was considered reasonable since the axial flaw K values are expected to envelope the
circumferential flaw K values, given the same stress distribution.

Figures 6-5a and b show the values of K by the Raju-Newman method for the stress
distributions in Figures 6-4a and b, respectively. For the convenience of J-Integral
computation, the K values were curve-fitted as a fourth order polynomiai versus crack
depth, a.

Tables 6-1a and b show the summaries of the applied values of J-Integral at various crack
depths for BWR/2 and BWR/3-6 cases, respectively. The initial flaw depth in each table
is equal to 1/10t. The K values for pressure loading were calculated using equations 3-1
and 3-3. Although their stated applicability range is 0.2 < 2/t < 0.5, the equations were
found to provide reasonable answers for a/t values of 0.1 and, therefore, were used in this
evaluation. Both the pressure and thermal loadings are based on a safety factor of 1.0.
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A review of Tables 6-1a and b shows that the applied J-Integral values in transient 24 are
considerably larger than those in transient 23. This validated the decision to analyze the
BWR/3-6 geometry for transient 24 only. The review also shows that the applied
J-Integral values at 0.1 crack extension are smaller than those for Level A and B
conditions at the same crack extension (Tables 5-1a and b). This is also a clear indication
that the Level C conditions are not governing in terms of minimum CVN energy
requirements.

6.1.4 Acceptance Criteria Evaluation

Figure 6-6 shows the applied J-Integral values at 0.1 inch crack extension for the axial
flaw case, and the J-R curves for SA302B modified at several longitudinal USE values. It
is seen that the first criterion for Level C loadings is satisfied even with USE as low as
35 ft-1b. The stability criterion is also satisfied since any reasonable ductile crack
extension is expected to be stable. This is lower than the corresponding Level A,B
allowable USE values of 50 ft-Ib for BWR/2 or 59 ft-1b for BWR/3-6.

Based on the preceding, it is concluded that the acceptance criteria for Level C loadings
are sutisfied, and are less limiting than the Level A,B USE requirements.

For many of the older BWRs, there are no Level D condition loadings defined in the RPV
loading drawing or the thermal cycles drawing. A review of all RPV thermal cycle
diagrams showed that the Loss of Coolant Accident (LOCA) event, event 27 from the
BWR/6 thermal cycle diagram, is the most limiting among the Level D events.
Therefore, this event was considered in the evaluation for Level D acceptance criteria for
all BWR/2-6 plants.

Figure 6-7 shows the temperature and pressure conditions during event 27. The event
depicted assumes a sudden and complete break of a recirculation line. When this occurs,
the reactor is depressurized by blowing the steam and water out the break into the primary
containment. Temperature in the beltline region of the reactor vessel is assumed to drop
to 259° F in 15 seconds while pressure drops to 20 psig.
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6.2.3 Acceptance Criteria Evaluation

The material J-R curves to be used for the evaluation of Level D loz1ings are those based
on the best estimate or the mean values. Figure 6-10 shows the comparison of applied
J-Integral value at 0.1 inch crack extension for the axial flaw case, and the J-R curve for
SA302B at a USE value of 35 fi-Ib. It is seen that the criterion of stable and ductile flaw
growth for Level D loadings is easily satisfied with USE of 35 ft-b, so Level D
acceptance criteria are satisfied, and are less limiting than the Level A,B USE
requirements.

The BWR/3-6 conclusions are also applicable to the BWR/2 case because the applied
J-Integral values in ‘Table 6-2 would not change significantly for the BWR/2 1/10t flaw
depth of 0.93 inches, compared to the BWR/3-6 flaw depth of 0.81 inches. The BWR/2
Japplied values would have to be triple those of the BWR/3-6 analysis to approach the
Level D J-R curve, and that is not the case.

For the evaluation of Level C loadings, two limiting transients were analyzed, one each
for the BWR/2 and BWR/3-6 cases. For the evaluation of Level D loadings, the
recirculation line break transient was analyzed. The evaluation results showed that the
USE requirements based on the Level C and D criteria of the Code Case are lower than
those required by the criteria for Level A and B loadings. Thus, the Level C and D
loadings are not governing in terms of USE requirements.

6-6
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EMFRGENCY CONCITION EVENT 24

PRESSURE(PS] )=

VESSEL Ri (IN)=
VESSEL TH (IN)=
CLAD THICKNESS=

al (IN)=

s(KS])=

Y$S (KSI)=

AXIAL FLAW
H Kt

1.00 26.52
1.00 26.26
1.00 25.96
1.01 25.64
1.0 25.30
1.0 26.95
1.01 26.58
1.02 24,21
1.02 23.82
1.02 23 .43
1.03 23.0
1.03 22.57
1.03 22.09
1.04 21.56
1.04 20.97
1.0% 20.30
1.08 19.54
1.05 18.66
1.06 17.64
1.06 16.45
1.07 15.08

CIRCUMFERENT TAL FLAW

F1 Kt
0.92 26.52
0.92 26.26
0.93 25.96
0.93 25 .64
0.93 25.30
0.93 24.95
0.94 24.58
0.94 26.21
0.94 23.82
0.95 23.43
0.95 23.00
0.95 22.57
0.76 22.09
0.96 21.56
0.96 20.97
0.97 20.30
0.97 19.54
0.97 18.66
0.98 17.64
0.98 16.45
0.98 15.08

1050
126.7
6.19
0.19
0.809
27700
69

Kp

35.9
37.08
38.23
39.37
40,48
41,59
42.68
43,76
b4 .83
45.89
46.95
48.00
49.04
50.09
51.13
52.17
53.21
54.25
55.30
56.34
57.39

WORKSHEET :

Kp

17.33
17.90
18.47
19.03
19.58
20.12
20.65
21.17
21.69
2.2
22.72
23.22
23.72
26.22
26,72
25.21
25.70
26.18
26.67
27.15
27.63
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TABLE 6-1b
Applied J-Integral Values for BWR/3-6 Case and Transient 24
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TABLE 6-2
Applied J-Integral Values for BWR/3-6 LOCA Transient 27

FAULTED CONDITION EVENT 27
20

o

(O S SR e N e

oo

gl
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“D e

i D A A

o
-

e 504

B B s il i B D il il Al ! A b

- Oy ey

91

98

01

.06
=13
16
21
26
.31
36
A
b
53
56
B

3
76

PRESSURE(PS] )= Kt FIT COEFFICIENTS CLAD STRESS

VESSEL Ri (IN)= 126.7 a= 14, 00964

VESSEL TH (IN)= 6.19 b= 130.9087 $ (KS1)= 16.5

CLAD THICKNESS= 0.19 c= -155.726

a0 (IN)= 0.809 g= 89,8447

E(KS])= 27700 e= -20.6357

YS (KSl)= &9

AXTAL FLAW
F1 Kt Kp K,clad ae 1t Kt! Kp' K',clad Ktotal Japp
1.00 56.72 0.68 5.64 0.85 1.00 $7.20 0.70 $.28 63.19 131.17
1.00 $7.26 o7 5.26 0.90 1.00 §7.67 0.73 5.1 63.51 132.53
1.00 ST.72 0.73 5.10 0.95 1.0 58.08 0.7 4.96 63.79 133.67
1.0% 58.12 0.7% 4.95 1.00 1.01 58.42 0.77 4.82 64.02 134.63
1.0 58.45 0.77 4.8 1.0% 1.01 58.72 0.79 4L.69 64.20 135.42
1.0 58.74 0.7 4.68 1.10 1.01 58.97 0.81 .58 64.3% 136,06
1.0 58.99 0.81 “.57 1.16 1.02 59.17 0.83 447 64.47 136,53
1.02 59.18 0.83 4. 46 1.21 1.02 59.32 0.85% 4.36 64,56 136.83
1.02 59.33 0.85 4.36 1.26 1.02 59.42 0.87 6,27 64.56 136.93
1.02 59.42 0.87 4.26 1.3 1.03 59.45 0.89 4.18 64,53 136.78
1.03 59.45 0.89 .17 1.36 1.03 59.41 0.91 &.10 64.62 136.34
1.03 59.41 0.91 .09 1.41 1.03 59.28 0.93 4.02 64.23 135,55
1.03 59.27 0.9% 4.0 1.45 1.04 59.05 0.95% 3.94 63.94 134.33
1.04 59.02 0.95% 3.94 1.50 1.04 58.69 0.97 3.87 63.53 132.60
1.04 58.65 0.97 3.87 1.5% 1.05 58.18 0.99 3.81 62.98 130.29
1.05 58.11 0.99 3.80 1.60 1.0% 57.49% 1.0 3.7 62.2% 127.%
1.05 57.40 1.0 3.7 1.65 1.08 56.61 1.03 3.69 61.33 123.57
1.05% 56.47 1.03 3.68 1.70 1.06 55.51 1.08 3.63 60.19 11¢.00
1.06 55.30 1.05 3.62 1.7% 1.06 $4.1% 1.07 3.58 58.7% 113.56
1.06 53.84 1.07 3.56 1.80 1.07 52.51 1.09 3.52 §7.12 107.19
1.07 52.05 1.09 3.5 1.84 1.07 $0.55 .1 3.48 55.14 99 .87
WORKSHEET: BWROGUSZ W1
CIRCUMFERENTIAL FLAW

Fi Kt L&) K,clad ae F1 Kt Kp' K',clad Ktotal Japp
0.92 56.72 0.33 5.44 0.85 0.92 57.20 U.34 5.28 62.82 129.65
0.92 57.26 0.34 5.26 0.90 0.93 57.67 0.35 5.12 63.16 130.96
0.93 §7.72 0.35 5.10 0.95 0.93 $8.07 0.36 4“.96 63.40 132.05
0.93 $8.12 0.36 4.95 1.00 0.93 58.42 0.37 4.82 63.62 132.96
0.93 58.45 0.37 4.8 1.05 0.93 58.72 0.38 4.70 63.79 133.70
0.93 58.74 0.38 .68 1.10 0.9 58.96 0.3¢ 4.58 63.93  13..29
0.94 58,99 0.39 4.57 1.1% 0.9¢ $9.17 0.40 4. 67 6406 13671
0.% 59.18 0.40 L.46 1.20 0.%4 $9.32 0.41 .3 64.10 134,97
0.94 59.33 0.41 “.36 1.8% 0.9% 59.42 0.462 6&.27 66,11 135.02
0.95 59.42 0.42 4,26 1.30 0.9% 59.45 0.43 4,18 64,07 134,84
G.95 59.45 0.43 &.17 1.3 0.95 59.41 0.44 &.10 63.95 134.36
0.9% 59.41 0.44 4.09 1.40 0.96 59.29 0.45 4.02 63.76 133.54
0.9¢ 59.27 0.45 4.0 1.45 0.9 59.05 0.486 3.9 63.46 132.29
0.95 59.02 0.46 3.9 1.50 0.96 58.69 0.47 3.87 63.06 130.54
0.96 58,45 0.47 3.87 1.55 0,97 58.18 0.48 3.81 62.47 128.20
0.97 58.11 0.48 3.80 1.60 0.97 57.51 0.49 3.7 61.74 125.22
0.97 §7.40 0.49 3.74 1,65 0.97 56.63 V.50 3.6 60.81 121.49
0.97 18.66 £.50 3.68 1.66 0.97 $6.35 0.50 3.67 60.52 120.32
c.o8 17.64 0.51 3.62 .M 0.98 §5.16 0.51 3.6 59.28 115.44
0.98 16.45 0.52 3.5 1.76 0.98 53.68 0.52 3.56 §7.76 109.60
0.98 15.08 0.53 3.51 1.8 0.98 $1.89 0.53 3.5 §5.93 102.7%
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Figure 6-1 Pressure and Temperature Conditions During Automatic Blowdown
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6-12



NEDO-32205-A

Inside Radius = 1067

s Low Alloy Steel

i peal— 7/32" S5 cladding I ¢

VA4 | |
4 ,}' i

Inside { ‘} |

Radius ‘11
L‘j ¥ | |
VAAL | | | 4 1 | .
- lv/
i ? 1V

Figure 6-3  Axisymmetric Finite Element Model for BWR/2 Geometry



NEDO-32205-A

Distance Through Wall (n

— A A s o h 11 52 - . Ce : d -y 2 4
Figure 6-4a  Throughwall Circumferential Stress for Event 23 (BWR/2)
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Figure 6-4b  Throughwall Circumferential Stress for Event 24 (BWR/3-6)
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Figure 6-5b  Raju-Newman K Values for Stress Distribution in Figure 6-4b
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7.0 SUMMARY OF MINIMUM USE REQUIREMENTS

Table 5-3 presented the minimum U¢ ™ requirements for various plate and weld categories
based on the Level A and B loadings criteria of the Code Case. The evaluation in
Section 6 showed that the USE requirements for Level C and D loadings are lower than
those for Levels A and B. Thus, the minimum USE requirements presented in Table 5-3
are governing for all service level loadings.

An inspection of Table 5-3 shows that the highest required USE, 59 ft-lb, is for a
BWR/3-6 plate, based on the SA302B material J-R curves, which are believed to be very
conservative. This USE value could be shown to be significantly lower once future
fracture toughness testing of representative SA302B modified materials bear out the
conservative nature of the SA302B 1-R curve. However, for purposes of demonstrating
equivalent margin in Section 8, the conservative USE of 59 ft-Ib is taken as the allowable
for BWR/3-6 plates.

Section 8 compares the USE requirements from Table 5-3 with the projected 32 EFPY
USE values for the beltline plates and welds of the U.S. BWR/2-6 vessels.
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8.0 BOUNDING NATURE OF ANALYSIS

The cquivalent margin analysis presented in the previous sections establishes the minimum
USE limits for BWR/2-6 vessel beltline materials. The purpose of this section of the
report is to demonstrate, for all U.S. BWR/2-6 vessels, that the USE values predicted for
the BWR vessel materials will, for 32 EFPY of operation, remain higher than the
allowable USE limits, as required in 10CFR50 Appendix G.

In evaluating the BWR USE data, it is clear that the BWR/2 vessel plate materials should
be evaluated separately, for two reasons:

All USE data for the BWR/2 beltline plates are available, so a comprehensive
evaluation can be done. This is not the case for the BWR/3-6 plates, where a
statistical approach is used.

The melting practice used in fabricating the BWR/2 plates was different from that
used for the BWR/3-6 plates, resulting in significantly lower initial USE values.

The allowable BWR/2 longitudinal USE, 50 ft-Ib from Table 5-3, is considerably
lower than that for the BWR/3-6 plates, 59 ft-1b,

USE data and fabrication practices indicate no significant difference in weld properties for
any of the BWR types, but there were several different types of welding done.
Specifically, submerged arc welds (SAW), including some Linde 80 welds, shielded metal
arc welds (SMAW) and electroslag welds (ESW) are evaluated in this section against the
allowable USE limits for welds.

8.1 _BWR/2 Platc Matenals

The BWR/2 beltline shells consist of SA302B Modified plate, except for one plant which
also has two plates (one heat) of SA302B plate. The plates were manufactured for
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Combustion Engineering (CE) by Lukens Steel around 1964. The manufacturing date and
vessel fabricator are significant for two reasons:

Just after 1964, Lukens began to melt heats of steel in electric furnaces. Up to
1964, the melting practice used open hearth furnaces, which tended to cause
inclusion of more impurities, such as manganese sulfide, in the heats. The furnace
type can be determined from the heat number: heats beginning with P or T were
open hearth heats. Heat numbers beginning with A, B or C were electric furnace
heats (Lukens used three electric furnaces designated A, B and C). The heat
numbers for the BWR/2 beltline plates start with P for the SA302B modified and
with T for the SA302B, indicating the use of open hearth furnaces.

All BWR/2 vessels were fabricated by CE, and it was CE's practice from the
beginning to provide full Charpy curve data for the vessel materials. Therefore,
initial USE data (longitudinal) for all BWR/2 beltline plates are known. The USE
values, based on the average of two or three data, range from 76 ft-1b to 106 ft-Ib.

Table 8-1 has a summary of the information needed to evaluate USE at 32 EFPY for all
U.S. BWR/2-6 vessels. The information consists of the peak 1/4t fluence at 32 EFPY and
the maximum plate and weld copper in each vessel's beltline. From these data the percent
decrease is determined according to Figure 2 of R.G. 1.99. The results in the table show
the maximum R.G. 1.99 decrease in USE for BWR/2 plates to be 26%.

Figure 8-1 shows the initial USE values for each BWR/2 beltline plate. A line is drawn
through the lowest USE, 76 ft-Ib. The 32 EFPY decrease in USE of 26%, or 20 ft-1b, is
subtracted, leaving 56 ft-1b in the longitudinal direction. Taking 65% of the longitudinal
data, per Branch Technical Position MTEB 5-2, and applying the same 26% decrease for
irradiation gives a transverse USE at 32 EFPY of 36.5 ft-Ib, as shown in Figure 8-2.
These USE values compare to the equivalent margin analysis USE limits as shown:

32 EFPY  Equiv. Margin
Predicted Required

Orientation USE (ft-lb) _USE (ft-lb) Conclusion
Longitudinal 56 250 Acceptable
Transverse 36.5 2135 Acceptable
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8.2 BWR/3-6 Plae Materials

The BWR/3-6 plates are SA533 Grade B, Class 1 low alloy steel and its predecessor,
SA302B Modified. The plates were fabricated in the period between 1966 and 1974, by
Lukens Steel in most cases, for several vessel fabricators. All heats of plate material in
the BWR/3-6 vessels were from electric furnaces, as evidenced by the A, B or C
designations for the heat numbers. The impurity levels for these plates are lower and,
thus, the USE is generally higher. This can be seen in Table 8-2, where available plate
USE data for each BWR are summarized.

In Table 8-2, the lowest USE values a BWR/3-6 vessel are at least 12 ft-1b higher than the
BWR/2 plate values. In general, the BWR/3-6 plates have about 30 ft-Ib higher USE.
This appears to be due primarily to the melting practice, and the associated cleanliness of
the heat. This is supported by the sulfur content data in Table 8-2, which show the
BWR/3-6 plates to be generally lower in sulfur content than the BWR/2 plates.

Another factor may be that the BWR/3-6 plates are not as thick as the BWR/2 plates. The
BWR/3-6 plates range in thickness from 4.5 inches to 6.2 inches. The BWR/2 plates are
7.1 inches. An evaluation by CE of plate Charpy data [8-1] showed that 6-8 inch SA533
plates had a 5% to 10% lower USE than 3-6 inch plates.

As mentioned previously, the BWR/3-6 vessels were fabricated by several companies,
including CE, Babcock & Wilcox (B&W) and Chicago Bridge & Iron (CB&I). CE
continued the practice of recording full Charpy curves for each plate. Unfortunately, for
BWR/3, BWR/4 and some BWR/S plants, B&W and CB&I only recorded the required
qualification Charpy data, typicallv at 10°F or 40°F, so initial USE data are not available
for these plants’ plates. Figure 8-3 is a plot of all available BWR/3-5 longitudinal plate
USE data. BWR/6 data are not included, because by then Charpy tests were done in the
transverse orientation.
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Figure 8-3 has about 200 USE data points, each point representing the average of 2 or 3
individual Charpy specimen tests on a given heat of material. The data include SA533
and SA302B Modified heats, and were collected from several sources:

Beltline plate data from CE-fabricated plants,
Non-beltline data from CE-fabricated plants,
Surveillance capsule unirradiated baseline plate data from all plants.

Not counting the plants with transverse data, there are 27 BWR/3-5 vessels in the U.S.
Eight of these have complete initial USE data, and that data is included in Figure 8-3.
However, 22 of the 27 plants are represented in the data base by at least | data point,
typically baseline data for their surveillance capsule plate. Therefore, the data in Figure
8-3 are expected to be very representative of the initial USE values for the BWR/3-6
beltline plates.

The USE values for each heat of plate in Figure 8-3 are plotted against the corresponding
10°F impact energy values for convenience in presenting the data. The data range from a
low USE of 91 fi-Ib to a high of 177 ft-lb. The mean and standard deviation of the data
base were determined, as follows:

Mean USE = 127 ft-lb

o = 15 ft-lb
Mean-20 = 97 ft-lb (97.7% confidence)
Mean-30 = 82 ft-1b (99.8% confidence)

Since there are data (2 out of 200 points) below the Mean-2¢0 USE, the lowest value of
USE in the data base, 91 fi-1b, is evaluated against the equivalent margin analysis results.

Table 8-1 has the maximum R.G. 1.99 percent decreases in plate USE for each BWR/3-6
vessel, along with the copper and 32 EFPY fluence values which form the basis for the
percentage determined. The maximum value for all BWR/3-6 vessels is 21%.
Considering the limiting case of 21% effect on USE, the minimum expected longitudinal
USE is

(91 ft-1b)*(1-0.21) = 72 fi-Ib longitudinal

This process is shown graphically in Figure 8-3.
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Taking 65% of the longitudinal data, per Branch Technical Position MTES 5-2, and
accounting for the 21% decrease in USE due to irradiation gives a transverse USE of 47
ft-1b, as shown in Figure 8-4. These USE values compare to the minimum USE limits
from the equivalent margin analysis as showi..

32 EFPY  Equiv. Margin
Predicted Required

o : USE (ft-1 USE (ft-lb)  Conclusi
Longitudinal 72 >59 Acceptable
Transverse 47 >35 Acceptable

It should be noted that even using the Mean-3¢ value for initial USE, the results (65 ft-1b
longitudinal, 42 ft-1b transverse) are acceptable.

There is not a significant difference between BWR/2 welds and BWR/3-6 welds, as there
was with plates, so BWR/2-6 welds are evaluated together. The three types of welds,
SAW, SMAW and ESW are evaluated separately. In addition, the subset of SAW welds
with Linde 80 flux, applicable to a few BWRs, is evaluated separately from the other
SAW welds.

In order to simplify the analysis, and assure conservative results, the maximum weld USE
decrease predicted by R.G. 1.99, due to the combination of copper content and 32 EFPY
fluence, is assumed for all weld types. In Table 8-1, that value is 34%, which
corresponds to 0.35% Cu and a 32 EFPY fluence of 2.4x1018 n/em? for a SAW material,
The percent decrease calculated for SMAW or ESW materals would be significantly
lower, as Cu and 32 EFPY fluence numbers are lower for the vessels in which these
materials were used.

8-5







NEDO-32205-A

It should be noted that even using the Mean-3¢ value for initial USE, the result (44 ft-1b)
is acceptable.

8.3.2 ESW

ESW materials were used to weld vertical seams in several BWR/3 and BWR/4 vessels
fabricated by B&W. The Cu content values of ESW welds typically cover a range of
0.1% to 0.2%, with one documented value as high as 0.30%. More importantly, the 32
EFPY fluence values in the vessels with ESW are less than 8x1017 n/cm?.

Again, USE conditions were not tested by all vessel fabricators, so the data available on
ESW USE are treated statistically as a representative sample. The ESW USE data
available from BWR vessels are shown in Figure 8-6, plotted against the corresponding
40°F impact energy values for convenience. The data, which are rather scarce because of
the Code requirements at the time the vessels were fabricated, consist mainly of
surveillance data points from most of the plants with ESW materials. Therefore, while
scarce, the data are representative of the ESW in the applicable vessels. The scarcity of
data is compensated for in the magnitude of the standard deviation of the data base.

The data range from a low USE of 72 ft-Ib to a high of 136 ft-1b. The mean and standard

deviation of the data base were determined, as follows:
Mean USE = 104 ft-1b
o = 17.4 ft-Ib
Mean-20 = 69 ft-Ib (97.7% confidence)

]

Mean-3o0 52 ft-1b (99.8% confidence)
The Mean-20 USE value is evaluated against the equivalent margin analysis results.

As discussed earlier, the maximum USE decrease of 34% for all BWR/2-6 vesse! welds is
assumed. Considering a 34% decrease in USE, the minimum expected ESW USE is

(69 ft-1b)*(1-0.34) = 46 ft-Ib
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This process is shown graphically in Figure 8-6. The Mean-2¢ USE value compares to the
required USE limit from the equivalent margin analysis as shown:

32 EFPY  Equiv. Margin
Predicted  Required

ESW 46 2354 Acceptable

4 135 ft-1b is bounding for evaluation of both axial and circumferential flaws

It should be noted that even using the Mean-3¢ value for initial USE, the result (34 ft-1b)
is nearly acceptable. The ESW-specific evaluation is bounded by considering 0.30% Cu
and a fluence of 8x1017 n/cm», which rosults in a USE decrease of 25%. Thus, for the
ESW-specific USE at 32 EFPY, based on the Mean-3¢ initial USE, gives 39 ft-1b, which

is acceptable.
8.3.3 Non-Linde 80 SAW

SAW was the most widely used welding process for vessel seam weld fabrication. Aside
from Linde 80, the flux types used included Arcos BS, Linde 0091, Linde 0124 and
Tinde 1092. The Cu content values of SAW materials vary considerably, depending on
the vessel fabrication date. In cases where the Cu content of a weld was not tested, a
defauit assumption of 0.35% Cu is used. The limiting weld case in Table 8-1 is based on
a plant where the fluence is relatively high, 2.4x1018 n/cm2, and the Cu content is
assumed to be 0.35%. The resulting decrease in USE predicted by R.G. 1.99 is 34%.

Again, USE conditions were not tested by all vessel fabricators, so the data available on
SAW USE are treated statistically as a representative sample. The SAW USE data
available from BWR vessels, are shown in Figure 8-7, plotted against the corresponding
40°F impact energy values for convenience. The data range from a low USE of 77 ft-lb
to a high of 150 ft-Ib. The mean and standard deviation of the data base were determined,
as follows:
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Mean USE = 108 ft-lb
o = 18.5 ft-lb
Mean-2¢ = 71 ft-lb (97.7% confidence)
Mean-30 = 52.5 ft-1b (99.8% confidence)

The Mean-2¢ USE value is evaluated against the equivalent margin analysis results.

There is one BWR/4, fabricated by Ishikawajima-Harima Industries (IHI), with Japanese
SAW materials. In that plant’s FSAR, an extensive discussion and data evaluation was
provided to show the equivalency of the Japanese SAW materials to U.S. SAW materials.
While the USE data for the circumferential SAW materials is not known, the average
impact energy at 10°F, with percent shear of about 60%, is 81 ft-Ib. For the longitudinal
welds, of most significance, the USE is known, and is 142 ft-Ib. Therefore, the
evaluation of SAW materials here clearly bounds this BWR/4's Japanese SAW materials.

As discussed earlier, the maximum USE decrease of 34% for all BWR/2-6 vessel welds is
assumed. Considering a 34% decrease in USE, the minimum expected SAW USE is

(71 ft-1b)*(1-0.34) = 47 ft-lb

This process is shown graphically in Figure 8-7. The Mean-2¢ USE value compares t0 the
required USE limit from the equivalent margin analysis as shown:

32 EFPY  Equiv. Margin
Predicted Required
Weld Type USE (ft-lb) _USE (ftlb) Conclusion

SAW 47 > 352 Acceptable

a 35 ft-1b is bounding for evaluation of both axial and circumferential flaws

It should be noted that even using the Mean-3¢ value for initial USE, the result (35 ft-lb)
1s acceptable.

89



NEDO-32205-A
8.3.4 Linde 80 SAW

There are four BWRs, all fabricated by B&W, which have Linds 80 SAW. In these
vessels, ESW was used to fabricate the longitudinal welds and Linde 80 SAW was used
for the circumferential welds. As it happens, the vessels are low fluence plants, even for
BWRs. The 32 EFPY fluence predictions and maximum Cu values for the four plants
follow.

32 EFPY
Type. % Cu Fluence (n/cm?)
BWR/3 0.21  2.5x1017
BWR/3 0.29  3.5x1017
BWR/3 22 2.4x1017
BWR/4 0.31  5.3x1017

NUREG CR-5729 [2-2] provides a method of establishing the J-R curve for Linde 80
SAW based only on the fluence and Cu content information. This method was used in
Section 4 to evaluate the acceptability of the Japplied values calculated. In calculating the
Linde 80 SAW J-R curve for Section 4, a Cu content of 0.31% and a fluence of 1x1018
n/cm? were used as the basis. In the resulting analysis, the Japplied values were shown to
be well within the J-R curve limits. Since the basis for the J-R curve used bounds all
BWR Linde 80 conditions, the acceptable results are applicable to all BWRs with Linde 80
SAW for evaluation of both axial and circumferential flaws.

8.4_Summary of Evaluation

The lowest predicted values of 32 EFPY USE for all U.S. BWR/2-6 vessels have been
compared to the USE values calculated to demonstrate equivalent margin on upper shelf
fracture toughness.

In cases where USE data for all plants were not available, a statistical lower bound
USE of Mean-20, with a confidence of 97.7%, was taken from the BWR data
base.
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For plates, the NRC correlation of 65% has been applied to longitudinal USE data
. to estimate transverse properties.

The decrease in USE due to irradiation, based on Figure 2 of R.G. 1.99, for the
most limiting combination of Cu content and 32 EFPY fluence has been applied.

The results, summarized below, are acceptable in all cases. In fact, results using initial
USE values of Mean-3o (99.8% confidence) are acceptable in all cases as well,

32 EFPY Equiv. Margin
BWR Material Predicted Required
Type —Type. USE (fi-1b) USE (ft:lb)  Conclusion

BWR/2 Long Plate 56 >50 Acceptable
BWR/2 Trans Plate 36.5 >35 Acceptable
BWR/3-6 Long Plate 72 >59 Acceptable
. BWR/3-6 Trans Plate 47 >35 Acceptable
BWR/2-6  SMAW 57 >35  Acceptable |
BWR/3-4 ESW 46 >35 Acceptable
BWR/2-6 Non-L80 SAW 47 >35  Acceptable l
BWR/3-4 LBO SAW Acceptable results for bounding Cu, fluence
8.5 Reference

[8-11 Ayres, D.J. and Smith, R.E., "Statistical Analysis of Charpy-V Impact Properties
SA533 Grade B Class 1 and SAS16 Grade 70 Plate Material,” Transactions of the
ASME, February 1973,
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Table 8-1 .
DATA ON BWR BELTLINE MATERIALS FOR R.G. 1.99 USE EVALUATION

BWR  Plate Weld 32 EFPY Plate Weld
Type % Cu %Cu Fluence % Decr %Decr
BWRZ2 027 0.2 1.8x10{§ 24.0 24.0

| BWRZ2 027 0.35* 2.4x10 26.0 34.0
BWR/3 023  0.30 2.5x10}7, 13.5 19.0
BWR/3 024 030 3.5x101¢ 15.0 20.5
BWR/3 023 0.6 1.2x10]8 20.0 2.5
BWR/3 017 0.10 3.8x101 % 21.0 19.0
BWR/3 014 0.35* 1.4x101% 145 32.0
BWR/3 027 0.30 2.4x1017 15.5 19.0
BWR/3 0.18 030 3.4x10!" 12,5 20.5
BWR/4  0.15 0.31 5.3x10{; 12.0 2.5
BWR/4 017 028 7.4x101] 14.0 23.0
BWR/4 015 028 7.4x10] ¢ 13.0 23.0
BWR/4 015 005 1.4x10] 5 15.0 12.0
BWR/4 019 006 1.4x10{3 18.0 125
BWR/A 021 022 1.5x1018 19.5 235
BWR/4 015 003 3.5x1015 19.0 13.0
BWR/4 012 032 4.0x1017 10.0 23.0
BWR/4 018 033 1.7x10}8 18.0 32.0
BWR/4A 017 028 1.8x10, % 17.5 28.0
BWR/4 011 023 1.0x101 115 22.0
BWR/4 009 009 1.2x10] 8 11.0 14.0
BWR/4 012 0.09 1.2x1018 12.5 14.0
BWR/4 015 009 1.1x10}5 14.5 13.5
BWR/4 013 021 5.5x1017 11.0 185
BWR/4A 015 021 5.0x101 12.0 18.0
BWR/4 014 004 5.3x101 115 9.0
BWR/A 013  0.U6 5.3x101 7 11.0 10.0
BWR/4A 014 004 1.7x10 95 7.0
BWR/S 015  0.09 6.6x10};’ 13.0 12.5
BWR/S 015 0.37 3.9x101 7 115 26.0
BWR/S 012 0.04 4.2x10} & 10.0 8.5
BWR/S 011 007 1.2x10 12.0 125
BWR/6 007 0.10 4.9x10}§ 14.0 20.5
BWR/6 004 0.06 1.9x10; 5 10.0 13.5
BWR/6 0.06 006 3.0x1013 12.0 15.0
BWR/6 009 0.09 4.8x10 15.0 19.0

* (0.35% Cu used when data not available
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Table 8-2

DATA ON BWR BELTLINE PLATES
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o, Plate Type
.026-.034 302B-Mod
.021-.030 302B&B-Mod
.010-.040 302B-Mod
.017-.020 302B-Mod
018-.027 302B-Mod
.010-.016 533B-1
012-.018 533B-1
.015-.024 302B-Mod
.010-.022 302B-Mod
.010-.016 302B-Mod
0:3-.015 302B-Mod
013-.017 302B-Mod
014-.016 533B-1
.014-.016 533B-1
.014-.018 533B-1
.010-.015 533B-1
.010-.018 533B-1
015-.018 533B-1
012-.015 533B-1
.016-.019 533B-1
.008-.014 533B-1
014-.016 533B-1
.015-.020 533B-1
.015-.018 302B-Mod
.015-.01C 302B-Mod
.010-.019 533B-1
.006-.015 533B-1
013-.017 533B-1
.013-.020 533B-1
012- 015 533B-1
.015-.020 533B-1
0.015 533B-1
.011-.015 533B-1
.012-.015 533B-1
.013-.025 533B-1
.012-.020 533B-1

4 USE based on data for only 1 heat (e.g., surveillance plate).

b USE based on irradiated data, f=3x1

C

(T) = transverse Charpy data
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CASE

N-512

CASES OF ASME BOILER AND PRESSURE VESSEL CODE

Approval Date: February 12, 1993

See Numerical index for expiration
and any reaffirmation dates.

Case N-512

Assessment of Reactor Vessels with Low Upper
Shelf Charpy Impact Energy Levels

Section XI, Division 1

Inquiry: Section XI, Division 1, IWB-3730, re-
guires that during reactor operation, load and tem-
perature conditions shall be maintained to provide
protection against failure due to presence of postu-
lated flaws in ferritic portions of the reactor coolant
pressure boundary. What procedure may be used to
evaluate a reactor vessel for continued service when
the predicted upper shelf Charpy impact energy level
as defined in ASTM E 185-82 decreases beiow a
specified value?

Reply: 1t is the opinion of the Committee that a
reactor vesse! with a low upper shelf Charpy impact
energy level may be evaluated to demonstrate integ-
rity for continued service for upper shelf conditions
in accordance with the following.

1000  INTRODUCTION
-1100  Scope

This Case provides acceptance criteria and evaluation
procedures for determining acceptability for operation of
a reactor vessel when the vessel metal temperature is in
the upper shelf range. The methodology is based on the
principles of elastic-plastic fracture mechanics. Flaws

TABLE OF CONTENTS
-1000 INTRODUCTION 4220 Evaluation Using Criterion for Flaw
1100 Scope Extension of 0.1 in.
-1200 Procedure <4300 Evaluation Procedures for Flaw
-1300 General Notrenclature Stability
3(1)0 ACCEPTANCE CRITERIA 4310 J-R Curve — Crack Driving Force
E;?S) Level A and B Service Loadings | o
. Toadin, : :
2300 Level C Service Loadi 4320 Fail:;emmm Diagram Pro-
2 Ser ".°f dings
3‘?& m;lg,gg“ " Loadinp 4321 Failure Assessment Diagram Curve
23100 Scope 4322 Failure Assessment Point Coordi-
-3200 Applied J-Integral nates
-3300 Selection of the J-Integral Resist- 43221 Aal Flaws
ance @m 43222 Circumferential Flaws
-3400 Flaw Stability 4323 Evaluation Using Criteria for Flaw
-3500 Evaluation Method for Level A and Stability
B Service Loadings 4330 J-Integral/Tearing Modulus Proce-
4000 EVALUATION PROCEDURES s .
el gk e+ e 4331 J-Integral at Flaw Instabilit
4100 Scope 4332 Internal Pressure at Flaw Instability
4200 Evaluation Procedure for the Ap- 4333 Evg':b‘fﬂ Using Criteria for Flaw
plied J-Integral ity
4210 Calculation of the Applied J- 5000 LEVEL C AND D SERVICE
Integral LOADINGS
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shall be postulated in the reactor vessel at locations of
predicted low upper shelf Charpy impact energy, and the
applhied J-integral for these flaws shall be calculated and
compared with the J-integral fracture resistance of the
material to determine acceptability. All specified design
transients for the reactor vessel shall be considered.

The evaluation shall be the responsibility of the Owner
and shall be available for review by the regulatory and
enforcement authorities having jurisdiction at the plant
site

1200 Procedure

The following analytical procedure shall be used.

(a) Reactor vessel flaws shall be postulated in accord-
ance with the criteria of -2000.

(b) Loading conditions at the locations of the postu-
lated flaws shall be .'etermined for Level A, B, C, and
D Service Loadings.

(¢) Material prope ties, including £, o, and the
J-integral resistance curve (J-R curve), shall be deter-
mined at the locations of the postulated flaws. Require-
ments for determining the J-R curve are provided in
-3300.

(d) The postulated flaws shall be evaluated in accord-
ance with the acceptance criteria of -2000. Requirements
for evaluating the applied J-integral are provided in
-3200, and for determining flaw stability in -3400. Three
permissible evaluation methods are described in -3500.
Detailed calculation procedures for Level A and B Serv-
ice Loadings are provided in ~4000.

1300 General Nomenclature

a= flaw depth that includes cuctile flaw ex-
tension (in.)

a,= effective flaw depth that includes ductile
flaw extension and a plastic-zone correc-
tion (in.)

a," " effective flaw depth at onset of flaw inst-
ability, including ductile flaw extension
and a plastic-zone correction (in.)

a,= postulated initial flaw depth (in.)

Aa = amount of ductile flaw extension (in.)
Aa" = amount of ductile flaw extension at onset
of flaw instability (in.)
C, C,= material constants used to describe the
power-law fit to the J-integral resistance
curve for the material, J = C (Aa)*?

SUPP. 4 ~ NC

(CR) = cooldown rate (“F/hour)

E = Young's modulus (ksi)

E "= E/(1-v*) (ksi)

F, F, F,= geometry factors used to calculate the
stress intensity factor (dimensionless)

F' F, F,' = geometry factors used to calculate the
stress intensity factor at onset of flaw inst-
ability (dimensionless)

J= J-integral due to the applied loads (in.-Ib/
in.?)

Jo= J-integral fracture resistance for the ma-
terial (in.-Ib/in.?)

J,,= J-integral fracture resistance for the ma-
terial at a ductile flaw extension of 0.10
in. (in.-Ib/in.%)

J, = applied J-integral at a flaw depth of a, +
0.10 in. (in.-b/in.?)

J = J-integral at onset of flaw instability (in.-
Ib/in.?)

K,= mode / stress intensity factor (ksi Vin.)

K, = mode / stress intensity factor due to in-
ternal pressure, calculated with no plas-
tic-zone correction (ksi Vin.)

K,'= K, calc lated with a plastic-zone correc-
tion (ksi Vin.)

K, = K, at onser of flaw instapility, calculated
with a  plastic-zone  correction
(ksi Vin.)

K,= mode [ stress intensity factor due to a
radial thermal gradient through the vessel
wall, calculated with no plastic-zone cor-
rection (ksi Vin.)

K, = K, calculated with a plastic-zone correc-
tion (ksi Vin.)

"= K, at onset of flaw instabili*y, calculated
with a  plasticzone  correction
(ksi Vin.)

K = ordinate of the failure assessment dia-
gram curve (dimensionless)

K,' = ratio of the stress intensity factor to the
fracture toughness for the matenal (di-
mensionless)

p= internal pressure (ksi)

P, = accumulation pressure as defined in the
plant specific Overpressure Protection
Report, but not exceeding 1.1 times the
design pressure (ksi)

P,= pressure used to calculate the applied
J-integraitearing modulus line (ksi)
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P = internal pressure at onset of flaw insta-
bility (ksi)

P, = reference limit-load internal pressure
(ksi)

R = inner radius of the vessel (in.)

S, = abscis: of the failure assessment diagram
curve (dimensionless)

§, =ratio of internal pressure to reference
limit-load internal pressure (dimension-
less)

(SF) = safety factor (dimensionless)
t = vessel wall thickness (in.)

T = tearing modulus due to the applied loads
(dimensionless)

T, = tearing modulus resistance for the mate-
nal (dimensionjess)

W = parameter used to relate the applied J-
integral to the applied tearing modulus
(dimension'ess)

v= Poisson’s ratio (dimensionless)

o,= reference flow stress, specified as 85 ksi
(ksi)

o, = yield strength for the material (ksi)

2000 ACCEPTANCE CRITERIA
22100 Scope

Adequacy of the upper shelf toughness of the reactor
vesse! shall be determined by analysis. The reactor vessel
is acceptable for continued service when the criteria of
.2200, and -2300, and -2400 are satisfied.

2200 Level A and B Service Loadings

{a) When evaluating adequacy of the upper shelf
toughness for the weld material for Level A and B Serv-
ice Loadings, an interior semi-elliptical surface flaw with
a depth one-quarter of the wall thickness and a length
six times the depth shall be postulated, with the flaw’s
major axis oriented along the weld of concern, and the
flaw plane oniented in the radial direction. When eval-
uating adequacy of the upper shelf toughness for the
base material, both intenor axial and circumferential
flaws with depths one-quarter of the wall thickness and
lengths six times the depth shall be postulaied, and
toughness properties for the corresponding onentation
shall be used. Smaller flaw sizes may be used when jus-
tified. Two criteria shall be satisfied:

883

(1) The applied J-integral evaluated at a pressure
1.15 times the accumulation pressure as defined in the
plant specific Overpressure Protection Report, with a
factor of safety of 1.0 on thermal loading for the plant
specific heatup and cooldown conditions, shall be less
than the J-integral of the material at a ductile flaw ex-
tension of 0.10 in.

(2) Flaw extensions at pressures up to 1.25 times
the accumulation pressure of -2200(1) shall be ductile
and stable, using a factor of safety of 1.0 on thermal
loading for the plant specific heatup and cooldown con-
ditions.

(b) The J-integral resistance versus flaw extension
curve shall be a conservative representation for the vessel
material under evaluation.

-2300 Level C Service Loadings

(a) When evaluating adequacy of the upper shelf
toughness for the weld material for Level C Service
Loadings, interior semi-elliptical surface flaws with
depths up to ¥, of the base metal wall thickness, plus
the cladding thickness, with total depths not exceeding
1.0 in., and a surface length six times the depth, shall be
postulated, with the flaw's major axis oriented along the
weld of concern, and the flaw plane oriented in the radial
direction. When evaluating adequacy of the upper shelf
toughness for the base material, both interior axal and
circumnferential flaws shall be postulated, and toughness
properties for the corresponding orientation shall be
used. Flaws of various depths, ranging up to the maxi-
mum postulated depth, shall be analyzed to determine
the most limiting flaw depth. Smaller maximum flaw sizes
may be used when justified. Two criteria shall be satis-
fied:

(1) The applied J-integral shall be less than the
J-integral of the material at a ductile flaw extension of
0.10 in., using a facter of safety of 1.0 on loading.

{2) Flaw extension's shall be ductile and stable, us-
ing a factor of safety of 1.7 on loading.

(b) The J-integral resistance versus flaw extension
curve shall be a conservative representation for the vessel
material under evaluation.

-2400 Level D Service Loadings

(a) When evaluating adequacy of the upper shelf
toughness for Level D Service Loadings, flaws as spec-
fied for Level C Service Loadings in -2300 shall be pos-
tulated, and toughness properties for the corresponding

SUPP. 4 -~ NC
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on this method for the postulated initial one-quarter wall
thickness flaw is provided in <4330,

4000 EVALUATION PROCEDURES FOR LEVEL
A AND B SERVICE LOADINGS

4100  Scope

This Article contains calculation procedures to satisfy
the acceptance criteria in -2000 for Level A and B Serv-
ice Loadings. A procedure to satisfy the J-integral criteria
for a specified amount of flaw extension of 0.10 in. is
provided in 4200. Procedures to satisfy the flaw stability
criteria are provided in -4300. These procedures include
axial and circumferential flaw orientations.

4200 Evaluation Procedure for the Applied J-Integral
4210 Calculation of the Applied J-Integral
Calculation of the applied J-integral consists of two
steps: Step 1 calculates effective flaw depth, including a
plastic-zone correction; and Step 2 calculates the

J-integral for small scale yvielding based on this effective
flaw depth.

Step 1
(a) For an axial flaw of depth a, the stress intensity
factor due to internal pressure shall be calculated vath

a safety factor (SF) on pressure using the following:

K,= (SFp[1+ (RN)] (ma)**F, (1)

where:

F, = 0982 + 1.006 (a/iy

This equation for K, is valid for 0.20 < a# < 050, and
includes the effect of pressure acting on the flaw fuces.

(b) For a circumferential flaw of depth a, the stress
intensity factor due to internal pressure shall be calcu-
lated with a safety factor (SF) on pressure using the
following'

K, = (SFHp[1+ (RA2))] (ma)** F, (2)

B85S

where:

F, = 0.885 + 0.233 (a/f) + 0.345 (p/ty

This squation for K, is valid for 020 € a/r < 050, and
includes the effect of pressure acting on the flaw faces.

(¢) For an axial or circumferential flaw of depth a,
the stress intensity factor due to radial thermal gradients
shall be calculated using the following:

K, = [(CR)1000] #°F, (3)

where:

F, = 0690 + 3.127 (akt) ~ 7435 (aity + 3.532(any

This equation for K,, is valid for 020 < ait € 0.50, and
0 € (CR) € 100°F/hour,

(d) The effective flaw depth for small scale yielding,
a,, shall be calculated using the following:

a, = a + (1/(6m) (K, + K,)ia)

Step 2

(a) For an axial flaw, the stress intensity factor due to
internal pressure for small scale yielding, K,,', shall be
calculated, substituting a, for a in Eq. (1), including the
equation for F,. For a circumferential fiaw, K, shall be
calculated, substituting a, for a in Eq. (2), including the
equationfotFrFormndalordmnnﬁemﬁAlﬁw.me
stress intensity factor due to radial thermal gradients for
small scale yielding, K,', shall be calculated, substituting
a, for a in Eq, (3), including the equation for F, Egs.
(1), (2) and (3) are valid for 0.20 < a/t € 0.50.

(b) The J-integral due to applied loads for small scale
yielding shall be calculated using the following:

J = 1000 (K, + K,')/E’

4220 Evaluation Using Criterion for Flaw Extension
of 0.1 in.

The J-integral due to applied loads, J,, shall be
calculated in accordance with 4210. A flaw depth a of
025 + 0.10 in., a pressure p equal to the accumulation

SUPP. 4 ~ NC
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pressure for Level A and B Service Loadings, P,, and a
safety factor (SF) on pressure of 1.15 shall be used. Ac-
ceptance critena for Level A and B Service Loadings
based on a ductile flaw extension of 0.10 in. in
2000(a)(!) are satisfied when the following inequality 15
satished.

where
J, = the applied J-integral for a safety factor on pres-
sure of 115, and a safety factor of 1.0 on ther-
mal loading
J,, = the J-integral resistance at a ductile flaw exten-
sion of 0,10 in.

4300  FEvaluation Procedures for Flaw Stability

<4316 J-R Curve-Crack Driving Force Diagram
Procedure

Haw stability sha!l be evaluated by direct application
of the flaw stability rules in -3400. The applied J-integral
shall be calculated for a senes of flaw depths correspond-
irg to increasing amounts of ductile flaw extension. The
applied J-integral for Level A and B Service Loadings
shall be calculated using the procedures provided in
4210. The applied pressure p shall be equal to the ac-
cumulation pressure for Level A and B Service Loadings,
P,; and the safety factor (SF) on pressure shall be 1.25.
The applied J-integral shall be plotted against crack
depth on the crack driving force diagram to produce the
applied J-integral curve, as illustrated in Fig. <4310-1.
The J-R curve shall be plotted on the crack driving {orce
diag:am, and shall intersect the horizontal axis at the
initial flaw depth, a,. Flaw stability at a given applied
load is verified when the slope of the applied J-integral
curve is less than the slope cf the J-R curve at the point
on the J-R curve where the two curves intersect.

<4320 Failure Assessment Diagram Procedure

Use of this procedure shall be limited to a postulated
initial flaw depth of one-quarter of the wall thickness.

4321 Failure Assessment Diagram Curve

The failure assessment diagram curve of Fig. 4320-1
shall be used for axiel and circumferential flaws. The
coordinates S, and K, of the faillure assessment diagram
curve are provided in Table -4320-1. This curve is based

SUPP. 4 « NC
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on matenal properties which are characteristic of reactor
pressure vessel steels.

-4322 Failure Assessment Point Coordinates

The flaw depth a for ductile flaw extension Aa is given
by the followng:

a =025 + Aa

The failure assessment point coordinates, S, and K., for
ductile flaw extension Aa shall be calculated as follows:

K' = K [1000/(E 7,)]**

where the stress intensity factor shall be calculated using
flaw depth a without the plastic-zone correction, and is
given by the following:

K, =K, + K,

and

§, = (SF) p/P,

where (SF) is the required safety factor on pressure. The
procedure for calculating K, K, and P, for axial flaws
is provided by 43221, and for circumferential flaws by
43222

43221 Axial Flaws
fa) The stress intensity factor due to internal pressure
tor axial flaws with a safety factor (SF) on pressure is
given by Eq. (1). The stress intensity factor due to radial
thermal gradients is given by Eq. (3).
(b) The reference limit-load pressure is given by the
following:

_ (V3)a[0.905 ~ 0379 (Aair))
[0.379 + (RJt) + 0.379 (Aair)]

P,

{¢) For materials with yield strength o, greater than
85 ksi, o, in this equation shall be 85 ksi. This equation
for P, is valid for 0 < Aat < 0.10.
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43222 Circumferential Flaws
(a) The stress intensity factor due to internal pressure
for circumferential flaws with a safety factor (SF) on
pressure is given by Eq. (2). The stress intensity factor
due to radial thermal gracients is given by Eq. (3).
(b) The reference limit-load pressure is given by the
following:

a (1 =~ 091 (1125 + (Aait))* (/R )]

Py {1+ (R/(20))]

(¢) For matenals with yield strength o, greater than
85 ksi, o, in this equation shall be 85 ksi. This equation
for P, is valid for 0 € Aar € 025,

<4323 Evaluation Usirg Criterion for Flaw Stability

Assessment points shall be calculated for each loading
condition in accordance with 4322, and shall be plotted
on Fig. 4320-1 as follows A series of assessment points
for various amounts of ductile flaw extension, Aa, up to
the validity limit of the J-R curve shall be plotted. Pres-
sure p equal to the accumulation pressure for Level A
and B Service Loadings, °, and safety factor (SF) on
pressure of 1,25 shall be used. When one or more as-
sessment points lie inside the failure assessment curve,
the acceptance cnteria based on flaw stability in
2000(a)(2) are satisfied.

<4330  J-Integral/Tearing Modulus Procedure
Use of this procedure shall be limited to a postulated
initial flaw depth of one-quarter of the wall thickness.

<4331 J-Integral at Flaw Instability

{a) In Fig. 4330-1, the onset of flaw instability is the
point of intersection of the applied and matenal curves
plotted on a graph of the J-integral versus tearing mod-
ulus (J versus 7). The expression for the applied J versus
T curve is given by the following:

J = (1000 Wt ?IE)T (4)

where o, is a reference flow stress of 85 ksi.
(b) For axial flaws Eq. (5) applies:

W = 0235[1 + (0.083 x 10 *}CRF/((SFP)] (5)

SUPP. 4 -~ NC
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where P, is the pressure under evaluation. Eq. (5) is valid
for6 €t <12in,225 < ((SF)P,) = 500 ksi, and 0
< (CR) < 100°F/hour. For circumferential flaws Eq. (6)
applies:

W= 021{1 + (0.257 x 10°)CR)FA(SFIP)] (6)

Eq. (6) is valid for 6 € t € 12in, 2.25 € ((3F)P,) &
9.00 ksi, and 0 € (CR) = 100°F/hour. Egs. (4), (5), and
(6) are based on material pioperties which are charac-
teristic of reactor pressure vessel steels.

(c) The tearing modulus for the material is deter-
mined by differentiation of the J-R curve with respect
to flaw depth a.

Ta = (E/1000 7)) dly/da M

The same values for E and o, shall be used in Eq's. (4)
and (7). The J-integral versus tearing modulus J, versus
Ty curve for the material is obtained by plotting J,
against T}, for a series of increments in ductile flaw ex-
tension. Each coordinate for J, shall be evaluated at the
same ductile flaw extension as the coordinate for T,

(d) The value of the J-integral at the onset of flaw
instability, J*, corresponds to the intersection of the ap-
plied J versus T curve given by Eq. (4) with the material
J, versus T, curve, as illustrated in Fig <4330-1.

(¢) The J-integral at the onset of flaw instability may
be determined analytically when a power-law curve fit to
the J-R curve of the form of the following:

lﬂ - CI (A‘)‘l

is available. The J-integral at the onset of flaw instability,
T, 1s given by the following:

J'=C, (Wt C)

4332 Internal Pressure at Flaw Instability

{a) Calculation of the internal pressure at the onset
of flaw instability is based on J *. Ductile flaw extension
at the orset of flaw instability, a°, is taken from the
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FIG. -4330-1 ILLUSTRATION OF THE J-INTEGRALTEARING MODULUS PROCEDURE
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J-R curve. The effective flaw depth at the onset of flaw
instability includes Aa’, and is given by the following:

a' = 025 + &d' + (1(&m)” E (1000 q? )]

{b) The stress intensity factor due to radial themal
gradients at the onset of flaw instabilin + 7, for axial or
circumferential flaws is given by the tollowing:

K; = ((CRY1000) ¢* F;

where

Fo= 0690 + 3.127a ) ~ 14358(aty + 3.532a )
This equation for K, is valid for 0.20 € &/ = 0.50, and
0 € (CR) € 100°F/hour. The stress intensity factor for

small scale yielding due to internal pressure at the onset
of flaw instability, K7, is given by the following:

K, = (JE'/1000)"* ~ K

ic) For a given value of Kj,, the internal pressure at
the onset of flaw instability for axial flaws s given by the
following:

P= K (1 4 (R /) (el ) FT)

where

F; = 0982 + 1.006(a /)
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and for circumferential flaws is given by the following:

Po=K /(1 + (R /(@) (=21 F]

where

F; = 0.885 + 0.233(a/r) + 0.345(a 1y

These equations for P* are valid for 020 « aJt < 030,
and include the effect of pressure acting on the flav.
faces

4333 Evaluation Using Criteria for Flaw Stability

The value of J* shall be calculated in accordance with
4331 using pressure P, in Egs. (5) and (6} equal o the
accumulation oressure for Level A and B Service Load-
ings, P,, and safety factor (SF) on pressure of 1.25. The
value of P shall be calculated in accordance with -4332.
The acceptance criteria based on flaw stability in
.2000(a)(2) are satisfied when the following inequality is
satisfied:

P> 125P,

5000 LEVEL C AND D SERVICE LOADINGS

The possible combinations of loadings and matenal
properties that may be encountered during Level C and
D Service Loadings are too diverse to allow application
of pre-specified procedures. It is recommended that each
situation be evaluated on an individual case basis.
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Since the R.G. 1.99 values for percent decrease in USE are the limiting values for the
worst combinations of Cu and 32 EFPY fluence, it is possible that the results of a plant’s .
surveillance USE data could exceed the predictions of R.G. 1.99 and yet still be used to

show that the equivalent ma.gin anzlysis is bounding. Example 2 demonstrates this case.

Example 2: Surveillance data > R.G. 1.99 prediction

Decrease in USE for surveillance material, based on capsule data = 18%
Decrease in USE for surveillance material, predicted by R.G. 1.99 = 15%

32 EFPY USE decrease for limiting beltline weld, based on R.G. 1.99 prediction = 20%
32 EFPY decrease in USE for limiting beltline weld, adjusted for capsule data = 24 %
(adjustment made per Position 2.2 of R.G. 1.99)

32 EFPY decrease in USE assumed in equivalent margin analysis = 34%

24% < 34%, so vessel beltline welds are

There are equivalent margin analyses for three vessel/material types, each with a percent
decrease in USE assigned. The vessel/material types are BWR/2 plate (26%), BWR/3-6
plate (21%) and BWR/2-6 weld (34%). A fill-in-the-blank form, similar to the example
above, 1s provided for each of these types. A utility can use the appropriate forms to
verify that the equivalent margin analysis is bounding for their beltline conditions.
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EQUIVALENT MARGIN ANALYSIS
PLANT APPLICABILITY VERIFICATION FORM

FOR
BWR/2 PLATE
Surveillance Plate USE:
%y =
Capsule Fluence =
Measured % Decrease =  (Charpy Curves)
R.G. 1.99 Predicted % Decrease = (R.G. 1.99, Figure 2)
Limiting Beltline Plate USE:
%lu =
32 EFPY Fluence =
R.G. 1.99 Predicted % Decrease = (R.G. 1.99, Figure 2)

~ (R.6. 1.99, Position 2.2)

Adjusted % Decrease =

I % < 26%, so vessel plates are
‘bounded by equivalent margin analysis

|’
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EQUIVALENT MARGIN ANALYSIS
PLANT APPL_CABILITY VERIFICATION FORM

FOR et
BWR/3-6 PLATE
Surveillance P'ate USE:
%y =
Capsule tluence =
Measured % Decrease =  (Charpy Curves)
R.G. 1.99 Predicted % Decrease =  (R. 1.99, Figure 2)
Limiting Beltline Plate USE: .

%lu =

32 EFPY Fluence = _

~__ (R.G. 1.99, Figure 2)

R.G. 1.99 Predicted % Decrease =

Adjusted % Decrease = (R.G. 1.99, Position 2.2)

% < 21%, so vessel plates are
bounded by equivalent margin analysis
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EQUIVALENT MARGIN ANALYSIS
PLANT APPLICABILITY VERIFICATION FORM

FOR
BWR/2-6 WELD
Surveillance Weld USE:
%Cu =
Capsule Fluence =
Measured % Decrease =  (Charpy Curves)
R.G. 1.99 Predicted % Decrease = (R.G. 1.99, Figure 2)
Limiting Beltline Weld USE:
%Cuy =
32 EFPY Fluence = A
R.G. 1.99 Predicted % Decrease = P (R.G. 1.99, Figure 2)
Adjusted % Decrease = (R.G. 1.99, Position 2.2)

% < 34%, so vessel welds are I
bounded by equivalent margin analysis




