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MEMORANDUM FOR: Edward L. Jordan, Chairman
Committee to Review Generic Requirements
FROM: Eric S. Beckjord, Director
0ffice of Nuclear Regulatory Research
SUBJECT: GENERIC ISSUE 78, ®UNANALYZED REACTOR VESSEL (PWR) THERMAL

STRESS DURING NATURAL CONYECTION COOLDOWN"

Enclosed for your information and possible review is 2 draft of a memorandum
to the EDC describing the proposed resolution of the subject generic issue.
Attached to that memorandum is a draft of 2 memorandum to Thomas Muriey on the
same subject. Although the proposed resclution does not recommend any action
on the part of licensees, we do make recommendations to NRR in case a plant
should experience 2 natura] convection vooldown (NCC) event which may place
the reactor vessel (RV) in an unanalyze!' condition. The recommendations apply
to PWRs of the type analyzed which experience an NCC event that exceeds the
cooldown limits of the reactor vessel analyzed, or to other PWRs that
experience an NCC event which may place the RY outside of 1ts design basis,

The ACRS agreed with the staff's proposed resolution but recommended that we
notify licensees of the resolution of GI-79 and the possibility of an NRC
request for confirmatory information from any licensve whose plant experiences
2 significant NCC event. 1In response to this recommendation, we prepared a
draft of an information generic letter (Enclosure 3 to the Beckjord to Murley
memorandum).

There has been one NCC event involving appreciable cooldown (St. Lucie 1 1n
1980). Based on the amount of actual PWR operation at power, the event
frequency 1s about 2E-3/reactor-yr.

We estimate that the cost to a licensee to perform an aralysis would be about
$200,000. This is based on the cost of the work performed by ENL to evaluate
the reactor vessel stresses plus the work performed by the NRC staff to
evaluate fracture toughness,

We do not believe the proposed generic letter necessitates CRGR review since
it does not require licensee action or a response. However, we wouid be happy
to provide a presentation to the CKGK 4f they wish,
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Please advise us within two weeks as to whether or not the CRGR wishes to

"~

review the proposed resolution of C1-79 and the proposed information generic

letter,
XEJ;AWSS. E;ku,&L, ﬂ:)

Eric S. Eeckjorqzybirector
Office of Nuclear Regulatory Research

Lioclosure: As stated
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PCNORANDUM FOR: James M. Taylor
Executive Director for Operations

FROM: Eric S, Beckjord, Director
Office of Nuclear Regulatory Research

SUBJECT: RESOLUTION OF GENERIC 1SSUE 79, UNANALYZED REACTOR VESSEL (PwR)
THERMAL STRESS DURING NATURAL CONVECTION COOLDORN

The purpose of this memorandum is to formally document the resolution of the
referenced generic 1ssue,

The concern addressed under Generic Issue 79 (G1-79) was identified by the Babcock
& Wilcox Co. (BAW) in 1583 as & result of its investigation into the 1980 St.
Lucie Natural Convection (or Circulation) Cooldown (NCC) event.* Based on
preiiminary calculations B&w identified & concern that thermal stresses, beyond
those considered in the original design of PWR reactor vessels (Rvs), may

develop in RY flarges and studs due to large axial temperature gradients across
the RV closure region (1i.e., potentially placing PWR RVs in 2 condition outside
its design basis).

In July 1983 a priority ranking of “medium” was approved for Gl-78.

Subsequently BAW performed a detailed stress evaluation of the closure region
of their 177 Fue) Assemily (FA) RV for the NCC condition., This was submitted
to the NRC staff for review as part of the GI-79 resolution process. The 177
FA RY is utilized on a)' operating BAW reactors. At the request of the RES
staff, Brookhaven National Laboratory (ENL) reviewed the BaW analysis and
performed an independent confirmatory stress analysis of the Biw 177 FA RV
closure region,

Based on the results of the BNL review 2nd analyses and a staff evaluation of
the adequacy of the RY closure region fracture toughness for the NCC condition,
RES has concluded that the B&wW 177 FA RY closure region meets all currently
applicable regulatory design criteria. RES has additionally concluded that,
except for the issuance of an information generic letter (discussed below),

no immediate generic or plant-specific actions are necessary for the following
reasons:

1. NCC events are low in freguency of occurrence.
2. Based on the staff's evaluation of the B&W 177 FA RV, 1t is

extremely unlikely that a single NCC transient would cause the
failure of 2 PNR vessel.

*5t. Lucie 1s a Combustion Engineering designed reactor. Babcock & Wilcox
postulated 2 similar event for reactors they designed,

.
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3.  The specific details of any actually-experienced NCC transient will
determine the need for, if any, and the extent of actions required
of & specific licensee to assure the adequacy of its RY for
continued service,

Since a NCC transient invelves rat’ wmpliceted thermal hydraulics, and
calculated stresses for Bow FV sty re near ASME Section 111 Code allowable
stresses, and, since the stresses +he RY closure regior increase as the RY
cooling rate increases, RES 1s making the following recommendation to NRR in

the enclosed memorandum, For reportable NCC transients which may place the RV

in a condition that is outside of i1ts design batis (in accordance with 10 CFR
50.73(a)(2)(11)(B)), the affectec licensee should provide confirmation that no
applicable regulatory design or fracture toughness criteria have been exceeded
for the Rvs listec below, which were not specifically evaluated in the resciutien
of this generic issue.

1. B&W 177 FA RVs that experience a NCC event involving 8 cooldown rate
greater than 100°F/hr,

2. Westinghouse, Combustion Engineering and B&W non-177 FA R¥s which
experience any reportable NCC event,

Discussion of the staff and ENL evaluatiors are contained in Enclosures 1 and 2
tc the attached memorandurm to NRR,

On August 10, 1989, the RES staff presented its propsso? resolution of 6179,
as described above, to the ACRS, The ACRS agre:d with the resolution but
recommended that the NRC advise utilities of this iecommendation via formal
correspondence. In response to this ACRS concern, a draft information generic
letter is provided in Enclosure 3 of the attached memorandum,

Gereric Issue 79 1s thus considered resolived.

Eric S. Beckjord, Director
0ffice of Nuclear Regulatory Research

Attachment:
Memorandum for Thomas Murley from
Eric Beckjord, dated

cc: w/enclosure:
Murley, NRR

. Richardson, NRR
Gillespie, NRR
Marsh, NRR
Minners, RES
King, RES
Shao, RES

. Baer, RES
Cherny, RES

. Page, RES
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MEMORANDUM FOR: Thomas E. Murley, Director
O0f*ice of Nuclear Reactor Regulation

FROM: Eric S. Beckjord, Director
Office of Nuclear Regulatory Research

SUBJECT: RESOLUTION OF GENERIC I1SSUE 78, "UNANALYZED REACTOR VESSEL
(PWR) THERMAL STRESS DURING NATURAL CONVECTION COOLDOWN"

The purpose of this memorandum is to advise you of the resolution of the subject
generic issue, to clearly describe the limits of the natural convection (or
circulation) cooldown (NCC) analysis that was performed, and to provide RES
recommendations for actions if an actual PWR NCC should occur that (1) exceeds
the cooldown limits of the reactor vessel arnalyzed, or (2) represents an unanalyzed
case. It should be noted that only the B&W 177 fuel assembly reactor vesse)

(177 FA RY) was analyzed. This vessel is utilizec on all operating BA&W reactors.

The concern addressed under Generic lssue 79 (GI1-79) was identified by the Babcock
& Wilcox Co, (BAW) (Reference 1) in 1983 as 2 result of its investigation into

the 1980 St. Lucie NCC event,* Based on preliminary celculations B&W identified

& concern that thermal stresses, beyond those considered in the original design

of PWR reactor vessels (RVs), may develop in RV flanges and studs due to large
axial temperature gradients across the RV closure region,

Subsequently BiW performed a detailed stress evaluation of the closure region
of their 177 FA RV for the NCC condition (Reference 5)., This was submitted to
the NRC staff for review as part of the Gl-79 resolution process. At the
request of the RES staff Brookhaven National Laboratory (BNL) reviewed the BaW
analysis and performed an independent confirmatory stress analysis of the Biw
177 FA RV closure region utilizing a2 maximum cooldown rate of 100°F/hr.

Based on the results of the BNL review and analyses (Reference 11) and 2 staff
evaluation of the adequacy of the Ry closure region fracture tcughness for the
NCC condition, RES hus concluded that the BaW 177 FA RY closure vegion meets
all currently applicable regulatory design criteria for the NCC conditions
analyzed. (See Enclosures 1 and 2 which provide the details of the staff and
BNL evaluations.)

Tt [ucie 1s 2 Combustion Engineering designed reactor. Babcock & Wilcox
postulated 2 similar event for reactors they designed.



RES has additionally concluded that, except for the issuance of an informetion
generic letter (discussed below;, no immeciate generic or plant-specific actions
are necessary for the following reasons:

1. NCC events are low in frequency of occurrence.
¢. based on the staff's evaluatior of the B&W 177 FA RY, it is

extremely unlikely that @ single NCC transient would cause the
tailure of & PwR vessel.

s
.

The specific detaile ¢f any actually-experienced NCC transient will
deterrine the neec for, if any, and the extent of actions regquired
of a specific licensee to assure the adequacy of its RV for
certinued service.

however, since @ NCC transient invclves rather complicated thermal hydraulics,
and calculated stresses for BAW RV studs were near ASME Section 111 Code
allowable stresses, anc, since the stresses in the RV closure region increase
as the RFY cooling rate increases, RES recommends the following: For

reportable NCC tramsients which may result in 2 condition that places the RY
outside of ite design basis (in accorcarce with 10 CFR 50.73(a){2)(11)(B))

the affected licensee should provide confirmation that no applicable regulatory
design or fracture toughness criteria have been exceedec for the kvs listed
below, which were not specifically evaluated in the resolution of this generic
issue, .

1. B&W 177 FA KVs that experience a NCC event involving 2 cooldown rate
greater than 100°F/hr,

2. Westinghouse, Combustion Engineering and BAW non-177 FA RVs which
experience any reportable NCC event.

The effects of NCC cycles on plant 1ife extension were not considered by BiW or
the staff as part of the resolution of this generic issue. -

Or Rugust 10, 1985, the RES staff presented its propesed resolution of G1-79,

2s described above, to the ACRS. The ACRS approved of the resolution

(Reference 12) but recommended that the NRC advise utilities of this recommenda-
tion vie formal correspondence. In response to this ACRS concern, 2 draft
information generic letter is previded in Enclosure 3.

Eric S. Beckjord, Director
Ctfice of Nuclear Regulatory Research

Enclosures: As stated

cc: w/enclosures:
J. Taylor F. Gillespie, NR®
J. Richardson, NKR L. Marsh, NRE
C. Cheng, NRR J. Bradfute, NRR
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Ernclosure |

Generic l1ssve-79
Stress and Fatigue Evaluatior
of BAW 177 Fuel Assembly
Reactor Vessel Closure Region
for NCC Condition

The concern addressed under Generic lssue 78 (G1-79) was i1dentified by BAW
(Reference 1) n 16E3 as & result of 1ts investigation into the 1980 St. Lucie
Natural Convection (or Circulation) Cocldown (NCC) event.* Based on preliminary
calculations, Béw identified a concern that thermal stresses, beyond those
considered in the original design of PWR vessels, may develop in the reactor
vessel (F\) flanges and studs due to large axié] temperature gradients across
the Rv closure region, i1.e., & condition that was potentially outside the design
basis of the PWR Rvs, Imitially, BAW stater that these therme) stresses could
occur as a result of two differert transients, (1) non-uniform cooling (coolant
stagnation in the head) of the reactor coclant during a NCC or (2) after the
reactor coolant pumps are secured ir the normal reactor cooldown mode (i.e.,

the transiticn to Decay heat Removal (OHR) operation).

In January 1984, the Biw Owners Group (BWOS) initiated a program to perform a
getailec evaluatior of the stresses induced in the 177 Fuel Assembly (FA) RY
closure region for these transients; and in October 1984, 2 report (Reference §)
documenting the eveluation results was submitted to the NRC. The 177 FA RV

is utilized in all BtW opera-ing reactor:. The NRC and its contractor (BNL)
began a review of this report and BNL began to perform a conservative confirma~
tory stress analysis of the 177 FA RV closure region for the vessel conditions
discussed herein,

In accordance with 10 CFR 50.55a, the NRC has endorsed the design criteria for
Reactor Pressure Vessels as specified in Section 111 of the ASME Boiler and
Pressure Vesse)l Code (hereinafter, “the Code"). The B4W and BNL evaluations are
based on these criteria,

Based on the initial review, numerous questions were transmitted to BWOG by
Reference &, and & meeting between the NRC staff, its contractor, and BWOG was
requested, BWOG provided draft responses to the questions (Reference 7) prior
to the meeting, which was held on April 25, 1988. The results of the meeting
were documented by Reference 8 and BWOG provided draft and final responses by
References 9 and 10, respectively. 1In these responses BWOG informed the staff
that the concern originally stated with respect to the normal reactor cooloown
e had been incorrectly stated. The corrected response stated that the thermal
stre;ses of concern could occur during a NCC, which includes the subsequent
transition to DHR system cperation. Eased on this information, the staff and
BNL continued to evaluate the 177 FA vessel only for the effects of the NCC
condition; that is, transient (1) described above,

¥Tt. [ucie 1s 2 Combustion Engineering designed reactor, Babcock & Wilcox
postulated a similar event for reactors they designed.
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Numerous corservatisms were incorporated in the BRL analysis (Reference 12);
such as uti1l12ing a cooldown rate of 100°F/nr, meintaining the RV head fluig
tempereture at UV F for the entire NCC trarsient (1.€., no thermel mixing
between the fluid in the RV head and the fluid in the lower portion of the RV},
ang either a frictionless flange interface (Case 1) or an infinite frictior
flange interface (Case 2). As @ result of these conservatisms the resultant
stresses were higher than those celculated by BAW, however, 1) calculated
strecses were less than the applicable Code e¢llowable values, Therefore, the
RES staff concludes that adequate design margins do exist in the closure

region of BAw 177 FA RVs for the NCC condition analyzed.

As 8 resu't of the review conducted under Gl-7%, the staff has concluded that
exposure of BLW 177 FA RVs to a NCC transient outside of the conditiors
boundec by the ENL confirmatory analysis may result in a conditior that s
outside the design bas’s of the RV, A maximum cocling rate of 100°F/hr was
utilized by the RES steff and BNL for the GI-79 evalu2tions, B&w advised the
RES staff that this cooldowr rate 15 achievable in some BiW operating plants
under NCC conditions. An KCC transient involves rather complicated therma)
hydraulics, anc the BNL calculated stresses in the Ry studs were particularly
high (98% of allowatle menbrane plus bending stress). Also, the stresses in
the RV closure regiron increase as the RV cooling rate increases.

The RES staff did not specifically evaluate non-B&W 177 FA RVs, Therefore,
the staff hee further concluded that exposure of certain other PWR RVs te¢ a
KCC transient may result in a condition that is outsice the oesign basis of
the RV, Westinghouse (W) and Combustion Engineering (C-E) RVs can be
significently differen® from BAn designs, and may specific RVs are different
from each other according to vintage, number of loops, vessel manufacturer,
etc.

As stated above, certain NCC transients may result in conditions that are
outside the design basis of PR Rvs. Therefore, KES reconmends that NRR
require any PuP licensee whose plant experiences a reportable N(C transient
which wey plece the RY in an unanalyzed condition (Ref., 10 CFR
5(.73(0)(25(1i)(5)) provide confirmation that no applicable regulatory design
stress criteria heve been exceeded. This recommencztion 15 limited to RYs and
conditions Tisted below which were not specifically evaluated in the
resolution of this generic issue.

1. BAW 177 FA RVs that experience a NCC event involving & cooldown rate
greater than 100°F/hr,

2. Westinghouse, Combustion Engineering and BAW non-177 FA RVs which
experience any reportable NCC event,

The BRL confirmatory analysis alsc evaluated the effects of NCC cycles on the
B&W 177 FA RY closure region with respect to fatigue effects, Sectien 111 of
the ASME Code requires that the total cumulative usage factor (CUF) for the RV,

i e e R R R R R R IR



including the closure f]anges and studs, not exceed a value of 1.0, The analysis
determinec thet 40 NCC cycles will contribute approximately 10% of the tote)

C''F allowed by the ASME Code for the R¥ studs and less thar 2% to the total CUF
illowes for the RV closure flances., For the B&W 177 FA RV closure region, even
with the addition of these NCC fatigue effects, the Code specified CUF is not
exceeded,

. *
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Enclosure 2

Gereric Issue-7%
10CFRE0 appendix G
Fracture Toughness Evaluation
of Béw 177 Fuel Rssembly
Reactor Vesse) Closure Region
for NCC Condition

In evaluating the fractire toughness adequacy of the Biw 177 Fuel Assembly
Reactor Vesse) (B&W 177 FA RY) the RES staff concluded that the RV closure
region, with the exception of the closure studs and the nozzle shell course,
remained at a sufficiently high temperature throughout the NCC transient to
avoid brittle fracture,

For the closure studs and the nozzle shell course which can be exposed to
somewhat lower temperatures, the staff performed individual evaluations. The
evaluation criteria used were from Appendix G of 10 CFR 50.55a, Sections 111
and X1 of the ASME Boiler and Pressure Vessel Code as referenced in

10 CFR 50,552, and SRP Sections 5.2.4, "Reactor Coolant Pressure Boundary
Inservice Inspection and Testing,” and SEF 5.3.2, “Pressure-Temperature
ALimits.”

These staff evaluztions are contained in Appendices 1 and 2 of this enclosure.
CONCLUSI0ONS

Compliance with the criteria utilized in the analyses discussed herein
provides assurance that B&W 177 FA RVs can be safely shutdown under the
conservative NCC conditions analyzed with no adverse effect on public health
and safety., The staff has thus concluded that applicable regulatory
requirements for RY fracture toughness are satisfied for the BiW 177 FA RV
closure region for the NCC condition analyzed.

In addition, altiough BEX non-177 FA, Westinghouse (W), and Combustion
Engineering (C-E) RVs can be sionificantly different dimensionally from BAW
177 FA RVs, based on the results of its analysis, the RES staff has concluded
that there is 2 high degree of assurance that all PWR RVs can be safely
exposed to at least one NCC cycle of the type analyzed and can be safely
shut down with no adverse effect on the health and safety of the public.

However, as 2 result of the review conducted under Generic Issue 79, the staff
has 2150 concluded that exposure of PWR RVs to certain NCC transients may result
in & condition that is outside the RV design basis. Therefore, RES 15 making
the following recommencation to the Office of Nuclear Reactor Regulation {NRR).
Fer any PWR that experiences a reportabie NCC transient (in accordance with

1L CFR 50.73(2)(2)(41)(B)), the affected licensee should confirm that no
applicable regulatory fracture toughness criteria have been exceeded for the

RV. This recommendation is applicable to PWR RVs and conditions listed below
which were not specifically evaluated in the resolution of this generic issue.

1. BIW 177 FA RVs that experience a2 NCC event involving 2 cooldown rate
greater than 100°F/hr.

2. Westinghouse, Combustion Engineering and B&W non-177 FA KVs which
experience any reportable NCC event.



Enclosure 2, Appendix 1

Reactor Vessel Shel) Fracture Mechanics Evaluation

Richard E£. Johnson

Introduction and Background

For @ B&w 177 FA nuclear reactor pressure vessel (RPV), consider a natura)
circulation cooldown event from a linear-elastic fracture mechanics viewpoint
us'ng procedures recommended in the ASME Boiler and Pressure Vessel Code ("the
Code" ).

Temperatures and stresses were calculated as functions of time into the event

by the Brookhaven Nationa) Labcratory (B%L) technical staff. The relatively

high temperatures at the start of the (ransient placed the RPV steel outside of
the range of applicability of the Code procedures; therefore, the condition

could be dismissed by inspection, even though the stresses at some elements

were higher than those used in the following calculations. By inspection, the «
worst combination of parameters occurred in the RPV shell just below the closure =
flange (Fig. 1, element numbers 307 through 311). The stresses and temperatures
listed in Table ] were used in the fracture mechanics analysis.

Stresses at the finite element centroids for the Jocked flange interface
{(infinite friction) case were plotted against position across the twelve-inch
shell thickness in Fig. 2. Extrapolation to the inside and outside surfaces
resulted in ID and 0D stresses of 17 and 6.6 ksi, respectively. A technically
correct method of handling the non-linear stress distribution would be by
factoring it into a uniform stress, plus a linearly distributed stress tangent
to the actual distribution at the crack tip (see the dashed 1ine on Fig. 2),
plus the residual curvilinear stress. For this analysis, @ less complicated
and more conservative method was used. The ID and OD stresses were connected
by an imaginary straight 1ine, then that distribution was treated as if it were
the result of a tensile ("membrane,” in Code language) plus a linear (or “pure")
bending stress. The components of stress distribution were found to be:

menbrane stress = o * 11.8 ksi;

bending stress = o, = 2 5.2 ksi.

b
Additional parameters used in the calculations were determined as follows.

Being generic, the analyses do not pertain to a specific RPV; therefore, the
reference temperature for the material's nil-ductility transition (RT_,.,) is
unknown. Following the guidance in the NRC Standard Review Plan Sectvgl
5.3.2, a value of 60°F was assumed.

Although of relatively small importance to the results, when the tensile yield
strength, oys' was needed, a value of about 55 ksi was used.



Whenever flaw parameters had to be selected, the following conditions

applied. The crack plane was oriented normal to the maximum principal stress
(i.e., an axia) crack dictated by the circumferential stress), the crack front
was sharp (e.g., as the leading edge of a fatigue crack), the location was at
the surface carrying the higher tensile stress, and the shape was semi-elliptica)
with a 6-to-1 (total length to depth) aspect ratwo Postulated defects were
assumed to have a depth equal to one-fourth of the RPV shell thickness as
recommended in Section 111 of the Code.

Critical Crack Depth, a_, Calculation

Following the procedure given in Appendix A, Section XI, of the Code,
according to Article A-3300:

I = omM ’na7 +0 MbJra75

where: ”m can be found from Fig. 3, which is a copy of Fig. A-3300-3;

K

MD can be found from Fig. 4, which is a copy of Fig. A-3300-5;

Q can be found from Fig. 5, which is a copy of Fig. A-3300-1.
For the given flaw parameters: a/1 = 0.1667 and a/t = 0.25.
Enter Fig. 3 at a/t = 0.25, interpclate to a/l = 0.1667 and read out ¥ = 1.186.
Enter Fiy. 4 at a/t = 0.25, interpolate to a/1 = (0.1667 and read out Hb = (.8.
For the given stresses: (o + 0 )/o = (11.8 + 5.2)755 = (.31,

Enter Fig. 5 at a/1 = 0.1667, 1nterpo1ate to (o +0 )/o = [.31 and read out
Q = 1.212. b

Solve for a, substitute the fracture toughness for Kl and let a = L

8, = (Q/m)[K;, /(o M, + © nb)]’,

where the arrest toughness, K, , was selected rather than the less
conservative initiation tough‘gss.

From Table 1, the RPV temperature near the 1D is about 150°F, therefore,
T = RTypy = 150 = 60 = 90°F. Enter Fig. €, which is a copy of the Code Fig.

A-4200-1, at + 90°F and read out: Kla = 72.5 ksi Jin.
Substitute values and calculate 2.
L = (1.212/n)[72.5/(11.8)(1.186) + (5.2)(0.8)]1 = 6.15 4n.

Since the critical crack size, based on conservative values of severa)
parameters, 1s about one-half of the RPV shell thickness (12 in.), or about
three times the size of a flaw which might escape detection and about ten
times the size of the smallest flaw detectable by UT (about & in.), 1t was
concluded that the natural circulation cooldown event is not likely to
challenge the integrity of a B&Ww 177 FA vessel.

2
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ASME Code, Section XI, Analysis

Use the procedure given in Appendix A, Section XI, of the Code for a

ostulated flaw as prescribed by Appendix G, Section 111 (Design Bases), in
Article G-2120.

a=t/8; fort=12 in., a = 3 in.

From article A-3300:

K, 7 omMmJna/Q + cDMmJna7Q.

1
Except for crack depth, ¢, values of all variables were given in the

preceeding section. Subs“itute and solve for KI:

KI = (11.8)(1.186)J/n37/1.212 + (5.2)(0.8)/n3/1.212 = 50.6 ksi . L7

which is significantly less than the previously-determined toughness:

Kig = 72.5 bsiin.

Flaw acceptanc: criteria for steel components of 4 in. and greater thickness
are given ir iwB-3610, Section XI, ASME Code. Because the region of the RPV
under examination is close to a change in shell thickness (see Fig. 1), the
appropriate Code paragraph is IwB-3613, “Acceptance Criteria for Flanges and
Sheil Regions Near Structural Discontinuities." Furthermore, the pressure
after 15 hours into the transient is 350 psi; therefore, the applicable
criterion is the one given in IWB-3613(a), for conditions where the pressur-
ization is not mcre than 20% of the Design Pressure, i.e.:

K] < KIQ/JT

from the preceeding calculation, Kig 72.5 ksi Jin., so Kla/Jﬁ = 51.3 ksi Jin.
Since the toughness reduced by the safety factor was greater than

K, (* 50.6 ksiyin.), the Code criterion was met. Certainly, 1f the transien
were treated as an emergency or faulted condition where the Code acceptance
criterion is:

Ky < KIC/Ji.

the significantly larger (than KI ) value of K, , the inftiation toughness,
would be enough to pass the test Sith a wide angin.

It was concluded that the evaluation, based on a conservatively large k-t flaw,
demonstrated that the subject transient would not induce a failure of the RPV.

Noting that a natural.circulation cooldown event is & rare transient, it can be
concluded that the analysis showed that it is acceptable by ASME Code criteria.
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Table 1

Stresses and Temperatures Reported by BNL.

Conditions: (1) flange interface locked
* (2) 15 hrs. into the transient

Element No.: 307 308 309 310
Hoop Stress, 15,170 12,780 10,860 9,145
(psi)
Temp., °F 148.7 150.5 150.7 146.2
4

311
7,455

152.6
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Enclosure 2, Appendix 2

Closure Stud Fracture Mechanics Analysis
Richard E. Johnson

Background and Summary

Reactor pressure vessel (RPV) head closure studs were analyzed using ASME Code
procedures for the case of the analyzed natural circulation cooldown event in

a B&W 177 FA plant. The analysis invelved the calculation of the mode-one

stress intensity vactor, K,, based on the stud geometry provided by B&w, the
stresses calculated by the'Brookhaven Nationa) Laboratory (BNL), and the
reference flaw and equations prescribed by the ASME Code. The calculated

value of K, was used to enter the ASME Code curve of Plane-strain fracture
toughness écrac& initiation toughness), K, , to obtain a value of rejative
temperature (T - RT ”T)' A conservative éilue of the reference temperature

for the n11-ducti1i§§ (fracture mode) transition, RT 7o Was established based

on information provided by B&w. Stated in a differe”g way, the purpose of the .,
exercise was to determine that temperature where the RPV stud materia) .
exhibited a fracture toughness equal to the calculated stress intensity

factor. Of course, if the input parameters we-. accurately representative of

the actual stud material rather than conservatively determined, as they were,

the equality of KI = K, would signal conditions for fracture instability.

To assess the safety inherent in the RPV studs, the temperature at which the
stress intensity factor and toughness are equal was compared to the lowest
service temperature (LST) for the studs in the given transient event. It was
found that the temperature corresponding to the above equality was 108°F.
According to calculations reported by BNL, the studs would not go below 200°F,
approximately, during the transient; more likely the LST would be 300°F or
more. Therefore, it was concluded that the temperature of 108°F was well below
200°F and the fracture toughness of the stud material would be more than enough
to survive the transient without any reasonable likelihood of failure.

Ic

The details of the analysis are given in the following text.

Ana1!sis

1. Stresses

The transient being evaluated would occur when the plant goes into shut=down
with the main reactor coolant pumps tripped resulting in coolant stratification
and associated therma)l stresses. The transient was analyzed by BNL; stresses
in the RPV closure studs from the reported BNL results are given in Table I.

2. Stress Intensity Factors

To evaluate the adequacy of the stud material fracture resistance, the procedures
given in the ASME Code were followed. Appendix G, Section 111, of the Code
refers _he analyst to WRC Bulletin 175 (Reference 1). 1In Reference 1, Section

7, "Toughness Requirements for Bolting,"” relationships are given for stress
intensity factor calculations. The relationships were listed in Table 1l



which provides the numerical, dimensionless proportionality factor relating K

to the product of the nominal stress on the minimum cross-section of the threiaed
region, o, and the square root of the crack depth, a, for values of the relative
(dimensionless) crack depth. Solutions are given for two geometries: a
circumfrentially-notched cylinder and a single-edge-notched (SEN) plate. For
both, tension anc bending loading conditions are addressed. The SEN values in
Table 1] were used to prepare the curves in Figure 1. According to Reference 1
(see Section 7 therein), threaded fastener analyses shall use the notched
cylinder values for K, (tension) and the SEN values for Kl (bending).

KI B kI(T) + KI(B) by“the principlie of superposition.

3. Flaw

In the threaded region, the total flaw depth is the crack depth plus the

thread depth; B&W flange stud bolts generally use 8N threads which have a thread
depth of 0.08 in. for all diameters. For nominal diameters greater than 3

in., according to Reference 1, the reference flaw (crack plus thread) depth is
taken to be 0.3 in.

4. Stud Parameters

The stud geometry tactors were taken from a drawing provided by the B&AW Owners
Group, & portion of which is shown as Attachment 1.

D (gross) = 7 in. (nominal); = 6.68&7 t‘ggg (max. on dwg. ); = €.25 in. shank.

1.0. = 1. in. (axial bore). «. 000
d (at root of thread) = 6.33 in. [dwg.: 6.336 _'010 in. diam.]

Thread depth = 0.08 in., so max. diam. (at threads) = 6.336 + 2(0.08) = 6.496,
or 6.5 in., approximately.

Reference flaw (based on ASME Code requirements):

for D> 3 4n.; a= 0.3 in. (a = thread depth + crack),
thus the crack at the root of a thread will be 0.22 in. deep.

The relative crack depth, a/d = (0.3)/(6.5) = 0.046.
5. Calculate Kl
From Table 11, for tensile stresses (using the notched cylinder):
Ky (T) = 1.98 o(a)™.
From Figure 1, for bending stresses (using the SEN plate):
Ky (B) = 1.89 o(a)™.
The values of stress to be used in solving for K,, according to the Code and
Reference 1, are based on the minimum cross=section in the thread region
(i.e., where d = 6.33 in.). Believing that BNL based the stress calculations

on the minimum (thread root) diameter, the values reported in Table 1 can be
used directly. At the onset of the transient, not only are the combined



stresses relatively low but the stud temperature will be high, the fracture
toughness will be high and a fracture mechanics analysis would be of no value.
Therefore, the stresses reported for fifteen hours into the transient are
germane. Thus:

K

I K] (T) Kl (B)
1.98 o(a)ﬁ + 1.89 c(a)%

(1.98)(42656)(0.3)% * (1.89)(61371)(0.3)% psi(in.)%

46.26 + 63.53 ksi(in.)?

it

Ky = 109.79 or 110 ksi(in.)Y, approximately.

6. Determine Temperature for KI = ch

The next step is to determine that temperature where the toughness eguals K, ,
because at all higher temperatures the material wil)l have adequate tOughnesl.

The final step will be to compare the lowest service temperature (LST) to that ¢
where the toughness equals K, and assess the margin for failure. According to
the ASME Code and Reference i, the applicable bolting toughness requirement
should be based on the minimum static plane-strain fracture toughness [the ASME
Code lower-bound curve for K, = f(T = RT - )] rather than the arrest toughness,

Kk, , because of the absence 59 (1) dynamig {oads on bolts and (2) significant
s{’ain-rate sensitivity in bolting alloys. Therefore, the applicable curve is
the one for KI in Figure 2 which is a cgpy of Figure A-4200-1 from Reference

2.* Entering §t a value of 110 ksi(in.)* to the KI curwe, a value of 62.75°F,

or 63°F by rounding out, was determined for T - RTNc * " Since the reference
temperature for studs will not change with time in EIrvice, the initial RTNDT

will suffice.

From Reference 3 (see Section 3.2, “Impact Properties of Bolting Materials,”
therein), it was determined that B&W RPV closure studs are manufactured from
SA-540, GR.BE-23 (or B-24). For the usual minimum specified yield strength of
130 ksi, the actual o, ~ 160 ksi. The current Code requires 45 ft-1b C N
Generally, the steels Used as bolting materials will reach their Charpy v-notch
impact test upper shelf energy &t about + 40°F. Augmenting Reference 3 with a
telephone conversation to A. L. Lowe, Jr., at B&W, Lynchburg, Virginia (one of
the Reference 3 authors), it was learned that the proprietary version,
BAW-10046 P, has a data bank (on page 3-27) from which one can deduce that

RTNH = 45°F, or lower, as the temperature where closure stud steels meet both
the‘lnergy (45 ft-1b) and lateral expansion Charpy V-notch criteria. Reference
4, in part, states:

*Article A-1100, Appendix A of Section X1 applies to ferritic materials 4 in.
or more in thickness and with a specified minimum yield strength of 50.0 ksi,
or less. Also, it "may be extended to other ferritic materials.®



"If Timited Charpy V-notch tests were performed at a single

temperature to confirm that at least 30 ft-1bs was obtained, that

temperature may be used as an estimate of the RT - provided that at

least 45 ft-1bs was obtained if the specimens weﬁg longitudinally

orierted. If the minimum value obtained was less that 45 ft-1bs,

the RYNNT may be estimated as 20°F above the test temperature."
Therefore, RTnot = 45°F and, from the construction on Figure 2: T = RTNDT = 63
becomes:

T = 108°F

as the temperature where K K

Ie = 1

7. LST Comparison; Margin

Since the studs will be exposed to no temperature less than 200°F (more Tikely,
no less than 300°F), there is a temperature margin of 92°F. On the same rela-
tive temperature scale of Figure 2, the vertical arrow identified as "7 . "
shows where the LST for the subject transient would occur. The corresggﬁging F
plane-strain fracture toughness, K, , would be well above 200 ksi(in.)?, i.e.,
the material would be fully ductillF With a toughness about twice the stress
intensity factor and the direct proportionality between K and o, the margin in
stress also is at least a factor of two. Noting that the usual practice is to
perform some non-destructive inspection (at least visual) of the closure studs
at every refueling outage, the possibility of a crack as large as was postulated
for the above analysis is unlikely, and it can be concluded that the subject
transient will not induce closure stud failures.
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Table 1

Stresses in the RPV closure studs for the natura) circulation cooldown event
based on the BNL report.

Time Into the Stresses™ psi

Transient, hrs Tension T+ B Bending**
0 49,013 60,583 11,580
15 42,656 104,027 61,371

*From the EN. analysis of "Case 1" which is conservative, the results
being higher than "Case 2."

**Bending (B) stresses by difference:
E=(T+8B)-T;

where the Tension (T) and combined (7 + B) values were reported by BNL.

Note: BANL included a tensile stress of 34,914 psi from stud prestress in the
T value reported.




Table 11

Stress intensity factor solutions as given in Reference 1.

K

/oJa

Kotched Cylinder

a’d Tens. Bend. Tens. Bend,
0 1.98 1.96 1.989 1.99
0.05 1.98 1.98 2.00 1.89
0.10 2.05 2.1 2.10 1.85
0.15 2.27 2.64 2.25 1.8%
0.20 2.64 3.47 2.44 1.87
0.25 3.10 5.03 2.67 1.82

Note: stress, o, is based
on the minimum cross-sectien
in the threaded region.
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Enclosure 3

GENERIC LETTER

10: LL HOLDERS OF OPERATING LICENSES OR CONSTRUCTION PERMITS FOR
PRESSURIZED WATER REACTORS (PwRs)

SUBJECT: RESOLUTION OF G1-79 AND THE POTENTIAL INADEQUACY OF PWR REACTOR
VESSEL DESIGNS UNDER CERTAIN NATURAL CONVECTION COGLDOWN (NCC)
TRANSIENT CONDITIONS

This letter s being provided to inform addressees of (1) the NRC resolution of
Generic Issue 79 - "Unanalyzed Reactor Vesse)l (PWR) Thermal Stress During
Natura) Convection Cooldowr" and (2) the possible future need for licensees
whose plent experiences a reportable NCC transient which may place the RV in an
unanglyzed condition to provide confirmation that nc applicable regulatory
gesign or fracture toughness criteria have been exceeded., It is expected that
recipients will review the information contained herein for applicability to
their facilities. For economic reasons, licensees may wish to perform an
evaluation in articipation of the potential occurrence of such an event., Ko new
requirements are being established and no specific action or written response
is required.

Background .

On May 5, 1981, the NRC issued Generic Letter (GL) No. B1-21, “"Nature) Circula-
tion Cooldown," in response to 2 natural circulation cooldown (NCC) event which
occurred at St. Lucie 1 on June 11, 1980, That event resulted in the formation
of 2 void (stearm bubble) in the reactor vessel head. GL B1-21, addressed to
211 operating PWR power reacto. licensees and applicants for operating licenses
(except for St. Lucie, Unit No. 1), requested that addressees determine whether
operator training and plant procedures were adeguate to effect a controlled NCC
from operating conditions to cold shutdown. Addressees were requested to
ggmgn?};ate that capability by test and/or analysis pursuant to 10 CFR
£0.54(f).

ing 1ts investigation into NCC conditions, the Babcock & Wilcox (B&W)

any identified & concern (Reference 1) that thermal stresses, beyond those
.o :idered in the original design of PWR vessels, may develop in the reactor
+_ssel (RV) flanges and studs due to large axial temperature gradients across
the RV closure region, 1.e., & condition that was potentially outside the
design basis of the PR RVs., BAW subsequently notified the KRC of the concern.
The concern was evaluated by the NRC as a potential generic safety 1ssue and
designated as Generic Issue Ko. 79 (G1-79).



ry

Discussion

b detailed analysis of the 177 Fuel Assembly Reactor Vessel (177 FA RV) was
pe-formed by Biw and subritted to the NFC (Reference 2). The NRC utilized an
independent confirmatory analysis performed by BNL (Reference 3) to evaluate
the BiW subrittal, The NRC concludec that the B&W 177 FA RV meets currently
applicable regulatory design stress and fracture toughness criteria for the NCC
conditions analyzed, (i.e,, 100°F/hr maximum cooldown rate). The NRC further
concluded 1t would be extremely unlikely that a PWk RV would fail from 2 single
KCC event. However, due to the stated limitations of the analysis, no defini-
tive conclusion could be made regarding compliance with applicable regulatory
criteria of Baw 177 FA RVs that might experience 2 NCC which is outside the
bounds of the analysis assumptions, or for B&W non-177 FA R¥s and other PWR
vessels which mey experience & significant NCC evert in the future.

The detailed analyses by BAW anc the NRC anc 1ts contractor clearly pointed out
the extremely complex nature of this type of analysis. 1t included numerous
thermel-hydraulic and mechanical modeling assumptions which, although
considered to be conservative, were not confirmed by specifically measured test
data, (Calculeted stress results for the B&W 177 FA RV were as high 2s 98% of
ASME Code allowable values in the RV studs. While it is recognized that this
(ode alloweble velue includes margins, variztions in stresses calculated by
B&w, when compered to those calculated by ENL, pointed out the possibility of a
RY being in an unanzlyzed concdition for certain NCC events; particulariy for
evenEs complicatec by other factors (e.g., stuck open atmospheric dump valve,
etc. ).

The NRC has concluded that (1) NCC events have & low frequency of occurrence,
(2) 1t s extremely unlikely that a single NCC transient would cause the
failure of a2 PwR vessel, (3) B&W 177 FA RVs are considered to be analyzed for
NCC events that do nmot exceed a cooldown rate of 100°F/hr, and (4) the actua)l
severity of a2 specific NCC event will determine the need for, if any, and the
extent of actions that may be required of any specific licensee following
certain NCC events which mey place @ RV in an unanalyzed condition. Therefore,
no recuirement for generic or plant-specific actions was deemed necessary,
However, the staff has concluded as a result of the review conducted under
G1-79% that exposure of certain PWR RVs to & NCC transient may result in a
condition that 1s outside the RV design basis.

This letter s being issued to advise PWR licensees and construction permit
holders that in the event of a reportable NCC transient {(in accordance with

10 CFR 50.73(a)(2)(11)(A) and (B)) NRC may require supplementa) information (in
accordance with 10 CFR 758)(c)) to provide confirmation that no applicable
regulatory design or fracture toughness criteria has been exceeded thereby
ensuring adequate safety of the reactor vessel.



The cecision to 2llow restart of a2 licensee's reactor without the need for or
prior to submitting supplemental information will be made after 2an event,
Plants for which supplemental informatior mey be needed are those with:

1. B&W 177 FA FVs that experience a8 NCC event involving 2 cooldown rate
greater than 10C°F/hr.

2., westinghouse, Combustion Engircering and B&W non-177 FA RYs which
experience any reportable NCC event,

1t is recognized that if the above supplemental information 1s required that it
woulc be & change in NRC staff practices. This change in NRC staff practices
would be justified to ensure that the design criteria, as specified by the

ASME Eciler and Fressure Yesse)l Code, has not been exceeded when 2 licensee ha2s
exposed & reactor vessel to an unanaiyzed condition,

Sincerely,

James G. Partiow
Associate Director for Projects
Office of Nuclear Reactor Regulation
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