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May 29, 1996

RENORANDUN TO: James N. Tayloer
Executive Director for Operations

FRON: David L. Morrison, Director /s/ DLMorrison
0ffice of Muclear Regulatory Research
SUBJECT: RESOLUTION OF GENERIC SAFETY ISSUE 15, *RADIATION EFFECTS ON

REACTOR VESSEL SUPPORTS®

The purgosl of this memorandum is to document the resolution of Generic Safety
Issue 15 (6SI-18) "Radiation Effects on Reactor Vessel Supports.® 6S1-15 was
originally estabiished to evaluate the effects of neutrons of energies betwoen
0.1 and 1 Mev in addition to those of energies > 1 NeV. The issue was
determined to have a LOW priority at that time because the occupational dose
increases associated with this issue far outweighed the public risk reduction.
The prasent concern arose later over the fssue that neutron irradiation at
1ow-temperature and low-flux might embrittle reactor pressure vessel (RPY
supports more rapidly than predicted based on traditiomal trend bands. is
newer concern has been studied extensively, and the results are documented in
NUREG-1509, "Radiation Effects to Reactor Vessel Supports® (in publication).
The staff position 1s that the findings provide a sufficient basis for the
resolution of GSI-15, both for the current and for the original concerns, and
that no action need be taken by 1icensses concerning reactor vesse) sugports.
NUREG-1509 will be distributed to licensees and CP holders, and will also be
available through the NRC Public Document Room.

Background

The present concern for RPV support {ntegrity arose when the Oak Ridge
National Laboratory found that the High Flux Isotope Reactor snfll)
surveillance data exhibited excessive smbrittlsment in an environment thought
to be similar to operating reactor cavities. To evaluate the problem, GSI-15
was reprioritized to consider the issue of fracture resistance of RPY supports
in oporatl:: plants and to determine if the structural integrity of the
supports under Design Basis Accident conditions may have been compromised.
The studies addressed embrittlement of structural steels of the type used to
fabricate RPY supports exposed to low-flux, low-temperature conditions
simulating the HFIR environment; dosimetry experiments to measure and
characterize the HFIR neutron energy spectrum; studies of the neutron flux and
s rum in an operating reactor cavity; and structural analyses to determine
consequences of support failure. The work showed the unexpectedly high
embrittiement in HFIR to be caused by a relatively high gasma radiation dose
rather than a high thermal neutron dose as was originmally postulated. Thus, /4 /
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the experimental evidence showed first, that the excessive embrittiement in
the HFIR data could be attributed to \ong-term, Yow=temperature gammd
radiation and second, because the HFIR gamma radiation environment {s 100 to
3,000 times greater than that in an ogor|t1n| resctor cavity at the paak flux
p{nno vessel beltiine), it {s clear that the HFIR surveillance data are not
directly applicable to irv supports. Finally, based on the greater accuracy
of the datailed neutron and gasma radiation calculations and dosimetry
measurements, it could be shown that the radiaticn-induced embrittiement of
APV supports could be estimated from traditiona) trend curves and that the
level of radiation-induced increase in ombrittiement is not a cause for
concern for continuing plant integrity, for either the 40-year 1ife of
currently operating plants or for a 20-year 1icense renewa) period.
Furthermore, the original {ssue of embrittiement by neutrons of energies < 1
NeV was reconsidered in 1ight of the findings of the ?rnscnt study., It was
clearly determined that the present findings and conclusions encompass the
original issue and that no unresolved technical {ssues remain in this area.

Issue Resolution

The analysis conducted for resolution of 6$1-16 considered both the technical
findings, included in NUREG-1509, and considerations of cost/benefit for a
series of options (Refarence 1). One of those options, for reevaluation of
RPY supports and the taking of appropriate corrective action (if any), was
seen to be justified only at one extreme of the cost/benefit ratios. While it
was not clear how many plants would fit those conditions (although probably
very few) the reevaluation option was not justified because the radiation
embrittiement concern had besn essentially eliminated.

Asong the technical findings noted during work on 6SI-15 was the fact that
there would be significant variability among plants with respect to the issue
because of the great variety of RPY support designs, material properties, and
fuel management procedures that affect the neutron flux and spectrum in the
cavity. In order to encompass the uncertainties in the various analyses and
provide an overall, conservative assessment for this issue, severa) structural
analyses were conducted. These demonstrated that (1) even if postulating one
of four RPY supports were broken ina tygical PWR, the remiining intact
supports would carry the reactor vessel load even under SSE seismic loads and
(2) 1f a1l supports were assumed to be totally removed (i.e., broken), the
short span of piping between the vesse) and the shield wall could carry the
Toad of the vessel, In summary, analyses have virtually eliminated the
concern for both radiation oubritt\cunnt and for significant structural
consequences from 3 postulated RPY support failure.

The ACRS has reviewed the Staff’'s work on 6S1-18 and agrees with the
recosmandation of no action to be taken (Reforence 2).
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conclusion

Nith the issuance of NUREG-1509 and in consideration of the other referenced
édocuments developed in this study, Generic Safety Issue 18 is considered

resolved. For further information plesse contact Richard E.

(301-415-6758)..
Refarsnces

Johnson

1. N. R. Anderson, R. E. Lipinski and D. L. Kelly, *Supplement to Technical
Report, m—ssit-om. Costlnmﬂt Amalysis of 4s1-18:Radiation Effects

on Reactor Vessel Supports,
1998,

Lockhead 1daho Technologies Company, April

- W. J. Lindblad to J. W. Taylor, "Proposed Resolution of Generic Safety
Issue 18, 'Radiation Effects on Reactor Yesse! Supports,’® July 13,

1904.
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W. Russell, NRR
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MEMORANDUM FOR: John T. Larkins, Executive Director
Advisory Committee on Reactor Safeguards

FROM: Joseph A. Murphy, Acting Director
Division of Safety Issue Resolution
Office of Nuclear Regulatory Research

SUBJECT: PROPOSED RESOLUTION OF GSI-15, "RADIATION EFFECTS ON REACTOR
: PRESSURE VESSEL SUPPORTS® :

Enclosed for ACRS review is the proposed resolution package for Generic Safety

Issue No. 15 (6SI-15), "Radiation Effects on Reactor Pressure Vessel
Supports.*®

6SI-15 was repricritized in December, 1988 and designated as a high priority
issue. The reprioritization was done as a result of reviews by the ACRS and
the NRC staff of data from surveillance specimens exposed in the HFIR reactor
at the Oak Ridge National Laboratory (ORNL). The ACRS reviewed the data and -
the report by ORNL that the steel samples had exhibited more rapid than
expected embrittliement. Noting that the environment in HFIR was sufficiently

similar to the operating conditions at reactor pressure vessel (RPV) supports,
the ACRS recommended revisiting GSI-15.

The concern regarding RPV support radiziion embrittlement was initiated by
Yirginia Electric and Power Company (VEPCO) as a Part 21 netification in a
March 28, 1978 letter to James 0’Reilly (NRC). GSI-15 was established to
address the concern that low-temperature, Tow energy neutron irradiation may
embrittle RPV supports more rapidly than expected. The issue was originally
classified as a candidate Unresolved Safety Issue (USI) in NUREG-0705. In
that document it was recommended that further studies be conducted before
making 2 decision regarding disposition of the issue. In November 1983, the
issue was evaluated and designated as LOW priority.

After the high priority designation was established, a Task Action Plan was
prepared to evaluate the possibility that RPV supports may be degraded and
subject to failure in the event of a design basis accident. The investigation
was designed to address the loss of integrity either from a loss of fracture

toughness or an increase of the ductile-brittle trans1t1on temperature
(commonly: NDT).

CF

In the course of completing the program proposed in the GSI-15 Task Action

Plan, several findings emerged which contributed to the technical resolution

of the issue. The technical findings and results of the staff evaluations are
documented in the Enclosed NUREG-XXXX and the staff’s Regulatory Analysis.

Based on the evaluation, the staff has concluded that the concern for

radiation embrittlement of RPV supports is minimal and no regulatory action is
required. However, some of the criteria which constitute conventional wisdom

can be called to question and licensees should be advised of the GSI-15

findings by the vehjcle of an NRC Information Notice (copy -enclosed). /q ;1/ /EDFSKQ/(
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The resolution of GSI-15 is being accomplished by 1ssu1ng a close-out -
memorandum, a Regulatory Analysis and a NUREG. Because no action on the part
of licensees is being requ1red NRR concurrence is not needed. However, RES
has drafted an IN and NRR is being asked to issue it to all licensees.
Because no new requirements are being proposed, the staff plans to send the
proposed resolution package to the CRGR for information, only.

The ACRS will be advised as to the NRR position on the proposed resolution as
soon as it is established.

Joseph A. Murphy, Acting Director
Division of Safety Issue Resolution
0ffice of Nuclear Regulatory Research

Enclosures: eﬁ;“*/ig%“4é°iL—

1). Memorandum to James M. Taylor from Eric S. Beckjord, "Resolution of
Generic Safety Issue 15, ‘Radiation Effects on Reactor Vessel
Supports®.” :

2). NUREG-XXXX, "Radiation Effects on Reactor Pressure Vessel Supports,"
Draft dated May __ , 1994.

3). Regulatory Analysis, "Resolution of Generic Safety Issue No. 15,
‘Radiation Effects on Reactor Vessel Supports’.*

4). NRC Information Notice 94-XX: GENERIC SAFETY ISSUE RESOLUTION -
RADIATION EFFECTS ON REACTOR VESSEL SUPPORTS.

5). NUREG/CR-6117, "Neutron Spectra at Different High Flux Isotope Reactor
(HFIR) Pressure Vessel Surveillance Locations," Oak Ridge National
Laboratory, December, 1993.
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[revision as of 5-2-94]

MEMORANDUM FOR:  James M. Taylor
Executive Director for Operations

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

SUBJECT: RESOLUTION OF GENERIC SAFETY ISSUE 15, "RADIATION EFFECTS ON
REACTOR VESSEL SUPPORTS" o

The purpose of this memorandum is to summarize the resolution of the
referenced generic safety issue.

Summafy

Generic Safety Issue 15 (GSI-15) was established to evaluate the concern that
Tow-temperature, low-flux neutron irradiation might embrittle reactor pressure
vessel (RPV) supports more rapidly than predicted based on traditional trend
bands. The RES staff has prepared a Regulatory Analysis (Enclosure 1) and
concluded that a sufficient basis exists for the resolution of GSI-15. A
proposed NRC Information Notice (IN 94-XX) and a supporting NUREG report
(NUREG-XXXX, to be published) were forwarded to NRR for issuance to all
holders of operating licenses and construction permits to inform them of the
technical findings and resolution of GSI-15. IN 94-XX and NUREG-XXXX were
issued to licensees and CP holders on XX, 1994,

Background

The concern for RPV supﬁort integrity increased when the Oak Ridge National
Laboratory found that the High Flux Isotope Reactor (HFIR) surveillance data
exhibited excessive embrittlement in an environment thought to be similar to
operating reactor cavities. To evaluate the problem, GSI-15 was activated to
determine the variable fracture resistance of RPV supports in operating plants
and the degree to which the structural integrity of the supports under Design
Basis Accident conditions may have been compromised. Initially, the study
addressed embrittlement of structural steels exposed to low-flux, low-
temperature conditions. Dosimetry experiments aimed at measuring the HFIR
neutron energy spectrum gave anomalous results; further work showed that the
cause was a relatively high gamma radiation dose. From the experimental
evidence, it was concluded that (1) the excessive embrittlement in the HFIR
data can be attributed to long-term, low-temperature gamma radiation; and (2)
because the HFIR radiation environment is significantly different from that in
the cavity of an operating reactor, including the fact that the HFIR y flux is
about 3,000 times greater than the peak y measurement at the beltline, the
HFIR surveillance data do not represent RPV support embrittlement and the
safety concern is minimal. ‘

2407140046 40622
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In the work on GSI-15 it was found that some RPV support steels may have as-
built transition temperatures so high as to leave essentially no margin for
increase by irradiation. Also, other components which would have to carry
higher loads in the event of RPV support failure may undergo some degradation,
including: (1) primary coolant piping; (2) Targe snubbers supporting primary
coolant lines; (3) steam generator and primary coolant pump supports (in
PWRs): and (4) PWR steam generator tubing. The degradation mode will differ
depending on the component but each, in its own way, may be vulnerable to
failure in a Design Basis accident. Therefore it is prudent to ensure that
there is adequate fracture resistance in the RPV supports, both for the
current licensing period and for those plants contemplating future license
renewal. It was suggested in IN 94-XX that reevaluation of RPV supports by
Ticensees may be warranted to ensure that the strength and fracture resistance
?redgdequate for all anticipated transients and Design Basis accident

oadings.

The option of requiring licensees to reevaluate RPV supports and take
indicated corrective actions was ruled out because such actions would not be
cost-effective. In the course of resolving GSI-15, a detailed cost-benefit
analysis was completed by INEL, the principal technical assistance contractor.
Costs and benefits varied widely. Although reevaluation could be justified at
one extreme of the cost/benefit ratio, the staff had insufficient information
to decide how many plants would fit those conditions (probably very few) and
with the radiation embrittlement concern largely eliminated, the requirement
could not be justified.

Description of Resolution

The GSI-15 technical findings and cost/benefit analysis do not support a
requirement that utilities reevaluate the integrity of their RPV supports.
Information Notice 94-XX and the accompanying NUREG-XXXX were sent to all
holders of licenses and construction permits transmitting that information and
the bases for resolution of GSI-15. 1IN 94-XX notes that addressees who wish
to avail themselves of the information in the notice can find in NUREG-XXXX an
engineering approach and criteria for RPV support reevaluation accepted by the
NRC. For example, by determining the NDT shift of the RPV support steels as a
function of operating time, one can ensure that the NDT never exceeds the
Towest support operating temperature. Such determinations would use the
initial NDT and a shift calculated on the basis of dpa for the full neutron
energy spectrum. Among the technical findings noted during work on GSI-15 was
the fact that plants will not be equally vulnerable because of the great
variety of RPV support designs and fuel management procedures. However,
irradiation of RPV supports will continue at some rate so long as the plant
operates. Although the massive pressure vessel effectively screens the
supports from y exposure, the neutron flux is significant. That is, neutron _ .
irradiation would be expected to induce some loss in fracture toughness but -
not nearly as much as the initial interpretation of the HFIR data suggested.
Support reevaluation may be particularly important for cases of license
renewal beyond the initial 40 years.
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Conclusion

With the issuance of Information Notice 94-XX and NUREG-XXXX, along with the
documents referenced therein, Generic Safety Issue 15 is considered resolved.
For further information, please contact Richard E. Johnson (301-492-3909).

Eric S. Beckjord, Director
Office of Nuclear Regulatory Research

ENCLOSURE:
REGULATORY ANALYSIS - Resolution
of Generic Safety Issue No. 15,
"Radiation Effects on Reactor
Vessel Supports”

Russell, NRR
Sheron, NRR
Thadani, NRR
Strosnider, NRR
. Heltemes, RES
Speis, RES
Murphy, RES
Serpan, RES

. Cherny, RES
Kadambi, RES
Norian, RES
Mayfield, RES
Taboada, RES
Johnson, RES

cc:
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1.ABSTRACT

The NRC Generic Safety Issue No. 15, (GSI-15), "Radiation Effects on Reactor
Pressure Vessel Supports,” was established to evaluate the concern that low-
temperature, Tow-flux-level neutron irradiation might embrittle reactor pressure
vessel supports to a significant degree and compromise plant saféty.

Evaluation of the surveillance samples from the High Flux Isotope Reactor (HFIR)
at the Oak Ridge National Laboratory (ORNL) led to the conclusion that the
embrittlement rates of some materials used for pressurized water reactor pressure
vessel (RPV) supports could be higher than expected. This disclosure raised a
concern that a brittle fracture of the RPV supports could occur during the
anticipated 1ife-span of the plant. Tests of specimens from the Shippingport
plant neutron shield tank (NST) failed to confirm the HFIR results. :

A later study by the ORNL demonstrated that gamma radiation contributed a
significant amount of the embrittlement in the HFIR surveillance specimens.
However, the shielding provided by the thick steel shell of the RPV ensures that
degradation of RPV supports from gamma irradiation is improbable or minimal.
There is a residual concern because some of the RPV supports were constructed of
steel which may have rather high nil ductility transition (NDT) temperatures so
close to the minimum operating temperature as to leave essentially no margin for
increase from irradiation.

This report (1) describes in some detail the technical findings resulting from
the work done in accord with the GSI-15 Task Action Plan and (2) was used, in
part. as the basis for technical resolution of the issue.



2. LIST OF ACRONYMS AND INITIALISMS

ACRS Advisory Committee on Reactor Safety

AIF Atomic Industrial Forum

AISC American Institute of Steel Construct1on

AOSC Averted on-site costs

ASME American Society of Mechanical Engineers

ASME Code ASME Boiler & Pressure Vessel Code, Section III, D1v1s1on 1

ASTM American Society of Testing and Mater1a1s

BNL Brookhaven National Laboratory '

BOL beginning of life

BTC Bolting Technology Council -

CMIR Certified Material Test Report

CP Construction Permit

CRGR Committee for Review of Generic Requirements

CSDS chemical shutdown system

CVN Charpy V-notch

dpa - displacements per atom

ECCS emergency core cooling system

EFPY effective-full-power-years

EOL end-of-life _

EPRI Electric Power Research Institute

GSI Generic Safety Issue

GL Generic Letter

HFIR High Flux Isotope Reactor

HSST Heavy Section Steel Technology

HSLA high-strength Tow-alloy (steel)

INEL Idaho National Engineering Laboratory

LBLOCA large break loss-of-coolant accident

LOCA loss of coolant accident

LST Towest service temperature

MPC Materials Properties Council

MTR materials test reactor

NDT nil-ductility-transition

NRC Nuclear Regulatory Commission

NRR Office of Nuclear Reactor Regulation (NRC)

NSSS : Nuclear Steam Supply System

OBE operating basis earthquake

ORNL Oak Ridge National Laboratory

ORR Oak Ridge (test) Reactor

RCL reactor coolant loop

RCP reactor coolant pump

RCS reactor coolant system

RES/DSIR Office of Nuclear Regulatory Research/Division of Safety Issue
Resolution

RPS reactor protection system

RPV reactor pressure vessel

SBLOCA small break 1oss-of-coolant accident -

SCC - stress-corrosion cracking

SG steam generator

SRP Standard Review Plan

SRSS square-root-sum-of-squares
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SSE safe shutdown earthquake
VEPCO Virginia Electric Power Company



3. EXECUTIVE SUMMARY

Generic Safety Issue No. 15, (GSI-15), "Radiation Effects on Reactor Pressure
Vessel Supports,” addresses the potential for embrittlement of reactor
pressure vessel (RPV) supports from exposure to Tow-temperature, Tow-flux-
level neutron radiation. The initial action came in 1978 as'a Part 21
notification by Virginia Power (at the time: VEPCO) that radiation might
reduce the integrity of the supports to a significant degree and compromise
plant safety. Although the potential for embrittlement was confirmed, GSI-15
was assigned a LOW priority. The issue was revitalized after ORNL reported
unexpectedly high measured ANDT from HFIR surveillance specimens. GSI-15 was
reprioritized and assigned a HIGH ranking. A Task Action Plan was. prepared to
evaluate the possibility that RPV supports may be degraded and subject to
failure in the event of a design basis accident. The investigation was
designed to address the loss of integrity using either the fracture toughness
reduction or the NDT increase (relative to the lowest operating temperature).

In the course of completing the program proposed in the GSI-15 Task Action
Plan, several findings emerged which contributed to the technical resolution
of the issue. At the start of the program, the RPV supports at the Trojan
plant had been identified as the most vulnerable to degradation. That
conclusion achieved consensus approval. Several analyses were done with the
expectation that if the Trojan supports could be shown to be acceptable the
result would envelope the industry. Different engineering approaches -and
various degrees of sophistication were employed by the analysts. Although
some confidence was drawn from the analyses to the extent that the issue did .
not appear to pose a serious safety threat, the results showed that there was
no s{ngée method, applicable to all reactors, by which GSI-15 could be
resolved. -

Concurrently, efforts were made to explain the post-irradiation irregularities
seen in the HFIR surveillance data by conducting other radiation experiments.
Archival material (the identical steel used to construct the HFIR pressure
vessel) was irradiated in test reactors along with samples of other, related,
steels. The observed ANDTs were not significantly different from the trend
band for low-temperature irradiation. Thus the steel tested in the HFIR
surveillance program was not the cause of the irregularity. The availability
of the neutron shield tank (NST) from the Shippingport plant afforded the
opportunity to test the same grade of steel (ASTM A 212-B) as that used in the
HFIR vessel after exposure to similar radiation conditions (low neutron flux
and Tow temperature). These data, too, did not differ much from the trend
band Teading one to look to the conditions in the HFIR for the solution.

One seemingly important variant in the HFIR environment was the reported
fifty-to-one ratio of thermal to fast neutron flux. Acting on that, with the
help of models advanced by theoreticians at two National Laboratories (ANL and
PNL), a new damage parameter was devised. It was a modification of the
displacements per atom (dpa) parameter to. include neutrons .of all energies,
not just those with E > 1 MeV. Replotting the HFIR data as functions of "dpa
mod" brought most of the relevant émbrittiemient data within a reasonably -
narrow scatter band along the 1ine of the established trend curve.
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The proof of the efficacy of the "dpa mod" exposure parameter, however, was
limited by the fact that the HFIR neutron energy spectrum had been determined
at a single location (at a capsule containing A 212-B steel). Calculations
were made for several other capsule Tocations but the results added more
confusion than resolution. To .condense the report to a minimum, the new
spectrum calculations found the 50-to-1 energy ratio in error by (roughly) a
factor of ten. That is, the thermal-to-fast neutron ratio was revised to the
order of 5-to-1. An experiment was designed to unravel the findings but it
further muddied the water: the dosimeters exhibited a variation by as much as
a factor of 17 in the fast neutron flux.

when checks of the measurements ruled out experimental error, a comprehensive
program of experiments and calculations was launched. The project was
conducted by a team drawn from the NRC, ORNL and outside consultants from
national laboratories, academia and industry. The results of the effort
provided enough evidence to suggest reasons for the greater than expected HFIR
surveillance data and for the dosimetry discrepancies noted above.

Key factors behind the reasons for the discrepancies are: (1) the annulus of
water in the HFIR attenuates neutrons but does little to gamma radiation; (2)
v radiation will result in atomic displacements (hence: embrittiement) but
will do more heating than damage; (3) because the HFIR specimens were kept at
a low temperature (about 50°C or 120°F), the damage done by y (and low-energy
neutrons) was retained; and (4) because the high-energy neutron flux was so
Jow, it took a long time (about 20 years) to accumulate a significant level of
neutron fluence of E > 1.0 MeV. Therefore, it is suggested that the
embrittlement of the HFIR surveillance specimens is a summation of the neutron
flux (over the entire energy spectrum) and the y radiation. The reported
variation in fast neutron flux values among the several dosimeters occurred
because those monitors sensitive to photofission or photoneutron reactions
exhibited additional radioactivity induced by the significant level of y flux.

The radiation environment in the HFIR was judged to be unique to that reactor.
The RPV supports of an operating reactor are shielded from y radiation by the
six to ten inches of steel interposed by the vessel shell. Therefore, no
significant y radiation embrittlement is expected in RPV supports.
Embrittlement predictions should employ the complete dpa parameter to include
any contribution from low-energy neutrons.

Limited surveys of RPV supports conducted in response to the unexpectedly high
HFIR embrittlement data noted that data often were too sketchy to be
definitive. For some (older) reactors, the margin between the lowest
operating temperature and the RPV support NDT may be so small that little, if
any, margin for radiation-induced increases is available. Under such
conditions, it would be prudent to perform an engineering reassessment of the
RPV support integrity and evaluate any potential threat to safety.

When work began on GSI-15, it was expected that evaluation of (at Teast some)
RPV supports would be necessary so-a detailed engineering approach for
assessing the structural integrity was developed. For cases wherein it is
prudent to reassess the integrity of the RPV supports, the methods reported in
this paper should provide adequate guidance. The approach begins with
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screening criteria, continues (for those cases where it is necessary) with
fracture resistance evaluation and provides a consequence analysis model for
situations wherein there is insufficient data to complete a fracture analysis.
Application of the consequence analysis to the Trojan plant configuration
(believed to be the most vulnerable) showed that RPV support failure could be
tolerated providing that other ‘components were not degraded. Analyses
demonstrated the importance of the components which would have to carry
additional loads in the event of RPV support failure but some critical
components have exhibited other, unique, degradation mechanisms.

One of the tasks in reaching the resolution of GSI-15.was to do a detailed
cost-benefit analysis. The resulting best estimate base case led to a total
calculated contribution to core damage frequency from RPV support failure of
8.8 x 10°%/yr. Five alternative corrective measures were identified and cost
estimates were made. The estimated costs varied widely. Cost-benefit ratios
were calculated for a range of remaining life spans and for three cost
categories: (1) without either AOSC or replacement power; (2) with AOSC but
without replacement power; and (3) with both AOSC and replacement power.
Benefit analysis associated with the above core damage frequency resulted in
an offsite dose risk per plant of 2.9 person-rem/year. The influence on the
cost-benefit ratio of variability in several parameters was investigated. The
resulting cost-benefit ratios ranged from a minimum of $53/person-rem to a
maximum of $3,300,000/person-rem.

The wide variability in the analysis results rendered them inconclusive and
the staff could not use them to support a regulatory reguirement for GSI-15.
However, licensees may decide that if the integrity of their RPV supports is
suspect, a reevaluation would be prudent, following the technical findings
presented in this report.
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4 INTRODUCTION

The reactor pressure vessel (RPV) support embrittlement problem was noted in a
letter to the NRC. from the Virginia Electric and Power Company. (VEPCO) dated
March 3, 1978, submitted in accordance with the reporting requirements of 10
CFR 21. 1In a letter -dated March 28, 1978, VEPCO explained that the issue
dealt with the low-temperature irradiation of the neutron shield tanks that
support the RPV. Consideration of the effects of low energy (E << 1.0 MeV)
neutrons might result in a large shift in the ductile-to-brittle fracture mode
transition temperature. ’

The issue of accelerated degradation of the fracture toughness of RPV supports
was revitalized by the ACRS as a result of their review of the HFIR data. The
unexpectedly high ANDT measured by HFIR material surveillance specimens was
attributed initially to a rate effect. If this were the case, certain RPV
supports could be susceptible to the same phenomena. Generic Safety Issue 15
(GSI-15) was activated to investigate the possibility that some RPV supports
may be subject to failure in the event of certain design basis accidents. An
investigation was initiated under the assumption that the loss of fracture
toughness was greater than originally believed and that the NDT could be as
high as the lowest operating temperature. | :

Following review by the ACRS and the NRC staff, the issue of embrittlement of
RPV supports (GSI-15) was re-prioritized resulting in the assignment of high
priority. INEL was selected to provide technical assistance in the resolution
of this issue. Review of Reference 1 disclosed that there is a need for
additional information regarding the configuration of various RPV supports in
order to identify those supports that are exposed to significant radiation.

It was found that the HFIR data were not good predictors of the extent of
degradation of RPV supports due to neutron bombardment. Consequently, other
ways of predicting support degradation were sought. Many RPV supports are
constructed of material which has a wide range of properties due to the Toose
specifications. For example, there is evidence that the NDT of steel which
meets the ASTM Specification A-36 will vary considerably.

This document contains twelve sections, the more extensive of which are
further divided into subsections to facilitate quick location of specific
topics. The following, Section 5, provides a background to GSI-15. Section 6
presents the technical findings resulting from the work done in accord with
the Task Action Plan (TAP)*. = Section 7 describes RPV support reevaluation
criteria that could be used by licensees in a structural integrity assessment.
Section 8 contains a summary of

the Cost/Benefit Analysis; Section 9 is a general discussion

* Small superscripts refer to references Tisted in Section 1T.

11



of the technical findings presented in Sections 6 and 7. Section 10 contains
the conclusions reached and justifications for them. Some of the completed
work that was used to support the conclusions is provided.in Appendices.

5. BACKGROUND ‘ '

Generic Safety Issue-15 (GSI-15) "Radiation Effects on Reactor Vessel
Supports” was established to address the concern that Tow-temperature, low
energy geutron irradiation may embrittle RPV supports more rapidly than
expected. _ ~

The concern regarding nil-ductility transition (NDT) temperature shift was
reported by Virginia Electric and Power Company (VEPCO) as early as March 28,
1978 in a letter to James O'Reilly (NRC). In that letter VEPCO informed NRC
that they are evaluating the NDT temperature shift of neutron tank and NRC
will be informed about the results when they are available.

The issue was originally classified as a candidate Unresolved Safety Issue
(USI) in NUREG-0705.° In that document it was recommended that further
studies be conducted before making a decision regarding disposition of the
issue. In November 1983, the issue was evaluated and designated as LOW
priority.

In June 1987, the Advisory Committee on Reactor Safeguards (ACRS) reviewed the
ORNL data from tests on the pressure vessel surveillance specimens exposed in
the High Flux Isotope Reactor (HFIR)!. The conclusion reached by ORNL was
that the more rapid than expected embrittiement was due to. Tow-temperature
(~120°F) Tow-flux irradiation (108-10° n/cm®-sec.; E > 1 MeV). From the HFIR
data, ORNL predicted more rapid than expected embrittlement in steel from Tow-
temperature neutron irradiation*. Since the environmental service conditions
of RPV supports were believed to be similar to those at the HFIR surveillance
Tocations, a concern was raised regarding the rate of support embrittlement.
Based on the ORNL findings, the staff reassessed the issue and in December,
1988 designated it as HIGH priority.

A survey of all operating reactors was conducted by ORNL under the Heavy
Section Steel Technology (HSST) program to identify the RPV supports which
might be vulnerable to embrittlement. The study, reported in NUREG/CR-5320,*
Jed to the selection of two plants, by virtue of their configuration, for
further study: Trojan and Turkey Point Unit 3. The selections were based on
RPV support design details; both consisted of short steel columns bearing on
steel cantilever beams, embedded in the concrete shield wall at the core
beltline and projecting into the cavity towards the reactor vessel (Fig. 1).
The configuration induces tensile stresses in the upper flange of the beam
where the neutron flux is greatest; conditions conducive to brittie fracture.
The ORNL investigators concluded that the minimum critical flaw sizes
corresponding to the most severe credible Toading condition at 32 EFPY could
be small enough to be of concern for both plants.

On January 11, 1989, the Office of Nuclear Reactor Regulation (NRR) requested
that the Office of Nuclear Regulatory Research (RES) initiate a program which
would (1) provide a structural consequence analysis of RPV support failure;

(2) perform a probabilistic fracture mechanics risk analysis of the limiting

12



RPV supports; and (3) gather pertinent metallurgical and mechanical
information, performing tests if necessary, to demonstrate the capability of
flawed RPV supports to satisfy regulatory requirements.

On March 23, 1989 at the joint Materials and Metallurgy/Structural Engineering
ACRS Subcommittees Meeting, and at the full ACRS Meeting on April 6, 1989
presentations by the staff indicated that further work was needed to quantify
the structural integrity of the RPV supports. The preliminary analyses
available at the time failed to demonstrate that there was an immediate safety
problem. Several analyses of the impact of various degrees of damage to the
Trojan plant RPV supports were described and reviewed in Reference 5. A brief
summary of the analyses is provided in Section 6. It should be noted that all
analysts accepted the assertion that the two plants cited by ORNL, Trojan and
Turkey Point Unit 3, had the most vulnerable RPV supports.

5a. General Discussion: Effects of Irradiation on Structural Steels

The initial ORNL studies' -indicated that Tow-temperature, low-flux neutron
irradiation may embrittle steel more rapidly than traditional trend bands
would predict. The data were generated in the ORNL HFIR RPV +irradiation
surveillance program. ORNL concluded that the steel samples were embrittled
faster than expected. Since it was believed that RPV supports were exposed to
an environment similar to that at the HFIR surveillance capsules, the
possj%i]igy and consequence of RPV support embrittlement needed to be
considered.

Generally, an NDT temperature shift is an accepted indicator of neutron
radiation damage. The NDT temperature is the temperature below which commonly
observed flaws may be critical with regard
to brittle fracture initiation. The traditional procedure for predicting
neutron damage uses the shift (increase) in NDT temperature expressed as a
function of fast neutron fluence, i.e., neutrons having energies > 1.0 Mev.
More recently, it has been noted that this method is not comprehensive because
it does not include reactions from the entire neutron energy spectrum. For
example, there are some neutron-atom interactions in which neutrons are
absorbed leading to transmutation and attendant atomic displacements. On the
gther hand, some neutrons may not interact at all. As a result, the amount of
amage
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FIGURE 1. RADIAL SECTION THROUGH TROJAN REACTOR VESSEL SUPPORTS
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(embrittlement) for a given fluence may vary with the neutron spectrum.

A more accurate method of predicting neutron damage relies on the calculated
displacements per atom (dpa). The dpa parameter is an estimate of the number
of atomic displacements (vacancy-interstitial pairs) per atom produced by
neutron irradiation. Shortcomings in neutron damage predictions based on the
dpa parameter arise because it only counts the number of radiation-induced
displacements. In fact, some displaced atoms and vacancies will recombine,
annihilating (annea]ing) the damage related to the point defects. The
modified dpa parameter®, discussed in some detail in a later section, accounts
for a broader base of atomic-level damage.

Both fluence and dpa, as measures of radiation damage, must be accompanied in
practice by dosimetry calculations or measurements and experimental
determinations of the related NDT shift.

-Bb. Stone & Webster Notification

Sometime in late 1977, Stone and Webster Engineering Corporation (S&W)
approached the Virginia Electric and Power Company (known at the time as
"Vepco") with a potential irradiation embrittlement problem related to the
North Anna Units 3 and 4 neutron shield tanks (NSTs). At North Anna and
plants of similar design the NST is the RPV support. S&W, the NST designer,
had concluded that there might be a shift in the NDT temperature to a higher
value than previously expected. On February 27, 1978, Vepco made a report to
the NRC under the provisions of 10 CFR 50.55(a) citing the concern for the
effect of radiation on the NDT of the NSTs. In Vepco letter Serial No.11l7 to
the NRC Region II Director, dated March 3, 1978, information regarding the
deficiency was submitted in accord with- the provisions of 10 CFR 21. Vepco
letter Serial No. 117A, dated March 28, 1978 a 30-day report on the potential
embrittlement problem. '

The possibility of a larger than expected ANDT of the NST steel was based on
state-of-the-art developments in predicting neutron embrittlement by employing
damage cross-sections derived for materials with similar irradiation damage
behavior to the tank material. The neutron embrittlement calculational method
used had been developed at the U.S. Naval Research Laboratory by C. Z. Serpan,
Jr. (now, as then, with the NRC). Neutron energy groups with less than 1.0
MeV were considered in addition to the fast neutrons. Attenuation resulted in
an abundance of neutrons in the range 0.1 < E < 1.0 MeV at the NST. Although
the Tow energy neutrons did not create much damage individually, collectively
they made an appreciable contribution which was taken as additive to that from
the fast neutrons. Because the NST was the support for the reactor vessel and
was a QA Category I piece of equipment, Vepco reckoned that it had to be
capable of maintaining the intended functional integrity. On those grounds,
Vepco concluded that the ANDT of the NST steel must be determined over the
11fE(o§ the plant to allow a proper evaluation of the integrity of the
tank(s). .

Briefly, the following actions were taken apropos of the licensee’s
notification. Vepco advised that the analysis of the shield tank ANDT would
continue with the help of outside consultants. On June 23, 1978 members of
the NRC staff met with S&W representatives; NRL personnel also attended by NRC
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invitation. It was agreed that no immediate action was necessary on the part
of any licensee, in large measure because actions were planned or underway
which were expected to shed more 1ight on the problem. For one thing, an
experiment was underway designed to resolve the shield tank material problem
by irradiating RPV support materials in a facility at ORNL which would
simulate the environment in the cavity of an operating reactor (it turned out
that the experiment did not meet its goals, as noted below). Also, the NRC
staff planned to review the S&8W neutron flux determinations and to evaluate
the applicability of the damage-analysis to other supports. This action took
shape by, initially, adding the RPV support problem as a new and separate Task
to the Unresolved Safety Issue (USI) A-12, which at the time covered all.
structural support problems. Within that Task, the staff selected Brookhaven
National Laboratory (BNL) to provide technical assistance by independently
verifying the reactor flux spectrum at the NST. Meanwhile, Vepco had noticed
that the neutron flux data had been based on the wrong core geometry, had
contracted with Babcock and Wilcox (B&W) to perform an updated study, and had
notified the NRC of the revised results. BNL submitted a letter report dated
April 23, 1979, with the results from the calculations of energy dependent
neutron fluxes at the North Anna 3 and 4 NSTs. The report was in substantial
agreement with the B&W results with the minor differences largely explained by
differences 1in the energy-group structures employed. If anything, the BNL
results suggested that B&W's analysis was conservative.

Faced with a problem which loomed Targer, rather than going away, by virtue of
the more precise calculations, the staff turned to the NRL as consultant on
the effect of irradiation on A 537-B steel, the material used to fabricate the
North Anna NSTs. Fortunately, the NRL had recently concluded low-temperature
irradiation of A 537-B steel so the relatively easy task of accounting for the
differences in flux and spectra could be handled through dpa correlations. In
a letter report dated October 22, 1979, it was concluded that for the Vepco
NSTs conditions at EOL, irradiation might raise the NDT to more than 105°F and
might reduce the Charpy V-notch upper shelf energy to as low as 30 ft-1b.

The sum total of the evidence at hand led to the conclusion that radiation
embrittlement of RPV supports posed a clear and significant threat to the
overall integrity of domestic nuclear power plants. The staff recommended
that the problem be addressed as a separate generic issue. The recommendation
was acted on and GSI-15 was instituted. .

5c. Summary of NUREG/CR-5320

The results of the ORNL investigation suggested that the damage to RPV
supports from irradiation may be a significant threat to the structural
integrity of light water reactors (LWRs). The data obtained from the HFIR
irradiation surveillance program were interpreted as an indication that at Tow
temperature and low flux, the embrittlement rates of steels for vessels and
supports were substantially higher than previously observed. The materials
used in the investigation were ASTM A 212-B, A 350-LF3, and A 105-II. The
ORNL researchers established two correlation trend 1lines of NDT temperature
shift as a function of dpa, one on log-log and one on semi-logarithmic -
coordinates, using data from other published reports. 1In both cases a curve
parallel to the trend line was drawn through selected HFIR data and
extrapolated to higher exposures. To the extent that the curves drawn through
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the HFIR data was physically meaningful, extrapoTations suggested that typical
EOL exposures would result in rather large NDT increases.

The more rapid rate of embrittlement of the RPV support material was
attributed to a so called "fluence-rate effect” i.e., theorizing that Tow
energy flux causes more irradiation damage than the high energy flux. This
hypothesis was contradicted (Reference 7) based on data that showed no rate
effect in the fast (E > 1.0 MeV) flux range of 1x10™ to 3x10™ n/cm’.s at
approximately 200°F, but the ORNL researchers disregarded that report in
suggesting a rate effect rationale. '

The study concluded that there is a credible possibility of a brittle fracture
in RPV supports and the estimated critical flaw could be as small as 0.42 in.-
with small break loss-of-coolant accident (SBLOCA) loads. Also, the report
noted that residual stresses from flame-cutting during construction could
further reduce the critical flaw size.

The ORNL project was terminated without providing satisfactory answers to some
critical questions. First, the HFIR surveillance data fell outside of the
trend band established by other sources such as data from MTR radiation
experiments. The ORNL investigators suggested that the large increase in NDT
temperature was related to a fluence-rate effect although there are data that
show no rate effect for a similar fast flux range. Second, although it was
suggested that the excess embrittlement of the HFIR samples was the result of
thermal-neutron radiation rather than a fluence rate effect, the idea was not
exploited. Finally, although the mechanical property test results were
thoroughly audited, insufficient attention was given to the dosimetry and
verification of the radiation exposure, as later work under GSI-15 has shown.

6. TECHNICAL FINDINGS FROM THE GSI-15 TASK ACTION PLAN
This section contains summaries of the technical findings from the tasks in
the program undertaken to resolve Generic Safety Issue-15.

6.2 Review of Initial Analyses ’

As previously noted (Section 5), the report by ORNL of unexpected
embrittlement motivated several analysts to examine the case for RPV supports.
Some of that work was discussed at ACRS meetings. One of the first tasks
undertaken in the effort to resolve GSI-15 was to review those analyses for
commonalities and differences. That review was described in detail in
Reference 5. A brief overview is provided in this section.

Eleven structural analyses of RPV support integrity have been reported. All
of them evaluated the RPV supports of the Trojan Plant; one (NUREG/CR 5320,
Reference 4) also evaluated Turkey Point Unit 3. Only two of the Trojan
structural analyses considered radiation embrittlement. The other analyses
focused on failure consequences, i.e., how the RPV and the RCS would be
impacted by failure of one or more supports. The salient features of the
analyses are described below and summarized in Table 1. . '

Note that the two reports that dealt with radiation embrittiement used fﬁSt |
neutron (E > 1.0 MeV) fluence as the measure of neutron exposure. Later in
this report it will be shown that the high-energy neutron fluence may be
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insufficient to predict radiation damage sustained at relatively low
temperatures, depending on the nature of the radiation.

Two distinctly different approaches were used by those analyzing the RPV
supports. One involved postulated catastrophic failure of one or more
supports and prediction of the consequences of such an occurrence. The second
involved examination of stresses and radiation embrittlement as the bases for
predicting the possibility of a brittle fracture. It is difficult to decide
which analysis is more accurate on the basis of the information presented in
the reports. The complexity of the problem requires considerable engineering
judgement regarding the efficacy of the liner, the possibility of the concrete
support being crushed, and the possibility of shear failure of the concrete
above the remaining portion of the beam.

The consequence analyses (the first group) were based on generally accepted
methods. They employed recognized principles of structural mechanics, such as
beams on elastic foundations or finite element analysis. However, in spite of
similar assumptions, the results differed considerably. The discrepancies
illustrate the sensitivity of the analyses to
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Table 1 Summary of Analyses Related to GSI-15
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assumptions and methodologies used. The analysis_reported by BNL used
information drawn from the sophisticated finite element results in the ORNL
report (Reference 4). The BNL report concluded that the capaCity of the
fractured beam is lower than the applied load, and the beam will deform until
it reaches equilibrium through load redistribution.to other supports. -

The following comments are in order regarding the validity of the structural
consequence analysis performed by the Lawrence Livermore National Laboratory®.
1. The analysis did not combine the dynamic loads such as SSE and
LOCA which constitutes a deviation from the Standard Review Plan (SRP),
Section 3.9.3, Table 1°,
2. The consequence analysis did not consider thermal aging of cast
austenitic-ferritic (duplex) stainless steels that are used for primary
coolant piping in some PWRs. Those that contain significant amounts of
delta ferrite may exhibit low temperature aging embrittlement.
3. The consequence analysis considered one component at a time but in
reality several components may be affected simultaneously and a
cumulative/interactive effect should be accounted for.

It is possible that an analysis which took cumulative effects of all the above
items into consideration might indicate that the consequences of RPV support
failure are more serious than what was reported.

The analytical methods used in the second group were equally complicated.
Fracture mechanics is a newcomer in design and many of its methods are not
codified, leaving analysts considerable freedom of choice. Compounding that -
uncertainty in the solution to the problem were several factors capable of
profoundly affecting the results. For example, the mechanical properties,
chemical composition and metallurgical condition of structural steels may vary
widely from heat to heat, and frequently are not known with much certainty.
Also, the location, size and orientation of flaws often can only be postulated
or approximated at best. For such reasons, variability is almost certain.

Both approaches have advantages and disadvantages. Although the "postulated
failure" approach rests on proven engineering theories, it depends greatly on
assumptions that must reflect real conditions and on models that must predict
the behavior of the structure. On the other hand, although fracture mechanics
has been proven to be a rather precise method for predicting brittle fracture,
complicated structures may be difficult to model and mixed-mode (elastic-
plastic) fractures, common in low-strength steels, demand sophisticated
material property data and a measure of judgement. It follows that in today's
stat$ og the art there 1is no one reliable method by which GSI-15 could be
resolved.

6b. Shippingport Neutron Shield Tank Testing

Some related work pertinent to resolution of GSI-15 was performed by ANLY.
The program was undertaken to augment the HFIR surveillance data. The goal
was to test a steel similar to one of those in the HFIR program to determine
the NDT shift after irradiation under similar conditions, i. e.: Tow neutron
flux and Tow temperature. The results were expected to provide a comparison
with both the HFIR and test reactor data thereby helping to resolve questions
related to the influence of fluence rate or energy spectrum on radiation
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embrittlement. The ANL investigation involved testing of specimens machined
from samples of the neutron shield tank (NST) from the decommissioned
Shippingport reactor to characterize the radiation-induced embrittlement. The
NST was made from hot-rolled A 212 Grade B steel. The rgported inner wall
exposure was a (maximum) fluence of approximately 6 x 10" n/cm® (E > 1 MeV)
over a 1ife of 9.25 EFPY while operating at about 55°C (130°F). Reference 10
indicated that the radiation embrittlement of the Shippingport NST A 212-B
steel was not as severe as that reported for the HFIR surveillance samples,
that they were in good agreement with the available data for irradiation at
temperatures < 232°C (< 450°F), and that they are in agreement with data from
MTRs and Army reactors.

The ANL investigators concluded that the accelerated embrittlement of the HFIR
surveillance samples probably reflected the high proportion of thermal
neutrons -compared to that for the test reactors.

6.c. Trojan Dosimetry

The point has been made in preceding sections that all parties concerned (the
NRC staff, contractors, consultants and industry representatives) were in
general agreement that the Trojan plant presented the best case for RPV
support embrittlement. The conclusion was supported by the fact that there
were strucural elements at the reactor beltline under tensile loading with
flame-cut holes at the maximum moment (peak tensile stress) made of steel of
questionable ancestory. It was expected that by showing the RPV supports at
Trojan to be certifiably safe, the rest of the industry would be acceptable.
One parameter in such an analysis for which there were no data was the
radiation flux at the supports. A program, under the guidance of the
Materials Engineering Branch, Engineering Division, RES(NRC), was set in place
to obtain dosimetry data in the Trojan reactor cavity. The results are :
discussed in greater detail in Appendix C.

Radiometric and solid state track recorder (SSTR) dosimeters were prepared
under subcontract by the Westinghouse Electric Corporation. Four sets were
placed in vertical access channels in the concrete biological shield at Trojan
in 1990 prior to operating cycle 13. After 242 days of operation, the cycle
ended on March 4, 1991. The location of the dosimeter trains is of some
importance. The plant was designed with vertical channels in the concrtete
structure to provide access to horizontal insturmentation ports. The radial
location of the vertical channels was close enough to that of the flame-cut
holes in the box beam flanges to make the measurements directly applicable.

Each of the four sets of dosimeters included the following. The radiometric
dosimeters consisted of foils of U, Ni, Ti, Cu and two Co-Al alloy foils;
the SSTR neutron dosimeters consisted of ultra low-mass fissionable deposits
of 2U, #Np, and *®U in contact with mica SSTRs. Additionally, bead chain
flux gradient dosimeters were inserted at two locations. At the time it was
expected that Trojan would continue to operate for several years.

After withdrawl from the Trojan channels, the dosimeters were shipped to the
Westinghouse Waltz Mill facility .for disassembly, measurement and-analysis.
The results of that effort were reported in Reference 11. From the
measurements, a total of 52 reaction rates were obtained which had
uncertainties in the 3 to 5% range. Selected #*U, *Np, and U fissionable
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deposits were irradiated in standard neutron fields by NIST to benchmark the
fissionable deposit mass scales. After correcting the fissionable deposit
mass scales to the NIST results and setting aside the data from one of the
four capsules (found to be slightly discrepant; no reason uncovered), the
Ea§1? ?f SSTR to radiometric fision rates exhibited an average value of 0.999
+3.1%).

With the intention of being able to accrue exposure to neutrons over two fuel
cycles, a few Charpy specimens were attached to the dosimeter trains. Because
the plant did not continue to operate, the specimens were only exposed to ex-
vesse1 radiation for one fuel cycle. The reported fluence (E > 1.0 MeV) -was
10" nvt. The set of specimens included A 212 and A 36 steels; the
unirradiated A 36 results showed a great deal of scatter. ORNL reported that
there was essentially no NDT shift which is expected for that exposure.

6.d Low Energy Neutron Damage Theory

As previously mentioned, the ORNL report® on the test results from the HFIR
steel vessel surveillance specimens attributed the excessive NDT temperature
shift to a neutron fluence-rate effect. Brief mention was made of the idea
that low-energy neutrons (epithermal and thermal) may have made a significant
contribution to the observed embrittlement. Citing the results of multigroup
transport calculations, the document put the thermal-to-fast neutron ratio at
about 50-to-one. Even granting that the average amount of damage from each
Tow energy neutron is a small fraction of that from a fast neutron, the -
greater abundance would contribute to the embrittlement. That is, radiation
by a neutron flux skewed strongly to the low energy end would result in more
total damage than a traditional trend curve would predict. Actual conditions
are complicated because the low energy neutron micromechanisms are not the
same as those for fast neutrons (principally: elastic scattering). To name
one example, a low energy neutron can be captured by an iron nucleus which
will in time transmute to a manganese atom. The resulting energetic recoil of
the manganese atom will cause damage which may contribute to embrittiement.

Low-energy neutron damage considerations by Heinisch and Greenwood led to
theoretical models and a reexamination of the HFIR data by Hrabal®. Modified
damage parameters were used to develop new correlations between radiation-
induced mechanical property changes and exposure. Development of the modified
damage parameters involved rather sophisticated procedures which took into
account the recombination of point defects following displacement thereby
taking the parameter dpa to a more physically correct Tevel. The best results
came from Greenwood’s application to-damage calculations of a recombination
model developed by Weidersich at the Argonne National laboratory (ANL). Hrabal’
used the model to calculate modified values of dpa (here1nafter "dpa mod™)
from revised inputs into the computer code SPECTERY. Neutron spectra,
applicable to the specific irradiated mechanical property data surveyed, were
obtained from several sources associated with the experiments.

The task resulted in the diverse data collapsing (with typical scatter) onto a
single trend curve. Specifically, the data set included: HFIR surveillance -
results; HFIR archival A 212B steel data (irradiated in the Oak Ridge
Reactor); and the initial Shippingport NST results (reported by ANL).
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Although the HFIR and ORR data represented the same plate of steel, the NST
steel was unrelated except for the common ASTM specification.

The analysis was expanded to include other steels; the result was that despite
differences in chemistry and metallurgical condition, the data stayed
reasonably close to a single trend band of property change as a function of
dpa mod. Also, the A 212B data represented a range in neutron flux of a
factor of 40:000 (from 2.4 x 10° to 9.6 x 10" n/cm’-s) which certainly failed
to support a suggestion that the excessive embrittlement of the HFIR steel was
a manifestation of a neutron fluence-rate effect.

There is another set of data which added some interesting, if not convincing,
information to this task. The results of an irradiation experiment were '
reported in Reference 13. The purpose was to examine the effect of
irradiation on several RPV support steels in conditions designed to simulate
the reactor cavity environment. Eight different materials were encapsulated;
irradiation was in the ORNL poolside facility. Early in the 1.6-year
irradiation period, the capsule filled with water but it was not discovered
until the irradiation was complete. Because the fluence target value of 5 x
10Y n/cm? (E > 1 MeV) was not reached, the authors found the results to be
inconclusive. If close attention is paid to the data, however, the eight
materials provide the following observations. The six wrought steels
exhibited ANDT values of zero, i. e., the unirradiated and irradiated Charpy
curves essentially superimposed. One set of Charpy specimens, representing
weld heat-affected material, showed too much scatter to allow interpretation.
One set of specimens, taken from a bulk weldment, showed both a shift in the
NDT temperature and a decrease in the upper shelf energy. The weld metal
chemical analysis reported 3.39 % Ni which was more than the nickel content of
any of the other steels. We note that Odette has found that the sensitivity
of steel to neutron radiation increases with the Ni content. Because the
influx of water only attenuated the neutrons, shifting the distribution to the
Jow energy region of the spectrum, it was interesting to include the data in
the dpa mod analysis. Of course, six points fall on the abscissa (ANDT = 0.0)
and contribute nothing but the high Ni weld metal lends itself to the review
and was included with the other data.

Because the dpa mod parameter seemed to normalize the disparate data, it was
thought that the HFIR problem was a matter of accumulating damage from low
energy neutrons. In fact, the staff was in the process of preparing the
documents for resolution of GSI-15 on that basis when confirmatory data,
reviewed below, showed that the thermal-to-fast neutron ratio in HFIR was not
the 50-to-1 value initially reported. Although dpa mod did not serve to
resolve GSI-15, it is true that low energy neutrons will induce some damage in
steel. With irradiation (or: service) temperatures below 200°F, even the
relatively short-range lattice disruptions will be retained. Therefore, the
Tow-energy neutron fluence should be included in damage predictions if
accuracy is of some importance. :
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6.e HFIR Dosimetry and Gamma Radiation

Although the early results from application of a low-energy neutron damage
theory by re-analysis of the HFIR surveillance data using the dpa mod -
parameter appeared to resolve the.problem of the.exceptionally high NDT shift,
it was based on very limited data. To elaborate, the only location for which
there were neutron spectrum data was for a capsule which had contained A 212
steel. To rectify that situation, the staff requested that ORNL calculate the
neutron spectrum at other surveillance capsule locations, especially for those
that held specimens of other grades of steel. The work was done under a
change of scope order to the HSST Program. After some delays related to
changes in both hardware and software at ORNL, the results indicated that the
previously-reported ratio of low-to-high energy neutrons was nowhere near 50-
to-one. The calculated ratio varied from 3 to 8, approximately, i.e., about
one-tenth of the initial ratio. :

The next stage of the investigation was dictated by the desire to resolve the
question of the physically correct neutron energy spectrum by state-of-the-art
dosimetry. At the request of the NRC, ORNL inserted dosimeters in the HFIR.
Although this experiment was meant to follow generally accepted procedures for
neutron spectra determination, the experiment (identified as "DOS1" by ORNL™)
created a temporarily unexplained outcome. Fast neutron (E > 1 MeV) flux
measurements from the activity of Np and Be monitors resulted in values
approximately 17 times and 15 times, respectively, higher than the flux values
derived from the Ni monitors. When careful checks of the measurements ruled
out experimental errors, a comprehensive experimental program was initiated as
a new, separate, contract. '

The program went forward in two steps, identified as the D0OS2 AND DOS3
experiments. In the DOS2 experiment the dosimeters were "bare" within the
capsules whereas in the DOS3 experiment they were clad with a 4-mil Gd cover
to attenuate the thermal neutron flux and prevent interference with the
response of the monitors. The scope of the project consisted of neutron and
gamma transport calculations, dosimetry measurements, and least-squares
Togarithmic adjustments of the transport calculations and dosimetry
measurements to obtain optimum neutron spectra estimates. Gamma dosimeters
were furnished and (after irradiation in the HFIR) counted by NIST. The y
measurements verified that the calculated gamma field deduced from 1-D neutron
and y transport calculations was adequate to determine the y contribution to
fast fission and Be radiometric monitors.

There is a relatively minor correction to Reference 14 that should be noted
for those interested in precision of radiometric measurements and transport
calculations. The report states that the measured value of y dose rate was
36.4 Gy/s and that was compared to a calculated value of 36.6 Gy/s*. Because
readers might miss the point, made in an appendix, the measured value should
be corrected downward by about 20%. The reason for the adjustment is that the
investigator at NIST converted the measured change in optical absorption in
polychlorostyrene on the basis of a 20°C irradiation temperature whereas the
temperature in HIFR was nominally 50°C. This fact was uncovered after the -
program reached completion and although the report had not been published, the
calculations had been completed. Because the correction would require
considerably more work to redo all of the neutron/gamma unfolding and to redo
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all of the affected tables, whereas the correction was within the measurement
uncertainty, the figures were allowed to stand.

The project was conducted by a team of NRC reviewers, ORNL investigators and
outside consultants from national laboratories, academia and industry.
Several major findings were reached. .
° Discrepancies in fast neutron flux values from various monitors
irradiated in the DOS1 experiment were shown to be related to
photofission and photoneutron reactions in certain monitors.

® Because photo-induced reactions dominate in the Be and fast
threshold fission dosimeters, those monitors are good candidates for
measuring the y dose in some radiation fields. :
° Neutron flux gradients within the dimensions of the surveillance
capsules in the HFIR were not consistent being nearly flat at some
locations and steep at others.

. The stainless steel monitors, located in the V-notch of the Charpy
specimens in the HFIR surveillance program, were shown to be adequate
for fast neutron (E > 1 MeV) flux measurements.

° In HFIR, at the one location where measurements permitted the
calculation to be made, the total y dpa was about five times higher than
the neutron dpa. :

° The feasibility of the application of simultaneous adjustment of -
neutron and y fluxes was demonstrated and although the finding had
Tittle impact on this program, the methodology would be extremely useful
in future work.

Going well beyond the scope of the program reported in Reference 14, with the
experimental and calculational results obtained in the D0OS1, DOS2 and DOS3
programs, the mechanical property measurements from the HFIR surveillance
tests can be related to dpa based on total neutron and gamma fluxes. It is
found that the embrittlement measured as ANDT, previously judged excessive,
falls on the same trend band as other results, Fig. 6-1. We tentatively
conclude that the deviation of the HFIR data from the correlation established
from experiments done under traditional conditions (e.g., in a materials test
reactor) was a manifestation of the relatively large gamma radiation and the
fact that the steel could retain the damage from that source because of the
Tow ( < 200°F) temperature during irradiation. The conclusion is “"tentative”
because it is not supported by any independent (of the HFIR surveillance
results) data. Nor 1is it likely that the HFIR conditions will be repeated
soon because one of the necessary conditions is that the y flux be moderate,
otherwise there will be so much heat generated that the submicroscopic damage

*See the NOTE on y radiation at the end of this Chaptef.
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will be simultaneously annealed. That is why it took on the order of twenty
years to accumulate the embrittlement reported. At the same time, of course,
the concurrent neutron flux must be relatively Tow to avoid the annealing or
annihilation from elastic collision spikes. The water annulus of about 20
inches in HFIR created just such a set of conditions; the neutrons .were
attenuated so that the energy spectrum was skewed to the low energy side while
the gamma flux at a level typical of a nuclear reactor passed through
essentially unaffected.

With respect to the RPV of an operating LWR, there are additional important
mitigating factors. First, the RPV is irradiated while at a temperature of
about 550°F. At that temperature, the diffusivity of steel is high enough
that most of the short-range submicroscopic damage will be annealed within a
few months, if not in a few weeks. Second, vessels provide shielding of not
less than six, up to ten, inches of steel for the supports. That is more than
enough to reduce the y flux by several decades. Consider reported y radiation
measurements (References 15-a and -b) made in cavities of operating reactors.
The B&W experiment was conducted at a plant where low-leakage core management
was in effect. The recommended beltline y flux value was 45 Gy/hr. From
Reference 14, the measured y flux in HFIR was 36.4 Gy/s, or 131,040 Gy/hr.
Comparing the two values:

131,040 Gy/hr (HFIR)/45 Gy/hr(plant) = 2912 = 3000,

showing the efficacy of the RPV as a shield. The Westinghouse cavity y flux
measurements were made at a 3-loop plant which had not instituted Tow-leakage.
fuel management procedures. The reported (Reference 15-b) results were 40,000
to 150,000 rad/hr (100 rad = 1 Grey). For this case we calculate the ratio in
Gy/hr of the HFIR y flux to the peak operating reactor value as: :

131.040/1500 = 87.36 = 100.

The calculated ratios showed: (1) that the y flux in cavities of operating
reactors is much less than that in HFIR and (2) Tow-leakage cores will reduce
the cavity y flux thus affording additional protection from damage to the RPV
supports. Exposure to such small measured y radiation as reported in
References 15, a and b, should not induce a significant increase in
embrittlement (i.e., in ANDT) of the RPV supports beyond that resulting from
neutron irradiation.

NOTE on Gamma Radiation.

Gamma flux can be reported in units of Gy/sec, where Gy stands for "Greys." 1
Gy = 1 joule/ kg., the joule being the unit of work or energy, the same as
ft.-1b. in English units. Since 1 joule/sec = 1 watt (unit of power), it
follows that

1 Gy/sec = 1 watt/kg. That relationship points to the most common result of y
radiation: creation of heat in the body being irradiated. +For a SLAB ‘
configuration at steady state (the surfaces maintained at constant
temperature), gamma radiation induces a thermal gradient: '
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AT, =1x10"%p, [ ... 1 °Kcm*sec,

whdre:.. 1 is a factor incorporating physical parameters;

¢ is in y/cm-sec.
The y flux in the equation for slab heating is expressed in dimensions similar
to the common dimensions for neutron flux, i.e.: n/cm-sec, making neutron
fluence n/cm?. Another common way of expressing neutron flux is as "nvt”
where: n = neutron density, n/cm’;

v = velocity, cm/sec;

t = time, sec.
Performing the indicated operations will result in n/cm®. Although this Note
shows some similarities in neutron and y representations, the equivalence in
damage (to steel) involves more complicated considerations of the physics of
the two types of radiation including the relative damage cross-sections, the
relative efficiencies of lattice displacements and the relative radiation
energy spectra. Those subjects are beyond the scope of this paper.
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Fig. 6-1. The change in transition temperature as a function of total
radiation (neutrons plus gamrnas) dpa.
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7. RPV SUPPORT REEVALUATION CRITERIA

7.2 QOverview

As a result of recent data obtained from tests of surveillance specimens
representative of RPV support materials, exposed to low temperature, Tow flux
radiation, NRC became concerned that RPV supports may be experiencing
cons1derab1y more rapid embrittlement than was cons1dered in the original
support design. The data were- reported in NUREG/CR 5320°*.

Licensees may wish to reassess the structural integrity of their RPV supports.
This Section provides an engineering approach, including screening criteria
and technical evaluation procedures, which 1icensees and CP holders may take
as guidelines acceptable to the NRC. .

The object of developing screening criteria was to identify those RPV supports
which, because of their configuration, material properties, or stress level,
should be free from excessive radiation embrittlement or failure under
accident loading. The Criteria for Reevaluation of Reactor Pressure Vessel
Supports were designed to assist Ticensees and CP holders by offering several
alternatives for RPV support evaluation. The Criteria were augmented by flow
charts and associated notes which contain specific references and acceptance
criteria. Examples, one with only membrane stresses and another with both
direct tension and bending, were provided to further facilitate the analysis.
Combined shear and tension also was addressed.

The Criteria contain many of the provisions of the ASME Boiler and Pressure
Vessel Code (ASME Code), Sections III and XI'™Y. This material has been
included in the Criteria in spite of the fact that the ASME Code has been
developed for the RPV and the RPV design criteria are different from those for
the supports. It is thought, however, that since the principles of fracture
mechanics apply equally well to the RPV and its supports and the Criteria are
offered as guidance rather than as specifications, ASME Code requirements
could be incorporated profitably. .

7.b  Screening criteria '

Reactor pressure vessel supports should be screened sequentially for
evaluation, as illustrated in Figure 7-1. The procedure is designed so that
vulnerability of the supports may be assessed by a process of elimination of
those supports for which embrittiement does not present a problem by virtue of
their configuration or state of stresses. The most vulnerable supports are
considered to be those which are exposed to a relatively high fluence, which
may cause a large increase in NDT temperature, have high initial NDT
temperature, and have tensile stresses. Figure 7-1 illustrates that these
elements are the essential criteria for screening of the RPV supports.

To achieve a useful screening evaluation, reliable and accurate information is
necessary in the indicated areas of Figure 7-1. The information may be
obtained from the construction and fabrication records if such records are
available. According to the ASME Boiler and Pressure Vessel Code, Section .
ITI, Subsection NCA, General Requirements, such-recoerds should be maintained-
and be made available by Ticensees. Lacking information on material
composition and mechanical properties, some testing may be necessary.

7.b.1 Configuration
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Configuration of the supports is an important item, because it indicates if
supports or support members are likely to receive the amount of radiation
necessary to accelerate embrittiement. This is why it is the first item in -
Figure 1 to be evaluated. If the. review of “"as built" design drawings
indicates that the supports are located in an area where irradiation is low
then embrittlement due to radiation is not an issue. For example, RPVs
mounted on skirts may fall in that category. Supports of other configurations
also may be eliminated using the same criterion provided that low exposure to
radiation is demonstrated and the initial NDT temperature is sufficiently low.
7.b.2 Materials

Materials of construction of RPV supports are also very important, because
some compositions may be so sensitive to radiation that even a very low
fluence may cause enough embrittlement to make brittle fracture a possibility.
The NDT temperature shift will vary depending on the metallurgical condition
and the chemistry of the steel (especially the copper and phosphorus content).
For these reasons information pertaining to the materials used in construction
of the RPV supports should be collected and analyzed. Should reliable
information on the material be unavailable, some testing may be necessary.
7.b.3 Stresses

For brittle fracture to occur, it is necessary that a tensile stress be
present. Following the recommendations of the ASME Code, the threshold below
which NRC staff considers that brittle fracture is unlikely is 6 ksi*.
However, a fracture is most 1ikely to be triggered by an event such as a
loss-of-coolant accident (LOCA) or an earthquake. Both of these events
produce sudden, dynamic stresses. Also, the shift in NDT temperature is
related to the rate of load application. Consequently, strain-rate should be
accounted for, the load-rate should be specified, and an explanation should be
provided as to how the

*The stress of 6.0 ksi was used in the Portland General Electic Co.
report, "Trojan Nuclear Plant Reactor Vessel Support Design Basis and
Evaluation Summary," October 24, 1988. By private communication between R.
Lipinski (INEL) and B. E11iot (NRC) on October 10, 1989 it was confirmed as
being in accordance with the current NRC policy. :
Joad rates are used in the analysis. Furthermore, residual stresses resulting
from fabrication processes should be considered additive to the operational
stresses. Thus they may have a pronounced effect on the overall state of
stress. This is specially important wherever there are heavy welds. Although
post-weld stress relieving should reduce the magnitude of residual stresses,
there are indications that the reduction is only partial. The residual stress
orientation and the manner of inclusion in the analysis should be specified
and documented. :

Finally, the cumulative effect of the chemical composition of the material,
the fluence effect, and the stresses should be considered in the screening
criteria and the decision making rationale for the screening should be
grovideg in accordance with the guidance outlined in Section 7.c.1.b of this
ocument. : ' ' : .

7.b.4 Screening Criteria ' )
If the initial NDT of the RPV supports is well below the lowest operating
temperature, and if the radiation exposure at the supports is low, and if it
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can be demonstrated that the tensile stresses are less than 6 ksi, the
supports should be free from radiation embrittlement, the integrity may be
reasonably assured and no further investigation is required.

7.c  Criteria for Reevaluation . :

The RPV support reevaluation process can be divided into several distinct
steps as illustrated on the flow charts (Figures 7-A, 7-B, 7-C, and 7-D). A
structural integrity reevaluation should include all RPV support Design Basis
loading combinations as documented in the plant FSAR (for licensees) or PSAR
(for CP holders). '

Step One (Fig 7-A), involves an assessment of the existing condition of the
supports at the time of reevaluation, comparison with the initial construction
condition, and the degree of degradation predicted by the end of plant life.
The assessment includes a mandatory, visual, physical condition inspection of
the vital parts of the supports. Rust, cracks, or permanent deformation of
any part of the RPV support should be noted as evidence that some distress has
been sustained. Limited accessibility may preclude some or all of the
examinations: if so, the supports should be examined by remote means. There
must be assurance that the supports have not been physically degraded to such
an extent that the parameters important to load carrying capacity, such as
cross-sectional area, section modulus, etc., have changed substantially. If
significant degradation is observed, it should be recorded and remedial
measures seriously considered.

Another part of Step One is a review of the original design and safety margin.
The review should include the original design methodology, the load
combinations for which the supports were designed, allowable stresses and
their margins with respect to the actual stresses in the members, and the
codes governing the original design. If brittle fracture avoidance was part
of the original design, the review should include the criteria and methodology
used, sources of information, and the bases for the conclusions reached. If
the codes governing the original design are different from those currently
promulgated, to the extent that they are currently accepted by the NRC, the
difference, if any, between the original design margin and that which would be
achieved from design in accord with the current codes and standards should be
determined. This information will be useful if and when one of the subsequent
options is selected. Upon completing Step One, the information obtained and
the conclusions reached regarding the structural integrity of RPV supports
should be documented and retained. :

If the RPV support assessment according to Step One fails to confirm that
there is adequate fracture resistance, Step Two can be followed. . As shown in
Figure 7- A, the Step One path can lead to one of two alternative approaches
(See Figs. 7-B, and 7-C). Details that augment specific steps in the
aSSﬁssment approaches are provided in the Notes which accompany each Step Two
path. S
1. The more certain assessment would be based on a fracture mechanics
analysis aimed at showing an-acceptable factor of safety between the
calculated stress intensity factor, K,, and the material toughness, K,
(Fig. 7-B). Material properties, 1ncﬁud1ng a K, value applicble to the
given material, temperature and radiation exposure, must be known with
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some accuracy or must be conservative handbook values. Equivalently,
the fracture mechanics evaluation can utilize the maximum credible flaw
size (either estimated, known from related destructive evaluation, or
determined by nondestructive examination) which must be Tess than the
calculated critical flaw size by at Teast the same (relative) margin as
would be acceptable in the KI:UJSEC comparison.

2. The assessment can be based on a transition temperature analysis
wherein it is sufficient to demonstrate that there is an adequate margin
between the Towest operating temperature and the NDT temperature for EOL
conditions (Fig. 7-C).
The details of the assessment, especially the factor of safety resulting from
the analysis, should be adequate1y documented.

Step Three, a more exact reevaluation, can be taken if the Step Two results
fail to provide an acceptable margin against support failure. The more exact
analysis can include an elastic-plastic approach and a more detailed model. A
Tower stress level may result and, other things being equal, a larger flaw may
be tolerated. The goal is the same as before: to demonstrate that the RPV
supports are not vulnerable to failure.

If the Step Three analysis cannot be done or if the results are inconclusive,
a Structural Consequence Analysis can be performed (described in Section 7.e).
The Consequence Analysis assumes RPV support failure with the loads shed by
the supports transferred to the reactor coolant loop (RCL) piping and
supports.

7.c¢.1 Fvaluation of the Current Conditions

7.c.1l.a Physical examination of structural components.

For brittle fracture to occur in the structural steels used in RPV
supports, there must be significant tensile stress. Accordingly, the
structural elements which should be examined with the utmost scrutiny
are the ones loaded in tension. Members such as cantilever beams,
brackets, hangers, and bolts fall in this category.

Physical examination of the RPV supports is an essential part of the re-
evaluation. As mentioned before, the purpose of the examination is to
detect visible signs of degradation of the supports, such as rust,
permanent deformation of the members, corrosion, cracks, etc.

Sometimes the reactor cavity dimensions provide insfficient space for
personnel to access the part being examined. If so, the examination
must be done using remotely manipulated equipment. Inspections should
be performed by trained and experienced personnel who are cognizant of
the function of the parts, familiar with the plant, and capable of
making judgements regarding the importance of any degradation. Short
resumés of the inspection team members citing the education and
%§p$r1§nce of each should be provided with the inspection report

elow

7.c.1.b Inspection report.
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An accurate reporting program is an essential part of the structural
evaluation, ensuring the correct and efficient assessment of current
conditions. An inspection report will be necessary; in many cases it
may be the only basis for deciding on maintenance priorities, criteria
for replacement, structural capacity, and/or replacement versus repair
of supports. Consequently, the importance of the reporting system
cannot be over-emphasized. The success of any RPV support inspection 1is
dependent in great measure upon its reporting system.

The RPV support inspection report should present a systematic evaluation
of the current condition of the supports as well as observations and
predictions of their possible future weaknesses.. To accomplish this the
following approach is recommended:

a. Conduct a thorough study of all available historical information
on the structure including design, "as built" drawings, and records of
previous inspections.

D. Plan, organize and establish a system for recording information on
the actual conditions of the supports including an organized and
detailed notebook, standard forms, sketches, etc.

C. Evaluate the findings of the inspection team. This task should be
delegated to experienced engineers capable of exercising judgement
regarding the degree of degradation of the RPV supports. Collectively,
they should have sound knowledge of key disciplines such as structural
mechanics, materials, and construction practices.

d. Provide a narrative summary of the report including: an assessment
of the overall condition of the structure, expert opinions on "as is”
conditions, and recommendations regarding repair or replacement.

The Inspection Report should be included in the Reactor Pressure Vessel
Support Evaluation Report and should provide sufficient detail to serve
as the basis for decisions regarding further actions to be taken if any,
i.e: that the support is acceptable as is, or that modifications should
be considered. ,
7.c.2 Evaluation of the Original Design
Some older nuclear plants were designed to codes and standards that are
significantly different from the current ones. Many of the presently-used
standards were non-existent at the advent of some original designs; others
have changed over time. To utilize the foundations of present-day techniques,
it is necessary that the original design evaluation be based on current
criteria and knowledge.

Typically, the analysis should be based on the loads developed for the
specific type of nuclear-steam-supply-system (NSSS), which can be obtained
either from the vendor or by a thermo-hydraulic analysis. The structural
components must be capable of carrying the imposed loads. The structural
design criteria for the RPV supports are included in the current issue of the
Standard Review Plan (SRP)?, augmented by the Boiler and Pressure Vessel Code,
Section III%, as appropriate. The structural analysis should address the
most adverse loading conditions, .including seismic, in accordance with the
criteria of Regulatory Guides 1.60 and 1.61. Combining of dynamic responses
should be done in conformance with the provisions of NUREG-0484, Rev. 1'°.
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Original design evaluations should account for known or estimated residual
stresses. Because residual stress levels vary with fabrication processes,
welding procedures, and other construction details, it is important that such
information be included in the analysis and be recorded in the final report.
Residual stress calculations should use state-of-the-art techniques; several
of which are presently available. Frequently, they employ a finite element
model with required inputs of the thermal history, thermal properties of the
material, Poisson’s ratio and details regarding the welding process. A
description of a computational model which can be used for weld-induced
residual stress is contained in Reference 19.

Stress concentrations from details. such as discontinuities, holes, etc.,‘
should be taken into account in establishing the state of stresses.

Having determined the stresses at the critical Tocations of the support
system, an evaluation of the original design can be made. Structural
acceptance criteria and allowable stresses can be found in Section 3.8.3,
"Concrete and Steel Internal Structures of Steel or concrete Containments™ of
Ee;erence %Gand Subsection NF, "Requirements for Component Supports” of
eference 16.

7.c.3 Establishing the EQL NDT Temperature

The ductile-to-brittle fracture mode transition temperature (commonly: the NDT
temperature) of steel is one of the essential parameters in brittle fracture
analysis. Following the ASME Code, it may be defined as the highest
temperature for fracture of a standard drop-weight specimen when tested to
ASTM Standard Test Method E 208-87a®. The NDT also can be based on the
temperature at which Charpy V-notch specimens absorb a specified amount of
energy. To determine the EOL NDT temperature it is necessary to know the
initial, material-dependent, NDT and the anticipated shift (increase) as a
function of radiation exposure.

Strain - Rate Effects It can be shown’ that the NDT in steels such as
ASTM A 36 is sensitive to the rate of load application. Since the most
adverse RPV support loads may occur during an earthquake or a LOCA, strain
rates associated with the dynamic loading should be addressed. Equations
acceptable for this purpose are available in the current literature.? If the
NDT was determined in accordance with Reference 20 or an equivalent procedure,
no further adjustment for dynamic effects is necessary. '

Metallurqgical Condition of the RPV Supports Certain alloying elements,
such as copper, influence the rate of radiation embrittiement. Hence, it is
important that the chemical composition of the steel be known in establishing
radiation effects on RPV supports. Although quantitative relationships '
between radiation embrittlement and alloying additions or impurities is still
under development, some progress has been reported. An equation to calculate
the maximum embrittlement as a function of copper content can be found in
Reference 22. Also, a very informative discussion on the subject can be found
in Reference 23. . , .

Radiation-Induced NDT Shift Relationships between dpa and ANDT from
irradiation are shown in Figure 6-1. The graph was taken from reported NRC - .
work; further information on dpa is available in Reference 14. Figure 6-1 can
be used in RPV support reevaluation using the transition temperature approach.
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7.c.4 Fracture Analysis of RPV Support Integrity

If brittle fracture avoidance was not considered in the -original design, two
options are offered as Step Two, either of which may suffice to ensure that
the RPV support system is not vulnerable to brittle fracture. On the other
hand, if the original design accounted for brittle fracture, using the
currently accepted or equivalent criteria, no further action is necessary.

7.d.

7.c.4 a. Fracture toughness approach (Fig. 7-B) :

It was pointed out in Section 7.a that the Reevaluation Criteria contain
provisions from References 16 and 17 which were intended for higher
operating temperatures (~550°F) than those for the RPV supports (90 -
120°F). However, the methodology taken from the Code and presented here
is applicable for RPV support analyses provided that conservative
relationships are used.

The fracture toughness approach requires measurement of the material
fracture toughness, K., or determination of the critical flaw size, a..
The sharp crack stress intensity factor, K;, must be calculated; the
methodology can be based on Appendix A, Article 3000, "Acceptance
Standards for Flaw Indications” of Reference 17. The assumed reference
flaw size may be as specified in Table IWB-3510-1 of Reference 17 if the
material of the supports satisfies the limitations stated in Appendix G,
Article G-2000 "Vessels" of Reference 16. Assuming that the RPV support
stresses are known, the acceptance criteria may be based either on the
allowable stress intensity factor or on the postulated flaw size using
the above references. In either case they should comply with the .
requirements of Article 3000 "Acceptance Standards for Flaw Indications”
of Reference 17. If the material toughness cannot be positively defined,
a factor of safety should be defined on the basis of K, rather than K,
K being defined as in Appendix G, Article G-2000, "Vessels" of
Reference 16. For the purpose of these criteria, the temperature (term
"T" used in Article G-2000 of Reference 16) is defined as the
temperature at the point under the most adverse loading conditions. RPV
support evaluation using the fracture toughness approach is illustrated
by the examples provided in Section 7.9.

7.c.4.b Transition temperature approach

The transition temperature approach is based on the proposition that
catastrophic failure by brittle (cleavage) fracture can be avoided by
maintaining the RPV support service temperature above the NDT
temperature of the steel. When using the transition temperature to
evaluate the support integrity, the NDT temperature at EOL should
include the irradiation-induced shift. Uncertainties related to NDT
determinations demand that a margin of safety be maintained between the
LST and the NDT temperature such as provided in Figure 5 as a function
of component thickness. Demonstration that the RPV supports are in
conformance with this relationship is necessary and sufficient to
preclude failure of RPV suppofts by brittle fracture.

Accurate Analysis

If the reevaluation as described above failed to show adequate RPV support
integrity (fracture resistance), a more accurate analysis, Step Three, may be
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performed. To demonstrate that the structural integrity of RPV supports is not
violated, structural and thermal-hydraulic loads may be recalculated more
accurately and that may result in lower stresses. Because of the inverse-
square-root relationship between stress and flaw size, a decrease in_stress
will result in a larger critical flaw size. The analysis should comply with
the current licensing criteria, design codes, and regulatory requirements.

The fluid thrust forces may be based on a model of the actual NSSS system of
the plant or on the simplified methodology presented in Reference 24.

The initial NDT temperature of the RPV support material should be evaluated in
accord with Fig. 6-1. The radiation-induced ANDT should be calculated in
accord with Figure 4. Flux profiles used in the irradiation embrittlement
estimate should include the zones above and below the active core. The
parameter dpa should cover the full neutron energy spectrum, not just E > 1
MeV. Irradiation damage should be estimated from the upper bound correlation
curve from Fig. 4.

The structural analysis should satisfy the following conditions: .
1. Allowable stresses may be based on one of the following methods:
(1) use a value specified in the codes and specifications approved by
the NRC, (2) determine an average value from tests of samples taken from
the supports, or (3) use the records of the material producer, if such
are available. Certified Material Test Reports, described in Reference
16, can serve in the third method.

2. The analysis should address the simultaneous application of
vertical, tangential, and radial loads to supports.
3. The 1oad combinations that produce the maximum tensile stresses

should be included in the analysis.
4. The analytical model should be developed in sufficient detail to
permit quantitative definition of all significant tensile stresses.
Local stresses due to (1) transfer of loads between support structure
elements, (2) load 1ine offsets within the structural members, and.(3)
structure discontinuities and stress concentrations must be included in -
the analysis.
S. : Residual stresses and thermal effects should be included in the
analysis.
6. The assembly preload of threaded fasteners should be included in
the analysis.
7. The support loading definition should include an estimate of
loading frequency (cycles/sec.) for major dynamic loads.
8. The scope of the RPV support structure analytical model should
include transmission of the vessel support loads from the point of
interaction with the reactor vessel to the point(s) where the load
transfer to the interfacing concrete structure is complete.
9. Elastic-plastic properties of the support material may be factored
into the analysis but the pertinent provisions of References 9 and 16 .

_ should be satisfied. - ' ‘ .

7.e Structural Consequence Analysis.
If the RPV support analysis, because of insufficient, or lack of, information
or other reasons, is inconclusive, integrity may be assessed by performing a
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structura1 consequence analysis. The structural consequence analysis reported
by LLNL® should be useful as guidance in setting out to do such a task.
However, the approach used by LLNL was to assume RPV support failure and focus
the ana1ys1s on determining the capability of the reactor coolant Toop- (RCL)
piping to transfer the loads shed by the RPV supports to the remaining reactor
coolant system (RCS) supports. Also, LLNL examined the .capacity of the RCS
components and their supports to resist these loads, and examined the effects
of RPV support failure on the RCL system (i.e., RPV, reactor coolant pump
[RCP], steam generator [SG], and safety 1n3ect1on lines). With certain
qua11f1cat1ons the analysis concluded that the failure of Trojan RPV supports
would not result in consequences of safety concern. Reference 8 can provide
guidance for a similar assessment of RPV supports provided that the cr1t1ca1
comments Tisted in Section 6 are addressed.

The LLNL evaluation considered two load combinations:

1. Dead load + operating pressure + SSE, and

2. Dead load + operating temperature + L OCA
Both load combinations are designated as Level D Service Limits in the ASME
Code, Section III, Division 1. The analysis was performed in accordance with
the provisions of Subsection NB, "Class 1 Components,” in conjunction with
Appendix F of that Code.

The logic for a Consequence Analysis was drawn on Figure 7-5. To perform an -
analysis of the RCL piping in accord with Fig. 7-5, information regarding the
piping and associated loads must be obtained 1nc1ud1ng the following.
Information on piping should include material properties, Tocation of piping
supports, and verification of piping design details (e.g.: details such as
pipe diameter and wall thickness). Static loads should be determined based on
dead weight, pressure and temperature. In many situations thermal loads are
self 1imiting, have no bearing on the analysis, and may be neglected. There
are, however, cases where thermal loads result in primary stresses and those
should be included. For example, in a thermal transient, an RPV support
connected to another structural element by a bolted f1ange can induce an
increase in stress in the bolts by differential thermal expansion.

Usually, the site seismic design basis, the mathematical model of the NSSS and
the floor response spectra are available for the RPV supports. If not, they
must be generated. The acceptable procedure for defining response spectra for
seismic design of nuclear power plants is provided 1n Regulatory Guide 1.60%
and Regulatory Guide 1.122%. Regulatory Guide 1.617 defines the acceptable
damping values for design of nuclear facilities.

There are two acceptable methods for seismic 1oad determinations;. the response
spectrum and the time history. Technical guidance regarding application of
either of these methods is provided in Sections 3.7.1, "Seismic Design
Parameters;" 3.7.2, "Seismic System Analysis;" and 3.7.3, "Seismic Subsystem
Analysis" of Reference 9 and the associated Regulatory Guides.

Some systems qualify for leak-before-bredk considerations and in such cases
small-break LOCA (SBLOCA) toads apply. Loads from pressure, dead weight of
the RPV, thermal gradient (if applicable), LOCA (SBLOCA or LBLOCA) and SSE
should be combined in accordance with the provisions of Reference 18.
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From the loads as described above, stresses in the RCL piping and RPV
displacements (vertical and horizontal) should be computed. Vessel
displacement may adversely affect the insertability of control rods or the
functionality of safety injection 1ines, flux monitoring systems (such as
thimble tube guide lines) and instrument .thimble tubes. Also, excessive RPV
displacement may deform the reactor coolant pump (RCP) casing(s) and bind the
impeller(s). Tilting of the RCP may disrupt the continuity of flow
(coastdown) following a loss of RCP power. Coastdown allows the reactor power
to be reduced before flow through the core is reduced, ensuring that localized
boiling and departure from nucleate boiling do not occur. To help maintain
coastdown, the RCP receives the kinetic energy necessary for coastdown from a
flywheel. Tilting of the RCP may cause excessive vibration of the RCP
assembly, which could Tead to loss of the flywheel. Because the flywheel is
massive and rotates at a high speed (1200 rpm) in normal operation, loss of
flywheel integrity could generate high energy missiles. The safety
consequences of such scenarios may be significant because of possible damage
to the reactor coolant system, the primary containment or the engineered
safety features equipment.

Another potential cause of loss of coastdown from RCP tilting is the fact that
tilting of a pump assembly may cause stresses sufficient to induce deformation
or failure of the bearings. In either case, malfunction of the bearings could
impede or terminate coastdown. . .

The SG and RCP supports must be evaluated to ensure sufficient margin under
the additional loads resulting from support failure.

The scenarios described above do not encompass the entire potential problem
associated with integrity of RPV supports and safety of nuclear power plants.
Consideration should be given to uncertainty regarding initial transition
temperature of component support material such as steam generator and reactor
coolant pump, degradation of material over the life of the plant, aging
embrittlement of stainless steel primary coolant loop piping, degradation of .
large hydraulic snubbers, erosion of piping walls, to name a few. The
structural consequence analysis did not consider these conditions, but the
cumulative effect of these problems could aggravate consequences of RPV
support failure to the point that public safety could be at risk.

If the RPV support integrity cannot be ensured by any of the alternatives
described in Sections 7.c through 7.e, modifications to the supports or to the
plant operation should be considered. :

7.f Fracture Mechanics Procedure For Pins

Pins and clevises deserve special attention. Because of their geometry, the
predominant stress may not be tension but shear or a combination of the two.
Evaluation of K;,. is controversial and the parameter is not routinely included
in design considerations. However, some progress to find a viable and .
practical solution to this problem has been made.?? It is recognized that
tests performed on oblique cracks showed that the predominant crack extension
direction was dictated by the maximum K; value, thus reducing the value of K.
Some investigators, however, obtained Mode II cracks_in their experiments
indicating that the that Mode II failure is probable®. L. Banks-Sills
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expressed an opinion that "The direction of crack growth is governed by
properties of the material being tested and the conditions of the crack tip.
If there is ‘brittle’ fracture as occurs with Perspex, a crack in a Mode II
field propagates between 60 and 70° with respect to the parent crack. In
elastic materials, this coincides with the direction of maximum tangential
stress."® From the above, one may conclude that material behavior in Mode II
failure is not well understood. Although more work is needed in this area, it
is evident that in components loaded in shear, Mode I considerations alone may
be insufficient and the analysis should consder Mode I and Mode II
combinations.

7.9 Examples (To be provided)
8. SUMMARY OF COST-BENEFIT ANALYSIS

The cost-benefit
analysis conducted in support of GSI-15 consisted of three steps. First,
estimates of the core damage frequency and risk associated with RPVS failures
were made: second, detailed cost estimates of potential corrective measures
for damaged RPV supports were made; and third, cost/benefit ratios for
implementation of any of the five identified corrective measures were
calculated. Details of the analysis and presentation of the results are
contained in Appendix A to this report. '

8.1 Benefit Evaluation :

The benefit is defined as the reduction in risk obtained by fixing the neutron
embrittled RPV supports. To estimate the risk, two different scenarios were
considered that could potentially fail the supports The first scenario is a
safe shutdown earthquake (SSE) as an initiating event with the subsequent
failure of the RPV supports. The second scenario involved a small break loss
of coolant accident (SBLOCA). Typical event tree methodology was used in the
generation of event trees. Initiating event frequencies were adjusted to fit
the scenario of brittle failure of supports. In the case of the SSE event
tree, the probability of the earthquake was reduced to correspond to the peak
ground acceleration and RPV support stress level at which brittle fracture
could be expected to occur. In the case of the SBLOCA, the frequency used was
taken from the Sequoyah 1 PRA and reduced by a factor of 2 because it was
assumed that not all break locations would produce significant loads on the
RPV supports. It was assumed that, given the initiating event, the probability
of support failure would be 0.5. The event trees were quantified and those
event sequences which resulted in core damage were grouped into one of seven
different categories. Each sequence was assigned to the offsite release
category which best modeled its outcome. The offsite release categories were
taken form the WASH 1400* reactor safety report that classifies various
degrees of release from the reactor containment. For the best estimate base
case considered in the analysis, the total contribution to core damage
frequency resulting from RPV support failure was calculated to be 8.8 x 10°°.

8.2 Cost Analysis _ ‘ ‘
Five alternatives were considered as corrective measures to preclude RPV
iu??ort failure in the event of an SSE or SBLOCA. The alternatives were as
ol lows. _

1. shielding the RPV supports from neutron radiation;
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increasing the RPV support operating temperature above the NDT
temperature; '
replacing the RPV supports;
heating the RPV supports sufficiently to anneal out any
embrittlement; . ,

5. strengthening or adding additional RPV supports.
‘The cost estimates for the five options were developed using the guidelines of
NUREG/CR-3568", and NUREG/CR-4627, Rev. 1,% and the computer code FORECAST
2.1% which incorporates cost evaluation information. Cost estimation
involved making an evaluation of each proposed modification, identifying
equipment and materials necessary to make the proposed modifications, and
assessing the work area in which the proposed modifications would be made.

P N

There was a wide variation in the estimated costs of the alternatives
considered. The maximum cost per plant was $89,000,000 (alternative 3,
replacing existing supports), and the minimum cost per plant was $920,000
(aternative 2, increasing the operating temperature of the supports)

8.3 Cost/Benefit Analysis

Results of the cost/benefit analysis were calculated using the dollar-to-
person-rem averted ratio (DPR). The DPR is calculated as the cost of the
modification divided by the offsite person-rem averted if the modification 1is
performed. In calculating the cost, the averted onsite cost (AOSC) is
subtracted from the modification cost. For the case where the occupational
exposure is considered, the occupational exposure is subtracted from the
averted offsite dose. For some cases the occupational exposure from making
the modification exceeded the averted offsite dose which results in no net
benefit. Cost/benefit calculations were made for a 10, 20, 40, and 60 year
remaining life span. The remaining 1ife span is the time left to operate the
plant after the supports are assumed to become brittle. Results of the
cost/benefit analysis (presented in Appendix A) are calculated for three cost
categories, 1) without either AOSC or replacement power, 2) with AQSC but
without replacement power, and 3) with both AOSC and replacement power.

The results of the benefit analysis indicate a per plant offsite dose risk of
2.9 person-rem/year with a calculated core damage frequency of 8.8X107°/yr.
The risk value includes all the risk associated with support failure after
embrittlement occurs. It was assumed that any of the -proposed options would
remove 100% of the risk associated with failure of an embrittled support.
This means that after the modification, the risk due to support failure is
assumed to be zero. :

A number of cost/benefit calculations were made using combinations of
assumptions which produced a range of values to fit the various scenarios.
The calculated cost benefit ratios range from $53 per person-rem (increasing
the operating temperature of the supports, without replacement power, and
considering 60 year 1life after embrittlement occurs) and $3,100,000 per
person-rem (replacing supports, with averted on-site costs, with replacement
power, without occupational exposure, and considering 10 years life after. -
embrittlement).
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Sensitivity studies were conducted considering 10, 20, 40, and 60 years
operation after embrittiement of the supports. Cost benefit ratios were
calculated both with and without consideration of occupational doses. Several
supplemental cases were evaluated with more conservative estimates of failure
probability to judge the sensitivity of the risk calculation results to the
event probabilities in the event trees. Seven cases were evaluated:

Case 1 Increase the frequency of an SSE by a factor of ten. For most
plants, this is equivalent to assuming peak ground acceleration of 0.59
earthquake and may result in RPV support failure.

’ Case 2 Increase offsite dose rates by a factor of 100 to simulate a
plant Tocated in an area of high population density. ‘

Case 3 Increase the probabilities of RPV support failure and LBLOCA to
1 to show the maximum uncertainty in the RPV support failure mechanisms. ’

Case 4 Increase the failure probabilities of the RPV supports and the
RPS to 1 and decrease the probability of a LBLOCA to 0.

Case 5 Increase the failure probabilities of ECCS and CSDS to 1 to
simulate failure of these safety systems.

Case 6 Increase the probabilities of LBLOCA and ECCS failure to 1 to
simulate the pressure vessel displacing sufficiently (following RPV support
failure) to cause the ECCS injection 1ines to break or become inoperable.

’ Case 7 Set the failure probabilities of the RPV supports, RPS, CSDS,
and ECCS and the incidence of LBLOCA to 1 which is a worst case model of
complete failure of the entire reactor protection system with the exception of
the containment. This scenario involves prior embrittlement. of the RPV
upportss and the RPV support from the primary piping. Following the
initiating event, the subsequent shifting of the RPV results in failure of all
core protection systems.

Table 8-1 shows the results for each case considered for one year, as well as

for ten, twenty, forty and sixty years. From the sensitivity analysis the
extreme values of the cost/benefit ratio can be obtained.
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Table 8-1

1 6.5x10™ 21 210 420 8406
2 8.8x10° 290 ,900 - 5,800 12,000 0
3 1.8x10" 10 100 200 400 0
4 3.5x10™ 2.7 27 54 110 0
5 6.6x10™ 26 26d‘ 520 1,000
6 8.8x10" 49 490 950 2,000
7 1.8x10° 98 980 2,000 3,900
Base 8.8x10° 2.9 29 58 120 0
The core melt frequencies per year were obtained by modifying the appropriate

events in the sequence event trees (not shown) for the two initiating events,
SSE and SBLOCA. The Base Case shows the results of the original analysis
without modifications of the sensitivity analysis parameters. For other: .
cases, to obtain Risk per year the probabilities for each sequence (PWR 7, PWR
3, and PWR 1) are multiplied by the corresponding Consequence Factors taken
from NUREG/CR-2800*. The result is the risk per year in person-rem. The
risks for 10, 20, 40, and 60 years are simply product of the risk for one year
times the number of years in question.

From Table 8-1 it can be seen that the minimum benefit is Case 4, and the risk
reduction is 27 person-rem for a period of ten years. The maximum benefit
occurs in case 2, which gives 17,400 person rem for a period of 60 years.
Using the results of the sensitivity analyses and the corresponding costs,
four extreme cases of cost/benefit were calculated. The four extreme cases
are: '

Maximum cost/minimum .benefit
- Minimum cost/maximum benefit
Minimum cost/minimum benefit
Minimum cost/maximum benefit

$3,300, 000/person-rem
$5,120/person-rem
$34,000/person-rem -
$53/person-rem.

Moo
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The above results illustrate the large variability of the results. They also
indicate that all except case 4 are above $1,000/person-rem, the accepted
threshold for taking any regulatory action. The minimum cost/maximum benefit
of $53/person-rem (Case 4) results derived from option 2 (increasing the
operating temperature of the RPV supports above the new, embrittled NDT
temperature), and the cost, without replacement power is $920, 000. The
corresponding benefit (the risk reduction) is 17,000 person-rem. Because the
majority of the calculated cost-benefit ratios were well above the
$1,000/person-rem criterion, there is Tittle justification for taking
regulatory actions. Moreover, the range of cost-benefit ratios stems from
uncertainty in the values used in the analysis and, being uncertain, were of
little use to the staff in reaching a regulatory position.

9. DISCUSSION OF THE GSI-15 TECHNICAL FINDINGS

It had been reported by ORNL* that the thermal-to-fast neutron ratio was about
50-to-1. That was enough motivation for some theoreticians to propose -
mechanisms for submicroscopic damage by low energy neutron radiation at Tow
temperature in steel. Using those models, the NRC staff developed a method
for eva]uat1ng the effects of low energy neutron damage in steel by a modified
dpa parameter’. To expand the available data base, the NRC staff requested
ORNL to calculate the neutron energy spectra at additional surveillance
locations in the HFIR. The resulting thermal-to-fast neutron ratios were on -
the order of 3-to-1 to 7-to-1. That finding did three things: (1) it cast
doubt on the roughly ten times larger ratio reported in Reference 3; (2) it
suggested that the Tow-energy neutron damage theory was not the answer to the
HFIR embrittlement; and (3) it set in motion a program with the goal of
determining the radiation conditions in HFIR by the best experimental and
calculational means available.

When the dosimetry program was completed it was concluded™ that the
accelerated embrittiement of the HFIR surveillance samples could be attributed
to Tong-term, low-temperature gamma radiation. Also, we found that the HFIR y
flux was about 3000 times higher than the measured y flux in the cavity of an
operating reactor. The interpretation of these findings created the following
picture. The physical conditions in the HFIR, with an annulus between the Be
reflector and the vessel inside surface (where the surveillance capsules were
located) filled with almost two feet of water attenuated the neutrons so that
the flux of those with E > 1 MeV was reduced by orders of magnitude. At the
same time, the y flux remained almost unabated. -Although the y flux was not
especially high, there was enough radiation to create submicroscopic damage in
the steel. In fact, had the y flux been very high, the y-heating would have
annihilated much of the damage. Likewise, the relatively low neutron flux
kept that element of radiation from annealing out the y-radiation damage.
Also, the temperature of the steel was kept relatively low, well below 200°F,
ensuring that much of the damage from y and low-energy neutrons would be
retained. Because nuclear reactor pressure vessels operate at about 550°F,
the diffusivity in the steel is so much greater than at the low temperatures
of the HFIR or the RPV supports that the relatively short-range crystal -
lattice damage from y radiation is annealed in months, if not in weeks, even
though the flux is of the same order of magnitude as found in the HFIR.
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By these arguments, we see that the radiation environment in the HFIR is
unique to that reactor, the embrittlement observed in the surveillance
specimens can be exp1a1ned on the basis of the radiation details, by using a
dpa parameter that includes all radiation (the full neutron energy spectrum
and the ys) the HFIR data fall on the trend band established with other data,
and the HFIR surveillance data are not relevant for predicting RPV support
embrittlement in operating reactors. In an operating reactor, the vessel
supports are shielded from y radiation by the vessel, itself. The steel
thickness of six to ten inches is sufficient to reduce the y flux by two,
three, or four powers of ten. For this reason, no significant y radiation
embrittlement is expected in RPV supports; however, embrittlement predictions
should be made on the basis of the complete dpa parameter because there may be
a significant additional contribution from low-energy neutrons.

In this regard, we note that the ASTM Standard Guide for RPV supports, E 1035
(in the ASTM Book of Standards), addresses radiation considerations in.the
following way. The designer and owner/operator is cautioned to consider the
potential for radiation embrittlement. However, it is stated that 1f the
fluence of neutrons of energy greater than 1 MeV is no more than 10V nvt,
there is no need for further consideration. From the findings in the work
aimed at resolution of GSI-15, it is clear that fast neutron (E > 1 MeV)
fluence may not be sufficient for accurate predictions. Although neglecting
all radiation but fast neutrons is probably acceptable for a fission spectrum
or something close to it, other particles can do damage and if present in
sufficient numbers, they should be counted, especially at Tow temperature.

The work which Ted to NUREG/CR-5320 included a survey of LWR vessel supports
using the FSAR 1ibrary located at the Nuclear Operations Analysis Center at
ORNL . The information from the ORNL survey was supplemented by two other
studies®*. It was noted that in many instances the data from all sources
were too sketchy to be definitive. Based on the above surveys, at least in
some of the older reactors, neither the exact chemical composition nor the
mechanical properties of the RPV supports is known, neither their initial nor
shifted NDT temperatures can be accurately determined, and the margin between
their lowest operating temperature and their NDT temperature may be less than
that recommended in the ASME Code, Appendix R. There may be cases where the
initial NDT was so. high that little, if any, margin for radiation-induced
increases is available. Under such conditions, it would be prudent to perform
an engineering reassessment of the RPV support integrity and eva]uate any
potential threat to safety.

10. CONCLUSIONS

1. The specimens that were incorporated in the surveillance program at the
HFIR exhibited more radiation-induced embrittlement than would be predicted
from pre-existing trend curves. .

2. After reviewing the studies and analyses undertaken by several
organizations at the outset of the-work on GSI-15, it was concluded that -in
today’s state of the art there is no one reliable method of structural
analysis by which the issue could be resolved.
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3..  Specimens cut from the decommissioned Shippingport neutron shield tank
exhibited embrittlement (ANDT) commensurate with pre-existing trend curves
even though the steel and the irradiation conditions (in terms of the neutron
spectrum) were similar to those at HFIR.

4, Specimens of the same steel used in the construction of the HFIR reactor
vessel (archieval material), when tested in other facilities did not repeat
the excess embrittlement found in the surveillance specimens.

5. In response to the initial report that the HFIR neutron energy spectrum
had about 50 times more low energy (thermal) neutrons as high energy (fast)
neutrons, a model was developed to account for the complete neutron energy
spectrum by modifying the dpa parameter.

6. A comprehensive dosimetry program, designed to provide data necessary to
confirm the (above) low energy neutron damage model, suggested that the excess
embrittlement of the HFIR specimens could be attributed to long-term, -1ow-
temperature gamma radiation.

7. Auxilliary conclusions derived from the program noted in the preceeding
statement included the following: ‘
7a. At the location in HFIR where y flux calculations were confirmed by
measurements, the y dpa was five times higher than the neutron dpa.
7b. Discrepencies in neutron flux values from dosimeters irradiated in
the HFIR were the result of photofission and photoneutron reactions
triggered by the y radiation.
7c. Be and fast threshold fission dosimeters exhibit photo-induced
reactions making them good y dose monitors in some radiation fields.
7d. Neutron flux gradients across the surveillance capsules in HFIR
were not consistent from one to another.
7e. It was shown that locating stainless steel fast neutron dosimeters
in Charpy specimen V-notches resulted in adequate flux measurements.
7f. It was shown that simultaneous adjustment of the neutron and y
fluxes was feasible.

8. By relating the HFIR surveillance data to an expanded dpa parameter
enveloping both the neutron and y fluxes, the HFIR ANDT values could be moved
into the trend band derived from other data and could not continue to be
considered excessive.

9. The above finding Teads to the tentative conclusion that the deviation
reported in the HFIR surveillance data probably was a result of the
combination of a Tong-time exposure at relatively low temperatures to a
radiation field with a very low density of fast neutrons and a much larger,
but typical, density of gammas.

10.  Because it was initially expected that it would be necessary to evaluate
(at least some) RPV supports, a detailed engineering approach for assessing
the structural integrity was developed. ' .

11. As a related task, a consequence analysis based on the Trojan plant
(believed to be the most vulnerable) configuration showed that RPV support
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failure could be tolerated providing that other components were not degraded
(see below).

12. The 1imited review of RPV supports in operating plants led to a
conclusion that some materials of construction may have an initial NDT high
enough to allow 1ittle, if any, margin for radiation-induced increases.

13. Engineering analyses demonstrated the importance of related plant
components which would have to carry additional loads in the event of RPV
support failure but some critical related components have exhibited other,
unique, degredation mechanisms. ' '

14. If licensees wish to reassesé the integrity of their RPV supports, the
methods reported in this paper should provide adequate guidance.
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NOTES

(SEE FIG.7-1)
The safety margin between LST-T,,; is established using Fig. R-1200-1 of Append1x R
to Reference 17.

(SEE FIg 7-2)
LST
The Towest service temperature (LST) is defined as the minimum temperature of
the most vulnerable part of the fracture-critical member at times when design
basis accident loads occur. RPV support temperatures can be established
either from measurements or theoretical calculations.

2. Adjustments
2A. Irradiation

The radiation-induced temperature shift should be based on re11ab1e and
relevant dosimetry information.

ZB. Strain-rate

Consideration for strain-rate effects must be appropriate to the subject
material. The loading rate should be estimated and its effect documented.

3. NDT Evaluation Procedure. :
List all support materials and available NDT temperature data. State the
authority for material tests (e.g., Subsection NF, ASME Code Section III).
3A. Material having minimum specified vield strenqgth of 180 ksi or less:
For materials in new RPV supports the NDT temperature should be determined.in
accordance with the provisions of ASTM E-208 (Reference 20). If Charpy V-
notch testing 1is performed it should
satisfy the requirements of Subsection NF, "Component Supports”, Paragraphs NF
2320 and 2330 of Reference 16.
3B. Estimated NDT
For existing RPV supports, in case the NDT temperature cannot be determined
experimentally, an estimated NDT temperature can be obtained from Table 7-1.
The value of the NDT temperature, used for this purpose, should be the NDT
mean plus 1.3 standard deviation.
3C. Bolting Materials
Code bolting materials shall meet the fracture toughness requ1rements of
Appendix G, Subsection NC, Paragragh NC-2332.3 and Article G-4000, "Bolting,”
Reference 16. Those materials not specified in the Code must be ana]yzed in
accordance with, and meet the criteria of 3A or 3B above.
3D. Steels having minimum specified yield strength greater than 180 ksi
Resistance to fracture under tensile loads for materials with minimum yield
strength greater than 180 ksi is considered unreliable unless it can be
justified by LEFM analysis. If such a justification cannot be provided, high
strength materials should be assumed to have inadequate fracture toughness,
and that the fracture mechanics or transition temperature options (Fig. 7-3
and 7-4) are not applicable. Structural adequacy of RPV supports should be
demonstrated by means of the structural consequence analysis (Fig. 7-5).

4.  The "Criteria" are those contaﬁnedlin Article IWB-3000 of Reference 17.
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Figure 7-3 Fracture Mechanics Approach
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NOTES (Fig. 7-3&" ‘“)

(a) Estimated fracture toughness by conversion of an hyperbolic tangent
function fitted to Charpy data is not acceptable. , _

(b) Confirmation of correlations between CVN and K, data is required.

(c) The proper determination of fracture toughness curves is based on multiple
K. tests at each of several temperatures for each class of material.

(d) Minimum Fracture Toughness values contained in Table 7-2 may be used if
sufficient evidence is available to demonstrate that the material used in the
ggv supports is the same as that 1isted in Group III in Table 4.6 of Reference

(e) Where applicable, fracture toughneés (K. and/or K;,) can be obtained from
the information contained in Appendix A, Figure A-4200-1 of Reference 17.

a) Acceptance criteria for the flaw size can be based on Subarticle IWB-3611,
"Acceptance Criteria Based on Flaw Size" of Reference 17.

(b) The analysis of flaw indications should be in accordance with the
provisions of Appendix A, “"Analysis of Flaw Indications” of Reference 17.

(a) The maximum stress intensity factor K; shall correspond to the flaw size
a. as defined in Subarticle IWB-3600 of Reference 17. :

(6) If the supports are subjected to combined loading which necessitates
consideration of Mode II, an appropriate fracture toughness shall be
established based on the present state-of-the-art.

(c) If applicable, the reference temperature for the nil ductility transition
(RT,;;) may be used in conjunction with the provisions of Appendix G, Article
6-2000 Reference 16.

(d) Calculate K; using Eq. 1 in Appendix A, Article A-3000 of Reference 17.

Safety factors shall satisfy the criteria of Article IWB-3600 of Reference 17.

(a) The analysis may be performed using elastic-plastic properties of the
material. The load combinations, allowable stresses and the design criteria
for linear supports (consisting of shapes, beams, and columns) should conform
with the provisions of Section 3.8.3, Concrete and Steel Internal Structures
of Steel and or Concrete Containments,” and for non-linear supports with _
Section 3.9.3, "ASME Code Class 1, 2, and 3 Components, Component Supports,
and Core Support Structures" of Reference 9 respectively.

(b) The thermo-hydraulic loads may be based on Reference 24.
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b Table 1 )
Compilation of NDT Results

Material NDT o NDT + 1.30 NDT + 20
Cast Steels o o
A-27, A-216 1" . - 6°F 12°F 10°F 18°F
(heat treated >1" 35 17 57 69
condition)
A-352 max. -20
Wrought Steels
all "mild" steels* 27 31 67 89
all "mild" steels ' .
except A-201 40 28 77 96
C-Mn*(as-hot rolled) 22 13 39 48
(normalized) -28 18 -5 8
HSLA* (as-hot rolled) 25** 12%* 41%* 49%*
(normalized) -50** 18** -27** -14**
Low Alloy. Non-Q&T _ ,
A-302 8 28 45 64
A-353 max. -320 .
A-387 - 65**
Quenched & Tempered '
A-508 C12 max. 40°F
A-514 max. -10°F
A-517 max. -20°F
A-533B C11 max. 20°F
A-537 C12 max. -60°F
A-543 max. -60°F

See table 7-3 for ASTM specs included in this category

HSLA steels, "high strength" means yield strength > 40 ksi. For further
discussion on HSLA steels see Reference 3.

(From Table 4.4 of Reference 36)
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Table 2

Minimum Fracture Toughness Data at 75°F

Plain Carbon 32 ksi in?

C/Mn 36 "

HSLA . % " "
Low Alloy (non Quenched and Tempered)

A-302 ' 30 " "

A-353 150 " "

A-387 65 " "
Quenched and Tempered

A-508 ‘ B " "

A-514/A-517 65 " "

A-533 3B " "

A-537 5 " "

A-543 9% " "
Other ‘

A-461, Gr. 630 , 00 " "

(From Table 4.5 of Reference 36)
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C )
' ~ Table 7-3 o
Classification of Wrought Grades into Groups

Plain Carbon: A-7, A-53, A-106, A-201, A-212, A-283, A-284,
A-285, A-306, A-307, A-501, A-515 '

Carbon-Manganese: A-36, A-105, A-516, A-537

High-strength low alloy: A-441, A-572, A-588, A-618

Low alloy (not quenched & tempered): A-302, A-322, A-353, A-387

Quenched & tempered: A-193, A-194, A-325, A-354, A-461, A-490
A-508, A-514, A-517, A-533, A-537, A-540
A-543, A-563, A-574.

(From Table 3.2 of Reference 36)

56



C 2

11. REFERENCES

1.

10..

11.

12. -

13.

14

ORNL/TM-10444, "Evaluation of HFIR Pressure Vessel Integrity Considering
Radiation Embrittiement,” Oak Ridge National Laboratory, 1988. '

Tgmoigggum from Warren Minners (NRC) to Eric S. Beckjorrd (NRC), dated January

NUREG-0705, "Identification of New Unresolved Safety Issues Relating to
Nuclear Power Plant Stations," U.S. Nuclear Regulatory Commission, June, 1981.

NUREG/CR-5320, "Impact of Irradiation Embrittiement on Integrity of Pressure
¥Sgge1 Supports for Two PWR Plants,” Qak Ridge National Laboratory, January

NUREG/CR-5556, "Review of Current Literature Related to Generic Safety Issue
15," Idaho National Engineering Laboratory, EG&G Idaho, Inc., July, 1990.

Craig A. Hrabal, "Modified Damage Parameters Applied to a Typical Light Water
Reactor’s Pressure Vessel Supports,” Presented at the 7th ASTM-Euratom
Symposium on Reactor Dosimetry, Strasbourg, France, August 27-29, 1990.

M. L. Hamilton and A. L. Heinesch, "Tensile Properties of Neutron Irradiated A
212-B Pressure Vessel Material,” ASTM 14th International Symposium on Effects
of Radiation on Materials, Andover, Mass., June 27-29, 1988.

NUREG/CR-5644, "Consequence Evaluation of Radiation Embrittilement of Trojan
geacgor nggaure Vessel Supports,” Lawrence Livermore National Laboratory,
ctober, .

NUREG-0800, "Standard Review Plan for the Review of Safety Analtsis Reports
Eor Nu%;gar Power Plants,” LWR Edition, U.S. Nuclear Regulatory Commission,
une, 7.

NUREG/CR-5748, "Radiation Embrittlement of the Neutron Shield Tank from the
Shippingport Reactor," Argonne National Laboratory, October, 1991.

F. H. Ruddy, et al., "Reactor Cavity Neutron Dosimetry Results for the Trojan
Nuclear Power Plant," STC Report 93-9TDO-TROJIN-R1, Westinghouse Electric
Corporation, Science & Technology Center, Pittsburgh, Pennsylvania, March 19,

11993

L. R. Greenwood and R. K. Smither, "Specter: Neutron Damage Calculations for
Material Irradiations," ANL/FPP/TM-197, 1979.

NUREG/CR-3320-Volume 5, "Simulated Void-Box-Capsule Charpy-Impact Test
Results,” Fracture Control Corporation, for the U.S. Nuclear Regulatory

gommiisiggggnd the Electric Power Research Institute, Washington, D.C.,
ugust, . .

NUREG/CR-6117, "Neutron Spectra at Different High Flux Isotope Reactor (HFIR)
Pressure Vessel Surveillance Locations,"” Oak Ridge National Laboratory,
December, 1993.

57



15-3.

16.

17.
18

19.
20.

21.

22.
23.

24.
25.

26.

27.

28.

29.

Q. King and D. M. Gilliam, "Characterization of the Gamma Field in the B&W
Owners Group Cavity Dosimetry Benchmark Experiment,” Reactor Dosimetry, ASTM

-STP 1228, Harry Ferrar IV, E. Parvin Lippincott, and John G. Williams, Eds.

American Society for Test1ng and Materials, Philadelphia, Pennsy]van1a 1994

. Letter, S. L. Anderson, Westinghouse Electric Corp., to R. E. Johnson, U. S. .

Nuclear Regulatory Commission, May 23, 1994.

ASME Boiler Pressure and Vessel Code, Section III, Division 1, American
Society of Mechanical Engineers, New York, New York, 1989.

ASME Boiler and Pressure Vessel Code, Section XI, "Rules for Inservice
Inspection of Nuclear Power Plant Components,” American Society of Mechanical
Engineers, New York, New York, 1989. ' '

NUREG-0484, Rev. 1, "MethodoTogy for Combining Dynamic Responses," U.S.
Nuclear Regulatory Commission, May, 1980.

E. Rybicki and R. B. Stonesifer, "Computation of Residual Stresses Due to
Multipass Welds in Piping Systems " Journal of Pressure Vessel Techno]ogy
Vol. 101, pp. 149-154, May, 1978.

ASTM E 208, "Standard Test Method for Conducting Drop-Weight Test to Determine
Ni1-Ductility Transition Temperature of Ferritic Steels,” American Society for
Testing and Materials, Philadelphia, PA 19103.

J. M. Barsom and S. T. Rolfe, "Fracture and Fatigue Control in Structures
Application of Fracture Mechanics,"” Second Edition, Prentice-Hall, Inc., 1987.

R. J. McElroy, T. J. Willjams, F. M. D. Boydon and B. Hamsworth,
"Low Temperature Embrittlement of LWR RPV Support Structures,” OECD/NEA
Workshop on Safety Assessment of RPV’'s, Espoo, Finland, 8-9 October, 1990.

J. R. Hawthorne, "Temperature Dependence of Copper Inf]uence on Radiation
Embrittlement Sens1t1v1ty of Reactor Vessel Steels,” American Nuclear Sosiety
(ANS), Transactions, Vol. 15, No. 2, 1972.

American National Standard, ANSI/ANS 58.2, "An Acceptable Simplified Method
for Calculation of Fluid Thrust Forces, Append1x B, 1988.

Regulatory Guide 1.60, "Design Response Spectra for Seismic Design of Nuclear
Power Plants,” Rev. 1, U.S. Nuclear Regulatory Commission, 1973.

Regulatory Guide 1.122, "Development of Floor Design Response Spectra for
Seismic Design of Floor-Supported Equipment or Components,” U.S. Nuclear-
Reguiatory Commission, 1978.

Regulatory Guide 1.61, "Damping Values for Se1smic Design of Nuclear Power
Plants,” U.S. Nuclear Regulatory Commission, 1973.

Buzzard, R. J Gross and J. E. Srawley, “Mode II Fat1gue Crack Growth Specimen-
Deve]opment Fracture Mechanics: Seventeenth Volume, ASTM-STP 905, :
239-345, American Society of Testing and Materials, Ph11ade1ph1a PA 11986.
Leslie Banks-Si1ls and Mircea Arcan, "A Compact Mode II Fracture Specimen,”

58



30.
31.

32.
33.

34.

35.

36.

( ‘ .
Fracture Mechanics: Seventeenth Volume, ASTM STP 905, American Society of
Testing and Materials, Philadelphia, PA, 1986.

WASH-1400, "Reactor Safety Study,"” U.S. Nuc]ear Regu]atory Commission,
wash1ngton DC, 1975.

NUREG/CR- 3568 "A Handbook for Value-Impact Assessment " Pacific Northwest
Laboratory, PNL-4646,. December, 1983.

NUREG/CR-4627, "Generic Cost Estimates,” Revision 1, February, 1989.

B. Lopez and F. W. Sciacca, "FORECAST," 2.1 User Manual, Science‘and
Engineering Associates, Inc., SEA Report No. 89-461-04-A:1, April, 1990.

NUREG/CR-2800, “"Guideline for Nuclear Power Plant Safety Issue Prioritization
Information Development,” Pacific Northwest Laboratory, 1983.

NUREG/CR-4731, "Reactor Pressure Vessel Supports for Pressurized Water
Reactors and Bo111ng Water Reactors, Re51dua1 Life Assessment of Major Light
Water Reactor Components - Overview," Vol. 1, June, 1987.

NUREG/CR-3009, "Fracture Toughness of PWR Component Supports,” Sandia National
Laboratory, February, 1983.

59



APPENDICES :
A.

PR

)

R. E. Gregg, C. L. Smith, and R. W. Garner: "Cost/Benefit Analysis for
GSI-15: Radiation Effects on Reactor Vessel Supports,” Rev. 2, EGG-SSRE-
9458, Idaho National Engineering Laboratory, August 1991.

C. A. Hrabal: "Shippingport Vessel/Shield-Tank Fluence Ca]cu1at10hs," a
%ummgg{ gg the program conducted by the Brookhaven National Laboratory
or -15.

Emmert D. McGarry: Synopsis of Work to Determine the Radiation Exposure
to Vessel Support Structures in the Trojan Nuclear Reactor,” National
Institutes of Standards and Technology.

Reuter & Nagata: Summary of NUREG/CR-5846. on Thermal Embrittlement of
Stainless Steel in the RCL

E. H. Ottewitte: "Potential Effects of Gamma Radiation," Idaho National
Engineering Laboratory, October 1993.

60



= | DRAFT 2

APPENDIX A - GSI-15 Event Tree Uncertainty Analysis

The event tree uncertainty analysis was initiated by assigning an
appropriate uncertainty to each event in both of the event tree sequences.
Table A.1 lists each event with its mean value, standard deviation, and
assumed underlying probability distribution type. The source listed in the
table is the source of the event mean value. The standard deviation value
for the two Poisson initiating events were calculated by the relationship

of: standard deviation = ymean .® The standard deviation value for the

log-normal distributions in the table were estimated based upon engineering
Jjudgement.

Table A.1. Sequence Event Uncertainty Parameters.

Il;‘j
SSE 1.25x10° | 3.5x107 Poisson | . Ref. 3 |
SBLOCA 5.0x10™* 2.2x10%2 Poisson Ref. 4
RPVSF 5.0x107" 2.0x10" Log-normal EJb.
LBLOCA 5.0x107! 2.0x10™ Log-normal EJ
RPSF 5.0x10°! 2.0x10" Log-normal EJ
CSDSF 2.0x107 1.0x10™ Log-norma Ref. 4
ECCSF 1.0x107 1.0x10™ Log-normaT EJ
1.0x10° 5.0x10° Ref. 4
RCF Log-normal
1.0x10°? 5.0x10? EJ

® £J = Engineering Judgement.

® This relationship is only valid on Poisson distributed events.
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Normally probabilistic risk assessments assign log-normal
distributions to the individual events contained in event trees. This
arbitrary assignment of distributions stems from the fact that the log-
normal distribution efficiently models events with low probabilities. But,
for unlikely events (such as an earthquake) that occur at a constant rate
and that change the system once the event does occur, a Poisson
distribution is frequently used as the underlying distribution®.

In Table A.1, event RCF is listed as having two parameters.. The
first parameter (1.0x10) models the normal, independent failure of the
containment, while the second parameter (1.0x10%) models the correlated
failure mode of the emergency core cooling system and the reactor
containment.

The event tree sequences were analyzed using a numerical Taylor
series expansion routine to find the mean and standard deviation for each -
sequence outcome. The Taylor series expansion program was written by one
of the authors (Smith) and was verified, both by hand calculations and
textbook problems, before use on this project. Appendix C presents two
samples of the program verification.

Table A.2 Tists the sequence end states expected probability, 95th
percentile probability, and standard deviation. The probability
distribution for each sequence outcome is assumed to be log-normally
distributed due to the multiplication of several events. The expected
probeb111ty and standard deviation were obtained from the Taylor series
expansion program. The 95th percentile valve was calculated using the
obtained expected value and standard deviation and the assumption that the
resulting distribution was log-normal. 4

® The PRA Procedures Guide, USNRC Report NUREG/CR-2300, Jan. 1983,
illustrates calculating the occurrence of earthquakes by using the Poisson
distribution. Other probability and statistics texts and seismic reports
éerlfybthat events such as an- earthquake may be modeled by the Poisson

istribution. -

A-2



Table A.2. Event Tree Sequence End State Results.
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 STANDARD

- DEVIATION. ,
2.3x10°° 2.1x10%?
1.2x10°° 6.6x107
PWR 9 3.9x10* 1.0x10° 9.3x1073
PWR 8 3.9x107 1.0x10° 9.4x10°
PWR 7 8.7x10° 2.6x10™ 1.5x1073
PWR 3 4.4x10° 1.2x10”7 1.0x10°®
PWR 1 4.4x107 1.2x10° 1.0x10°

Table A.2 lists the 95th percentile values for the sequence end state
distribution. The different percentile values (5th, 50th, and 95th) and
error factor (EF) for a log-normal distribution are calculated using the
equations below. Traditionally, the 5th percentile is considered a lower -
bound while the 95th percentile is an upper bound.

1.645(1n[1+ (47/;4)2])”2
EF = e

median = 50th =

' 7
[1+(o/u)21%?
95th = median-+ EF

median
EF

5th =

where
= Jog-normal standard deviation .
¢ = log-normal mean.
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The risk is defined as the probability of an event multiplied by the
release consequence of the event. The risk is then extrapolated over the
estimated remaining lifetime of a typical reactor. Most of the
embrittlement of the RPVSs occur early in the lifetime of a plant. For the
purpose of illustration in this appendix. the analysis assumes that the
plant has a 10 year remaining 1ifetime. The risk from each event sequence
is then summed for the 10 years to get an upperbound total risk.

Table A.3 Tists the whole body dose consequence associated with each
end state category. The consequence data quantifies the WASH-1400 end
states and is taken from NUREG/CR-2800. The consequence for the SPRA and
SF-PSD end state are both assumed to be zero (no additional risk).  The
consequence dose values are not treated as uncertain variables. Rather,
the values are handled as upper bound numbers, which requires the values to
be treated as conservative point estimates.

Table A.3. End State Radioactive Release CQnsequences.

PWR 1 5.4x10°
PWR 3 5.4x108
PWR 7 2.3x10°
PWR 8 7.5x10°
PWR 9 1.2x10?

Table A.4 lists the results of the risk analysis. The énd state
release consequence is multiplied by the end state probability to get an
“end state risk. The risk is then summed and multiplied by the 10-year
duration to get the total additional population risk associated with the
possible RPV support failure due to a SSE or a SBLOCA. ‘
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Table A.4. Risk Analysis Uncertainty Results.

r | IDARD ”ééih“PERCENTILE |
SPRA O/yeér O/year O/year
SF-PSD 0/year 0/year 0/year
PWR 9 0.047/year 1.12/year 0.12 /year
PWR 8 0.029/year 0.71/year 0.077/yeaf
PWR 7 0.20 /year 3.5/year 0.58 /year
PWR 3 0.24 /year 5.4/year 0.65 /year
PWR 1 2.4 /year 54.0 /year 6.4 /year
2 = 2.9 /year 54  /year 8.2 /year

x 10 years 29 540 82

Table A.4 shows the expected risk is 29 persoh—rem for the entire ten
year embrittiement duration. Accounting for the uncertainties in the event
tree analysis gives a 95th percentile risk of 82 person-rem.

Figure A.1 shows the cumulative probability distribution curve for
the base case risk. The base case median risk value can be found by taking
10 to the power of the 0.50-probability-risk-value (since the log scale is
on a base 10). From the graph, the 0.50-probability- risk-value is
approximately -0.8. Thus, the median risk is calculated to be:

Risk

median

= 10°% = 0.16 person-rem/year

or 1.6 person-rem for the ten year embrittlement duration. The difference
between the median and the 95th values illustrates how the uncertainty can
skew the calculated values. But even though the'uncertainty may result in
a wide range of values, the best estimate should be used in décisionméking
due to the conservative nature of the analysis.
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Probability

Log(x), Risk (person-rem/year)

A.1 : Bdsgufmse Risk Cumulative Probability Curve.
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APPENDIX B - GSI-15 Risk Sensitivity Analysis

To judge how sensitive the results of the GSI-15 risk calculations
(benefit evaluation) were to the values used for event tree quantification,
several supplemental cases were evaluated with even more conservative
estimates of failure probabilities. Seven cases were evaluated as
discussed below.

Case 1 Increase the frequency of an SSE by a factor of
ten. For most plants, this will have the same
effect as assuming that a 0.05g earthquake will
have sufficient force to potentially result in RPVS
failure.

Case 2 Increase offsite dose rateé by a factor of 100.
This will show the potential results for a plant
Tocated in an area of high population density.

Case 3 Increase the probabilities of RPVSF and LBLOCA to
1. This will show the maximum uncertainty in the
RPVS failure mechanisms.

Case 4 Increase the probabilities of RPVSF and RPSF to 1
and decrease the probability of LBLOCA to 0. This
will show the maximum uncertainty in the reactor
protection system failure mechanisms.

Case 5 Increase the probability of ECCSF and CSDSF to 1.
This will show the maximum uncertainty involved in
initiating event-induced failure of these safety
systems. '

Case 6 Increase the probabi]itiés of LBLOCA and ECCSF to
1. This will show the maximum uncertainty
involving the dependence of a LBLOCA and ECCS
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failure on RPVS failure. In other words, it
simulates the pressure vessel falling sufficiently
(following RPVS failure) to allow the ECCS
injection Tines to break or become inoperable.

Set the probabilities of RPVSF, LBLOCA, RPSF, CSDSF, and ECCSF
to 1. This allows for a worst case model of complete failure
of the entire reactor protection system with the exception of
the containment. This scenario should be considered to be a
worst case scenario where the RPVSs and RPV supporting piping
are embrittled. Following the initiating event, the subsequent
shifting of the RPV results in failure of all core protection
systems.

Table B.1. shows the risk results for each of the seven cases and the
base case.

The results for each case are given in terms of core melt

frequency and expected offsite dose (person-rem) per year per plant. Also
included in the table are the risks associated with ten, twenty, forty, and
sixty years of cumulative operation in a condition where the RPVSs are
susceptible to failure. '
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Table B.1.

Sensitivity Analysis Results.

Base

8.8x10°

1 6.5x10™ 21 210 420 840 1,300
2 8.8x10° 290 2.900 5,800 12,000 17,000
3 1.8x10™ 10 100 200 400 600
4 3.5x10™ 2.7 27 54 110 160
5 6.6x10™ 26 260 520 1,000 1,600
6 | 8.8x10™ 49 490 980 2,000 2,900
7 1.8x10° 98 980 2,000 3,900 5,900
| 2.9 29 58 120
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Four extreme cases of cost/benefit were calculated from the results
of Table B.1 and the costs from Table 7. The four extreme cases were:

T maximum cost IT maximum cost
minimum benefit maximum benefit

IIT minimum cost minimum cost
" minimum benefit " ‘maximum benefit

For the above case, the minimum benefit was assumed to be 27 person-
rem (Table B.1, case 4, for 10 years), the maximum benefit was assumed to
be 17,400 person-rem (Table B.1, case 2, for 60 years), the minimum cost
was assumed to be $920,000 (Table 7, Option 2, with AOSC but without
replacement power), and the maximum cost was assumed to be $89M (Table 7,
Option 3, with AOSC and replacement power). The results of the four
extreme cost/benefit cases are presented in Table B.2.

Table B.2. Extreme Cost/Benefit Results.

I maximum cost/hinimum beﬁef{t 3,300;000‘
I1 maximum cost/maximum benefit 5,100
111 minimum cost/minimum benefit 34,000
v minimum cost/maximum benefit S X

B-4



DRAFT 2

APPENDIX C - Taylor Series Expansion Program Verification

To assist with the analysis contained in this report, a computer
program (TSE) was used to evaluate the Taylor series expansion expressions.
As a check for the program, several sample problems were entered in the
program to be verified. Also, portions of the analysis in this report were
hand calculated to check the numerical results. The remainder of this
appendix illustrates how the Taylor series calculations are made and two
sample problems are given.

Two equations from the Taylor series expansion arise depending on
whether the resulting variable is calculated by a product or a summation.
For the case of the product z=X,- X, X,- ... X,. the mean and standard

deviation are found by:

mean of Z = pu, = By By g oo By

1/2
n 2
standard deviation of Z = 0, = [E [az ] (GX’)ZI

For the case of the summation, if z = X, +X,+X,+...+X_, the mean and

standard deviation are found by:

mean of Z = u, = P ¥ly Thy * o o o iy

1/2
n

standard deviation of Z = 0, = [E (UX)Z] '
i=1

The TSE program will calculate the mean and standard deviation for
any function that can be entered into the program. The partial derivatives
are numerically calculated within the program, thereby reducing.theé '
analysis time.
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For the first sample problem to verify the TSE program, a problem
from the statistics book Statistical Models in Enginéering® by G. Hahn and
S. Shapiro was evaluated. The problem asks to calculate the electron
current for the circuit given in Figure C.1. The equation to calculate the
current is:

where I = current (amps)
V = voltage (volts)
R = resistance (ohms)

I ——

<
il
~

Figure C.1. Circuit Diagram for Example Problem #1.

® Hahn, G. J. and S. S. Shapiro, Statistical Models ih Engineering,
John Wiley & Sons, Inc., 1967, pp. 230-232. '

C-2




C TDRAFT 2

Each of the parameters in the equation above are statistical
variables. Table C.1 Tists each variable with its mean and standard .
deviation. Hahn and Shapiro gave the answer for the current as a mean of '
26.19 and a standard deviation of 1.616. The TSE program calculates the
mean as 26.1 and the standard deviation as 1.61. Thus, very close
agreement between the two answers is evident.

Table C.1. Variable Parameters for the Circuit Problem.

r
v 120 3.873
R, 10 1
R, 15 1
R, 20 | 1.414

The second example problem is a hand calculation of the PWR 9
sequence for the analysis in this report. The PWR 9 sequence is contained
within both the SSE event tree and the SBLOCA event tree (Figure 1 and
Figure 2, respectively). For the SSE event tree, the PWR 9 sequence can be
written as:

Z, = SSE * RPVSF - LBLOCA - ECCSF * RCF

where the bar over the event denotes the compliment of the event. Before
evaluating this sequence, the event parameters must be known. From
Appendix A, the parameters are shown in Table C.2. It should be pointed
out that the numerically calculated results are shown in this Appendix with
three significant digits for calculational purposes only.
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Table C.2. Variable Parameters for PWR 9 Sequence.

SSE 1.25x10° | 3.5x107
SBLOCA 5.0x10 C 2.2x10°
RPVSF ‘ 5.0x10" 2.0x10
LBLOCA 5.0x10™ 2.0x10
ECCSF 1.0x107 - 1.0x10"

RCF 1.0x10° 5.0x10°

From page C-1, the mean and standard deviation for the equatioh Z
can be calculated as:

Bz, = Hsse ° Hrpvsr ° HPisroca * Hecesr © Hrer

Evaluating the mean results in:

By = (1.25x107%) (0.5) (0.5) (1 - 0.1) (1 - (1.0x1073))
=2.81x10™"

~ Taking the equation for the standard deviation,leach term will be
written out and evaluated separately. Thus, we find:

Z 0z

2
82, A )2
0 LBLOCA LBLoca

az. Y
dSSE (Ogeg)® + [aRPVlSF' ] Oanovsr)® *

3z, Y 3z P |
. [ f ] (O pecor) ? f-[ = ] CERL

0 0RCF
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Evaluating the first term in the equation above yields:

82,

2
[a_S——SE] (05se)® = (Mppyse * HMisroca * Heeesr * Haer) * (Osse)

2

Substituting the appropriate mean values results in:

oz, |’ . i ] o N
[agﬁ]wxa [(0.5) (0.5) (1-0.1) (1-(1.0x10-%))] (3.5x1072)

6.19x10°°

The four remaining terms are:

2

3z,
O0RPVSF

(Ogpvse) 2 = (HBgsg * Brsoca = Mecesr © Hacr) (0 rpvsr) °

[(1.25x10-3)(0.5)(1—0.1)(1—(1.0x10‘3)-)]2(0.2)2
=1.26x10° '

CYA 2
[aLBL(l)CA} (Ororoca) > = (Kgse * Prever * Hocesr © Prer) 2 (Oisroca) 2

[(1.25x107) (0.5) (1-0.1) (1—(1'.0x10-3))]2(o..2)2
1.26x10°

0z 2 ) .
|:6EC£S'F] (obLLbr)z = (_ (/'Lsss " HKgrpvsr © Hisroca Aum:'z-')) (UECCSF)z

[-(1.25%107%) (0.5) (0.5) (1~ (1.0x10))] (0.1)2
9.75x1071°
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9z, \
[aRéF] (Oger) ? = (_ (Hgse * Hppvsr ° Hisoca * Haecose) )2 (Oger) ?

[-(1.25%x107%) (0.5) (0.5) (1-0.1)] (5.0x107%)2
1.98x1072

From the five above terms, the standard deviation of Z, is found by:

) 1/2
(6.19x%1075 + 1.26x10°® + 1.26x10°® + 9.75x10° + 1.98x1072)

Q
&}
H

7.87x1073

Now, the PWR 9 sequence from the SBLOCA event tree will be analyzed
in a similar manner. The PWR 9 sequence for the SBLOCA event tree can be
written as:

. Z, = SBLOCA * RPVSF - LBLOCA - ETCSF *+ RCF

The mean and standard deviation of the SBLOCA PWR 9 sequence are:

Hz, = HKsproca ° HMrevsr ° Hisroca ~ Hzcesr © Hrer

2 2 2
0.2 = __62—2 (o )2 o+ 92, (o )2 + _&_ (o )2
Z 9 SBLOCA SBLOCA ORPVSF RPVSF 0 LBLOCA LaLoca

0z, Y 0z, \
(o] o ]
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Calculating the mean value results in:

Bo, (5.0x107%) (0.5) (0.5) (1-0.1) (1-(1.0x107%))

1.12x10

Calculating the five terms for use in the standard deviation equation
results in:

$2
oz ]
|'—5—S_BL(2)—CA] (OSBLOCA)z =2.45x107°

2

(Oppysp) 2 = 2.02x107°

3z,
0RPVSF

2

(O proca) 2 = 2-02x107°

32,
dLBLOCA

_ 9% 2(a )2 = 1.56x102°
JECCISF| T

0z, ‘
[a 2 } (Opee)? = 3.16x10713
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Therefore, the standard deviation of Z, is found by:

' , 1/2
(2.45%10°5 + 2.02x10"° +.2.02x10° + 1.56x1072° + 3.16x1073)

Q
N
il

4.95x1073

Now, the total PWR 9 sequence probability is calculated by adding the
SSE results to the SBLOCA results: ‘

PWR Sp5pa, = PWR 9455 + PWR 9gpi s

From page C-1, when two variables are added, the mean and standard
deviation can be calculated from:

“PWR BMAL - #PWR BSSE + #PWR BSBMCA

=2.81x10™* + 1.12x10™ = 3.93x10™

= 2 2\1/2
Opwr 9 - ((UPWR sm) + (UPWR 9 )

TOTAL SBLOCA

/2
((7.87x102)2 + (4.95x107)2)
9.30x1072

Table A.2 1ists the calculated sequence end states from the TSE
program. For the total PWR 9 sequence, the calculated mean is 3.9x10™* and
the calculated standard deviation is 9.3x10°. These calculated results
confirm the above hand calculated values.
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APPENDIX B
SHIPPINGPORT VESSEL/SHIELD-TANK FLUENCE CALCULATIONS
. Craig A. Hrabal |
1.0 INTRODUCTION

The Shippingport reactor vessel and neutron shield tank (NST) provided an
independent source of measured data for evaluating ANDTT correlations and
dependencies. The Shippingport NST was fabricated of ASTM A 212 carbon steel.
The same steel specification was used in the HFIR pressure vessel. Both the
Shippingport NST and the HFIR reactor vessel were exposed to a low neutron
flux/high fluence radiation field. Despite this, the initial evaluation of :
the Shippingport materials suggested that the ANDT was much less than observed
in the HFIR tests. Therefore, the principal objective of the study conducte
by the Brookhaven National Laboratory (BNL) and reported here was to provide
accurate estimates of the neutron fluence and spectra for the Shippingport
vessel and NST to aid in the interpretation of materials property test data.
This effort was further motivated by fairly large initial
calculation-to-measurement differences for the fluence, the availability of
newer codes, and improvements in methods relative to those used in the initial
evaluations by the Bettis Laboratory.

The Shippingport reactor vessel and shield tank geometry are shown in
elevation and plan views in Figures 1.1 through 1.4. Note that while the
vessel and ex-vessel geometries remain unchanged, the details of the core
geometry and layout of the internals varied for the three cores, PWR-1, PWR-2,
and the LWBR (Refs. 1-3).

The approath used to ana]yze each of the core configurations (cf. Figures 1.2
- 1.4) will be described in Section 2; the resulting for energy spectra and
fluence distributions at the vessel and selected shield tank locations will be
given in Section 3.

2.0 CALCULATIONAL METHODOLOGY

The calculational methodology for determining the energy spectra and fluence
distributions at the Shippingport reactor pressure vessel and neutron shield
tank consisted of the six basic tasks summarized in Figure 2.1. These tasks .
were performed by BNL. Briefly, the initial task consisted of collecting the
geometry, materials, and power distribution data that describe the three
core-vessel-NST configurations and operating histories. Following that,
one-dimensional multi-group discrete ordinates calculations were performed for
each core to provide initial estimates of the fluence and energy spectra at
locations of interest, as well as few-group, reg1on—dependent cross sections
for subsequent deta11ed two-dimensional analyses. ‘Following the
two-dimensional planar calculations for each core, the three- dimensional
fluence at radial and azimuthal locations of 1nterest was constructed based on
axial factors, and operating power level and history data. The corresponding
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detailed energy dependent spectra were then determined from an auxiliary
series of calculations performed in one-dimensional geometry with a
multi-group library designed for LWR slowing down calculations.

A summary of the above steps in flow-chart format is shown in Figure 2.2.

2.1 ONE-DIMENSIONAL CALCULA%IONS

One dimensional calculations for the core-internals-vessel-NST geometry were
performed with the ANISN discrete ordinates transport code (Ref. 4). An S-8
symmetric quadrature was assumed, and P-3 expansion cross sections from the
BUGLE-80 (Ref. 5) library distributed by RSIC were employed. This library is
based on ENDF/B-IV (Ref. 6), and contains cross section data in 47 neutron and
20 gamma groups. The BUGLE-80 library was selected for the baseline fluence
determinations because it had been developed primarily for pressure vessel
damage fluence calculations; consequently, while it has a relatively fine
energy resolution above approximately 0.1 MeV, the remainder of the energy
range is fairly sparsely covered, with only 2 groups below 0.414 eV. The
primary purpose of the one-dimensional analyses was to generate few group
cross sections for the subsequent two-dimensional calculations which cannot be
performed, as a practical matter, with so many groups. The one-dimensional
models served two other functions: 1) "sensitivity" type analyses to determine
the optimal collapsed few group structure and the spatial mesh, and 2)
determination of the full range energy spectra. As noted earlier, while the
BUGLE-80 library is well suited to the evaluation of high energy neutron
transport in LWR geometries, its treatment of Tower energies (especially
thermal) is crude. Consequently, since one of the primary objectives of the . -
current analyses was to determine the full energy range spectra, a more
appropriate cross section library was required. The MATXS-7, 69 neutron group
Tibrary (Ref. 7), was selected for this purpose. This library contains-42
groups below 4.0 eV, is based on ENDF/B-V (Ref. 8), and was generated by LANL
for EPRI for use in LWR slowing down spectrum codes. Therefore, it is well
suited to the present application. .

The ANISN models for the three Shippingport configurations were used to
collapse the 47 group BUGLE-80 cross sections, by region, to few group
macroscopic cross sections which preserved the essential characteristics of
the greater than 0.1 MeV neutron flux spectra throughout the problem. It was
found that the 18-group structure shown in Table 1 was sufficient for this
purpose.

2.2 TWO-DIMENSTONAL CALCULATIONS

The two-dimensional calculations were performed with the DORT (Ref. 9)
discrete ordinates transport code in (r,0) geometry: an S-8 fully symmetric
quadrature was employed with the 18-group region and core-configuration-
specific cross sections generated by the one-dimensional analyses described
above. As previously noted, an adequate radial mesh for the bulk of the -
problem (which is truly radial in character) was determined from the
one-dimensional calculations. However, in order to determine an adequate
(r,8) spatial mesh to model the rectangular assemblies of the two PWR cores,
or the pseudo-hexagonal LWBR core, the BNL developed MESH code (Ref. 10) was
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employed. This program allocates (r,f) geometry mesh blocks to the
appropriate (x,y) or hexagonal assembly, and creates the spatial and energy-
dependent source used in the fixed source DORT calculations.

2.3 SYNTHESIS OF 3-D FLUENCE

The three-dimensional fluence at specific locations was obtained by combining
the few-group flux results from the three core-dependent DORT calculations
with the appropriate power level, EFPH, and axial peaking factors. This task
was performed by the FLUENCE program which also accounts for the individual
symmetries of the PWR and LWBR configurations. The full energy range fluence
spectra were obtained by scaling the one-dimensional MATXS7 results at the
required radial location such that the flux greater than 1.0 MeV matched that
obtained from the BUGLE-80 based calculation(s).

3.0 RESULTS

The results of the BNL calculations, presented in the following, consisted of
neutron energy spectra, radial and azimuthal fast neutron (E > 1.0 MeV) fluxes
at selected radial and angular sectors and radial zones, respectively, and
core specific and total azimuthal fast neutron fluences at the pressure vessel
and NST locations. The pressure vessel and NST fluxes were determined at the
elevations where flux measurements had been carried out. As noted earlier,
the two-dimensional (r,8) discrete ordinate transport calculations were
carried out using a collapsed 18-energy group cross section set derived from a
47-group BUGLE library. The adequacy of the 18-group set had been
demonstrated by comparing neutron energy spectra in 18 groups and 47 groups in
each of the 18 regions of each Shippingport configuration. Figures 3.1 and
3.2 show the 47- and 18-group spectra, respectively, in the inner blanket
region of the PWR-2 core. The 47-group and 18-group spectra in the pressure
vessel are shown in Figures 3.3 and 3.4, respectively. The (r,8) mesh
representation of one octant in the Shippingport DORT model for the PWR-2
configuration is shown in Figure 3.5. This model consists of 221 radial mesh
intervals and 45 angular mesh intervals. Regions 1 through 5 represent the
core octant. Region "E" represents the pressure vessel.

Eighteen-group radial and azimuthal neutron fluxes were obtained at each (r,0)
mesh point shown in Figure 3.5. Fast neutron (E > 1.0 MeV) fluxes at a
desired (r,8) mesh were obtained by summing over the energy groups above 1.0
MeV at that mesh. Radial flux distributions at 1° (flats), 24° and 45° are

- shown in Figures 3.6 through 3.8, respectively. Azimuthal fast neutron fluxes
are shown at the core edge and at the inner and outer surfaces of the pressure
vessel, in Figures 3.9, 3.10 and 3.11, respectively. The flattening of the
azimuthal fluxes with increasing distance from the core was noted."

Based on Bettis and Duquesne Power accumulated exposure data, the fast neutron
(E > 1.0 MeV) fluence from each individual Shippingport core has been
determined. Using Bettis axial flux distributions, azimuthal fluéences were -
determined at the six elevations at which measured materials data were =~
available: 687.5 ft, 689.0 ft, 690.0 ft, 690.5 ft, 692.5 .ft and 693.0 ft.
Figure 3.12 shows schematically the 689.0, 690.0, and 692.5 ft elevations
relative to the positions of the three Shippingport cores. Figures 3.13
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through 3.15 show the individual azimuthal fluences of the PWR-1, PWR-2 and
LWBR cores as well as the total fluence at the pressure vessel at 689.0 ft.,
690.5 ft., and 692.5 ft., respectively. Similarly, at these elevations, plots
of individual and total azimuthal fluences at the NST are given in Figures
3.16 through 3.18, for the inside surface, and in Figures 3.19 through 3.21,
for the outside surface. ' ' ‘

The results of the full energy (69-group) spectra calculations at the pressure
vessel inner wall and at the NST inside and outside surfaces are presented in
Table 3.1 and shown in Figures 3.22 through 3.24. The results of the neutron
fluence calculations at the pressure vessel inner wall, at the inside and
outside surface of the shield tank inner wall, and at the inside and outside
surface of the shield tank outer wall are presented in Tables 3.2 through 3.6
for the locations where samples were taken. Also, the fluence values in
Tables 3.2 through 3.6 are given in terms of the fast fluence (E>1.0MeV), the
fast fluence (E>0.1MeV), the thermal fluence (E<0.4eV), and the total fluence.
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SYNOPSIS OF WORK TO DETERMINE THE RADIATION EXPOSURE TO VESSEL SUPPORT
STRUCTURES IN THE TROJAN NUCLEAR REACTOR

Prepared by Emmert D. McGarry

National Institute of Standards and Technology
Ionizing Radiation Division
Gaithersburg, Maryland 20899
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Executive Summary:

To determine the neutron environment within the cavity region of the Trojan
Nuclear Power Reactor, Portland, Oregon, during Cycle 13, neutron transport
calculations and ex-vessel ‘cavity dosimetry measurements were completed. The
radiation embrittlement of a critical support structure that had a relative high
degree of stress was of concern. Because the critical point on this beam was
embedded in seven inches of concrete, the method of investigation was by discrete
ordinates transport calculations, first calculated: and checked against
measurements at the locations of the neutron dosimetry in the ex-vessel cavity
near the beam, then calculated for the concrete at the critical stress point of
interest. :

The Engineering Division/RES of the Nuclear Regulatory Commission contracted with
the Oak Ridge National Laboratory (ORNL) and the National Institute of Science
and Technology (NIST) to perform calculations and measurements, respectively, of
the fast neutron exposure to critical pressure vessel support structures at the
Trojan electrical power reactor. The measurements were made by the Westinghouse
Science and Technology Center under contract to NIST. : :

Calculations using ENDF/B VI cross sections gave a fast fluence rate (E > 1 MeV)
at the critical stress point equal to 6.9E+07 neutrons per cm® per second. The
thermal-to-fast ratio at this point was computed to be 46. The DPA rate at the
critical stress point was calculated to be 2.0E-13 displacements per atom per
second. These conclusions are from a NUREG report (Ref. 1).

The calculations were done by Louisiana State University, Nuclear Science Center
under contract to ORNL. A1l calculations are higher than the experimental
results. It is believed that disagreements between measurements and calculations
are due to incorrect, and now unattainable, power distribution information. The
problem is identified in the second paragraph of page 3, Ref. 1. This synopsis
will show that the calculated spectra agree fairly well with measured results but
that there are flux magnitude disagreements, on the order of 40%, at all
Jocations. Since the energy spectra appear to be correct and the calculational
fluences are higher, it is considered conservative, and instructive, to use the
calculated values for the computed DPA at the critical in-concrete position
without attempting to normalize to the measured results.

Dosimetry Measurements:

Ref. 2, Page 3 provides a thorough description and figures of the Trojan Plant
and experimental configuration. For the purpose of explaining Tables A.1 and A.2
in this synopsis, the following explanation of dosimetry Tocations is given.

The dosimeters were sealed (screwed shut) in patented aluminum holders nominally
1.5" x 4.5" x 0.75" thick. The four dosimetry sets were located in the cavity of
the Trojan Reactor at two different radial locations: (1) 5 cm behind the thermal .
insulation that surrounds the pressure vessel at radius=257 cm and (2) two were
attached within cut away sections of an ORNL designed and fabricated stainless
steel pipe that was inserted into the ex-core neutron-detector instrumentation
well. These two dosimetry packages were located vertically above and below the
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midplane of the reactor near to the height of the critical support structure but
not in direct 1ine-of-sight with a polyethylene section that is a part of the
reactor dosimetry instrumentation in that well at radius=321.6 cm. At both.of
these radial locations, the various activation foils, fission foils, and solid
state track recorders (SSTR’s) were at two heights: (1) 20.3 cm below and 121.9
cm above the core midplane. These dosimetry Tocations were named as follows:

Dosimetry Location
Name Radius Azimuth Height (relative to midplane)
A 257 cm 0° +121.9 cm
B 257 cm 0° - 20.3 cm
C 321.6 cm 0° : - +121.9 cm
D 321.6 cm g° - 20.3 cm

Post-irradiation processing and analyses of the radiometric foils and gamma
dosimeters was accomplished using the Waltz Mill (gamma counting) Laboratory of
Westinghouse facilities. The calibrations of the gamma counting facility were
checked against standard neutron field irradiations within one year of the
processing of the radiometric foils. The calibration required that NIST-supplied
radioactive foils be counted for each reaction. The results from the benchmark-
irradiated dosimeters are summarized by observing that specific-activities
reported by the vendor were within 5% of those certified by NIST, which were
based upon irradiation fluences certified to %2.5% multiplied by U fission
spectrum averaged cross sections.

Results:

Table A.1 summarizes the NIST analyses of radiometric and SSTR data measured by
Westinghouse and reported to NIST in Ref. 2. Please note the sources of data
because subsequent paragraphs present a NIST analysis, completed after Ref. 1 and
2 were published, that show the measurements and calculations give essentially
the same energy spectrum but different flux magnitudes.

Table A.1, herein, is Table A.1 from Ref.1. The radiometric reaction rates and
fission rates per nucleus listed in Section 1-A of Table A.2 are from Ref. 2.
In particular, threshold radiometric reactions for capsule locations A, B, C, and
D for ®Cu(n,«=), *Ti, *Fe(n,p), and *Ni(n,p) are given in Table 6 of Ref. 2. The
28 radiometric fission data, corrected for U impurity response, was taken from
Table 7 of Ref. 2. The U and ®Np SSTR data come from Table B-1 of Ref. 2.

Table A.1, herein, is in three sections:

1) Section 1-A is the above mentioned reaction and fission rates.

2) Section 1-B has normalized data for each location (e.g. 