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Abstract

The Yankee Atomic Electric Company has performed
an Integrated Pressurized Thermal Shock (IPTS)-type
evaluation of the Yankee Rowe reactor pressure vessel
in accordance with the PTS Rule (10 CFR 50.61) and
U.S. Regulatory Guide 1.154. Upon receipt of the cor
responding document (YAEC 1735), the Nuclear
Regulatory Commission requested that the Oak Ridge
National Laboratory (ORNL) review the YAEC docu
ment and perform an independent probabilistic fracture-
mechanics analysis. The ORNL review included a de
tailed comparison of the Pacific Northwest Laboratory
(PNL) and the ORNL probabilistic fracture-mechanics
codes (VISA-II and OCA-P, respectively). The review
identified minor errors that were subsequently corrected
and one significant difference in philosophy with regard
to the variation of fracture toughness through the wall.

Also, the two codes have a few dissimilar peripheral
features. Aside from these differences, VISA-II and
OCA-P are very similar. With errors corrected and an
adjustment made for the differences in the treatment of
fracture-toughness distribution through the wall, the
two codes yield essentially the same value of the condi
tional probability of failure.

The ORNL independent evaluation indicated RTndt
values considerably greater than those corresponding to
the PTS-Rule screening criteria and a frequency of fail
ure substantially greater than that corresponding to the
"primary acceptance criterion" in Reg. Guide 1.154.
Time constraints, however, prevented as rigorous a
treatment as the situation deserves. Thus, these results
are very preliminary.
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1 Introduction

In early August 1990, the Nuclear Regulatory Com
mission (NRC) requested1 that Oak Ridge National
Laboratory (ORNL) coordinate and participate in a re
view of a report entitled, ReactorPressure Vessel
Evaluation Reportfor Yankee Nuclear Power Plant,
YAEC No. 1735, July 1990,2 which was prepared by
the Yankee Atomic Electric Company (YAEC). The
review was to cover primarily the pressurized-thermal-
shock (PTS) analysis described in Sect. 6 and the
upper-shelf-energy analysis described in Sect. 3. The
request also indicatedthat IdahoNationalEngineering
Laboratory (INEL) would provide thermal/hydraulic
input, and Pacific Northwest Laboratory (PNL) would
provide inputwith regard to theVISA code,3 which
was used by YAEC for the probabilistic fracture-
mechanics analysis.

The NRC request also specified a completion date of
September 17,1990, a deliverable in the form of a draft
letter report on that date, and a planning meeting on
August 9,1990. This meeting was held as scheduled,
but because of prior commitments and delays in estab
lishing a subcontract and in obtaining necessary infor
mation from YAEC, the completion date for the draft
was eventually changed to November 5,1990. A final
report was to be issued on an unspecified date, and this
publication constitutes the final report.

The team members contributing direcUy to the ORNL-
coordinated effort are indicated below along with their
intended areas of responsibility.

R. D. Cheverton, ORNL: (1) coordination of the
efforts of the 10 reviewers; (2) collection and
transmittal to the NRC (Pat Sears) of all questions
for the utility; (3) contributions to the probabilis
tic fracture-mechanics analysis review, and (4)
preparation of a letter report and transmittal of
same to the NRC by November 5,1990, that con
tains the contributions of each of the 10 reviewers.

T. L. Dickson, ORNL: (1) check input to the fracture-
mechanics analyses; (2) investigate the validity of
the probabilistic fracture-mechanics codes OCA-P4
and VISA-II;3 (3) evaluate appropriateness offlaw
density, flaw-size distribution function, flaw-aspect
ratios, vessel region division, and stress-intensity-
factor influence coefficients used in the Yankee

Rowe VISA-II calculation; and (4) calculate the
conditional probability and frequency of failure for
the Yankee Rowe vessel using OCA-P.

J. G. Merkle, ORNL: (1) evaluation of the methodol
ogy used for including fracture-toughness upper
shelf and (2) consultation on radiation-damage and
fracture mechanics issues.

R. K. Nanstad, ORNL: evaluation of (1) fracture-
toughness curves for unirradiated material, (2) cal
culation of RTNDT.and (3) surveillanceprogram.

D. L. Selby, ORNL: consultation with regard to defi
nition of postulated PTS transients and estimation
of their frequencies.

D. A. Bozarth, SAIC:a evaluation of the methodology
for estimating mean values of the calculated fre
quency of failure.

J. W. Minarick, SAIC: evaluation of completenessof
list of postulated PTS transients and review of
estimated frequencies.

K. A. Williams, SAIC: (1) evaluation of the thermal/
hydraulic mixing analyses for transients involving
stagnation in one or more loops and (2) evaluation
of theappropriateness of RETRAN5 for thepres-
surized-thermal-shock (PTS) transient thermal/
hydraulic analyses.

F. A. Simonen, PNL: (1) comparison of the YAEC
version of VISA-II and PNL's version, (2) evalua
tion of input to the fracture-mechanics analyses,
(3) participation in the comparison of OCA-P and
VISA-II, and (4) evaluation of vesselinspection
program.

L. W. Ward, INEL: (1) evaluation of adequacy of
modeling used for RETRAN analyses, (2) com
parison of RETRAN and version of RELAP-56
used for NRC/ORNL IPTS studies of H. B.
Robinson plant,7 and (3) consultation with regard
to definition of postulated transients.

INEL and specific members of SAIC and ORNL were
included because of their earlier involvement in the de

velopment of the integrated-pressurized-thermal-shock
(IPTS) methodology J

To a large extent the adequacy and accuracy of the
YAEC evaluation were judged on the basis of the
methodology developed as a part of the NRC/ORNL
IPTS study,7 the NRC PTS Rule (10CFR50.61),8 and
theNRC Regulatory Guide 1.154? whichidentifies
acceptable IPTS-evaluation methodologies and a target
maximum permissible value ("primary acceptance cri
terion")of the calculated frequencyof vessel failure
(through-wall-cracking).

Primary sources of information pertaining to the re
view were the YAEC report (YAEC No. 1735);
Regulatory Guide 1.99, Rev. 2 (radiation-damagecorre
lations); Reg. Guide 1.154; 10CFR50.61; radiation-
damage evaluations performed by G. R. Odette

^Science Applications International Corporation.
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(University of California) and A. L. Hiser, Jr. (NRC),
who were not specified as members of the above team;
the Yankee Rowe emergency operating procedures
(EPOs); and Refs. 3,4, and 7.

This report constitutes a compilation of the contribu
tions made by each of the team members (included as

appendices), a summary and discussion of the findings,
and indications of information that is believed neces

sary for a more thorough review. Some of this infor
mation was requested earlier but has not yet been
received.

2 Scope of Review

The scope of the review includes a review of "all"
aspects of the PTS evaluation, upper-shelf-energy con
siderations, low temperature over pressurization
(LTOP), and vessel inspection. The PTS evaluation
includes: (1) postulation of PTS transients and estima
tion of their frequencies of occurrence; (2) thermal/
hydraulic analyses to obtain the downcomer coolant
temperature, primary-system pressure and vessel inner-
surface fluid-film heat transfer coefficient, each as a
function of time in the transient; (3) radiation-induced
increase in the reference nil-ductility transition tempera
ture (RTjsfDT) f°r die vessel plate and weld material
[this requires knowledge of the vessel fast-neutron flu-
ences, operating temperatures and chemistry (Cu and
Ni)]; (4) a probabilistic fracture-mechanics analysis to
determine the conditional probability of vessel failure
for each transient believed to be a significant contribu
tor to the frequency of failure; (5) a summation of the
frequencies of failure for each transient to obtain the
overall frequency of failure; and (6) an uncertainty

analysis, or equivalent, to obtain a "mean" value of the
frequency for comparison with the value corresponding
to the "primary acceptance criterion" in Reg. Guide
1.154. Each of these items was considered in the

review.

The scope of the review also included an independent
calculation by ORNL of the frequency of vessel failure.
For this analysis, best-estimate inputs were used to ob
tain a best estimate of the conditional probability and
frequency of vessel failure. The inputs were best esti
mates in the sense that in ORNL's opinion they rep
resented the most likely values based on all data
available to ORNL at die time of the independent
analysis. This approach is consistent with that used in
the NRC/ORNL IPTSstudies,7 which provided an
NRC-accepted probabilistic methodology for evaluating
PWR pressure vessel integrity. As additional plant-
specific data are obtained, it is likely that the best-
estimates will change also.

PTS Transients and Their Frequencies
(Appendices A and B)

Questions of particular concern with regard to this sub
ject matter are (1) have the actual dominant transients
been postulated, and (2) are the estimated frequencies of
occurrence of the transients that are suspected of being
dominant realistic or at least conservative?

The consensus of the reviewers is that insufficient in

formation was available to make an accurate judgement
with regard to the selection of transients. Even so, if
consideration of a single transient or category of tran
sients indicates an excessively high frequency of fail
ure, than consideration of other transients may not be
necessary. The reviewers followed this line of thinking
in addition to making numerous comments, sugges
tions, and estimates regarding definition of transients
and their frequencies (Appendices A and B).
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The YAEC report identifies a small-break LOCA
(SBLOCA-7) as the dominant transient and assigns a
frequency of occurrence to this transient of ~5 x
10-4/yr. As indicated in Appendix A, the reviewers
suggest a more realistic value of 1 - 2 x 10"3, which
is considered to be a mean value. If other LOCAs are

included to account for their contribution in a conserva

tive manner, assuming that SBLOCA-7 represents the
most severe of the LOCAs, the effective frequency is
increased to ~4 x 103.



PTS Transient Thermai/Hydraulics
(Appendices A and B)

Thequestion of particular concern regarding theYAEC
thermal/hydraulic analysis is whether the PTS transient
described by the calculated primary-systempressure,
downcomer coolant temperature, and vessel inner-
surface heat-transfer coefficient is likely to be more
severe than indicated. The reviewers believe that the
transient described in the Yankee report is a best esti
mate, but the actual transient is much more likely to

be more severe than less severe. With regard to tem
peratureand pressure, the severity of the transientis
more likely to be greater than less. The heat-transfer
coefficient, on the other hand, is more likely to be less,
and this would tend to reduce the severity; however,
based on sensitivity studies in Ref. 7, it is believed
that the reduction attributed to the heat-transfer coeffi
cient would not be significant.
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Radiation Effects

(Appendix C)

5.1 Increase in RTNDT

There are two values of RTndT °f particular interest
with regard to 10CFR50.61 and Reg. Guide 1.154.
For 10CFR50.61, a + 2a (two standard deviations)
value is needed for comparison with the PTS screening
criteria. For Reg. Guide 1.154, a mean value and a dis
tribution are needed for use in a probabilistic fracture-
mechanics analysis.

ORNL and YAEC estimates for 10CFR50.61 +2a

values, minus the 2a, are given in Table C.2 of
Appendix C for 1990. Assuming 2a = 60°F, it is
apparent that all values exceed the screening criteria,
which are 270°F for axial flaws and 300°F for circum

ferential flaws. As required by Reg. Guide 1.99,
Rev. 2, the copper concentration in the welds was
assumed to be 0.35 wt% because measurements are not

available. Based on the BR-3 weld chemical-composi
tion data, the concentration of nickel was assumed to be
0.7 wt%.a

"Best estimate" values of RTndt for the upper axial
weld were obtained using Reg. Guide 1.99, Rev. 2,
with an addition of 44°F in the ORNL analyses to
account for a lower irradiation temperature. {Reg.
Guide1.99, Rev. 2, is based on an irradiation tempera
ture of 550°F, while the irradiation temperature for the
Yankee vessel is -506°F. The lower temperature re
sults in a greater damage rate, everything else being
equal.) As indicated in Appendix C, an irradiation-
temperature correction factor of 1°F/1°F is believed to
be an appropriate best estimate for the materials, flu-
ences, and temperatures of interest.

Appendices C and D indicate that in the absence of
specific data for the Yankee welds the best estimate of
the Cu concentration in the welds is 0.29 wt%, and
that la = 0.07 wt%. Based on the BR-3" data, the
best estimate of the Ni concentration is 0.7 wt%.

Appendix D also indicates that the best-estimate fast-
neutron fluence for the inner surface of the upper axial
weld is 1.24x 1019n/cm2. This fluence, with an

aTheBR-3 and Yankee Rowe reactor pressure vessels were
fabricated by the same manufacturer, at the same time, and with
similar materials.
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appropriate attenuation formula and the above chem
istry, were used in the above scheme to calculate the
increase in RTndt caused by radiation damage
(ARTndt) in die ORNL probabilistic fracture-
mechanics analysis of Yankee Rowe (Appendix D).
(Since the time that these calculations were performed,
an updated set of fluences became available but were
not included herein. The most recent values are

slighdy less than those used in this study.)

5.2 Decrease in the Upper-Shelf
Energy

There are two specific concerns with regard to upper-
shelf energy. One is whether the vessel satisfies the
low-upper-shelf analysis for Levels A, B, and C load
ing conditions in accordance with criteria recommended
by the ASME Section XI Working Group on Flaw
Evaluation. The other pertains to the selection of
upper-shelf fracture toughness values for the probabilis
tic fracture-mechanics analysis.

Time did not permit a review of the calculated stress-
intensity-factor (Kj) values corresponding to load levels
A, B, and C; however, the J-R curves used for compar
ison with the Ki values were reviewed. As indicated in
Appendix C, ORNL believes there is adequate margin
for each of the loading levels, assuming, of course, that
the Kj values are correct

An appropriate upper-shelf fracture-toughness value for
use in the probabilistic fracture-mechanics analysis was

estimated by ORNL to be -140 ksiVin. for the upper
axial weld (Appendix Q. The YAEC report used a

value of 200 ksiVin. , which was also used for the
ORNL UTS studies.7 ORNL sensitivity studies
associated with this review indicate that the effect on
the conditional probability of vessel failure [P(FE)] of

thedifference between 140 and 200 ksiVin. is
insignificant



6 PTS Fracture Mechanics
(Appendices D and E)

6.1 Comparison of the PNL and
YAEC Versions of VISA-II
(Appendix E)

Four categories of differencescan be considered:
methodology, details, input,and errors. Formaldocu
mentation of the Yankee Rowe version of the code was
notavailable forreview, andthis prevented a compre
hensive comparison of basic methodology. Aphone
conversation, however, revealed no differences in basic
methodology, although there were three differences in
detail: the YAECversion included (1) residual stresses
in the welds, (2) a more accurate representation ofReg.
Guide 1.99, Rev. 2, and (3) a somewhatdifferentset
of Ki values corresponding topressure loading.

With regard to Ki calculations, it is not clear whether
the Ki influence coefficients in the YAEC version cor
respond to R/W = 7 (appropriate for Yankee) or R/w=
10(builtinto thePNL version of VISA-II). A com
parison in AppendixE indicatesthat this difference
would not affect initiation and arrest of shallow flaws
(a/w< 0.5),which are theones of primary concern.

The input parametersfor the Yankeecalculationswere
reviewed item by item forconsistency with Reg. Guide
1.154 andPNL's recommendations forapplication of
VISA-II.3 While several details ofthe Yankee inputs
differedfrom thoseused in prior NRC studies,sensi
tivity calculations indicate that these differences should
nothave a major impact oncalculated failure probabil
ities. Of course, inputs for pressures, temperatures,
and radiation-induced embrittiement dohave very sig
nificant impacts. These inputsare discussedin
Appendix D.

The ORNL review of the PNL version of VISA-n re
vealed three errors, and it is assumed that these errors
also existed in the YAEC version of VISA-II. These
errors are discussed further in Sect. 6.2.

6.2 Comparison of OCA-P and
the PNL Version of VISA-II

Prior to this review, the VISA-II and OCA-P codes had
not been reviewed in detail since 1984. Because both
codesare being usedby utilities and others for evaluat
ing vesselintegrity, andespecially because VISA-II is
being used in connection with the Yankeelife-exten
sion studies, it was prudent at this time to carefully

"Ratio of vessel radius to wall thickness.

review both codes andcompare oneagainst theother.
This effort was intended as a further evaluation of the
validity of both codes.

Reviews ofboth codes were performed byflow-chart
ing, down toa fine level ofdetail, theprobabilis-tic
methodologies, andbymaking comparison calcula
tions forwall temperatures, stresses, and Ki values.
Thetemperature andstress comparisons, which in
volved comparison with independent, validated, com
mercial codes, indicated that the VISA-II and OCA-P
subroutines are valid.

OCA-P and VISA-II both use influence-coefficient and
superposition techniques forcalculating Ki values, but
thedetails aredifferent The OCA-P procedure is more
accurate, but thedifferences normally arenot signifi
cant and are believednot to be significant for the
Yankeeanalysisperformedthus far.

The detailed comparison of the two codes, by means of
flow charting, revealed threeerrors in VISA-II, twoof
which were almost trivial but one of which results in
an excessive number of stable arrests and thus in an
underestimate of P(FIE). These errors have been cor
rected in thePNL version butpresumably were notcor
rected in theYAEC version. Onecomparison calcula
tion (Appendix D)indicates that correcting theerrors
increases P(FIE) bya factor of-10, butfor thespecific
Yankee analysis, the difference is believed to be less.

Aftertheabovecorrections weremade to VISA-II,
OCA-P and VISA-n were compared byusing both to
calculate the"Rancho Seco"transient (Fig. D.l,
Appendix D) withR/w = 10. "AH" inputwas the
same, andonly oneregion of thevessel, containing a
single flaw, was considered. Thetemperature andstress
distributions agreed very well, and the Kj. values agreed
reasonably well, particularly for a/W < 0.5. The
number of initial initiations agreed within 12%, and
the values of P(FIE) were within 3%. The number of
arrestsfor OCA-Pwere three timesgreaterthan for
VISA-II, because of thedifference in Kj values for
a/w > 0.5, but were a factor of -10 less than the
number of initiations, in which case the difference in
arrests has very liule effect on P(FE). Thus, the
tentative conclusion is that OCA-P and the corrected
PNL version of VISA-II agree well, andboth appear
validwithrespectto what theywereintended todo. It
is importantto remember, however,that there are
choices to bemade in important input/modeling
parameters thatcan resultin significandy different
values ofP(FIE). Flaw density, itsuncertainty, and

"Crack depth/wall thickness.
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surface length of flaw at arrest are three of the more im
portant choices.

6.3 ORNL OCA-P Analysis of
Yankee Rowe (Appendix D)

The ORNL OCA-P analysis of Yankee Rowe used the
neutron fluences that correspond to 1990 and the
region definitions and volumes given in Ref. 10.
P(FIE) wascalculated for theupper axial weld only, and
theCu and Ni concentrations for thisregion(Cu=
0.29, la = 0.07; Ni = 0.7) were best-estimate values
taken from Ref. 11. Thenumber of flaws correspond
ing to a mean value of P(FIE) wasessentially thesame
as that used in the YAEC analysis (one flaw in the
region). A uniform tensile stress of 6 ksi was included
to simulate a residual stress, and the transient calculated
was the SBLOCA-7 transient described in Ref. 2.
With referenceto Fig. D.9 (Appendix D),

P(FIE) (base case)" = 5.0 x 10-4,and

P(FIE) (w/repressurization)fc = 1.2x 10-3.

'Upper axial weld only, noresidual stress, 1flawAn3,
10 repressurization.

'Upper axial weld only, no residual stress, 1flaw/m3,
:pressurization to 1550 psi at 20 mini.

njREG/CR-5799

Again withreference to Fig. D.9 (Appendix D), these
valuesshouldbe increasedby a factorof -1.7 to in
clude the residual stress. To convert these values from
"bestestimates" to mean values, theymustbe multi
plied by 45, the ratio of mean to best-estimate flaw
density given in Ref. 7. The best-estimate flaw
density is 1flaw/m3 (Ref. 7), and a flaw density of
45 flaws/m3 corresponds to ~1 flaw in theYankee ves
sel upper weld. [If there were more than 1 flaw in the
region calculated, OCA-P might overestimate P(F1E)
becauseof double counting.]

If thesame flaw density isassumed forall regions of
the vessel,and if an approximatecorrection is made for
double counting, thecontribution toP(FE) of regions
other than the upper axial weld will at least double the
value obtained for the latter region.

Applying all of the abovefactors yields
P(FIE) (mean, w/o repressurization)>5.0x
10-4 x 1.7 x 45x2 = 8 x 10-2

P(FIE) (mean, w/repressurization) >1.2 x 10-3 x
1.7x45x 2 = 2x 10-1 .



ORNL Estimation of Frequency of
Failure for Yankee Rowe

Thefrequency of failure of thevessel is calculated as
follows:

<p(F) = I[mi(l)nPi.(B)]Pi(FlE),

where

cp(F) = total frequency offailure (failures/teactor yr),
<p.(T) =initiator frequency for r*transient,

Pjj(B) =branch probability for j*branch, i*
transient, and

(pi(E) =(pi(I)IlPij(B) =frequency ofthe PTS
transient (event).

For the SBLOCA-7 transient,<p(E) = <p(r) - 2 x
10"3/yr, or 4 x lf>3 if thetransient conservatively

bounds all other similar LOCAs. As indicated in
Appendix A, both values are considered to be reason
able mean values.

Using the lower of the two,

(p(F) (SBLOCA-7) > 2 x 10"3 x 8 x 10"2 =
2 x 10-4/yr.

With repressurization as describedabove,

(p(F)(SBLOCA-7R) > 2 x 10-3 x 2 x 10-1 =
4 x 10-4/yr.

These valuesare substantially greater than the valueof
5x 10"6 failures/yr referred to in Reg. Guide 1.154 as
the "primary acceptance criterion" for the PTS mean
frequency of vessel failure.

8 Conclusions

Values ofRTndt calculated for Yankee Rowe in
accordancewith the rules in 10CFR50.61 for compari
son with the PTS-Rule screeningcriteria are substan
tially greater than the screening criteriavalues.

The PNL version of VISA-II and the OCA-P proba
bilistic fracture-mechanics codes, which are referenced
inReg. Guide 1.154, are in good agreement and are
validfor their intended purpose. (During thisreview,
an error was found in VISA-II that has subsequendy
been corrected. The above statementpertains to the
corrected version.)

The 1990 mean frequency offailure calculated by
ORNL fortheYankee Rowe vessel is >2x 10-4/yr and
thusexceedsthe valuecorresponding to the "primary
acceptance criterion" inRegula-tory Guide 1.154 (5 x
10-6/reactor yr). Asstated in theReg. Guide, however,
this does not necessarilymean that the vessel is unsafe
to operate.

Thereare manyunanswered questions regarding details
of the YAEC IPTS-type7 evaluation of vessel integ
rity. It seerm unlikely, however, that answers will
substantiallyalter the above estimated values of (p(F).
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Appendix A.l

Review of Statistical Issues in Pressurized Thermal Shock
Evaluation Report YAEC 1735

D. P. Bozarth

SAIC
708 S. Illinois Ave.

Oak Ridge, TN 37830

Summary

The followingcommentsare thoseconcerns raised
by statistical issues within the subject report. It is
recognizedthat not all of the comments contained
herein are of critical importanceto the overall conclu
sions reached in the submittal. However, it is this re
viewer's position that statistical treatment of engineer
ing data shouldalwaysbe in accordance withaccepted
statistical methods.

Overall, the methodology used in the report is an
applicable approach to the evaluation of PTS risk.
However, several major limitations prevent the report
fromprovidingthe necessary basis to makea final de
termination on the validity of the conclusions drawn
therein. Principal among these is simplya lack of
sufficientdetail throughoutfrom which an independent
peer review can be accomplished. Examplesare the
lack of supportingdata for correlations;justification
for assumptions, such as distributionsfor fracture me
chanics input parametersand the lack of sufficientde
scription of the flaw density distribution chosen.
These shortcomings are more specifically enumerated
in the individual comments that follow.

A further major lacking with respect to the NRC Reg.
Guide 1.154 is any discussionwhatsoeverof an effect
of uncertainties in data and engineering calculations on
the final results, nor any data on the sensitivity of the
vessel failure probabilities to these parameters. These
two areas are specifically enumerated as being required
to be addressed in the Reg. Guide. Further discussion
of this point is also made in an individual comment.

Comments

1. Pp. 3-7 and Fig. 3-5- Jj.cCorrelation with Cv

Data for both transverse fT-L) and longitudinal
(L-T) welds are plotted and fit with a linear regres
sion line vs. Cv in Fig. 3-5. However, the data
points are not identifiedas to which are T-L and
which are L-T. Consequendy, it is not possible to
judge whether a single regression line is appropriate
for both sets of data.

From the fact that the lower "two sigma" limit
curve shown is a straight line parallel to the fitted
line, it is clear that standard regression techniques
were not used to estimate the lower confidence
limit for a prediction from the regression line.
This is clear since the confidence interval for a lin
earregression isquadratic.1

The data from this figure were estimated and a re
gression line and lower 95% confidence level were
estimated. The regression line is quite similar to
that provided in the figure, indicating that the data
were read from the figure accurately. The lower
confidence interval obtained from the regression at
35and 57 ft-lbs are -90 and200 in.-lb/in.2, respec
tively. These values are 40% and 20% lower than
the values used.

While it appears that this analysis is not of major
significance to the overall PTS evaluation, the use
of proper statistical methodology throughout an
analysis is important.

2. Pp. 5-21, Fig. 5-9 and Appendix B. Arrhenius
Relation

Data for the correlation that are stated to be in

AppendixB are not provided. AppendixB refer
ences Sect. 5.4.2 instead of 5.3.2. It is not clear

what the purpose of the correlation is. If it is to
show equivalences of slopes, then the resulting re
gression slopes and estimated variances in slopes
should be reported.

3. Pp. 6-57. Small LOCA Initiating Event
Frequency

Insufficient discussion of the Bayesian update pro
cedure used to estimate the SBLOCA event fre

quency is presented to allow for adequate review.
While the reduction in frequency owing to the up
date is not really numerically significant (20%), the
actual prior distribution used and the update tech
nique should be sufficiendy described.

This comment addresses only the lack of informa
tion for the methodology used for this estimate.
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Other comments will address the applicability of
the data base used to estimate the actual initiating
event frequency.

4. Pp. 6-58. Initiating Event Frequencies

Calculation of mean frequencies from the assumed
lognormaldistributions is correctiy done although
the mean/median ratio for the error factor of 30 is
higher than necessary. This reviewercalculated that
correction to be 8.48 rather than 9.06. However,
the use of the geometric and/or arithmetic mean
presented in many places is not clear. It appears
that the mean from the assumed distribution should
be used. Clarification of this point is needed.

5. Pp-6-208. Kic and Kia Curves

Discussion of the applicability of these data to the
Yankee vessel and the uncertainties inherent in uti
lizing the "mean" values is required.

6. Pp. 6-208. Flaw Density Distribution

The initial number of flaws in a region of interest
direcdy influences the probabilityof vessel failure
by introducing initiation sites for crack propaga
tion. The initial flaw density in the YNPS analy
sis is stated to be 1 flaw/m3, and it is also stated
that the number of flaws in the total irradiated weld
and plate material is five. This obviously implies
a total irradiated material volume of 5 nw. The
analysis then assumes that one flaw exists in each
of the (coincidentally) five vessel regions. The
second assumption implies that the volume of each
region is one cubic meter. Irradiated volumes for
each of the five regions are not provided in the re
port but they have been obtained through MMES/2
The volumes for the regions and the effective flaw
density based on the assignment of one flaw per
region are as follows:

Volume

info

3.51

1.30

0.085

0.018

0.0068

Region

Upper Plate
Lower Plate

Circum. Weld

Upper Axial Weld
Lower Axial Weld

Effective Flaw

Density (l/region)

0.28

0.77

11.8
55.6

147.0

The widelydifferingvolumescause a markedbias
in the relative importance of the various regions to
the overall probabilityof vessel failure. An overall
unbiased estimate of total vessel failure probability
is not possible since conditional probabilities for
all regionsare notprovided. However, it is clear
that the probability for failure conditional on a

aR. D. Cheverton, Oak Ridge National Laboratory, personal
communication.
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single flaw must be at least two orders of magni
tude less than that of the axial welds for their con

tributions to the total vessel failure probability to
be equivalent.

The H. B. Robinson analysis utilized the initial
flaw-density distribution also quoted as the basis for
the YNPS submittal. The interpretation of that
reference is significandy different between the two
analyses, however. The H. B. Robinson interpreta
tion was mat the value of one flaw per cubic meter
is the most probable value for the flaw density and
that the actual flaw density could be much larger (or
smaller) than this. For this reason, a right-
truncatedlognormaldistributionwas used therein
to describe the initial flaw density. The mean
(average) flaw density under that model was
~46/m-3. The particular form of the distribution
chosen was not intended to be the only possible in
terpretation. However, it was intendedall available
information applicable to a particular vessel be
carefully considered in specifying a justifiable flaw
density. In view of the essentially linear nature of
the vessel failure probability on the initial flaw
density, the discrepancy in the stated assumptions
and a justification for the limiting flaw density dis
tribution used should be provided. In particular,
since from Tables 6.7-5 and 6.7-8 it appears that
only die lower plate was considered in the vessel
failure probability, demonstration that the other
areas are not significant is necessary.

7. Pp. 6-209. Normal Distributions

The truncation of fluence values in the fracture
mechanics simulations at the one sigma values
seems unjustified. Other truncations for material
properties are at least threestandarddeviations such
that the effect of the truncation is not significant.

8. Pp. 6-209. Results of Analysis

The net result of the analysis is presented as being
representativeof a "mean value" estimate.This es
timate may be more accurately classified as a mean
conditional on the particular values of the ther
mal-hydraulic boundaryconditionsand particular
input distributions used in the fracturemechanics
calculations. The estimation of these parameters is
consequendy of importance. In the H. B.
Robinson analysis and reflected in Reg. Guide
1.154 it was recognized that uncertaintyis inherent
in die estimates of the parameters owing to limita
tions in available data and calculational techniques
as well as the effects of other necessary engineering
approximations (such as binning of thermal hy
draulic transients, for example). The technique rec
ommended therein is an uncertaintyanalysis of the
effect of the significantparameterson the estima
tion of the overall frequency of failure. This was
accomplished for the H. B. Robinson analysis by
use of a Monte Carlo simulation, and the technique
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is recommended in Reg. Guide 1.154 for several
reasons; most significantof which are the complex
ity of the analysisand die extremenonlinearity of
the fracture mechanics model results to variations
in input values.

Estimation of system performancefor nonlinear
problems is known to be biasedby exclusion of the
nonlinear terms.2 In small systems, systems in
which the nonlinearity is not extreme, or, if the
uncertainties in parameters are small, the effectof
the nonlinearitiesmay be negligible. For a PTS
analysis, noneof theaboveconditions are met. In
the H. B. Robinsonanalysis, the net effect was to
raise the estimate of the mean by a factor of -250

owing to this effect and the inclusion of the pre
viously mentioned mean flaw density of45 m-3.
The inclusion of uncertainties for estimates of the
means of the significant fracture mechanics vari
ables, neutron fluence, and thermal hydraulic
boundingconditionscontributeda factor of roughly
five out of that total for the distributions used
therein. A smaller factor is due to the combination
of eventtreesequence frequencies andbranch proba
bilities,but the majoreffect is due to the nonlinear
ity of the fracturemechanics results. Justification
for not includinguncertainties in these significant
parameters for this analysis is necessary or anesti
mation of this effect on the presented results is
required.
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Appendix A.2

Thermal-Hydraulic Behavior in Small-Break LOCAs of
Significance to Pressurized Thermal Shock (PTS)

with Consideration of the Yankee Rowe
Nuclear Power Station

SAIC Report No. 91-6501 (Final)

Executive Summary

General consideration has been given to small-break
LOCA thermal-hydraulics of significance to PTS, with
emphasis on the potential to proceed to stagnationof
primary loop natural circulation flow. Injectionof cold
(~120°F) safety makeup water into a "stagnant"down-
comer region will produce a rapid, perhaps severe, cool
ing of the pressure vessel wall. An independent ana
lytical procedure was developed to quantify the transient
thermal response of the downcomer mixed-mean fluid
temperatureand wall heat transfer in a manner similar
todie REMIX code. Calculations specific to the
Yankee Nuclear Power Station plant were performed to
evaluate the YAEC submittal using the REMIX code.
The following conclusions and recommendationscan
be made based upon the present independentPTS
thermal-hydraulic evaluations.

• Small-break (1-1/2 to 3 in.) LOCA transients
should be expected to proceed to primary coolant
flow stagnation. YAEC has correctly considered
such a limiting scenario for the Yankee plant. A
flow stagnation scenario should be considered for all
PTS evaluations, including the H. B. Robinson and
Calvert Cliffs plants; it appears that this may not
have been adequately addressed for these plants.

• Analyses conducted with the present independent
methodology and a review of the REMIX code
manual indicates that REMIX has been applied by
YAEC as die code developers intended. The current
analysis is in excellent agreement with the YAEC
REMIX calculation. It was concluded that this

transient should be considered as a best-estimate

result owing to the extensive REMIX assessment
basis. However, it was also concluded that any sig
nificantly less severe cooldown is unlikely for mis
scenario with primary loop flow stagnation. Thus,
the REMIX mixed-mean downcomer fluid tempera
ture is an upper-bound but represents the best-
estimate for expected behavior. While the report
YAEC-1735 did not provide complete thermal-
hydraulicdetails, these have subsequendy been pro
vided by letter to the USNRC and considered in the
present evaluations in this final report (but not in
previous draft versions).

• Yankee plant-specific design features could be
important to the fluid mixing process, especially to
the fluid behavior adjacent to die pressure vessel
wall. The appropriateness of REMIX assumptions
for the YNPS geometry may need to be further con
sidered.

Preface

This report was previously distributed twice in draft
form, including Rev. 1. These two versions considered
only the limited information contained in the report
YAEC-1735 on the SBLOCA thermal-hydraulics. In
June and July 1991, Yankee Atomic provided complete
details of their REMIX evaluation (included as Attach
ments A and B of this report). The new YAEC infor
mation pertained to primary coolant system geometry,
initial plant conditions at flow stagnation, boundary

conditions on safety injection flow, and REMIX details
such as downcomer mixed-mean fluid temperature.

This new information necessitated re-analysis by SAIC
as well as minor modifications of the conclusions and

recommendations. This FINAL version is being pro
vided after consideration of this complete information.
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1 Introduction and Background

Extensive safety assessment research, both experimen
tal and analytical, was conducted during the past decade
on the pressurized thermal shock (PTS) issue. This
work resulted in rule making, 10CFR50.61, "Fracture
toughness requirements for protection against pressur
ized thermal shock." The U.S. Nuclear Regulatory
Commission (NRC) has received a submittal under this
rule for the Yankee Nuclear Power Station (YNPS),
"Pressure Vessel Evaluation Report," Yankee Atomic
Electric Company (YAEC) Report No. 1735, July
1990.1 Their evaluation considered the individual
"PTS risk" from a spectrum of hypothetical accident
initiators and concluded that the dominant event is a

small-break loss-of-coolant accident (SBLOCA)
(~l-l/2-in. diameter break). The SBLOCA sequence
being risk significant is in agreement with conclusions
for the NRC's assessment of similar "baseline plants,"
H. B. Robinson and Calvert Cliffs, which previously
underwent significant evaluation. SBLOCAs tend to
be risk dominant because of the potential for severe
(rapid) temperature cooldown of vessel materials while
at significant pressure. This situation occurs due to the

fact that for a range of small (~ 1 to 3 in.) breaks, pri
mary coolant loop flow stagnation can occur at signifi
cant pressure (~ 800 psi) accompanied by an extended
period of safety injection (SI) of cold (~ 120°F) water
into the downcomer region. The YAEC predicted
downcomer pressure and fluid temperature are shown by
Figs. A.l and A.2, respectively. The downcomer
cooldown rate (0.4 to 1.3°F/s) for Yankee is signifi
cantly greater than that considered "prototypical" from
the H. B. Robinson and Calvert Cliffs baseline PTS

studies.2-3 This largecooldown rate, in concertwith
YNPS materials and neutron fluence, has raised con
cerns over a large through-the-wall-crack probability
for this SBLOCA scenario. There is additional con

cern over the specific YNPS temperature history of
Fig. A.2, arising due to the calculated dichotomy in
downcomer cooling rates before and after 200 s-reduc-
tion in cooldown by a factor of three. The transient re
sults of these figures required a switch from the system
simulation (RETRAN) to the loop-downcomer empiri
cal model (REMIX) at 150 s.

2 Scope and Objectives

In order to independently evaluate the calculated behav
ior in the YNPS, as well as to qualitatively consider
differences between H.B. Robinson and Calvert Cliffs

behavior from Yankee, the present work has been per
formed; initial consideration was provided in "Review
of YAEC-1735, Reactor Pressure Vessel Evaluation
Report."4 The scope of the present work is to provide
a qualitative description of SBLOCA the '
hydraulics behavior including controlling phenomena
and then to provide quantitative comparisons on
cooldown potential in YNPS relative to the earlier
baseline plant studies. This work draws from insights
gained from previous evaluations2-3-5-9 as wellas per
forms new, independent calculations for YNPS to help
explain plant-specific behavior and to clarify expected
deviation from those earlier studies.

The overall objectives are to provide a narrative describ
ing generic thermal-hydraulic behavior in SBLOCAs of
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PTS significance and then to provide "audit calcula
tions" for Yankee as well as comparisons with H. B.
Robinson and Calvert Cliffs. There are three specific
objectives addressed in the following sections. First, to
provide a narrative of qualitative thermal-hydraulic tran
sient behavior leading to flow stagnation and to identify
plant-specific parameters pertinent to cooldown behav
ior. Second, to quantify the cooldown potential of
Yankee relative to H. B. Robinson and Calvert Cliffs,
including a formulation of bounding downcomer cool
down behavior. Third, to evaluate the Yankee behavior
during the stagnant loop flow regime when fluid-fluid
mixing dominates the thermal response. It is the intent
of the author to provide a review useful to those with
limited thermal-hydraulics background to help them
comprehend generic plant response and to provide plant-
specific perspectives to aid in evaluation of this first
"PTS plant submittal" to the NRC.

A.8



Generic Thermal-Hydraulic Behavior in SBLOCA and
Controlling Phenomena

Extensive reactor systems analyses with modern
thermal-hydraulic computer codes, TRAC3 and
RELAP5,8 have identified small-break LOCAs as im
portantscenarios with respect to pressurized thermal
shock.2-3 These thermal-hydraulic analyses revealed
that there may be special concern for SBLOCAswhich
result in stagnationof the primary coolant flow while
at significant pressure. Sucha scenario couldresultin
severe overcoolingand pressurizedtransientsowing to
sustainedperiodsof cold (120°F) safetyinjection water
into downcomer water that has been isolated from core
and steam generator(reverse) heat sources. The fol
lowingnarrative presentsa description for "generic"
SBLOCA transients with particular attention on con
trolling phenomena. This is intended to provide the
reader with a qualitative "picture" of transientthermal-
hydraulic behavior in such a risk-dominant PTS
scenario.

Pressurized water reactorsare designed to ensure that
core heat removal capability is maintained in the event
that pumping capacity is lost, that is, to ensure natural
circulation of the primary coolant Driving forces that
sustain the natural circulation are differential pressure
"heads" arising from the cooling of water in steam gen
erators located above hotter water in the core. The den
sitydifferences andelevation changes candrive a signif
icant flow of primary coolant water. In consideration
of PTS scenarios, this natural circulation has a two
fold beneficial effect on mitigating the overcooling
transient. First, the circulating water maintains the
vessel wall with heat from the core as well as "reverse"
heat transfer from the steam generator secondaries. The
second effect is to promote mixing of the cold safety
injection water with the entire primary system water
mass. Thus, natural circulation can greatiy mitigate
overcooling. If natural circulation is interrupted, the
stagnate configuration losesthesetwobeneficial effects
and significantly more severe overcooling will result.

An interruptionof natural circulation will occur if there
is a "break" in coolant fluid stream continuity, i.e., a
void region forms and interrupts the siphon effect. It is
possible for a "void" (steam)to form after the blow-
down from a small-break LOCA; this void normally
accumulates in the highest region of the system, for
example, the U-tubesof the steamgenerators. The
primary coolantcirculation will remain stagnated,
thereby setting the stagefor an overcooling transient
unless this steam void is collapsed by condensationor
system repressurization.

For a SBLOCAscenario to be of extremePTS signifi
cance then, there must be both a flow stagnation and a
significant primary system pressure. If diebreak size
is small, the system will remain pressurized, but steam
voiding will not occur and neither will flow stagnation.

If die break size is large, flow stagnation will occur but
be accompanied by depressurization to low pressure.
Thus, there is a spectrum of break sizes with a lower
and upper limit that may be expected to envelope
SBLOCAs of special PTS significance. A simple pro
cedure has been developed by this author and Professor
Theofanous7 to determine the minimum break size that
can produce primary loopflow stagnation on a plant-
specific basis. This "mapping" is possible after realiz
ing that interruptionof natural circulationoccurs due to
a breakin the primary circuit's liquidcontinuity. This
will occur if the primary system sustains a loss of
liquidarisingfromthe breakflow exceeding the water
inflow from the safety injectionpumps. Since both of
theseboundary flows depend on primary pressure, addi
tional consideration must be given to the transient
thermal-hydraulic behaviorfor die small-break LOCA.

An overall description is now presented for the system
transientthermal-hydraulic responsefor a SBLOCA
with a break size that leads to stagnation while at sig
nificantpressure. The scenarioof particularsignifi
cance for PTS is an accident initiation while the plant
is at so-called "hot zero power" with a break size of
typically 1-1/2- to 3-in. diameter. The primary system
pressure willtypically fallrapidly but thenstabilize for
an extended period; the behaviorfor Yankeeshownin
Fig. A.l is a typical response. This shows the ex
pected SBLOCA "pressure signature"; an initial pres
sure of over 2000 psia witha decrease to 700 to 900
psia over 3 to 6 min. The important feature is that the
pressure "holds" at a significant valuefor an extended
period. Thisis a consequence of primary water flash
ing at its saturation temperature whilebeing augmented
by reverse heat transferfrom the steamgeneratorsec
ondaryside to the primarywater. This heat transfer
maintains the stagnant fluid in the steam generator
primaries at thesaturation temperature andtherefore
maintains the pressure via boiling. The ensuing steam
will then form a "void" region at the top of the system
(U-tubes)and interruptnaturalcirculation. This pres
sure plateau value can easily be computedon a plant-
specific basis; it is simply the saturation pressure cor
responding to die liquid temperature of the steam gen
erator secondary (shell side). For PWRs, this is typi
cally in the range of 800 to 1000 psia while at hot zero
power. Knowing this plateaupressure will then allow
one to computea plant-specific minimum break size in
a SBLOCA that will cause flow stagnation. The break
outflow (QBreak)can be approximated by

vl/2

^Break ~ "•}%
TC

Break,min, (A.1)
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where hfg is thelatent heat of evaporation, T is the
water temperature, Cpi is the specific heat, andA is the
minimum break area. The primary system liquid vol
umetric inflow can be computed from the plant-specific
high-pressure-injection (HPI) head-flow curves evalu
ated at this pressure. This will allow for a calculation
of the minimum break area in Eq. (A.l) that results in
a primary system net liquid volume loss, and ulti
mately flow stagnation.

Downcomer fluid temperature response is direcdy con
trolled by the primary systems' coolant flow behavior.
Prior to primary depressurization and subsequent boil
ing, natural circulation with heat sources tends to miti
gate cooldown from injection of the cold HPI water.
However, almost immediately after flow stagnation
occurs, the downcomer fluid temperature begins a rapid
decrease. The YNPS behavior of Fig. A.2 is qualita
tively representative of this effect, that is, minimal
cooling early on, and then rapid cooling after stagna
tion. Indeed, mis figure shows very rapid (-1.5°F/s)
cooling immediately after stagnation and then reduced
cooling due to wall heat transfer and warm fluid mix
ing. As will be discussed in the following sections,
the YNPS cooldown is greater than that of the
"baseline" Calvert Cliffs and H. B. Robinson behavior.

The long-term SBLOCA thermal-hydraulic behavior is
controlled by hot and cold fluid-fluid mixing with the
absence of bulk loop circulation. Figure A.3 (taken
from Ref. 8) conceptually illustrates the flow behavior
in the downcomer and cold leg regions. There are three
key phenomena of importance to the thermal-hydraulic
cooldown behavior during this stagnation period. The
downcomer cooldown is essentially controlled by the
inflow of a cold stream from the loops and mixing
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within die downcomer region with perhaps strong
coupling to warmer water in the loops and lower
plenum. The first phenomenon is the "flow splitting"
of injected HPI water; some fraction of the cold injec
tion water may flow away from the vessel mitigating
die downcomer cooldown. The second phenomenon is
an entrained, backflow of relatively warmer water from
the downcomer region into the top of the cold leg.
This effectively warms the inflowing water to the
downcomer, also mitigating the cooldown. The third,
and by far the most important phenomenon, is fluid-
fluid mixing between the downcomer flows and the
lower plenum water.

In summary, this section has provided a generic
description of thermal-hydraulic behavior for a limiting
SBLOCA. Indeed, it has shown that for a specific
range of break sizes, flow stagnation can occur at pres
sure producing a severe overcooling. The transient
proceeds with a rapid blowdown to a pressure plateau
controlled by reverse heat transfer from the steam gen
erator secondaries' liquid. The minimum break area
that produces this behavior on a plant-specific basis can
easily be estimated based on a balance between break
outflow and safety injection inflow. During this early
period, there is significant natural circulation loop flow
mitigating downcomer cooldown. After flow stagna
tion occurs, the cooldown can become severe due to
loss of both heat sources and the bulk convective mix

ing with the entire primary water mass. The stagnant
downcomer cooldown rate is controlled by three phe
nomena of fluid-fluid mixing. However, the cooldown
during this long-term stagnant regime can be bounded
through a simple energy balance, as shown in the fol
lowing section.
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4 Parametric Evaluations of Downcomer Fluid and
Vessel Wall Thermal Transient Behavior

Evaluations of thepressure vessel wall fracture me
chanics are closely coupled tothe transient thermal-
hydraulic behavior in the downcomer. In particular, it
isnecessary todetermine the pressure vessel wall tem
perature response to the boundary conditions ofthe sur
face heat transfer coefficient and fluid temperature.
During the early period ofnatural circulation within the
primary coolant system, RELAP5, RETRAN, or
TRAC "systems codes" are traditionally employed.
However, once loop stagnation occurs, these codes are
inappropriate due tothe inability tocorrectiy represent
"stagnant" mixing ofcold and warm water regions; the
flow behavior is dominated bycomplex turbulent mix
ing driven by buoyancy rather than momentum effects.
This flow behaviorhas been the subjectof extensive
experimental and analytical studies. As aresult of
thesestudies, theREMIX computer codehasbeen
developed toevaluate downcomer response to safety
injection of cold water into a"stagnant" system.9
Yankee Atomic employed REMIX toquantify the
YNPS behavior, as shown by Fig. A.2. In order to
provide an independent calculation^ audit ofthese
results, the present analyses have been conducted. The
following sections outline the methods, parametric
studies, and Yankee evaluation with the present model.

4.1 Methodology

The present study focused on parametric evaluations of
themixed-mean fluidtemperature in thevessel down
comer region. The results arethen expected tobecom
parable with the corresponding REMIX value, Tm.
The present work did not attempt topredict REMTX-
simulated safety injection backflow and detailed mixing
with various fluid regimes, butrather treated these phe
nomena parametrieally toobtain anenveloping tran
sient response. Furthermore, the current model does
notaddress diepluming effect (treated byREMIX) mat
calculates colder temperatures in theplume below the
cold legpenetrations; that is,mixing region 4 of
Fig. A.3.

4.1.1 Fluid Thermal Energy Balance

The "mixing cup" temperature (Tmtx) with a fluid
region (control volume) due to instantaneous mixing of

an incoming (colder) fluid stream of flow rate m hpi
and temperature Thpi is givenby

MdTMix
dt

= mHPi(THPI-TMKj +- fwall

'Pi

(A.2)

where M is the mass of fluid in the mixing region and
t

Q waii is the wall heat transfer. Ifwall heat transfer
is ignored, that isadiabatic, this equation can be inte
grated to give

T_;. - Thpi_ ~mM
- T,

(A.3)
HPI

where Tinit is theinitial fluid temperature. However,
torealistically evaluate reactor behavior forPTS
scenarios, thewall heattransfer mustbe evaluated and
Eq. (A.1) integrated numerically, using toappropriate
initial and boundaryconditions.

4.1.2 Wall Heat Transfer

•

Quantification of the temporal response of Qwall
requires calculation ofthe vessel wall heat diffusion
behavioras well as the surfaceheat transfer coefficient.
Forthepresent work, thewall heat transfer has been
evaluated bysolving a one-dimensional, finite-differ
encemodel subjected toa uniform initial temperature,
an adiabatic boundary condition at theexterior surface,
and a known(transient) internalheat flux boundary
condition at the internal downcomer fluid face (i.e.,
hAAT).

The above model of coupled walland fluidtransient
thermal response has been numerically implemented
into a smallPC computerprogram. This program
computes a mixed-mean downcomer fluid temperature
subjected toinput boundary and initial conditions. The
codehasbeen used to parametrieally evaluate theinflu
enceon fluid andwalltemperature transient of control
ling parameters, including

• fluid mass participating in the "stagnant" mixing
problem, such as thecold legs, inlet annulus,
downcomer, and/or lower plenum regions;

• safety injection flow rate into thedowncomer; and
• wall heat transfer coefficients.

4.2 Parametric Evaluations

Thissection presents theresults of parameter analyses
using the above transient thermal model with condi
tions similar to those of the Yankee plant, Table A.l
lists theparameters selected for the parametric evalua
tion. Specific YNPS results aregiven in Sect. 5.
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4.2.1 Heat Transfer Coefficient

Figure A.4 shows the calculated natural convection heat
transfer coefficient as a function of temperature difference
(AT) between the wall and the fluid. As shown, the
value also depends on the water temperature (transport
properties). For the practical range of plant condition
during the cooldown, the heat transfer coefficient varies
between about 100and500Btu/h-ft2'°F. Higher coeffi
cients will tend to mitigate the downcomer water
cooldown; however, this represents the most severe
thermal shock to the pressure vessel wall and thus is
"conservative" from a safety perspective. Figure A.5
illustrates the parametric effect of wall heat transfer coef
ficient on temperature of the mixed-mean downcomer
water. This calculation used the "baseline values" of
Table A. 1. It can be concluded mat for wall heat transfer
coefficientsgreater than 400 Btu/h'ft2-°F,a "conduction
limited"process is governing. That is, the wall surface
is in thermal equilibrium with the fluid and heat transfer
is limited by heat diffusion from the vessel wall material
itself. A value of 400 Btu/h«ft2-°F was selected for the
NRC's H. B. Robinson PTS evaluation2 and is used as
the present baseline in subsequent calculations.

4.2.2 Safety Injection Flow Rate

Flow distribution of safety injection [highpressure in
jection (HPI)] waterin the cold legs is qualitatively
illustrated by Fig. A.3. Flow behavioris controlled by
buoyancy effects, that is, by Froude numbersimilarity
criteria. It is likely that some fraction of the HPI water
will "backflow" away from the vessel, tending to miti
gate the cooldown, at least during the initial rapid cool
ing regime. REMIX has an empirical model that de
termines thebackflow fraction (andcorresponding
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"entrainment" of warmer water). Figure A.6 illustrates
die parametric effect of reducing inflow.rate to the
"fluid mixing volume." It can be concluded that the
cooling is significantlyreduced only if at least one-half
of the HPI water flows away from die vessel.

4.2.3 Mixing Water Volume

The presentanalysis for the mixed-mean fluid tempera
ture (as wellas REMIX) assumes thata single(large)
volumeparticipates in the hot-coldfluid mixingpro
cess. Figure A.7 illustrates the parametric effect of
varying the mixing volume assuming baseline parame
ters for other variables. For the Yankeeplant, the in
cluded volumes representthe following regionsof the
primary system:

200 ft3 - Inlet annulus below top ofcold legs and
downcomer region

333 ft3 - Above regions plus cold legs between
injection point and vessel

800 ft3 - Above regions plus lower plenum.

Figure A.7 demonstrates that the mixed-mean fluid
temperature is strongly dependent on the assumed fluid
regions participating in the mixing process. For the
Yankee plant, it quantifies the substantially mitigating
effectof includingthe lower plenum volume(467 ft3)
in the mixing process.
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5 Yankee Nuclear Power Station Audit Calculation

The analytical model discussed in the previous section
has been used to formulate a Yankee Nuclear Power
Station plant-specific evaluation. The objective was to
evaluate the reasonableness of the YAEC REMDC re
sults using the independent calculational tool of the pre
vious chapter. Specifically, this effort was to evaluate
the YAEC downcomer fluid mixed-mean temperature
(i.e., that corresponding with Tm of REMIX). As noted
in the preface, detailed information on the REMIX
model, input, and calculational results were provided by
YAEC in a letter report June 26,1991 (Attachment A)
and through a telefax on July 5,1991 (Attachment B).
This information and teleconferences with YAEC and
NRC staff have greatly clarified their assumptions and
results for the SBLOCA scenario. Based upon this in
formation, the following is now known:

a) Primary coolant flow stagnation was calculated
(by RETRAN) to occur at 150 s with the system
downcomer water at 476°F. The REMIX calcula
tion began at this time.

b) The downcomer fluid temperature presented in
YAEC-1735 is the REMIX value Tjump (aplume
temperature) not the warmer mixed-mean tempera
ture, which has now also been provided (Curve 2
of the YAEC 6/26/91 Letter, Attachment A).

c) REMIX values for Yankee geometry, materials,
initial conditions, and detailed output are now
available (see Attachment B).

SAIC'scomputercode that calculates the mixed-mean
downcomer fluid temperaturewas used with considera
tion of this new REMIX information. The following
changes were made from the previouscalculations:

a) The system metal mass was expanded to also in
clude the lower plenum region and the (double-
sided) thermal shield.

b) Metal thermal conductivities and diffusivities were
based upon the REMIX YAEC values.

c) Mixing volumes were compared to YAEC values
and found to be in nearly exact agreement with that
used in the previous analysis; however, the total
SI flow is now injected into the total REMIX fluid
volume.

d) The YAEC REMIX model includes the flow of
heat from the core region; this is not included in
the SAIC model thereby producing a slighUy
greater cooldown.

e) The transient was initiated at 150 s reactor time
with the fluid at 476°F.

f) Safety injection flow was at 120°F (baseline) and
parametrieally evaluated at 170°F.

g) Comparisons were made with YAEC REMIX Tm
values; the mixed-mean fluid temperature was
taken from the YAEC output listing.

SAIC's new results are compared with the YAEC value
in Fig. A.8. Excellent agreement exists between the
YAEC REMIX results and the SAIC simplified model.
The deviation at 1200 s is less than 20°F and likely
occurs due to YAEC's correct inclusion of heat flow
from the core region.

The effect of preheating the safety injection water to
170°F is quantified in Fig. A.9 by comparison to the
YAEC REMIX at 120°F.

Consideration of the YAEC results and the present
independent analysis leads to the following conclu
sions. The early time period (0-150 s) cooldown is
realistic and consistent with expected fluid behavior
during the transition to primary coolant system bulk
flow stagnation. The dramatic decrease in cooldown at
200 s, shown in the report YAEC-1735, is due to inac
curate plotting of REMIX results. The long-term
cooldown under stagnant conditions (after 150 s) has
been correcdy simulated by YAEC with the REMIX
code. REMIX has been shown to be in very good
agreement with a wide range of experimental data in an
extensiveassessmentproject.*0 The YAECresults
(Fig. A.8) must thereforebe consideredas best-estimate
results for the mixed-mean downcomer fluid tempera
ture. Fluid temperatures below the cold legs (plume
region) are lower than these values; the YAEC REMIX
values for this region are those given in report YAEC-
1735 (also Fig. A.2 of this report). There is no reason
to expect that any less severe downcomer fluid tempera
ture transient could occur in this SBLOCA scenario

with the given initial and boundary conditions (e.g.,
tripped main coolant pumps). The only known omis
sion of a heat source from the REMIX calculations is
from hot water in the barrel baffle region. Thus, it is
concluded that YAEC (REMTX) calculated downcomer
fluid temperatures are both a best-estimate and likely an
upperbound valuefor anticipated thermal-hydraulic be
havior. This result being simultaneously an upper
bound and a best-estimate needs clarification. It is
best-estimate owing to the validity of REMIX per the
extensive assessment basis.10 It is an upper bound
in that there are only minimal thermal or fluid phe
nomenon that would lead to any less severe cooldown
for this transient. Indeed, this is the essence of the
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REMIX phenomenological assumptions and it is well
validated through comparisons to extensive experimen
tal data.

Finally, it is noted that certain Yankee plant-specific
design features may serve to influence the fluid-fluid
mixing process relative to that expected of larger
plants, e.g., Calvert Cliffs. These unique features are
revealed by the pressure vessel vertical cross section of
Fig. A.10. For the Calvert Cliffs plant, the down
comer gap is roughly 10 in., while for the Yankee
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plant it is about 3 in. This much narrower gap may
reduce lower plenum water mixing and influence ther
mal-hydraulic behavior in the downcomer. Another
concern is the influence of the Yankee geometric details
in the downcomer inlet annulus region. As shown by
Fig. A.10, the upper core support barrel has an outer
diameter significantly smaller than the downcomer
region. This Yankee feature could also affect the down-
flow of colder water in the downcomer and die vessel
wall cooldown.
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Comparisons Between Yankee, H. B. Robinson, and
Calvert Cliffs

This section will provide quantitativecomparisons
between Yankee, H. B. Robinson, and Calvert Cliffs
for the downcomercooldownrates shortlyafter flow
stagnation. Asdiscussed previously, themostsevere
cooling transient is expected to occurin a SBLOCA
scenario leading to complete stagnation. This is postu
latedto occur whenthe breakliquidoutflow exceedsthe
safety injection inflow. Theminimum breakareaand
diameter for this condition have been computed for the
Yankee, H. B. Robinson, and Calvert Cliffs plants
using Eq. (A.l). Thecomparison is madein
Table A.2; note that all three plants have a similar
break size of about 1-1/2 in. This is because all three
plants havesimilar safety injection (HPI) capacity and
would have similar break outflows, near 100 lbm/s or
1.5ft3/s. Breaks of this size and greaterwouldresult
inprimary liquid levels dropping, and subsequent flow
stagnation. However, if the breakis too large
(£4 in.), then depressurization will likelyoccur before
a severe cooldown can occur.

In order to providea useful,albeit incomplete, perspec
tive on the relative PTS cooldown potential between
Yankee, H. B. Robinson, and Calvert Cliffs, the initial
cooldown rates are computed. The largestrale of cool
ing will occurshortly after flow stagnation, that is,
beforelargevolumetric mixing and wallheattransfer
becomeimportant. The mixed-mean fluid temperature
is thengivenby Eq. (A.3). Wecan compute the initial
cooling rate to be the timederivative of thisequation,
namely

dT,
P—(T^-Thh)
dt

mHPi

M
(A.4)

If the total fluid mixing volumeis based upon that of
the cold legs, inlet annulus, and downcomer, the initial
coolingrates for the threeplantsare given in Table
A.2. The geometric plant values are only approximate
with the intended purpose to illustrate the relative
cooldown potentialbetweenplants. Further-more, the
hypothetical calculationassumesall plants stagnateat
480°Fprimarycircuit water temperature. All three
plantshavenearly the sameHPIcapacity, about 1.5
ft3/s at ~130°F. However, the volume of Yankee (as
illustrated by the downcomer volume) is significandy
smallerthan the other twoplants used in the NRC's
PTS study. Thus, the initial cooling rate in Yankee is
1.2°F/s, in H. B. Robinson 0.6°F/s, and in Calvert
Cliffs, 0.26F/s. This serves to qualitativelyillustrate
that Yankee should be expected to undergo a more
severe thermal shock than the other two plants.
However, it is not clear that the PTS evaluations for
H. B. Robinson2 or Calvert Cliffs3 used thermal tran
sients as severe as would occur under flow stagnation.
Insufficient time has been available to thoroughly
addressthe extensivethermal-hydraulic resultscon
tained in Refs. 2 and 3.
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7 Summary and Conclusions

General consideration has been given to small-break
LOCA thermal-hydraulicsof significance to PTS, with
emphasis on the potential to proceed to stagnation of
primary loop natural circulation flow. For break sizes
in the range of 1-1/2 to 3 in. in diameter, liquid out
flowwill typically exceed the safety injection capacity
(at 700 psi) producing a "break" in liquid continuity
and thus interrupt natural circulation. Injection of cold
(120°F)safety makeup water into a "stagnant" down-
cornerregion will producea rapid, perhapssevere, cool
ing of the pressure vessel wall. An independentana
lyticalprocedurewas developed to quantifythe transient
thermal response of the downcomer fluid temperature
and wall heat transfer. This model predicts a mixed-
mean downcomer fluid temperature in a manner similar
to the REMIX code. This model was used to paramet
rieally evaluate the influence on fluid temperature of
variations in wall heat transfer, safety injection flow-
rates, and water volumes participating in the mixing
process. Calculations specific to the Yankee Nuclear
Power Station plant were performed to evaluate the
YAEC submittal using the REMIX code. Considera
tion was then given to die potential for both less and
more severe cooldown transients. The following con
clusions and recommendations can be madebasedupon
the present independent PTS thermal-hydraulic
evaluations.

a) Small-break (1-1/2 to 3 in.) LOCA transients
shouldbe expected to proceed to primarycoolant
flow stagnation. YAEC has correcdy considered
such a limiting scenario for the Yankee plant.
However, the sequence frequencyanalysis should
only consider small break initiators in this range;
that is, smaller and larger breaks will have either a
much less severe downcomern ^ ^ooldown or
will depressurize to a low pressure. A flow stag
nation scenario should be considered for all PTS
evaluations, including the H. B. Robinson and
Calvert Cliffs plants; it appears that this may not
have been adequately addressed based upon cursory
review of Refs. 2 and 3.
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b) After flow stagnation occurs (3-6 min), die initial
downcomerfluid cooling can be very severe,over
1.5°F/s. However, the cooldown will soon be
moderated due to mixing with hot water in the
cold legs, inlet annulus, downcomer, and lower
plenum. The specific cooldown behavior is con
trolledby fluid-fluid mixing phenomena in these
primary system regions. REMIX has been shown
to haveremarkable predictive capability for such
PTS behavior. 10

c) Yankee Atomic Electric Company hasemployed
the REMIX code to determine the transient
thermal-hydraulic behavior in the downcomer
region. SAIC has developedan independenttool
to evaluate the mixed-mean downcomer fluid tem

perature. Comparison between the two codes
show excellent agreement. It is concluded that
YAEC has correcdy applied REMIX to evaluate
the SBLOCAsequence. Hence, die results pro
vided by YAEC should be considered best-estimate
values. The mixed-mean fluid temperature of Fig.
A.8 should be considered as both best-estimate and
as an upper-bound. However, the original down
comerfluid thermalresponseof YAEC-1735 (Fig.
A.2) represents the colder plume region below the
cold legs.

d) TheYankee plant hasdesign features andopera
tional characteristicsthat are unique. These in
clude a "recessed"upper barrel, a narrow down-
comer/thermal shield region, and a large safety in
jection flow for a "small" plant The potential
impact, if any, on REMTX hydrodynamic and phe-
nomenological modeling and assumptions should
be addressed. However, the REMIX code has been
well assessedand must be consideredas represent
ing best-estimate behavior.
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8 Recommendations

YAEC has providedcompletedetails from the
SBLOCA REMIX calculation, including plume tem
peratures in the downcomer regionsbelowthe cold
legs. The fracture mechanics technical experts should
ensurethat appropriate fluid temperatures havebeen
used in their evaluations.

Thermal-hydraulic SBLOCAtransients used in the PTS
studies on the H. B. Robinson and Calvert Cliffs

plants need to be reviewed to ensure that adequate con
sideration was given to flow stagnation scenarios.

A possible need exists for research on the influence of
plant-specific features on the PTS thermal-hydraulic
behavior and the inherent assumptions of REMIX.
Specifically, (older) plants with narrow downcomer
gaps and large HPI flows could pose unique considera
tions not covered in the assessment basis of REMIX.

A. 17 NUREG/CR-5799
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Table A.l Thermal and Hydraulic ParametersUsed for the Parametric Evaluations

High Pressure Injection Temperature, °F 130

High Pressure Injection Flow, lb/s 45, 67, 90*

InitialWall Temperature at Flow Stagnation, °F 480

Pressure Vessel Wall Area, ft2 460

Downcomer Water Temperature at Stagnation, °F 400

Fluid Volumes Participating in "Stagnant" Mixing, ft3 200, 333, 800*

Wall HeatTransfer Coefficient, Btu/h-ft^F 0, 400*, 105

*Best estimate at time of study.
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Table A.2 PTS Comparison Between YNPS, H. B. Robinson, and Calvert Cliffs PWRs

Plant

Yankee Rowe H. B. Robinson Calvert Cliffs

PLANT PARAMETERS*

Hot Zero Power (MWt)

Downcomer Volume (ft3)

Cold Leg Flow Area (ft2)

Cold Leg Diameter (ft)

Saturation Pressure in S. G. (psia)

HPIFlow(at above P) (ft3/s)

Assumed Downcomer Temp at Stagnation (°F)

HPI Water Temp (°F)

CALCULATED PARAMETERS

Minimum Break Areafor Stagnation (in.2)

Minimum Break Diameter for Stagnation (in.)

Initial Downcomer Cooldown with Perfect HPI Mixing (°F/s)

♦Numbers are approximate and used to illustraterelative values between plants.

0.5 8.3 9.4

86 184 706

1.6 4.1 4.6

1.5 2.3 2.5

750 1088 911

1.5 1.6 1.9

480 480 480

130 130 130

1.2 1.3 1.6

1.2 1.3 1.4

1.2 0.6 0.4
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PTS EVALUATION
SMALL BREAK LOCA- PUMPSUCTION BREAKCASE

HZP WITHOUT LOSS OF OFFSITE POWER

TIME(SECONDS)

Fig. A.l. YNPS SBLOCA downcomer pressure from YAEC-1735.
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PTS EVALUATION
SMAa BREAK LOCA - PUMPSUCTIONBREAK CASE

HZP WITHOUT OFFSTIE POWER

Fig. A.2. YNPS SBLOCAdowncomer temperature from YAEC-1735.
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Tm Lower
Plenium

Fig. A.3. Conceptual definition of flow regimes in thecoldleg anddowncommer regions due
to HPI water (Theofanous et al.).
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Fig. A.4. Natural convection wall heat transfer coefficient vs differential
temperature. fluid to wall
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Fig. A.5. Downcomer fluid temperature parametric influence ofwall heat transfer coefficient
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Fig. A.6. Downcomer fluid temperature parametric influence of HPI flow rate.
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Fig. A.7. Downcomer fluid temperature parameter influence of water mixing volume.
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400 -

300 -
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Fig. A.8. Comparison between the mixed-mean fluid temperatures in the SBLOCA
sequence.
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Fig. A.9. Parametric influence on the mixed-mean fluid temperature of 170°F safety injection
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Fig. A.10. YNPS pressure vessel vertical cross section.
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Attachment A

to SAIC Report No. 91-6501 (Appendix A.2)

Letter from J. D. Haseltine (YAEC) to

USNRC, BYR 91-082, June 26, 1991

YANKEE ATOMIC ELECTRIC COMPANY

SSC Mtln Str§9t, Bolton, Muatchunttt 01740-1398

June 16. 1991
BYR 91-062
RV ftl-006

United Statu Nucleir Regulatory Commission
Document Control Desk
Washington. OC 20556

Reference: (a) license No. DPR-3 (Docket No. 50-29)
(b) USNRC letter, P. Sears to 8. Pepenlc, dated June 20, 1991

Subject! Request for Additional Information Concerning REMIX Calculations
CTAC 10535)

Oear S1r<:

Enclosed Is our response to the information requested 1n Reference Cb).

He trust you will find this Information satisfactory. If you neeo
additional information, please feel free to contact us.

Very truly yours.

YANKEE ATOMIC ELECTRIC COMPANY

GP/ms1/tlp/C72\lC
Enclosures

C/john o. Haseltine
Project Director

c: USNRC Region I
USNRC Resident Inspector, YNPS
0. Ell lot (NRC, NRR)
k). Russell (NRC. NRR)

A.31 NUREG/CR-5799



Attachment (Enclosure for BYR 91-082)

In our July 1990submittal, the limiting small break
LOCA (1-5/16 in. pump suction) analysis conserva
tively assumed loop stagnation. Under these condi
tions, theREMIX codewasused to predict the tem
peraturedistributionof the injectionplume in the
downcomer region. The application of REMIX to the
Yankee ECCS design is conservative. Based on the in
jection velocities consistent with the Yankee ECCS
design,more completemixing wouldoccur in the cold
leg than predicted from REMIX. This would result in
a warmer plume temperature than reported in theJuly
1990 submittal.

Due to the uniquegeometryof the Yankeevessel, the
mixing volume in the REMIX model included the
lower plenum. Thelower plenum actsas a mixing
volume in the Yankee vessel because of the thermal
shield and corebarrelgeometry. The thermal shield is
relatively close to thereactor vessel wall (~2-in. gap).
Asa result, theplume emanating from thecoldleg
would be contained between the thermal shield and core
barrel. This plume would alsopassthrough thecore
barrel region. Therefore, before reaching thevessel
wall the plume would mix with fluid in the lower
plenum region. Thus, the vessel wall under these con
ditions would see a temperaturecloser to the mixed-
mean temperature calculated with REMIX.

The resultsreported in our July 1990submittal for the
downcomer temperature were conservatively based on
the upperplume temperature predicted fromREMIX
and notthemixed-mean temperature. Inresponse to
your recent request (6/20/91) we have evaluated the im
pact of notcrediting thelower plenum mixing volume
in the REMIX calculation. The results of our evalua
tionare presented in theattached figure.

NUREG/CR-5799

The attachedfigureprovides threecurves:

1) Theoriginal downcomer temperature response for
thelimiting small break LOCA based ontheupper
plume temperature near thecold leg nozzle.

2) Thedowncomer temperature response based on
mixed-mean temperature as a result of the thermal-
shield andcorebarrel geometry,

3) Thedowncomer temperature response based on
mixed-mean temperature without crediting the
lower plenum volume.

Theattached figure shows thataccounting forthe
unique geometry of the Yankee thermal-shieldand core
barrel is equivalent tocrediting thelower plenum asa
mixing volume. Thus, if we were not to credit the
lower plenumas a mixing volume,conservatisms in
cluded in our July 1990 submittal would offset the im
pact resulting in a similar downcomer temperature
response.

It should alsobe pointed out that the application of
REMIX isconservative, and the assumption of stagna
tion leads toa conservative vessel temperature re
sponse. Based on the higher injection velocities con
sistent with the Yankee ECCS design, more complete
mixing would occur in thecold legthan predicted with
REMIX resulting in a warmer plume temperature than
reported in our July 1990 submittal.

Becauseof the unique geometryof the Yankeevessel
thermal-shield and core barrel region the lower plenum
volume should be included in the mixing volume in
theREMIX calculation. Even if thelower plenum was
not credited in the REMIX calculation, based on the
above stated conservations, thevessel temperature
response reported in our July 1990 submittal remains
bounding.
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Attachment B

to SAIC Report No. 91-6501 (Appendix A.2)

In response to our teleconference on July 5,1991, we
provide the following:

Question: When did the REMIX calculation start?
Answer The REMIX calculation started at 150 s.

Question: Whatwas theinitial temperature assumed
in the REMIX calculation?

Answer. The initial temperaturewas 476°F.

Question: What were the total SI flow rate and the
SI water temperature used in the REMIX
calculation?

NUREG/CR-5799

Answer 0.89 ft3 per loop, and 120°F.

Question: What was the thermal shield heat transfer
area?

Answer 153 ft2 for both sides of the thermal
shield, thisrepresents a onequarter seg
ment of the thermal shield.

Question: What was the volume assumed in
REMIX?

Answer Total volume =264 ft3, and mixing
volume = 203 ft3.
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RUN CONDITIONS

031 - ssiiOCA mcp sbctxow - m wm ;«>.^ ;.:. - v.doh ft«*3)

TH80 • 47«.00 TKPI < ViJ-10

AQHPI • .OOE+00 BQHPI - .39i*0O

)IMENSIONS FOR MIXING COMPUTATIONS

VOL- 364.10 VOLN • 303.00

DI - .Hi DCL - l.Ul BCL - 31.*O0 WD - .371

»MPOTATIONAL PARAMETERS

TIN - ISO.00 TMAX - 6000.00 DBLT - 30.00TIXPR - 3000.00DTIMPR •

RATIO - .50 BETA - .SO

)IMSNSIONS AND PROPERTIES TOR HEAT TRANSFER

SELCL • .18E+00 DELDC » .66E+00 DEWS • .13E+00 DBLLP • .32Ef00
SLP • .18S+00 DELLS - .18E+00 DBLCB— .83B-01DDCC - .908-03

ACLH - 163.000 ADCH - 62.300 ATSH - 153.000 ALPH - 34.800
APH • .000 ALSH - 101.00OACB8 - 317.000

ALCL - .11B-03 ALDC - .11E-03 ALTS = .11E-03 ALLP »' .11E-03
ALP - .47E-04 ALLS - .UE-03 ALCB - .47E-04ALDCC - .47E-04

AKCL - .67E-03 AXDC - .67B-02 ARTS- .S7E-03 AKLP - .67E-03
AXP » .38E-03 AXLS - .67E-02 AXCB • .aSE-OJALDCC - .38E-03

HCL - .14E+00 KDC - .14E+00 KLP - .141+00
HP • .14E+00 HLS - .141+00 HCB - .14E+00 HO • .5SE-03 TO- 80.0

rODSS AND CLAD PARAMETERS

M - 51 KP2 - 31 HP3 - 31

IOCCL - 1 IDCDC • 3 IDCTS - 1
IDCP - 1 IDCLS > 1 IDCCB - 1

IDCLP - 3

TINS - .3300 AXINS - .7471-05 ALFIN8 - .3111-05
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Appendix A.3

Review of Accident Sequence Identification and Quantification
in the Yankee Rowe Pressurized Thermal Shock Analysis

J. W. Minarick, SAIC
708 South Illinois Avenue, E101

Oak Ridge, TN 37830

The following comments have been developed based
on a review of theYankee Rowe (YNPS) PTSanaly
sissubmittal, "Reactor Pressure Vessel Evaluation
Report," YAEC No. 1735, July 1990. This review
madeuseof the YankeeRoweUpdatedFSAR,emer
gency operating procedures currently applicable to the
plant, the PTS analysis ofH. B. Robinson performed
by ORNL for NRC (NUREG/CR-4183), and data de
veloped inthe NUREG-1150 program. Major ques
tions existconcerning analysis assumptions, thecom
pleteness and appropriateness ofthe YNPS accident
sequences, and the estimated frequencies for modeled
sequences.

Oneral Comments

1. The limited documentation of the bases for screen
ing accident initiators and quantifying the sequence
split fractions prevents detailed review and verifi
cation. Numerous accident sequence splitfrac
tionsare justifiedby references to system event
treesand faulttrees. Thesetreesare notprovided.
Also, thefrequencies ofsupport states onwhich
various split fractions areconditioned arenotpro
vided; therefore, reproduction of the sequence fre
quencies is notpossible.

2. Theoverall resolution of initiating event selection
for sequence development was significantly coarser
than the resolution used in the PTS analysisof
H. B. Robinson. For example, the YNPS analysis
considered only two full-size steam line breaks and
only onesmall-break LOCA. Other events were
screened out based on frequency or consequence.

3. No attempt ismade tosystematically bound the
PTSrisks stemming from initiating events and
accident sequences that arescreened outonthe
grounds offrequency orconsequence. There is
often ambiguity as to whether a given initiating
event is to beconservatively grouped with another
initiator forwhich theanticipated consequence is
more severe, or whether it isbeing excluded from
further consideration. For the initiating events
and accident sequences that are explicitly screened
out, noattempt is made todetermine their aggre
gate contribution to risk. Consideration ofresid
ualPTS riskplayed an important role in the
ORNL analyses ofOconee, Calvert Cliffs, and
H. B. Robinson.

4. There appear tobeinconsistencies between the
current operating procedures andthesequences
modeledin the PTS analysis. For example,
except for bleed and feed cooling following failure
of thesafety injection pumps, thecharging pumps
are assumed in the analysis to be trippedas a
result of thesafety injection signal associated with
most initiating events and accidentsequences
which were analyzed. Because of this,MCS re-
pressurization was limited in the analysis tothe
SI pump shutoff head. However, restart of the
charging pumps (which could pressurize the MCS
to theprimary relief valve setpoint) andreener-
gization of the pressurizer heaters are specific pro
cedural steps following termination ofSIand ina
situation whereall steamgenerators blow down.

Initiating Event anrl Accident
Sequence Selection

1. In thereported review of YNPS PRA event and
fault trees by thePTS analysts on pp. 6-26, it is
not clear what criteria were used to identify poten
tialovercooling initiating events andaccident
sequences based on models that were presumably
developed toaddress thepotential forcoredamage.
Relatedto this,Table6.5.2.1-4 was derivedbased
ona review of thecategorization in NUREG/CR-
3862, "Development ofTransient Initiating Event
Frequencies forUse inProbabilistic Risk Assess
ments." However, the focus of this reference was
to support development ofcore damage PRAsby
identifying transient events which caused scrams.
Becauseof this, transients listed in NUREG/
CR-3862 may notadequately bound all transient
classeswith the potential for overcooling.

2. Section6.6 states that only thoseevents resulting
in a cooldown from hot soaked conditions with a
rate in excess of 200"F/h. and a relatively high
MCS pressure were considered capable ofposing a
PTS concern. While this is consistent with the
YNPS Critical Safety Function Status Tree F-0.4,
INTEGRITY (which does notrecognize animmi
nent PTS condition for MCS cold leg tempera
tures>280°F), it maybe a nonconservative
threshold for transient evaluation. Replacement of
the cooldown rate screening criterion(with,for
example, a criterion incorporating cooldown
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magnitude)could have significant impact on the
YNPS PTS risk profile.

Since transients with less severe cool-downs are
far more frequent, their PTS risk could dominate
even if the probability of through-wall crack is
several orders of magnitude less. Exclusion of all
less severe transients from further analysis should
be carefully justified.

3. Consistent with the above comment, consequence
and frequency arguments are used to screen out
from further consideration PTS sequences that are
initiated by stuck-open secondary side relief valves
and small main steam line breaks. It should be
noted that

a. In the NRC's H. B. Robinson PTS study, the
initiating event frequency associated with
stuck-open secondary valves and small secon
dary side ruptures is relatively high (2E-2/yr).
If there are arguments to reduce the correspon
ding YNPS frequencies relative to the
Robinson number to a degree that warrants
the exclusion of this initiating event, they
need to be provided in greater detail.

b. In the YNPS PTS Study, a rationale for ex
cluding sequences involving stuck open sec
ondary valves (Sect 6.6.3.1.1) is that they
result in cooldown rates which are less than
the screening criterion of 200°F/h. However,
the Robinson study indicates a significant
magnitude of cooldown for such sequences.
In fact, the class of sequences that is PTS
risk-dominant at Robinson involves stuck
open secondary valves following reactor trip.

Such sequences account for a total through wall crack
frequency of ~lE-8/yr on that plant The rauonaie
given for excluding plant trip as an initiator in the
YNPS Study does not address the issue of the potential
for the consequent sticking open of steam dump valves
or secondary side safety valves if these are challenged.
Numerous stuck open secondary side safeties have been
historically observed in the industry.

4. Yankee Rowe is one of the few commercial
nuclear plants in the United States with main
coolant isolation valves. Operation of these
valvesmay affectPTS sequencesfor the plant.
For example:

a. Successful isolation of a small-break LOCA
in a main coolant loop could result in repres-
surization to the normal plant operating pres
sure. While closure of the loop valves to iso
late a break is not addressed in the operating
procedures, closure of the POR V or its block
valve to isolate a transient-induced LOCA is
included in several procedures. It wouldseem

NUREG/CR-5799

to be intuitive for an operator to attempt to
isolate a LOCA.

b. A cold water accident may be possible if the
valves on an isolated loop are suddenly
opened(operatorerror or spuriousvalveoper
ation). Such an event could result in asym
metric cooling of the reactor vessel, combined
with a rapid increase in reactivity. Is this
type of accident possible at YNPS and, if so,
what are its PTS consequences?

5. There is apparendy no consideration (pp. 6-41) of
sequences initiated by loss of main feedwater fol
lowed by actuationof cold emergency feedwater
(EFW). These sequences were addressed in the
Robinson study.

6. While loss of control air is discussed in the report,
it is not specificallyaddressed. The updated
FSAR notes that the charging pump fluid drive
speed is controlled by a pneumatic signal based on
pressurizer level. What is the charging pump
speed on loss of air? If the charging pumps fail to
high-speed, then this initiator may require addi
tional scrutiny since the main feed control valves
fail-as-is on loss of air.

Human Reliability Considerations

1. While the HEP curves used in the YNPS analysis
appear to be fairly conservative, their application
in the main steam line break (MSLB) and small-
break LOCA event trees appears to have generated
optimistic HRA estimates. For example, without
knowledge of the detailed application, it cannot be
determined whatdegreeof credit has been given in
the HEP estimatesby using the seven modifying
factors listed on pp. 6-83. The following are
some specific concerns related to the HEP
estimates:

a. On pp. 6-108 and 6-125, the HEP estimates
in the 1E-7 to 1E-5 range for cooldown con
trol and system realignment for recirculation
seem low. For comparison, the NUREG-
1150 analyses generally avoid the use of fail
ureprobabilities less than 1E-3 for any single
operator action.

b. On pp. 6-163, where the HEP estimates are
discussedin more detail, the steps leadingto
the 1E-7 probability estimate for failure of
the operator to control cooldown (with feed-
water isolation successful and no SG blow-
down) are not given. For the scenarios in
which one or more SGs blow down, the HEP
derivations provided on pp. 6-163revealthat,
effectively, operator error has not been
accountedfor in modelingrecoveryfrom the
failure to isolate affected SGs. Hardware fail
ures thereforedominate. The assumption is
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that the hardware failure probability of 3E-3
is significantly higher than operator error
probability. This requires justification.

c. The probabilities attached to OYO-OYC are
conditional on the occurrence of a previous
operator error (feedwater isolation). As such,
1E-2 is low. For comparison, in the H. B.
Robinson PTS analysis, no credit is given for
AFW control if there has been failure to iso

late the affected SGs. In general, the assign
ment of operator error probabilities condi
tioned on the occurrence of a previous error in
an accident sequence should be conservative.
For comparison, the approach adopted in
NUREG-1150 is not to give credit for second
and subsequent errors (in aggregate) of more
than a factor of 0.1, i.e. cut sets with multi
ple errors are generally assigned HEPs of no
less than 1E-4.

In general, it appears that in the YNPS PTS analysis,
the HEP probability/time correlation may have been
applied to individual operator actions in each sequence
and the resultant probabilities then multiplied together.
The HEP curves are more appropriately applied to the
combination of actions required to provide a given
function within a single sequence (e.g. feedwater isola
tion and control). The detailed YNPS HRA calcula
tions would need to be reviewed to assess the appropri
ateness of the HEP curve application.

Proposed screening requantification for HRA values:

a. 01 - Failure of operator to isolate feedwater
after trip. Replace probability of 1.7E-4 (or
1.3E-4 as stated on pp. 6-162) by 1E-2, a
number reflecting typical assumptions for the
failure probability associated with rule-based
actions in the NUREG-1150 study. Also, in
crease FI (feedwater isolation) failure proba
bility in the small-break LOCA event tree by
two orders of magnitude.

b. OY - Failure to control cooldown. The basis
for the probability of OYO (failure to control
cooldown given successful SG isolation) is
not provided. Typical rule-based actions are
assigned failure probabilities in the range
2E-3 to 5E-2 in NUREG-1150. Without

knowledge of procedures and specific actions,
the recommended screening value for OYOis
1E-2.

c. For events OY1 - OY3 (failure to control
cooldown given multiple SG blowdown), a
human error probability should to be added to
each recoveryfailure probability. Since re
covery is conditioned on previous occur-rence
of an error of commission in OY2 and OY3,
the approach adopted in NUREG-1150 allows
limited credit for success of a sub-sequent

action. If the recovery HEP is set to 1E-1,
this gives: OY1 = 1E-3 and OY2 = 1E-3.
To OY3, a screening human error probability
of 1E-2 should be added to give OY3 =
2.2E-2.

OYO - OYC are cooldown control events
conditioned on failure to isolate feedwater.
The assignment of a failure probability 1E-1
to each event would reflect the general
NUREG-1150 approach of giving limited
credit for operator actions following earlier
operator errors in the same sequence.

Frequency and Branch Probability
Estimation

1. On pp. 6-58, in the characterization of small-break
LOCA frequencies, partitioning the pipe break fre
quency between the <1 in. and 1 in. to 2 in.
ranges assumes that all small breaks are effec
tively guillotine, excluding scenarios involving
small breaks in larger piping. This assumption is
unjustified. A more appropriate treatment would
be to retain the Bayesian updated WASH-1400
pipe rupture frequencies without the use of scale-
down arguments.

Also, on pp. 6-171 it is stated that small-break
LOCAs are "limiting" loss of coolant accidents
from a PTS consequence perspective. This does
not preclude the possibility of significant risk
contribution from sequences initiated by larger
LOCAs. If larger LOCA sequences are not to be
considered explicitly, their frequencies should be
conservatively added to the small-break LOCA
sequence frequencies.

Proposed screening requantification: Replace the
5.24E-4/yr small-break LOCA initiating event
frequency with a YNPS WASH-1400 update value
of 2.1E-3. Alternately, a value of lE-3/yr for
small-break LOCA, as utilized in NUREG-1150
analyses (see Table 8.2-4 of NUREG/ CR-4550,
Vol. 1, Rev. 1, "Analysis of Core Damage
Frequency: Internal Events Methodology") could
also be employed. Use of either of these values
would be reasonable, considering the uncertainties
associated with the estimates.

Also, unless medium- and large-break LOCAs
have been explicitly considered in the analysis, the
frequencies for these initiators should be added to
the revised small-break LOCA frequency to bound
larger LOCA contributions. Based on NUREG-
1150 data, medium and large LOCAs have a total
frequency of 1.5E-3/yr.

2. Partitioning pipe rupture probability uniformly
among pipe sections that has no dependence on
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pipe size (pp. 6-59) seems inappropriate. A better
assumption would be that of a uniform volume
density of initial cracks in pipework welds. This
would imply a partitioning of rupture frequency
that is dependent on pipe size. The effect of the
frequency distribution arguments used in the
YNPS study is to scale down the pipe rupture fre
quencies in critical pipe sections. (Based on a
footnote on pp. 6-78, it appears that these loca
tion-dependent scale-down arguments were not
ultimately used. This requires confirmation.)

3. Various split fractions in the steam line break
event tree (pp. 6-108) are conditioned on events
that are neither defined previously in the event tree
nor characterized as support states (e.g., event
CNX which is conditioned on DC availability,
and events GN/G2 conditioned on nonreturn valve
(NRV) actuation train availability). In general,
the heavy reliance of event tree quantification on
plant fault tree and event tree models, which are
not provided, allows only broad split fraction
quantification checks. The absence of support
state frequency data precludes checks on the
sequence frequencies.

4. From the perspectiveof hardwarereliability
(pp. 6-108 and 6-125), probability assumptions
regarding failure to isolate/control feedwater (01,
MSLB event tree, FI in small-break LOCA event
tree) seem low given plant-specific experience.
For example, among the last 10 years of LERs are
two events involving loss of feedwater control
(eventdate 11/27/80,and LER No. 86-012-00).

Proposed screening requantification: While the
implications of these LERs for event treequantifi
cation requires moredetailed systems/procedures
knowledge, replacement of the OI/FI probability
as described under Human Reliability Considera

tions should bound any modified hardware reliabil
ity estimates.

5. Failure to automatically trip the boiler feed pumps
in the MSLBevent tree (pp. 6-98 and 6-108) is
assigneda probabilityof 2.8E-3 conditionedon
DC power being available. According to
Table 6.5.3.2-1, no credit is given in this number
for manual actionsto trip the feedpumps.
Among the last 10 years of LERs is the report of
a failure of the feed pumps to auto-trip. Without
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view of the referenced boiler feed pump trip fault
tree, evaluation of the appropriateness of the
probability used is not possible. Nevertheless,
this number seems low based on plant experience.

Proposed screening requantification: Increase of
the BF0 probability by at least one order of mag
nitude (assuming one failure of feed pump auto
trip in plant lifetime) would be appropriate in the
MSLB event tree. Increase of the FI (feedwater
isolation) failure probability in the small-break
LOCA event tree (in addition to the increasesug
gested under Human Reliability Considera-tionsl
would also be appropriate.

6. Event G20*GN0 (pp. 6-107) is the blowdown of a
single SG given a MSLB downstream of the
NRV, with the NRV actuation train available.
One NRV failure to close occurred in June 1982.
If the NRVs are not tested monthly, then the
NRV failure probability used in the analysis
(5.88E-3) may be low. In addition, auto-closure
of the NRVs has only recently been implemented.
Does prior testing provide confidence in the relia
bility of fast closure as assumed in the analysis?

Credit for Operator Actions and
Alternate Procedural Actions

1. It is not clear that excluding credit for various
actions/systems available to provide feedwater (as
identified in Table6.5.3.2-1)in MSLB sequences
is a conservative assumption in the context of
PTS risk.

2. On pp. 6-120,exclusion of operatordepressuriza-
tion of the vessel in the small-break LOCA event
tree to permit LPSI injection is not necessarily
conservative relative to PTS potential. In general,
discussion of each item for which "credit is not
taken" relative to PTS (vs core damage potential)
is warranted.

3. Emergency feedwater actuation/control (pp.6-120)
is not modeled in the small-break LOCA event
tree. Since loss of feedwatercontrol is a potential
route to overcooling, the rational for this exclu
sion should be provided.
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Pressurized Thermal Shock for the

Yankee Nuclear Power Station
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B.l Introduction

This TechnicalEvaluationReport presents a review of
the thermalhydraulic analysesperformedby the Yankee
Atomic Electric Company (YAEC) to address pressur
ized thermal shock for the Yankee Nuclear Power
Station. The thermal hydraulic accident analysis events
were discussed and presented in the YAEC Report
No. 1735, entitled "Reactor Pressure Vessel Evaluation
Report," datedJuly 1990. The thermal hydraulic analy
ses included the following events:

1) Main steam line break (5 cases)
2) Excessive feed flow (2 cases)
3) Small break LOCA (1 case)

In reviewing the aboveevents,only the reactorcoolant
system pressure and downcomer temperature responses
wereprovided. As such, therewas insufficient infor
mationregarding the otherkeyprimary and secondary
system transient response parameters to permita thor
ough and properreview. A reviewof the information
provided in thereport, however, identified several major
concerns which will require resolution. These concerns
include the following:

1) Thepressurizer nonequilibrium model used in the
analyses did not properlyaccount for the heat
transfer governing the thermal conditions in this
regionduringrefill and repressurization. As a con
sequence, theapproach usedin modeling the ther
mal behavior in the pressurizer will tend to over-
predict heatremoval from thepressurizer fluid and
underpredict peakpressure during refill. Theeffect
of this nonconservative pressurizer modeling tech
niqueon thoseeventswhichexperience pressuriza-
tion needs to be evaluated to demonstrate that the
approachdoes not adverselyaffect the results nor
change the conclusionspresented in the report.

2) Nojustification wasprovided to demonstrate that
the small break LOCA presented in the report is
the worst case for Pressurized Thermal Shock
(PTS) considerations. The analyses of a spectrum
of breaks needs to be evaluated and discussed to
demonstrate that the minimum temperature and
maximum pressureresponsefor the break pre
sented in the reportbounds that for a spectrum of
break sizes.

3) The maximum break size which can be isolated
was not presented nor discussed in the report.

Since the Emergency Operating Procedures do not pre
vent the operator from isolating the break, the response
for this event should also be included for PTS
evaluations.

Based on the above concerns, the thermal hydraulic
analysespresentedin the YAEC report are not accept
able for use in assuring the worst case has been identi
fied for PTS evaluations of the Yankee Nuclear Power
Station. Resolution of the above concerns in addition
to obtaining responses to a request for additional in
formation regarding the other events in the report
would be needed to complete the PTS review for the
Yankee Nuclear Power Station

The discussion of the scope of the Idaho National
Engineering Laboratory (TNEL) reviewis described in
Sect B.2. A discussion of the major concerns regard
ing the review of the thermal hydraulic analyses con
tained in the YAEC report is presented in Sect. B.3,
while the conclusions are given in Sect. B.4.
Attachment A presents a Request for Additional
Information (RAT) which would be needed to complete
this review. Under normal review circumstances, the
Technical Evaluation Report would be written upon
receipt of the responses to the RAI. However,due to
the limited review schedule and the unavailability of
time to respond to the questions, the RAI is included as
part of this evaluation.

B.2 Scope of INEL Review

The scope of the INEL effort consists of reviewing the
accident analyses contained in the YAEC document
No. 1735 entided "Reactor Pressure Vessel Evaluation
Report" The detailsof the revieware summarized
below.

The thermal hydraulicportion of the YAEC Report
No. 1735describing the accident analyses contained in
Sect. 6.6 entitled "Thermal-Hydraulic Analyses for
Representative Sequences" was reviewed. Regulatory
Guide 1.154 entitled "Format and Content of Plant-
Specific Pressurized Thermal shockSafetyAnalysis
Reports for PressurizedWater Reactors" was used as
guidance for the review.
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The sequences or accidents presented in the YAEC
Report No. 1735 were reviewed to determine the tech
nical adequacy and acceptability of the analyses. The
review addressed the following major areas:

1) The RETRAN methodology — The methods were
reviewed to assure the code used in the transient
analyses properly treats the thermal and hydraulic
behavior for application to PTS events.

2) Input model — A limited review of the nodal
model was performed to evaluate the adequacy of
the input model. Sensitivities of the input model
such as nodalization of key reactor system coolant
components, various input information including
wall-to-coolant heat transfer coefficients, and ini
tial conditions were evaluated.

3) Transients — The transients presented in Sect. 6.6
of the YAEC report were reviewed for their tech
nical adequacy with consideration of items 1 and 2
above.

4) Completeness — The thermal hydraulic accident
analyses were reviewed to assure that the limiting
transient had been identified with justification pro
vided to demonstrate that the worst case produced
the minimum temperature and maximum pressure
condition. Of particular importance is that the
worst case initial conditions and appropriate
operator actions and equipment/system responses
have been properly accounted for in the spectrum
of transient events. As such, a review of the key
systems/equipment and operator actions from the
appropriate Emergency Operating Procedures was
also performed.

This effort does not include a review of the methods
and models used to compute the mixing of the fluid in
the injection section and downcomer regions of the
vessel.

Following the initial review of YAEC Report
No. 1735, additional supplemental information was
requested in order to complete the review of the acci
dent analyses. The request for this supplementary in
formation was transmitted to the YAEC and included.

B.2.1 Materials Needed to
Complete Transient
Thermal Hydraulic
Review

The YAEC reports identified as Refs. 6.6.5,6.6.6, and
6.6.7 in YAEC Report No. 1735 dated July 1990.

YAEC Yankee Emergency Operating Procedures that
address LOCA, overcooling events, and steam generator
tube rupture.
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Thermal hydraulic accident safety analysis sections of
the Yankee FSAR describing the results of the LOCA,
overcooling, and steam generator tube rupture events.
These results should be applicable to the current plant
cycle.
Detailed system descriptions for the following:

a. ECCS (high and low pressure safety injection
pumps, accumulators) and any other injection sys
tems which can deliver coolant to reactor coolant

system. Provide head vs flow curves for injection
systems and description of accumulators (cover gas
pressure, elevation head, and tank liquid
inventory).

b. Pressurizer, spray and heater systems, geometry of
the internals, and the level control system.

c. Steam generator secondary safety relief valve pres
sures and capacities, ADV steam flow capacity and
rated conditions, main/auxiliary/emergency feed-
water system flows, and secondary inventory at
100%, 50% power, and HZP.

Because only RCS pressure and downcomer tempera
ture were provided for each of the transients presented
in Sect. 6.6 of the YAEC report, the information is in
sufficient for performing a thorough review of the
thermal and hydraulic system response to these events.
To facilitate the proper review of the transients, please
provide the following plot information for each of the
transients (including all cases for each event) discussed
in Sect. 6.6:

a. steam generator pressure and liquid mass;
b. feedwater mass flow rate and secondary break mass

flow rate;
c. total SI mass flow, break mass flow, and quality

(include PORV flow and quality if appropriate);
d. pressurizer two-phase level, steam temperature,

liquid temperature, and wall temperature;
e. upper head and upper plenum void fraction and

fluid temperatures;
f. discharge leg and hot-leg mass flow rates, quali

ties, and temperatures;
g. core inlet average, and outlet temperatures;
h. core inlet/outlet mass flow rates and qualities;
i. RETRAN parameters used as input to the mixing

calculations if not included in above plots;
j. please provide RCS pressure and downcomer tem

perature for those cases where the information was
not provided in the report

Severalstatementswere made regarding"previous" or
"past" analyses in Sect. 6.6, but no references were
provided. Please provide the documents describing the
previousanalyses. These include references to previous
or past analyses on
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- pp. 6-171, lastparagraph regarding LOCA analyses.
- pp. 6-172, lastparagraph in regards to theSGTR

event.

- pp. 6-177, third paragraph regarding second MSLB
case.

- pp.6-180, first paragraph forsixth MSLB case.

Of the above informationrequested,only the following
information was reviewed for this review:

a. topical report describing theRETRAN methodol
ogy;

b. theYankee Emergency Operating Procedures; and
c. a YAEC submittal for the Reanalysis of the Main

SteamLineRupture Event- CycleXVI,dated
June 10,1983.

Using the above materials and the results of the analy
sesof the thermal hydraulic events presented in the
YAEC report, a Request for Additional Information
(RAI) needed tocomplete thereview effort is listed
below. This informationis normally evaluated prior to
issuance of a TER; however, in view of the schedular
constraints and the limited time within which the
Utility canrespond to such requests, theitemized list
ofquestions is therefore contained inthis report. The
RAI is presented in the following section.

B.2.2 INEL Request for
Additional Information

From a review of Sect 6.6 of YAEC Report
No. 1735,datedJuly 1990,additional information
was identified that is needed to compete the assessment
of the thermalhydraulic eventscontained in the report
The RAI is listed in Attachment A.

B.3 Review Findings and
Discussion of Major
Concerns

With consideration to the questions discussed in
Attachment A, the majorissuesregarding thisreview
include:

a) justification for the limiting small break LOCA;
b) isolation of a smallbreakLOCA; and
c) treatment of pressurizer nonequilibruim

thermodynamics.

Theabove major issues arediscussed in detail below.

B.3.1 Justification for the
Limiting Small Break
LOCA

Insufficientinformationwas presented in the report to
justify that the 1-5/16-in. break is the mostlimiting
break for PTS considerations. Furthermore, for break
sizes ~2 in. and smaller, the RCS will need to be

cooled down to shutdown cooling conditions. The
operator procedures instruct theoperators to initiate a
cooldown to RHR conditions during a small break
LOCA. During the cooldownthe RCS will refill and
repressurize quickly to a pressure where ECC injection
flow into the RCS equals the flow out the break.
Thus, as break size decreases, the refill will occur
earlier in time and produce higher pressures after repres-
surization. The larger break sizes will refill and repres
surize at lower temperatures but will repressurizeto
lowerpressures than that for the smaller breaks. An
analysis of thespectrum of breaks which experience
refill andrepressurization is expected to produce the
RCS pressure responses illustrated in Fig. B.l. An
evaluation of these break conditions is identified for the
PTS evaluation for those breaks that refill and repres
surize. Also,performing a cooldownwill increase
ECC flow into the RCS and result in potentially lower
downcomer temperatures than that for the 1-5/16-in.
break presented in the report

B.3.2 Isolation of a Small
Break LOCA

Thepossibility of a small break occurring thatcanbe
isolated during theeventwasalso notdiscussed. The
maximum break size that can be isolated was not pre
sented nor discussed in the report This worst break
that can be isolated needs to be compared to the limit
ingsmall break LOCA thatresults in refillandrepres
surization of the RCS from item 1) above to assure the
worst break has been analyzed. Also discuss the poten
tial for the ECC and chargingsystemsto pressurize the
RCS should the RCS become refilled with ECC water
after isolation.

B.3.3 Treatment of Pressurizer
Nonequilibrium Thermo
dynamics

The RETRAN treatment of the pressurizer during
insurges following refill of the RCS includesa two-
regionrepresentation of the pressurizer. The upper
region contains steamwhilethe lowerregion accom
modates the liquid. The RETRAN code allows one to
model heat transfer between (1) the steam and the upper
wallsof the pressurizer and (2) betweenthe upper
steamand lowerliquidregions. The YAEC modeled
the heat transfer between the upper steam and lower
liquid regions only using a heattransfer coefficient of
50 Btu/h«ft2.°F. Because this method may not be rep
resentative of the actual heat transfer mechanisms that
occurin thepressurizer during insurges, justification
that this approach bounds the actualbehavior in the
pressurizer is needed. During insurges thepressur-izer
will accumulate liquid thereby compressingthe upper
steam region which superheats. Thedominant mecha
nismthat controls peakpressure duringinsurges is
therefore the pressurizer wall surfacearea in contact
with the steam and the temperature difference between
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the walls and steam. Because the steam is nearly stag
nant the heat transfer coefficient is expected to be
about 5-10 Btu/h'ft2'°F. Because the surface of the
liquid in contact with the steam quickly saturates, a
thermal layer or barrier is created which insulates the
upper steam region from the lower region containing
the liquid. After several feet of liquid accumulates in
the pressurizer, mixing near the surface becomes dimin
ished and the upper steam region can be considered to
be thermally insulated from the liquid for the remainder
of the insurge. In view of these considerations, the
YAEC method of modeling the heat transfer between
the steam and liquid regions may be noncon-servative.
Furthermore, modeling the lower liquid region as a
single region presupposes perfect mixing in this region
which also artificially lowers the liquid temperature as
fluid is added during the insurge. As such, the use of a
rather high heat transfer coefficient between the steam
and liquid regions, coupled with an artificially low
mixed mean temperature for the liquid, could result in
lower peak pressures calculate for the PTS transients
that experience refill. A more appropriate model would
includea three region pressurizerconsistingof two
lower liquid regions and an upper steam region. In
view of the YAEC modeling techniques, justification
that the heat transfercoefficient of 50 Btu/h-ft2-°F and
use of two regions bounds the actual or expected behav
ior needs to be provided.

Lasdy, the upper head region should also be modeled
as a nonequilibrium region to properly treat the refill
and repressurization process.

Based on the above concerns, the thermal hydraulic
analyses presented in the YAEC report are not accep
table for use in assuring the worst case has been identi
fied for PTS of the Yankee Nuclear Power Station.

Resolution of the above concerns in addition to obtain
ing responses to the Request for Additional Informa
tion, presented in Attachment A regaruiug ail of the
events presented in the report, would be needed to com
plete the PTS review for the Yankee Nuclear Power
Station.

B.4 Conclusion

A reviewof the thermal-hydraulic analyses presented in
the YAEC Report No. 1735 was performed to evaluate
the technical approach used as a basis to address Pres
surized Thermal Shock for the Yankee Nuclear Power
Station. The thermal/hydraulic analyses included the
following events:

1) main steam line break (5 cases);
2) excessive feed flow (2 cases);
3) small break LOCA (1 case).

Because only the reactorcoolantsystempressure and
downcomer temperature responses wereprovidedfor the
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above events, there was insufficient information regar
ding the other key primary and secondary system tran
sient responseparameters to permit a thoroughand
proper review. A review of the information provided in
the YAEC report, however, identifiedseveral major
concerns which will require resolution. These concerns
included the following:

1) The pressurizer nonequilibrium model used in the
analyses did not properly account for the heat
transfer governing the thermal conditions in this
region during refill and repressurization of the
RCS. As a consequence, the approach used in
modeling the thermal behavior in the pressurizer
may tend to overpredict heat removal from the
pressurizersteam region and underpredictpeak
pressure during refill. The effect of this noncon-
servative pressurizer modeling technique on those
events which experience pressurization needs to be
evaluated to demonstrate that the approach does not
adversely affect the results nor change the conclu
sions presented in the report.

2) The justification was insufficient to demonstrate
that the small-breakLOCA presented in the report
is the worst case for PTS considerations. The

analysesof a spectrumof breaks needs to be pro
vided to demonstrate that the minimumtempera
ture and maximum pressure response for the break
presented in the report bounds that for a spectrum
of break sizes.

3) The maximum break size which can be isolated
was not presented nor discussed in the report.
Since the Emergency Operating Procedures do not
prevent the operator from isolating the break, the
response for this event should also be included for
PTS evaluations. The operation of the ECC and
charging systems following isolation should also
be discussed in regard to the potential for additional
pressurization of the RCS.

Basedon the above concerns, the thermalhydraulic
analysespresentedin the YAECreport are not accep
table for use in assuring the worst case has been identi
fied for PTS of the Yankee Nuclear Power Station.
Resolution of the above concerns, in addition to ob
taining responsesto the Request for Additional
Information regardingthe other events in the report, is
needed to complete the PTS review for the Yankee
Nuclear Power Station.
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Attachment A to Appendix B

Request for Additional Information

General Questions

On pp. 6-167, two criteria for evaluating cool-down
events are identified. In regard to criterion 1), provide
justification that transients with a cooldown rate less
than 200°F/h need not be considered for PTS evalua
tions. For example, a cooldown rate slighUy <200°F/h
may result in a higher pressure/low temperature com
bination that is more limiting than that for the cases
which are strictiy limited to a cooldown of 200°F/h or
more. This condition could occur following isolation
of, or refill of, the Reactor Coolant System (RCS) fol
lowing a small break.

Please provide the "previous analyses and engineering
simulations" identified in item 3) on pp. 6-169.

During discussions between the INEL (L. Ward), the
NRC (M. Mayfield), and the YAEC (P. Bergeron), the
thermal hydraulic analyses used the RETRAN non-
equilibrium two-region model in the pressurizer. A
heat transfercoefficientof 50 Btu/h-ft2.°F was used to
model heat transfer between the upper steam region and
the lower liquid region. No heat transfer was modeled
between the pressurizer walls and upper steam region.
During insurges of liquid into the pressurizer, the liquid
will compress the steam causing the steam to super
heat. The pressurizer walls in contact with the steam
will act as a heat sink and influence the peak pressure
achieved during the insurge. Because the steam is
basically stagnant heat transfer coefficients between
the steam and pressurizer walls is of the order of
5-10 Btu/h-ft2-°F. Because thesteam is basically stag
nant, heat transfer between the steam and liquid regions
will cause a saturated layer to develop at the steam-
liquid interface, the steam region will quickly become
insulated from the lower liquid region. As such, there
is very httle or no heat transfer between the liquid and
steam regions. The YAEC approach is therefore con
sidered nonconservative since the model will have a

tendency to overpredict heat removal from the upper
steam region which will result in tower peak pressures
computed during events where the RCS refills. Also,
the use of single lower liquid region further acts to
reduce peak pressure since any fluid entering this region
with be perfecdy mixed throughout the liquid region
regardless of the amount of liquid in this region. This
single region representationof the lower liquid region
therefore will minimize the lower liquid region temper
ature and further enhance the heat removed from the

upper steam region which produces lower peak pres
sures. This modeling technique is considered incorrect
More importandy, because of the nonconservative
nature of the approach, additional justification is needed
to assure the use of this approach bounds the expected

thermal behavior of the pressurizer for those events
which experience refill of the RCS. The following in
formation is needed:

a) Please provide benchmarks justifying the ability of
that model to predict pressurizer nonequilibrium
behavior during liquid insurges and outsurges.
Both separate effects and integral tests should be
provided. Comparisons to plant data should also
be provided if available.

b) Show the effect of the use of the interfacial heat
transfer coefficient of 50 Btu/h»ft2«°F and the
single lower liquid region representation on peak
pressure predictions for a) above. Insurge tran
sients with a range of inlet temperatures and liquid
inventories similar to that expected for the Yankee
plant should be provided.

Please describe the nonequilibrium thermodynamic
modeling of the remainder of the reactor coolant sys
tem other than the pressurizer? Was the upper head of
the reactor vessel modeled assuming nonequilibrium
thermodynamics? If not, explain why nonequilibrium
thermodynamics is not important to the repressuriza
tion process when many of the transients can develop
a steam bubble in this region following refill of the
RCS.

Describe the RETRAN nonequilibrium modeling of the
fluid in the loop piping during injection. While perfect
mixing of the ECC injection acts to enhance depressur-
ization through condensation in the injection section,
the addition of cold, relatively unmixed ECC fluid
which inters the core region may reduce boiling and
have a more significant effect on depressurization (fur
ther increasing ECC flow) and minimum temperature.
Identify the RETRAN calculated parameters used in the
REMIX code and the EPRI mixing model.

Loss-of-Coolant Accident

Provide justification that the 1-5/16-in. break is the
limiting break size for PTS evaluations. Since larger
break sizes can result in lower temperatures, provide
the results of larger break sizes to show that combina
tions of minimum temperature and maximum pres
sure for these larger break sizes are bounded by the
1-5/16-in. break. Smaller breaks which require cool
down to shutdown cooling conditions and which will
experience repressurization during the event should also
be discussed. Since the EOFs do not identify when
cool-down should be initiated if RCS pressure is high
(i.e. >835 psig), the earliest time into the event that
the operators would initiate a cooldown should be
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assumed and cooldown should be at the maximum
allowable rate.

What is the maximum break size that can be isolated
and what is the minimum temperature that couldbe
achieved for this break? If such a small break LOCA is
isolated just prior to refill, is there sufficient time for
the operators to throtde ECC and charging flow topre
ventRCS pressure from returning to fullpower operat
ing pressure?

What operator actions areassumed in theLOCA analy
ses? How dothese actions affect minimum tempera
ture andmaximum pressure achieved during LOCAs?

Whatsystems can operatefollowing a LOCAto mini
mize RCS temperature andmaximize RCS pressure?
Are let-down andauxiliary emergency spray systems
available and could the pressurizer heaters actuate upon
recovery ofpressurizer level upon refill of theRCS by
theECCS and/orcharging pumps?

Provide plotsof the following for the 1-5/16-in. break:

a) pressurizer level;
b) hot and coldleg two-phase levels, flow rates,

qualiities, and temperatures;
c) total ECC mass flow rate, break mass flow rate,

and quality;
a) steam generator pressures and levels;
e) upper head two-phase level and fluid temperatures;

and

f) core void fraction.

Figure 6.6-4 presents downcomer pressure forthe
1-5/16-in. break. If theoperator initiated a cooldown
using thesteam generators at 15min intotheevent,
could the increased ECC addition result in lower down
comer temperatures than that presentedin Fig. 6.6-5
and then upon refill of the RCS, could system pressure
increase above that shown at the end ofthe pressure
plot ofFig. 6.6-4? The analysis should bepresented
out to the time refill occurs and where the break flow
equilibrates with injection flow. The results of the
additional breaksrequestedabove shouldalsobe carried
out for this refilled condition.

Pleasedescribe the wall-to-coolant heat transfer model
used for the primary system. Identify the regions that
were modeled, the wall-to-coolant heat transfer coeffi
cients,and the wallnodalization usedfor the conduc
tion solution.

What is theearliest time theoperators would Initiate a
cooldown of theRCS following thosesmallbreak
LOCAs where heatremoval is needed? Please describe
the method for cooldown ofthe RCS following a small
break LOCA, and the precautions taken by the operator
to prevent overpressurizationof the system when the
RCS has been cooled to shutdown cooling entry
conditions.
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What is the temperature of the ECC and charging water
injectedby the pumpsand accumulators used in the
LOCA analyses? What is that minimum allowable
temperature of the ECC water source? What is the
minimum temperature of the charging flow?

Please provide justification that the HZP condition is
the worst initial condition for LOCA PTS evaluations.
Please explain why allother modes ofoperation arenot
more limiting for PTS considerations?

Please explain themethod used tocool the plant to
shutdown cooling conditions following a small break
LOCA withhot waterin thatpressurizer and a bubble
and hotwater in the upper head? Does thepotential for
RCS pressure behavior impact PTS as theoperator
attempts to reduce RCS pressure to shutdown cooling
conditionsby throttling ECC flow while also main
taining the minimum subcooling.

Provide justification that thesuction leg break location
is the worst location for this break? Include breaks in
the hot leg piping in the justification.

Figure 6.6-5 shows the temperature decreasing at the
end of theanalysis. Please provide the remainder of the
analysis showing thetime at which thetemperature
reaches a minimum.

Steam Generator Tube Rupture

Please provide the analyses (referred toonpp. 6-112)
that justifies that the most severe cooldown for the first
10 min ofa tube rupture event occurs for a single guil
lotine tube rupture.

Please explain why pressure stabilizes at 1250 psia.

Was thetube rupture analysis carried out to theestab
lishment ofshutdown cooling? In particular, the plant
must becooled to shutdown cooling conditions for
long term heat removal. Please demonstrate that dur
ing the cooldown the operatoris able to maintain sub-
cooling margin and not repressurize theRCS at the
low temperatures necessary to initiate shutdown cool
ing. What precautions are taken toprevent inadvertent
repressurization early in the event and late in the event
when low temperature conditions are met for entry into
shutdown cooling.

Please describe the initial conditions for the tube rup
ture analysis.

Opening of Secondary System
Steam Valves

What are the initial conditions for the secondary valve
opening transients? Identify allcontrol systems that
are active during these events. Also identify the opera
tor actions for each event.
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Whywastheaddition of feedwater precluded forthese
events?

Provide the basis for assuming the NRV closes for the
openingof a single high-set MSSV but fails in the
other valve closure events? What is the minimum
temperature achieved if theNRVdoesnotclose,with
and without feedwater addition? Please justify that
omission of this event or provide the results of the
analysis.

For each of these cases the cooldown rates were cited as
a maximum "expected" cooldown rate; are theseengi
neering judgementsor are theseconclusions basedon
calculations with the RETRAN code? Please explain.

What conditions are necessary for the operators to trip
the main coolant pumps? What is the impact on these
events (and the above requestedevent involvingnon
closure of the NRV) if the operator trips the main
coolant pumps?

Main Steam Line Break

Pleaseprovide the following plot information for each
of the steam line break cases:

a)
b)

c)

e)

g)
h)
i)

J)

steamgeneratorpressureand liquidmass;
feedwater mass flow rate and break mass flow rate
(includeprimarybreak information for LOCAand
opened PORV);
SI flow;
pressurizer two-phaselevel, steam temperature,
liquid temperature, and wall temperature;
upper headandupperplenum voidfraction and
fluid temperatures;
cold and hot leg loop mass flow rates, qualities,
and temperatures;
core inlet, average, and oudet temperature;
core inlet and oudet mass flow rate;
RETRANparametersusedas input to the mixing
calculations if not included in above plots; and
pleaseprovideRCS pressure and downcomer tem
peraturefor thosecases wherethe information was
not provided in the report

Case 1 assumed a guillotine break of the 24-in. steam
line.Whatdischarge coefficient was usedfor case 1?
What break size and discharge coefficient were assumed
for the other cases? How was the break region nodal-
ized? What critical flow model is included in
RETRAN and how does the code model break flow that
is not critical flow?

Pleaseprovidea list of operator actions assumed for
each of the events.

Providejustificationfor not assuming additionalNRV
valve failures for case 1 when 2 and 4 NRV valves
were assumed in the other cases? Are the choice of

equipment failures and initial conditions best estimate
or are they considered worst case assumptions.

List the minimum temperature and maximum pressure
for each case that was used for PTS evaluation. What
was the worst case? For example, case 6 included a
minimum temperature of 140°F with pressures of 1550
and 1000psia identified. What pressure was used in
the PTS evaluation? Was case 6 carried out through
refill and repressurization of the RCS? What is the size
of the LOCA? What conditions are needed for the pres
sure to remain at 1550 psia for this case? What is the
impact on this event of closure of the PORV when the
downcomer is at its minimum temperature? What
assumptions were made in regard to charging system
operation?

How was the pressurizer level control system modeled?

On pp. 6-177, what does "minimal" feed mean?

The minimum temperature for case 4 is based on the
emptyingof the condenser hot well after which MCS
temperaturewould begin to increase. What actions
would be required to prevent the hot well from empty
ing or MCS temperature to increaseat 7.5 min and if
such conditions are possible, what minimum tempera
ture would be achieved for this situation?

Case 5 shows the temperature in Fig. 6.6-16 decreasing
at the end of the plot and it was stated to continue to
decrease thereafter. Either carry out the analysis until
temperaturebegins to increaseor identify the minimum
temperature with the EPRI mixing motel?

Feedwater

Pleaseprovidethe information requested underMain
Steamline Break.

Steam Generator Blowdown

Pleaseprovide the information requestedunderMain
Steamline Break.
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Appendix C

ORNL Review of YAEC 1735

Radiation Effects on RTNDT and
Charpy Upper-Shelf Energy

J. G. Merkle
R. K. Nanstad

C.l Introduction

TheYankee Atomic Electric Co.(YAEC) report1
includes detailed informationregarding the materials,
fluence estimates, surveillance data, and operating in
formation as well as their analysis of the current and
projected RTndt and Charpy upper-shelf energy for
each material. Substantial differences existed between
theoriginalYAEC estimates of RTndt and thoseof
the NRC staff and consultants. For the plates, the dif
ferences resulted primarily from the YAEC assertion
that the A 302gradeB platesare coarsegrainedand,
therefore, not sensitive to irradiation temperature in the
rangefrom550to 500°F, and that thecoarsegrain
microstructurealso mitigates the potentially embrit
tling effects of nickel on thelower plate. Regarding
the welds, the chemical compositionsare unknownand
YAEC assumed that the copper content (0.18%)and
nickel content(0.70%) are thesameas thoseof similar
weldsin the BelgianBR3reactorvesselfabricated by
Babcockand Wilcox (B&W)in the same time frameas
the Yankee vessel. Since Ref. 1 was issued, discus
sions between YAEC and NRC have led to conver
gence of thetwoorganizations' estimates of irradiated
RTndt values.

There are many factors contributing to theuncertainties
regarding the fracture toughness of theYankee reactor
vessel. Among theseare therelatively lowoperating
temperature (~500°F), a slightamountof surveillance
data, effects of grain sizeandnickel content, andlackof
chemicalcomposition data. Each of these will be dis
cussed. The twotoughness parameters of interest rela
tiveto thepressurized thermal shock (PTS) evaluation
are the referencetemperature (RTndt) and the Charpy
upper-shelfenergy. The relationship betweenlow
Charpy upper-shelf energy andfracture toughness is
also discussed.

C.2 Composition of Linde 80
Welds

Thecompositions of theLinde80 welds in theYankee
vessel are not known. It is known that they were fab
ricatedwithcopper-coated wireandLinde80 welding
flux. The YAEC proposal is to assume a copper con
tent of 0.18% and nickel content of 0.70%, the same as

those reported for theBR3 reactor vessel. Thejustifi
cation is that the vessels were fabricated about the same
time and would likely have similar chemistry.
Although that is acceptable for nickelbecause of
known specifications for nickel additions, thatjustifi
cationshouldbe rejectedfor copperbecause the copper
content in the welds is a somewhat uncontrolled com
bination of that from the steel used to draw the welding
wire itself and that from the copper coating. It was not
an element controlled by material specification. The
copper content of Linde 80 welds canbe quite variable
as shownby a seriesof such weldsfabricated by
Babcock and Wilcox (B&W). The copper contents for
the welds in that study variedfrom 0.15 to 0.49%,
with an overall mean of 0.29% and a standard deviation
of 0.07%).2 Recentchemical analyses of samples
from the Midland Unit 1 reactor vessel have revealed
copper variations from 0.21 to 0.46%, withan overall
mean of0.29 wt% and a standard deviation of 0.07%,
and all the welds were fabricated with the same heat of
weld wire and lot of welding flux.a The variation in
copper, then,canbe verylargeeven within one
wire/flux combination. The following guidance is
provided in Regulatory Guide 1.99,Rev. 2:

In Tables 1 and 2 "weight-percentcopper"
and "weight-percent nickel"are the best
estimate values for the material, which will
normally be the meanof the measured
valuesfor a plate or forgingor for weld
samples made with the weld wire heat
number that matches the critical vessel
weld. If such values are not available, the
upperlimiting values givenin the material
specifications to which the vessel was built
may be used. If not available, conservative
estimates (mean plus one standard devia

tion') basedon genericdata maybe used if
justification is provided. If there is no in
formation available, 0.35% copper and
1.0% nickel should be assumed.

The aboveguidance was the basisfor using the generic
data for Linde 80 welds, discussed above, to establish

aNanstand, R. K.,MoCabe, D. E.,andSwain, R. L., Variations in
RTfjryrandChemical Compositionfor the Midland Unit 1 Reactor
Vessel LowUpper-Shelf Welds, draft NUREG/CR reportin
preparation.
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0.35 wt% as thebest estimate JWconservativp. estimate)
of copper content in the Yankee vessel welds for
RegulatoryGuide applications(note that the calculated
estimate would be 0.29 + 0.07 = 0.36%, but the
Regulatory Guide uses 0.35% even when no informa
tion is available).

C.3 RTndt Considerations

C.3.1 Summary of RTnDT Estimates

Fracture safety margin assessments for the Yankee
Rowe reactor pressure vessel depend direcdy onesti
mates of RTndt shiftfor thedifferent regions of the
vessel. Referring to Fig.C.l, from the YAEC report,
theimportant regions of thevessel, withregard to irra
diation effects, arethe upper plate, lower plate, upper
axial weld, lower axial weld, and the circum-ferential
weld. The only surveillance material from the Yankee
vessel wasmaterial from the upperplate. Surveillance
data from Yankee capsules are contained in three Naval
Research Laboratory (NRL)reports.3.4.5 Additional
Yankee surveillance specimens were irradiated in the
Belgian BR3reactor and thedataare reported in Table
5.7 and Figs. 5-6 and 5-10 of Ref. 1.

As statedin Refs. 3 and4 and notedby Hiser,6 the
surveillance material was heat treated separately from
the vessel itself. Thisapparendy led to a difference
between the B&WCharpyimpactdata at +10°Ffor the
unirradiated vessel material anddataobtained by
Westinghouse and NRL for the unirradiated surveillance
material, as illustrated in Fig. C.2 from Ref. 1. The
Westinghouse data in Fig. C.2 are WAPD data from
Fig. 2 of Ref. 5. The NRL data in Fig. C.2 can be
found in Fig. 8.11 of Ref. 4 and Fig. 5 of Ref. 5. The
utility's estimate of theinitial RTndt for theupper
plateis basedon the average Westinghouse and indi
vidual B&WCharpy impactenergy values at +10°F
(seeTable 5.4of Ref. 1). Apparendy referring to Para.
B.l.1.4 of NRC Branch Technical Position? MTEB
5-2,which is not a conversion from longitudinal to
transverseorientations as implied on p. 5-3 of Ref. 1,
the utility added 20°F to+10°F togetRTndt0 =
+30°Ffor the upperplate. This ignoresindividual
Charpy values at +10°F which are less than 30 ft-lb
(notspecifically mentioned in MTEB 5-2)but it does
assume, conservatively, thatthesurveillance andupper
vessel r ates are metallurgically identical.

It was noted bySerpan andHawthorne5 thatNRL per
formed dropweighttestson the unirradiated Yankee
surveillance material, providing an initial NDT temper
ature of +10°F. Referring to Fig.C.2, it appears that,
ignoring material differences,6 RTndt might becon
trolled by the temperature at which CVN = 50 ft-lb.
Nevertheless, recognizing the possibleinitialmetallur
gical difference between theupper vessel andsurveil
lanceplatesand thenapplying MTEB 5-2 to the B&W
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data at +10°F only, Hiser6 determined that an initial
RTndt of+10°F could bejustified for the upper plate.

Theinitial RTndj forthelower plate was estimated
by the utility1and by Hiser6 as +30°F,basedon
applying MTEB 5-2, Sect B.l.1.4 to the Charpy
impact energy data at +10°F tabulated in Table 5.5 of
Ref. 1.

The initial RTNDT for the Linde 80 weld metal in the
Yankee vessel wasestimated by theutility as +10°F
basedon B&W test report sheets for materialrelated to
theYankee vessel inan unspecified way (see pp. 5-5
and 5-28 of Ref. 1). Hiser6 checked this estimate
usinggenericdata (seepp. 2 and 3 of the attachment to
Ref. 5). Hiser6 also applied Branch Technical Position
MTEB 5-2 toCharpy data at +10°F for theupper and
lower vessel welds, obtained from Ref. 8, again obtain
ingan initial RTndt of+10°F(see p. 11 of theattach
ment to Ref. 6). In the latter evaluation, the MTEB
5-2lower limitof 45 ft-lb was changed to 30ft-lb
because the welds should be isotropic.*2 Notethat the
valueof RTndTo for the weldsis 10°Fhigherthanthe
value forLinde80 weldsspecified in Para. 50.61(b) of
10CFR50.

Estimates of ARTndt for the Yankee vessel near-
beldine materials have evolved since the submittal
of Ref. 1. In Ref. 1, the utility developed andapplied
graphically a trend curvefor theplatematerials based
on Yankee Rowe and BR3 surveillance data(see
pp. 5-26 and Fig. 5-6 of Ref. 1). In Ref. 1, it was
assumed that coarse-grained structure nullifies the
effects of irradiation temperature forboth plates and
theeffect of nickel for thelower plate. Regulatory
Guide 1.99 (Rev. 2) (all further reference toRegula
tory Guide 1.99 will mean to Rev. 2) was used for
estimating ARTndt values for the welds, using an
irradiation temperature adjustment obtained from a draft
of ORNL/TM-10445 (see pp. 5-26 and 5-38 of
Ref. 1). Note thatthedraft* of ORNL/TM-10445 is
a difficult-to-read and out-of-date document It was
assumed by the utility,withoutcompletedocumen
tation, that the copper and nickel concentrations in the
Yankee welds were the same as those measured in BR3
welds fabricated by B&W at about the same time as the
Yankeevessel. The NRC accepted the Yankeeestimate
of nickel concentration, because it was a controlled
element in theweld wire, butnotthecopper concentra
tion, because it was not a controlled element.0

After reviewing Ref. 1,NRC made independent prelim
inary estimates'1 of the ARTndt values for the Yankee

Hiser, Jr., A. L, NRC,personal communication to J. G.Merkle,
ORNL, August 23,1990.

Fabry, A., et al.. Influence ofNeutron Irradiation on theNotch
Ductiltiy ofLWR Welds, NUREG/CR-4940 (ORNL/TM-10445),
Draft Manuscript, August 20, 1987.
cHiser, Jr., A. L., NRC, personal communication toJ. G. Merkle
ORNL, October 4, 1990.

Hiser, Jr., A. L., draft of Ref. 6, undated.
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Rowe vessel materials and also retained a consultant,
G. R. Odette, to do the same thing. The preliminary
NRC estimates were all based on Regulatory Guide
1.99 procedures, with multiplicative adjustments for
irradiation temperature and nickel. The estimates for
the plate materials were of two types, the first incor
porating chemistry factors calculated onthe basis of
known plate chemistries, andthesecond incorporating
chemistry factors calculated by themethod of least
squares from the Yankee surveillance data following the
procedure described inRegulatory Guide 1.99. The
BR3 surveillance data were not considered in this cal
culation. The surveillance-based calculations used two
sets of fluence values, different by a factor of two,
because of a YAEC claim that errors had occurred in
the original fluence calculations. The estimates for the
welds were made on the basis of calculated chemistry
factors for two chemistries, the Regulatory Guide 1.99
default chemistry and theBR3 weld chemistry claimed
by YAEC to represent theYankee vessel welds.
Upper-shelf-drop estimates were also made bythe
Regulatory Guide 1.99 procedure with noadjustment
for irradiation temperature, assumingthat compensa
tion is provided6 by theuseof J-Rcurves measured at
500°F. In contrast to the YAEC estimates in Ref. 1,
thepreliminary NRC estimates indicated thatmost
if not all the near-beltline material RTndt values
exceeded the 10CFR50 PTS screening criteria. The
YAECestimatesof Charpyupper shelfenergy values
less than 50 ft-lb were also confirmed.

Odette's estimates9 ofARTjvjryr- were based ona study
of available data for irradiation temperatures near
500°F, nickel effectsand a log-log plot of both the
Yankee Rowe and the BR3 surveillance data, the latter
adjusted for irradiation temperature effects. Odette's
ARTndt estimate for the upper plate was based ona
linear interpolation (on log-log paper) between the two
YAEC surveillancepoints, using the originally
reported fluences, according to

ARTNDt = 184.57f0.3419, °F,« (1)

where f = <t> x 10"19 n/cnA Using f = 2.3,b
ARTndt = 245°F. The ARTndt estimate for the
lower plate was obtained byadding a +80°F nickel
adjustment to thevalue for the upper plate, ignoring
the differences in fluence between the upper and lower
plates, to obtain ARTndt = 325°F. TheARTndt
estimates for the axial and circumferential welds were
obtained from a generic upper-bound Regulatory Guide
7.99-type curve for the 500°F irradiation data examined,
according to

aThis correlation is slightly different from that shown in Ref. 9
because the one shown in Ref. 9 was fitted to BR3 as well as the
YAEC surveillance data. Although Eq. (1) doesnot actually
appear in Ref. 9,it is consistent with the approach recommended by
Odette.

6Asmentioned later, a moreaccurate setof fluencies thanthese
become availabel after these calculations were made; they are
included elsewhere in this report.

artNDt = 300 f(0.28-o.io iog10f), °f . (2)

For the axial weld, f = 0.38a and ARTNDT = 220°F
(Odette reported 230°F), and forthecircumferential
weld, f = 2.05a and ARTndt = 359°F (Odette's value
was rounded up to 360°F). Odette's ARTndt results9
weregenerally less than thepreliminary NRCvalues
but still confirmed that at least the lower plate and the
circumferential weld have exceeded the PTS screening
criteria.

Following the receiptof Odette's estimates, Hiser's
calculational procedures wererevisedso that the two
sets of estimates were closer together. Hiser's6 final
ARTndt estimates forplate material were based on
only theBR3 surveillance data to avoid thecontroversy
about YAEC surveillance capsule fluence accuracy.
Themultiplicative adjustment for irradiation tempera
ture was replaced with anadditive adjustment based on
1°F/°F, and the highnickel contentof the lowerplate,
relative to that for theupper platesurveillance speci
mens, was accounted for by adding 70°F to the upper-
plate correlation for ARTndt- The reference irradiation
temperature was lowered from 511°F to 500°F, some
what arbitrarily, thus raising the irradiationtemperature
adjustment by 11°F. (Time andfluence-weighted
average cold legtemperatures based onTables 2.1 and
2.3 ofRef. 1produce reference temperatures of 507.1
and504.8°F, respectively, the combined average of
which is 506°F.) Recognizing that a concavedown
ward Regulatory Guide 1.99fluence function curve
produces higher ARTndtestimates than a straight
line on a log-logplot, for fluences in therange of
interest (seeFig.C.3),Hiser made both types of esti
mates. The latter was based on a linear least squares fit
onlog-log paper to the five BR3 surveillance speci
men results forfluences exceeding 1019 n/cm2 (see
Table 5.7 of Ref. 1), with an irradiation temperature
adjustment to the data before fitting.6 The resulting
shift equation was

ARTndt = 172.1610-3160, (3)

the constants in which are close to those in Eq. (1).
The revised ARTndt estimates for the welds were
made by theRegulatory Guide 1.99, Revision 2, pro
cedure for three chemistries, Regulatory Guide 1.99
default (0.35% Cu, 1.0% Ni),BR3 (0.18% Cu, 0.7%
Ni), and"best estimate" (0.35% Cu,0.7% Ni), the
latter chemistry corresponding to the 10CFR50.61
"best estimate" values of ARTndT- Chemistry and
fluence factors weredetermined fromRegulatory Guide
1.99. Anirradiation-temperature adjustment of 50°F
was added to the calculated shift. The values labeled
"best estimate" could more accurately be termed a
"prudent estimate," the conservatism inwhich provides

flAs mentioned later, a more accurate set of fluencies than these
become availabel after these calculations were made; they are
included elsewhere in this report.
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an incentive for the utility to make copper-content
measurements for the Yankee vessel welds." No
mention is made of the depth in the vessel wall at
which the ARTndt values are being calculated, but
presumably it is the inside surface.
Hiser's6 and Odette's9 ARTndt estimates weretrans
mitted to NRC-NRR, which selected a combination of
the two sets of estimates for transmittal to the utility
as thestaffestimates.10 Theoriginal peak fluences
and licensee estimates of RTndt as well as the NRC
staff estimates of RTndt are shown in Table C.1. The
unirradiated RTndt values are from Ref. 1andHiser.''
The NRC ARTndt valuesfor the plateare Odette's,9
while those for the welds are Hiser's6 "best estimate"
values, with Odette's higher value for the circumferen
tialweld included as a precaution. The largedisparity
between the NRC and YAEC estimates is evident.

Approximately a month after receiving the NRC staff
estimates, the utility transmitted back to NRC revised
1990 fluence values and RTndt estimates.1! These
revised estimates are shown in Table C.2, which also
showsa comparison betweenARTndt calculations
performed at ORNL by thesamemethods chosen by
the NRC staff for the preparation of Table C.l and the
revised YAEC submittal. Table C.2 demonstrates that
the utility has accepted the NRC's basis and methods
for calculating ARTndt values and, therefore, that
there is no longer a controversy about surveillance
specimen fluences, irradiation temperature effects, or
nickel effects.

The RTndt values given in Tables C.l and C.2 do not
include the margin terms discussed inRegulatory Guide
1.99 and 10CFR50, Para. 50.61. The utility applieda
margin of 56°F to the RTndt estimate for weld metal
(seeTable 5.9,p. 5-28, of Ref. 1) but no margin was
considered forplate. Hiser6 usedmargins of 34°Ffor
plateand56°Fforweldmetal, apparendy by doubling
the values of a& in Regulatory Guide 1.99, but did not
elaborate on the source of these numbers. The values
transmitted by NRR10 to the utility (seeTable C.l)
did not include margins.

C.3.2 Grain Size Effects

The YAEC report offered considerablediscussion
regarding the effects of microstructure onsensitivity to
irradiation. Based on therelatively high austenitizing
temperatures used for the Yankee plates (1750 to
1800°F), theyassert that the plates have a relatively
coarse austenite grain size and that their assertion is
supported by BR3 microstructural analyses showing
relatively coarseprioraustenite grains. Theirassertion
of relatively coarse prior-austenite grains being present
in themicrostructure is likely correct They further

aHiser, Jr., A. L., NRC, personal communication toJ. G. Merkle
ORNL, October 4, 1990.

^Hiser, Jr., A. L., draft of Ref. 6, undated.
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assert that a coarse-grain microstructure results in an
increased sensitivity to neutron radiation.

One of the references they cite is that of Gordon and
Klepfer,12 which concluded that coarse ferrite grains in
ferritic steelsexhibit greater irradiation-induced shifts
due to longer diffusion paths to defect sinks. Likewise,
Nichols and Harries13 showed a similar result. The
Gordon and Klepfer work,however, was performed
with almost pure ferrite grain steels and, as stated by
Gordon andKlepfer, as substructure development
occurs in the form of pearlite, bainite, martensite, etc.,
the assumptions used in their model become invalid
because the damaging defects no longer have a rela
tively directdiffusion pathto a ferrite-ferrite boundary.
As shown in the Yankee report, the Yankee plate
microstructureis largely bainitic; thus, the Gordon-
Klepfer model, even if it is correct,may not be appli
cable to the Yankee case. On the other hand,
Hawthorne14 observed noeffect of grain sizeon transi
tion temperature shift for A 533 grade B class 1 steel.
Likewise, Hosbons and Wotton^ stated that there were
no differences in quenched and tempered steels because
of thefiner carbide distribution inherent in thequenched
structure. The Yankee plates are quenched and tem
pered. Recent work by Amayev16 on chromium-
molybdenumsteels reported no differences between fine
and coarsegrainson the Charpy shift. Finally,
Trudeau,17 for a 3.25% Ni steel, showedless shift for
the coarse grain than the fine grain steel.

There areother papers in theliterature which attempt
to examine the effects of grain size on embritdemenL
Theproblem is that thereare many confounding param
eters involved other than the sizeof theprioraustenite
grains. The dislocation structure,precipitatestructure,
etc. all contribute to the mobilityof defects in the
microstructure, andthese areaffected by thefabrication
process, heat treatment, and chemistry. The effects of
grain sizeon embrittiement are, in otherwords, very
uncertain and lacking consensus.

C.3.3 Temperature Effects

The effects of irradiation temperatureon embrittiement
havebeen extensively studied. In a general sense, it is
agreed thatforferritic low-alloy steels hardening and
embrittiement increase with decreasing irradiation
temperature, at least within a certain temperature range.
This effect hasbeen shown for many steels including
A 302gradeB.™ In the range from about400 to
600°F, there is considerable scatter even fora given
material, indicating a high degree of sensitivity to irra
diation temperature in that approximate temperature
range. There are insufficient datafor the Yankee plates,
and none for the welds, with which to ascertain the
effects of irradiation temperature on those specific
materials.

There are many references which could becited regard
ing irradiationtemperature effects. Hiser discussed
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some important ones in his memorandum: Stallman19
on A533 grade Bclass 1(HSST Plate 02), Odette20
onbaseandweldmetals, Saulet(unreferenced), Fabry
(unreferenced) on Linde 80 welds, and Lowe21 on Linde
80 welds. Odette observeda rangeof irradiation tem
perature effects with different materials with 1° increase
intransition temperature shift for each 1° decrease in
irradiation temperature stated asa representative value.
It should be noted, in fact, thatobservations were noted
in whichembrittiement increasedwith increasing
temperature, and the authors emphasize the synergisms
of other variables such as flux, fluence, andcomposi
tion. Stallman alsoobserved an average dependence of
1°shift increase per 1°decrease in irradiation tempera
ture. Saulet's analysis expressed the effect asa ratio,
such that a shift at 550°F would be multiplied by 1.45
to estimate the shift at 500°F. Using the Saulet
method, a shift of 100°F at 550°F would beestimated
as 145°F at 500°F. Using therepresentative value of
1° per degree ofirradiation temperature simply adds
50°Fto theshift at 550°F. For a fluence of 2.16x
1019 neutrons/cm2 (>1 MeV), theYAEC estimated
shift of 180°F for the upper plate would become 260°F
using the ratio method and 230°F using the additive
method.

For theLinde80 weldcase, Fabry obtained a ratio of
1.40for Linde 80 welds irradiated in BR3, while
Lowe's analysis of the HSST Linde 80welds deter
mined an increase of about 0.7° in the shift for 1°de
crease in irradiation temperature. Analyzing thesame
HSST data, Nanstad and Berggren22 obtained anaver
age value ofabout 0.5°F. For a fluence of1.93 x
1019 neutrons/cm2 (>1 MeV), theYAEC estimated
shiftof 203°F for thebeltiine welds would be increased
by values ranging from 25 to 84°F using the various
methods described above.

Acouple ofother pertinent studies are those of
Williams et al.23 and Ahlfet al.24 For relatively
high fluences, the Williams study showed temperature
dependencies, in the manner discussed above, of0.5
and 1.0°F/°F for twodifferent materials. TheAhlf
study reported dependencies of0.5,0.9, and 2.15°F/°F,
for anaverage ofabout 1.2°F/°F, for three different
materials.

In summary, theeffects of irradiation temperature are
dependent on many variables and, although there are
specific instances ofcontradiction, the bulk ofthe
studies reported inthe literature indicate higher embrit
tiement withlowerirradiation temperature in the tem
perature and fluence ranges applicable to the Yankee
situation. All theabove referenced studies involved
radiation exposures in the range of 1019 n/cm2
(>1 MeV). The use ofan empirical correlation such as
one degree increase in shift for one degree decrease in
irradiation temperature iscertainly not a scientifically
satisfying approach, but itisaprudent approach which
is substantiated with a body of research. Based on the
information cited,use of that value to makea best

estimateof the RTndt for the Yankeevesselseems
reasonable and not overly conservative.

C.3.4 Nickel Effects

Nickel haslong been identified as a potential "bad
actor" in irradiationembrittiementof various steels.
Based on theanalyses of surveillance datafrom com
mercial light-water reactors, nickel plays a prominent
role in the estimates of embrittiement in Regulatory
Guide 1.99 (Rev. 2). Odette and Lucas2*5.2* observed
that nickelcan have a strongeffect on the transition
temperature shift insteels with copper, and that some
data suggest an independent effect ofnickel athigh flu
ences. They also observed contradictory results, but
the predominant observations led them toconclude
that, for pressure vessel steels ingeneral, nickel en
hances embrittiement. As discussed in Hiser's memor
andum, Hawthorne26.27 reported significant effects of
nickel on two pairs of plates (copper content was
0.16% inone pair and 0.28% inthe other) from split
melts where copper andallother elements were kept
constant, while nickel wasincreased from 0.27to
0.67% for each pair. At 2.5 x 1019 n/cm2 (>1 MeV),
the higher-nickel-content plates exhibited temperature
shifts of 23%(0.16% Cu)and44%(0.28% Cu) greater
than those for the low nickel plates.

In otherstudies, Williams et al.28 observed thatnickel
tended tomitigate thetemperature dependence, butthe
studieswere conductedwith weldshaving nickelcon
tents of about 0.3% or less and about 1.6%. Studies
reported by Maricchiolo, Milella, and Pini29 also indi
cate a mitigating effect of increased nickel, although
the preponderance oftheir data were for nickel-to-copper
ratios from about 5 to25; while Fisher and BuswelPO
seeenhanced sensitivity with increased nickel dependent
on the copperand nickelcontents.

Both Odette and Lucas, and Williamset al. emphasize
that the effects of nickel are not very well understood.
Theoften-mentioned synergism of copper andnickel is
confounded by effects of otherelements andheattreat
ments which may affect theprecipitation kinetics of
the copper aswell as the matrix-damage component of
embrittiement. Although there are observations to the
contrary, the evidence tosupport the YAEC claim of
no nickel effect for the lower plate is minimal. Fur
thermore, observations of significant enhancement of
embrittiementfrom increasednickel make consideration
ofa nickel adjustment the prudent choice. Using dif
ferent methods, Hiser andOdette recommended theaddi
tionof 70 and80°F, respectively, to the upper plate
shiftto account for the higher nickel in the lowerplate.

C.3.5 Summary of Metallurgical and
Temperature Effects on RTndt

The YAEC report onthe Yankee reactor vessel embrit
tiement presents extensive discussions regarding the
effects of irradiation temperature, nickel content, and

C.7 NUREG/CR-5799



grain size on neutron embrittiement of the vessel
plates. Theirclaim that theprobablecoarsegrainsize
of the plates mitigates the effects of lower irradiation
temperature and higher nickel content is not substan
tiated withsufficient evidence. Theconfounding effects
of so many variablesdemandsprudentchoices in cases
like this where information is so sparse. The YAEC
claims may turn out to be correct, but the information
available at this time is inadequate to allow their use.
The bases used by the NRC staff for shift estimates are
reasonable under the circumstances and not overly
conservative.

C.4 Charpy Upper-Shelf
Energy Considerations

C.4.1 Summary of Upper-Shelf
Energy Estimates

The utility's estimates of Charpy V-notch upper-shelf
impact energy at the end of plant life are given on
pp. 5-26 of Ref. 1 and then repeated in less detail on
pp. 3-4,3-5, and 3-7 of the same reference. These
estimates are statedas follows: (pp. 5-26) "Thepredic
tions for plate longitudinalCharpy V-notchupper shelf
energy are based on data from the current BR3/ YAEC
test program on surveillance capsule specimens at
BR3. These data are shown in Fig. 5-10." (pp. 3-5)
"Themeasuredupper shelf energy of the Yankeeplate
material(L-T) at a fluenceassociatedwith the year
2020 is 57 ft-lb. Therefore, using SRP 5.3.2 to ob
tain the transverse (T-L)direction,results in an upper
shelf energy of 35 ft-lb." [MTEB 5-2, attached to
SRP 5.3.2, prescribes a multiplying factor of 0.65 for
estimatingtransversedirection upper shelf values from
longitudinal direction upper shelf values.] (pp. 5-26)
"Thepredicted uppershelfenergy for weldmetalis 40
ft-lb in the year 2020. It is based o^ an initial upper
shelf energy of 70 ft-lb and use of Reg. Guide1.99,
Rev. 2, and BR3 chemistry to predict the drop in upper
shelf energy. The validity of 40 ft-lb is also corrobo
ratedby data from the B&W Owners'Grouppresented
at the May 24, 1990, ACRS meeting in West Palm
Beach,Florida,whichshowedthat uppershelfenergy
for their Linde-80 welds were above 40 ft-lb for
fluences out to and beyond 2 x 1019 n/cm2."

The NRC6made calculationsfor the individualreactor
vessel near-beldine materials using Fig. 2 ofRegula
tory Guide 1.99 and the same fluence values used to
estimate ARTndt- The NRC results are summarized
in Table C.3. It can be seen that the NRC 1990 esti
mates for plateare less thanthe utility's EOLestimate.
The NRC 1990 estimates for weld metal, assuming
0.35% copper,are close to the utility's EOLestimate.
None of the foregoing upper shelf CVN estimates con
sidered through-wall fluence attenuation, although it is
permitted by 10CFR50, Appendix G, Sect. V, to do
so.
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Since both the utility and the NRC utilized Fig. 2 of
Regulatory Guide 1.99 for estimatingupper shelf
drops, and the irradiation temperature for the data base
of that figure is 550°F, it is advisable to consider the
effect of irradiation temperature on this estimate.
Hiser6 noted that, "Lower irradiation temperature tends
to result in greater radiation sensitivity (i.e., greater
shifts and shelf drops)" but also that, "theRegulatory
Guide is thought to be conservative for irradiation at
550°F; the degreeof conservatism is probablysuffi
cient to accountfor the YankeeRowe operatingtem
peratureof 500°F." Information regardingthe effectof
irradiation temperatureon the Charpy upper-shelf
energy is sparse. Nanstad andBerggren22 analyzed the
HSST low upper-shelf welds and determined an effect
of about -0.022 ft-lb/°F, meaning that the upper-shelf
energydecreases 0.022 ft-lb for each one degree
Fahrenheitdecreasein irradiation temperature at a flu
enceof about 8 x 1018 n/cm2 (>1 MeV). For a 50°F
decreasein temperature, the decreasein upper-shelf
energy is about 1.1 ft-lb. For an upper-shelf energy of
about 40 ft-lb, that amountof change is certainly not
substantial.

The YankeeRowe surveillance programproduced
upper-shelf-drop data as wellas transition temperature
shift data.5 It should benoted3 that of the five Yankee
steel upper shelf values listed in Table 2 of Ref. 4,
only twoare measurements. The others,denoted by
the approximation symbol (~), are estimates. (These
data were listed in NUREG-0569without distinguish
ingbetween experimental data and estimates.)31 Data
for twoof these specimens were usedby Steeleand
Serpan32.33 todevelop a graphical correlation between
percent upper-shelfdrop and increase in Charpy
V-notch 30-ft-lb temperature. This plot, with the re
maining data and estimates from Table 2 of Ref. 5
added, is shown in Fig. C.4. Also shown in Fig. C.4
is Hiser's6 estimate of percent shelfdrop andARTndt
for the upperplate. The upper-shelfdrop, from
Table C.3, is 32.8%, and the ARTndt value, from
Eq. (4), for f = 2.3, is 224°F. Hiser's estimates are
consistent withthe two Yankee surveillance datapoints
and the two additional estimates for Yankee material.
The data for the ASTM correlation monitor material all
plot above the Yankee surveillance data. Odette's
estimateof ARTndt for the upperplate was 245°F,
which would shift the estimating point in Fig. C.4
21°F to the right, still preservinga consistent trend
with the other Yankee data.

Additional upper shelf drop data for ASTM correlation
monitor material specimens werecompiled by
NRL.34,35 Unirradiated upper shelf values ranged
from 71 to 86 ft-lb in the longitudinaldirection,and
45 to 46 ft-lb in the transverse direction. Irradiated
uppershelfvalues seemed to approach lowerlimits
depending onirradiation temperature andspecimen

aHiser, Jr., A. L., NRC, personal communication toJ.G. Merkle,
ORNL, October 11, 1990.

C.8



orientation. For irradiation at 550°F, the lower limits
appeared to be 63 ft-lb for the longitudinal direction
and about 41 ft-lb for the transverse direction. For
irradiation at temperatures less than 300°F, the corre
sponding lower limits were 44 ft-lb and 18 ft-lb.
Gearly, irradiation temperature and orientation are
important variables. The estimated 1990values for
Yankee plate in Table C.3 are all betweenthe lower
limits for the corresponding orientations given in
Ref. 35. Thus the estimating procedures in Regula
tory Guide 1.99apparently do contain enough conser
vatism to justify application to a vessel operating at
temperatures between 500and 550°F.

The revision of the fluences for the Yankee vessel
given in Ref. 11 required a recalculation of the upper
shelfdrops. The procedure for estimating uppershelf
dropsrequires reading and interpolating valuesfrom
Fig. 2 of Regulatory Guide 1.99, which is a log log
plot of percent shelf drop vs fluence, with copper con
tent as a parameter. This procedure is somewhat te
dious, but since all the curves in the figure are straight
lines, the procedure is easily reduced to theapplication
of simpleequations. The equation of the upper-bound
curve is

ACVN(%) = 42.39f«1502. (4)

The equationof the lowercurves for base metal is

ACVN(%) = (100 Cu + 9)fO-2368, (5)

and theequation of the lowercurves for weldmetal is

ACVN(%) = (100 Cu + 14)f0-2368. (6)

The intersection of the lower curves with the upper
curve occurs at

f=[42.39/A]H-55, (7)

where A is the multiplyingfactor in Eqs. (5) and (6).
The recalculated 1990 Charpy V-notch upper shelf
impactenergiesarc shownin Tabic C.4. All changes
arc reductions, but the only significant change from
Table C.3 is for the upper axial weld, because of the
large change in fluence.

C.4.2 Low Upper-Shelf Energy
Effects on Fracture Toughness

Low uppcr-shclfimpactenergy in reactor pressure
vessel steels and welds has the effect of lowering the
margin between strength in thepresence of flaws and
applied loads. In Chap. 3 of Ref. 1, the utility per
formed low uppcr-shclf analysesfor LevelsA, B, and C
loading conditions according to procedures proposed by
the ASME Section XI Working Group on Flaw
Evaluation. Because the ratio of inside radius to wall
thickness (R/w) for the Yankee vessel is 6.83, includ
ing the thicknessof the cladding, the stresses due to
pressure arc roughly seventy percentof what they

would be for a vessel with a R/w ratio of 10. Thus,
the utility calculated adequate margins on the upper
shelf even though upper-shelf energies were estimated
to be as low as 40 ft -lb. This result was anticipated
in a previous NRC analysis.31 The NRCdid not
review the utility's upper-shelf analysis in detail. In
this evaluation, the utility's calculations of applied Ki
due to pressure and thermal loading have not been
checked, but the choices of representative J-R curves
for base metal and weld metal have been reviewed.

Additionally, the choices of upper-shelf toughness
values appropriate for use in PTS analyses have been
examined. This subject was not discussed by the util
ity in Ref. 1. Apparently, YAEC used the ASME

maximum value ofKc =200 ksiVirL as an uppcr-
shclf toughness, without questioning whether or not
this value actually corresponds to the Charpy uppcr-
shclf energies estimated.

In Ref. 1 it was noted that size effects have been
observed in J-R curves measured by HiserandTerrell36
for transversely oriented (T-L) specimens of unirradiated
A 302 grade B steel. Additionally, as shown in Fig.
C.5, such J-R curves can lose all slope, approaching
constant values of J. Consequently, a procedure was
developed in Ref. 1 for estimating the J-R curves for
irradiated low uppcr-shclf A 302 grade B plate. The
procedure consistsof developing mean and mean -2a
correlations between Charpy uppcr-shclf impact energy
and Jic as shown in Fig. C.6, and then, based on
Fig. C.5, assuming that the upper-boundconstant level
of J for any base-metal J-R curve is 1.3 times Jic (sec
pp. 3-6 and 3-7 of Rcf.l). In Ref. 6, Hiser developed
mean and mean -2a correlations between Jrj.i, corre
sponding to Aa= 0.10 in., and CVN, and these cor
relations are shown in Fig. C.6. The convergence of
correlation curves for Jrj.i and J\c for CVN approach
ing 15 ft -lb in Fig. C.6 is further indication of the
flattening out of low-uppcr-shclf J-R curves for A 302
grade B base metal.

The correlations in Fig. C.6 have the following
equations:

Jlc (mean) = 160 + 4.20 CVN, (8)

Jic (-2a) = 4.20 CVN, (9)

JO.l (mean) = 108 +11.75 CVN, (10)

and

JO. l (-2a) = -162+11.75 CVN, (11)

where J is in in.-lb/in.2 and CVN is in ft-lb.

For estimating the J-R curves for Linde 80 weld metal,
the utility used a correlation, developed by Hiser,37 be
tween the parametersof a power law representation of a
J-R curve,
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J = C[Aa/k]n, (12)

and theCharpy uppcr-shclf impact energy. The coef
ficients in the correlation used inRef. 1aregiven in
Table C.2of Ref. 37. Because Eq. (12) isa power
law, the estimated J-R curve will not level off as did
the base metal J-R curve shown in Fig. C.5.
Nevertheless, there are J-R curves for Linde 80 weld
metal thatdisplay the tendency to flattenout. Such an
example, corresponding to CVN = 39 ft-lb, is shown
in Fig. C.7, which is from Fig. C-50 in Ref. 37. The
asymptotic upperlevel of Jmax for specimen
W8A-121, from Fig. C.7, is about 600 in.-lb/in.2

The Yankee Rowe estimate of Jmax forA302-B plate

J max = 1.3 J Ic (13)

For purposes ofestimating theuppcr-shclf toughness
appropriate for a PTS analysis, values of Jmax (mean)
can be converted to Kc by the equation

Kc=[FJmax(mcan)/(l--u2)]1/2. (14)

Applying Eqs. (8) through (14) to theupper-shelf
Charpy impact energies estimated by the utility1 and
by NRC6 (prior to the fluence revision) gives the
values of J and K shown in Table C.5.

Figure C.8 shows the J-R curve for irradiated Linde 80
weld specimen W8A^121 from Fig. C.7 compared to
the J-R curve for theunirradiated 6TA 302 grade B
specimen from Fig. C.5, plus the Jmax values from
TableC.5 for A 302grade B plate,basedon theNRC
1990 estimates of CVN. From Eq. (15), the value of

Jmax corresponding to Kc =200 ksiViru is

1213 in.-lb/in.2 Clearly, Kc =200 ksiVinT is not
an appropriate upper-shelftoughness value for PTS
analysis for the near beltline materials in the Yankee
Rowe vessel. As indicated in TableC.5, values of

141, 126, and 113 ksiVinT are more appropriate for
the welds, upper plate, and lower plate, respectively.
The sensitivity of P(FIE) to inclusion of lower values
is discussed in Sect. D.4.2.

C.5 Summary of Radiation
Effects

There are many factors contributing tothe uncertainties
regarding thefracture toughness of theYankee reactor
vessel. Among these are the relatively low operating
temperature (~500°F),only a small amountof surveil
lance data, effects ofgrain size and nickel content, and
lack of chemical composition data.

The copper content ofwelds fabricated with copper-
coated wire can bequite variable, as shown by B&W
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and HSSI Program studies. Regulatory Guide 1.99,
Rev. 2 allows the use of conservative estimates based
on generic data (mean +standard deviation). Acopper
content of 0.35 wt% (mean of 0.29%plusstandard
deviation) was determined for theYankee welds, based
on the B&W generic data.

TheYAEC report asserted that theplates have a rela
tively coarse austenite grain size, which is likely, with
a resultant increased sensitivity to neutron radiation and
which mitigates the effects of the lower irradiation
temperature and nickel content. In summary, references
were cited which showed there are many confounding
parameters involved other man thesizeof theprior
austenite grains. The dislocation structure, precipitate
structure, etc.,all contribute to the mobility of defects
in the microstructure and these are affected by the fab
rication process, heat treatment, and chemistry. The
effectsof grainsizeon embrittiement are, in other
words, very uncertain and lacking consensus.

The effects of irradiation temperature are dependent on
many variables and,although there arespecific in
stances ofcontradiction, the bulk of the studies reported
in theliterature indicate higher embrittiement with
lower irradiation temperature in the temperature and
fluence ranges applicable to the Yankee situation. This
effect has been shown for many steels including A302
grade Band for Linde 80welds. The use ofan empiri
calcorrelation such asonedegree increase in shiftfor
onedegree decrease in irradiation temperature iscer
tainly not a scientifically satisfying approach, but it is
a prudent approach which issubstantiated with a body
of research. Based on theinformation cited, useof that
value seems reasonable and notoverly conservative for
the exposure conditions of the Yankee vessel.

Although there are observations to the contrary, the
evidence to support the YAECclaim of no nickeleffect
for the lower plate isminimal. Based on the analyses
ofsurveillance data from commercial light-water reac
tors, nickel plays a prominent role in the estimates of
embrittiement inRegulatory Guide 1.99 (Rev. 2).
Further-more, the cited observations ofsignificant
enhancement of embrittiement from increased nickel
make consideration ofa nickel adjustment the prudent
choice. Usingdifferentmethods, Hiserand Odette
recommended the addition of70and 80°F, respectively,
to the upper plate shift toaccount for the higher nickel
in the lower plate.

The YAEC claim that the probable coarse grain size of
theplatesmitigates the effectsof lower irradiation tem
perature and higher nickel content is not substantiated
with sufficient evidence. The confounding effects of
so many variables demands prudent choices in cases
like this where information is sosparse. The YAEC
claims may turn out to be correct, but the information
available at this time is inadequate to allow their use.
Thebases used by theNRC stafffor shiftestimates are
reasonable under the circumstances and not overly
conservative.
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Using available drop-weight and Charpy impact data on
Yankee surveillance material and with the application
of NRC Branch Technical Position MTEB 5-2, the ini
tialRTndt values for theYankee plates were esti
mated by theNRC andaccepted by YAEC. The NRC
and YAEC estimates for the welds were identical.
Although vastdifferences initially existed between the
YAEC and NRC staff estimates of the RTNDT shifts
for all the vessel materials, discussions between YAEC
and NRC have led to convergenceof the two organiza
tions' estimates, and indicate that the PTS screening
criteria have been exceeded.

The NRC estimates for upper-shelf energies were
somewhat lower than those of YAEC and are based on
those in Regulatory Guide 1.99, Rev. 2, with no con
sideration for the lower irradiation temperature of the
Yankee vessel because it was concluded by NRC that
the Guide contains sufficient conservatisms with
respect to thespecific conditions of Yankee. Forrea
sons cited in this report, however, the utilitycalculated
adequate margins of stress on theupper shelftocom
pensate for those differences. The analyses at ORNL,
however, regarding fracture toughness and J-R curves,
indicates the utility's use of the ASME maximum

value of Kc =200 ksiVinT as an upper-shelf fracture
toughness is toohigh for the low upper-shelf materials
in the Yankee vessel.
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TableCI Licenseeand staff estimatesof RTndt f°r *e YNPS
beltlinematerials in 1990,priorto September 1990

YNPS

beltline

material

Upper plate

Lower plate

Axial welds**

Circumferential

weld**

1990

original
peak fluences

(x 1019 n/cm2)

2.3

2.05

0.38

20.5

Unirradiated

reference

temperature

(°F)

Staff

estimate

30

30

10

10

Licensee

estimate

10

10

10

10

Does not include "margin" term.
**NRCusedCu=35%.Ni=0.7%. YAEC used Cu=0.18%, Ni=0.7».
t Based on afluence of2.3 x 1019 n/cm2 rather than the correct value of2.05 x 10 .

Increase in reference

temperature resulting
from irradiation*

Staff

estimate

245

325+

216

320-360

Licensee

estimate

180

173

131

219

Reference

temperature RTNDT
in 1990*

re
Staff

estimate

275

355+

226

330-370

Licensee

estimate

190

183

141

229
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Table C.2 Licensee andORNL estimates of RTndt for ^ YNPS beltiine materials in 1990,
based on September1990revisionsfromLicensee

YNPS

beltline

material

1990

revised

peak fluences
(x 1019 n/cm2)

Unirradiated

reference

temperature

(°F)

Increase in reference

temperature resulting
from irradiation*

(°F)

Reference

temperature RTNDT
in 1990*

(°F)

ORNL Licensee ORNL Licensee ORNL Licensee

estimate** estimate estimate** estimate estimate** estimate

Upper plate 2.6 10 30 256 255 266 285

Lower plate 2.31 30 30 326 325 356 355

Upper axial
welds+

1.24 10 10 290 290 300 300

p Lower axial

weld+
1.2 10 10 288 288 298 298

Circumferential

weld+

2.31 10 10 328 328 338-378 338

Does not include "margin" term.
**ORNL estimates basedon concurrence with estimates by NRC staff and consultant.

+Based onCu=0.35%, Ni =0.7*.



Table C.3 NRC estimates of Charpy upper-shelfenergies for the
YNPS beltiine materials in 1990, prior to September 1990

Material

Original
fluence

(x 1019 n/cm2)

Initial

energy

(ft-lb)

Drop

(%)

Original
1990 energy

(ft-lb)

Upper plate

L

T

2.3

2.3

76

49.4

32.8

32.8

51.1

33.2

Lower plate

L

T

2.05

2.05

76

49.4

34.0

34.0

50.2

32.6

Upper axial weld

0.35 Cu

0.18 Cu

0.38

0.38

70.2

70.2

37.0

25.5

44.2

52.3

Circumferential weld

0.35 Cu

0.18 Cu

2.05

2.05

70.2

70.2

47.0

37.6

37.2

43.8
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Table C.4 ORNL estimates of Charpy upper-shelf energies for the YNPS beltline
materials in 1990, based on September 1990 revisions from Licensee

Material

Revised

fluence

(x 1019 n/cm2)

Initial

energy

(ft-lb)

Drop

(%)

Revised

1990 energy
(ft-lb)

Upper plate

L

T

2.6

2.6

76

49.4

33.9

33.9

50.2

32.7

Lower plate

L

T

2.31

2.31

76

49.4

35.3

35.3

49.2

32.0

Upper axial weld

0.35 Cu

0.18 Cu

1.24

1.24

70.2

70.2

43.8

33.7

39.5

46.3

Lower axial weld

0.35 Cu

0.18 Cu

1.20

1.20

70.2

70.2

43.6

33.4

39.6

46.8

Circumferential weld

0.35 Cu

0.18 Cu

2.31

2.31

70.2

70.2

48.1

39.1

36.5

42.8
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Table C.5 Summary ofCharpyupper-shelf energiesand fracture toughnesses
for the YNPS beltline materials in 1990, prior to September 1990.

CharpyV-notch
(ft-lb) -2o R curve

Mean upper-shelf
Kjc for PTS analysis

YR

(2020)
NRC

(1990)
YR

(2020)
NRC ORNL

(1990)
YR

(2020)

NRC ORNL

(1990)

Linde 80 weld

40 44-52 (Axial)

37-44 (Circum
ferential)

MEA correlation for

CVN = 40 ft-lb

Specimen W9A-121,
CVN = 39

A 302 plate (long itudinaH

Kmax = 200
ksi Vin.

Jmax = 600
in.-lb/in.2

Kmax = 141
ksi Vin.

P

00

57 51 (Upper)

50 (Lower)

Jic=245 in.-lb/in.2

Jmad =320in.-lb/in.2

Jfj.l =289 in.-lb/in.2

A 302 plate ftransverse}

Kmax = 200
ksi Vin.

Jmax = 481
in.-lb/in.2

Kmax = 126

ksi Vin.

35 33 (Upper)

33 (Lower)

Jic= 150 in.-lb/in.2

Jmad = 195 in.-lb/in.2

JO.1 = 149 in.-lb/in.2

Kmax= 200

ksi Vin.

Jmax = 388
in.-lb/in.2

Kmax=H3
ksi Vin.



RPV WELD & PLATE LOCATIONS

2' 6*

4" 10

7' 10'

7' 10*

10' 5

Fig. C. 1. Schematic drawing showing locations ofplates and welds in the Yankee reactor vessel. Source-
Reactor Pressure Vessel Evaluation Report, YAEC No. 1735, Yankee Atomic Electric Company Bolton
Massachusetts, July 1990.
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Appendix D

ORNL Review of YAEC No. 1735
Probabilistic Fracture Mechanics

T. L. Dickson
R. D. Cheverton

D.l Introduction

Nuclear Regulatory Guide 1.154 (Ref. 1)specifies that
OCA-P2 (developed atOak Ridge National Laboratory)
and VISA-II3 (developed bythe U.S. NRC and Pacific
Northwest Laboratories) areacceptable codes forper
forming the probabilistic fracture-mechanics analysis
portion ofthe plant-specific safety analysis that may be
performed for any nuclear plant that desires to operate
beyond the pressurized-thermal-shock (PTS) screening
criteria.4 Yankee Atomic Electric Company (YAEC)
has performed such an analysis for Yankee Rowe using
a modified version of VISA-H. Thisreport reviews the
YAEC analysis and includes an "independent" ORNL
analysis. The review is supplemented by an additional
study by Simonen (Ref. 5and Appendix E).

D.2 Scope

The original scope ofwork for the ORNL review of
the probabilistic fracture-mechanics analyses ofYankee
Rowe (as defined inthe August 9,1990, initial
Yankee review meeting) was toperform a comprehen
sive comparison ofthe "baseline" VISA-II and the
OCA-P probabilistic fracture-mechanics codes. The
original scope was later expanded to include an inde
pendent probabilistic fracture mechanics analysis of the
Yankee Rowe vessel when subjected to the YAEC-
definedsmall-break loss-of-coolant PTStransient
(SBLOCA-7), using the OCA-P code. The results of
theseeffortsarediscussed in Sect 3 and4, respec
tively.

The scope also included adiscussion ofthe flaw-den
sity treatment in the YAEC and ORNL analyses (Sect
D.5) and abrief discussion ofsome other specific fea
tures in the YAEC analysis (Sect. D.6).

D.3 Comparison of VISA-II and
OCA-P

D.3.1 Comparison of
Deterministic
Methodologies

VISA-II andOCA-P arecapable ofperforming a
deterministic fracture-mechanics analysis ofa reactor
pressure vessel subjected to pressurized-thermal-shock

(PTS) loading. Both codes perform a thermal analysis,
linear-elastic stress analysis, anda linear-elastic frac
ture-mechanics (LEFM) analysis; however, the two
codes use different analytical methods. Known funda
mental differences utilized in thedeterministic aspects
of the two codes are as follows:2-3-6

1) Thermal analysis:
OCA-P uses a general one-dimensional finite-
elementmethod. VISA-IIuses a closed-form
solution based on a slab-geometry formulation.

OCA-P allows a point-by-point description of the
thermal-hydraulic boundary conditions, i.e., the
downcomer coolanttemperature-time history,
which is input into the thermal analysis. VISA-II
fits a polynomial oran exponential (user selected)
tofive user-input data (time, temperature) points
used to describethe downcomer coolanttempera
ture-time history. Asa result, VISA-II hasa
more limited, though usually adequate, capability
for accurately modeling the thermal-hydraulic
boundaryconditions.

OCA-P allows foraccurate time-dependent model
ing ofthe convective heat transfer coefficient
VISA-II is limitedto a singlevaluefor a given
analysis.

2) Stress analysis:
OCA-P uses a general one-dimensional finite-
element method. VISA-II uses a closed-form,
one-dimensional solution technique.

OCA-P allows a point-by-point description of the
pressure-time loading history, which is input to
thestress analysis. VISA-II fitsa polynomial or
an exponential (user selected) tofive user-input
data (time, pressure) points used todescribe the
pressure-time history. As a result, VISA-II has a
more limited capability foraccurately modeling
pressure-time histories. This could besignificant
incases involving complex pressure-time histor
iessuch as those corresponding to transients in
volving repressurization.

3) Fracture-mechanics analysis:
Both codes perform a linear-elastic fracture-
mechanics (LEFM) analysis using stress-intensity
factor (Kj) influence coefficients and superposition
techniques tocalculate Kj. values. However,

D 3 NUREG/CR-5799



VISA-II uses a 4th-order polynomial to fit the
stress distribution, and K\ influence coefficients
are calculated for each of the terms. OCA-P uses
a relatively large number of influence coefficients
to obtain a more accurate value of Kt. Even so,
for most cases, the difference in Ki is small.

It should be noted that the influence coefficients in
thebaseline version of VISA-II apply specifically
to a vessel that has a ratio of vessel radius to wall
thickness (R/w ratio) of 10. The R/w ratio for
Yankee is ~7. In applying OCA-P to the Yankee
Rowe vessel, influence coefficients were derived
(using a finite-element technique) for thespecific
reactor vessel geometry.

D.3.2 Comparison of
Probabilistic
Methodologies

Estimation of the risk of vessel failure is carried out
by means of probabilistic methods to account for the
uncertainties in a number of critical parameters. The
basicphilosophicalapproachesused in VISA-IIand
OCA-Pare essentially identical. The modelsare based
on Monte Carlo techniques; that is, manyvessels are
simulated, and each is subjectedto a deterministic frac
ture-mechanicsanalysis to determine whether the ves
sel will fail.

Each vessel is defined by randomly selected values of
several parameters thatarejudged tohave significant
uncertaintiesassociated with them, and a deterministic
analysis is performed for each vessel to determine if it
will fail whensubjected to a specific PTStransient
In each deterministic analysis, it is assumedthat each
region of thevessel being analyzed contains oneflaw.
The calculated probability of failure for a specific ves
sel region, basedon one flawin theregion andreferred
to as the unadjusted value, is equal to the numberof
vessels that fail divided by the total numberof vessels
simulated. Theprobability of failure basedon the
"actual" number of flaws in theregion andreferred to
as theadjusted valve, isobtained bymultiplying the
unadjusted probability of failure by the number of
flaws that areassumed toexist in that region. The
total probability is obtained byadding theadjusted
probabilities foreachof the regions. If the totalnum
ber of flaws in criticalregionsof the vessel is not too
much greater than unity (limiting value depends onthe
value of the probability), double counting is nota
problem;otherwise, a correction must be made for
double counting (more than one flaw resulting in fail
ure of the vessel).

These failureprobabilitiesare referred to as conditional
probabilities of failure [P(FIE)] because the PTS tran
sient(event) is assumed to occur; the term "failure"
refers to full penetration ofthe vessel wall by the
propagating flaw.

NUREG/CR-5799

VISA-II and OCA-Pboth stochastically simulatethe
same parameters: fast neutron fluence at the inner sur
faceof the vessel, RTNDT0. ARTndt, Kic,Kia, the
concentrations of copper and nickel, and the size of the
assumed flaw.

VISA-JJ uses NRC-derived mean fracture toughness
curves, whereas OCA-Pallowsthe user the option of
using the NRC-derived curves ora setderived by
ORNL. The latter setwas utilized in theIntegrated-
Pressurized-Thermal-Shock (IPTS) studies.7

To our knowledge, no extensive comparison of the
details of theprobabilistic methodologies utilized by
OCA-P and VISA-II had been performed prior to this
effort. Personnel at Pacific Northwest Laboratories
performed a comparison of theconditional probabili
tiesof failurecalculatedby VISA-II and OCA-P in
1984.8 Theconclusion at thattime was thatVISA-II
appeared to calculateconditional probabilities of failure
lower than those calculated byOCA-P byapproxi
mately a factor of 6. It was concluded at that time that
this difference was due to the fact that OCA-P included
the stressesin the cladding whereasVISA-IIdid not
(the present version of VISA-II does have the capabil
ity to include stresses in thecladding).

D.3.3 Comparison of VISA-II
(Baseline Version) and
OCA-P

The purposeof comparing OCA-Pand the baseline
version of VISA-II was toexamine their validity, and
to facilitate this effort, the VISA-II code was installed
at ORNL. The Rancho-Seco PTS transient (Fig. D.l)
anda vessel radius-to-wall-thickness ratio (R/w) of 10
werechosenfor the comparison (this valueis consis
tent with the stress-intensity-factor influencecoeffi
cients utilized bythebaseline version of VISA-II); the
initial downcomer-water andvessel temperatures were
inadvertently assumed tobe590instead of550°F (for
the purpose of comparing the solutions, this is of no
significance); the potential benefits of warm-pretress-
ing were not included in the analyses; and the preser-
vice-inspectionoption in the flaw-size distribution
function was not included.

D.3.3.1 Deterministic solutions

OCA-P thermal-response and stress-analysis solutions
were previously successfully validated against the gen
eral-purpose, finite-element thermal and stress analysis
codes ADINA-T and ADINA, respectively. VISA-II
thermal-response and stress analysis solutions were
previously successfully validated against the general-
purpose finite-element ANSYS code. Figures D.2,
D.3, andD.4show thecomparisons of the thermal-
response solutions, the hoop stress solutions, and the
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stress-intensity-factor solutions (forlongitudinal infi
nite-length flaws), respectively, for theRancho-Seco
transient. In each of the three cases, the solutions of
VISA-II and OCA-Pagree reasonably well,although
the VISA-II Ki valuesdo not reflecttheexpected de
crease inKi for deep flaws9 under thespecific pressure
and thermal loadingconditions(Fig. D.4) (this latter
discrepancy isnota factor formost cases analyzed).

D.3.3.2 Probabilistic solutions

After demonstrating thatthebasicengineering mechan
ics(heattransfer, stress analysis, andfracture-mechan
icsanalysis) solutions of VISA-II andOCA-P appeared
to be in reasonably goodagreementtheprobabilistic
solutions of VISA-II and OCA-P were compared.
Initial attempts to achievereasonableagreementwere
not successful. OCA-P was predicting values of
P(FIE) higher than those forVISA-II bya factor of ~8.
This is consistent with the results observed in the
1984 comparison of theVISA-II andOCA-P proba
bilistic solutions.8

OCA-P was enhanced to print out a more detailed
event summary (number of initiations, reinitiations,
crack arrests, and stable terminating crack arrests) to
facilitate a more rigorouscomparison of the proba
bilistic solutions. An examination of the event sum
maries indicated that the two codes were predicting the
probability ofcrack initiation tobeapproximately
equal; however, VISA-II was predicting lower values
of P(FIE) as a resultof predicting significantly more
stable crack arrests than OCA-P.

An examination of OCA-P and VISA-II by flow chart
ing down toa fairly fine level ofdetail was performed
at ORNL. This examination revealed three areas in the
VISA-IIcode thatwerethought to be thecauseof the
discrepancy between thetwo probabilistic solutions.
Corrections to VISA-II appeared to be in orderand
were discussed and coordinated with Fred Simonen at
Pacific Northwest Laboratories. After ORNL made
these correctionsto VISA-II, the probabilistic solu
tions of VISA-n and OCA-P agreed considerably bet
ter. The following tabulation illustrates the proba
bilistic solutions of OCA-P, baseline VISA-II, and
VISA-n(with thethree ORNL suggested corrections)
for 100,000trials for the Rancho-Seco PTS tranient:

ORNL

modified

OCA-P VISA-fl VISA-n

Number of Initiations 3926 3711 3422

Number of Stable Arrests 488 3275 144

Number of Failures 3438 436 3278

Probabilityof Initiation
P(IIE) 0.039 0.037 0.034

Probability of Failure
P(FIE) 0.034 0.0043 0.033

As can be concluded from the above tabulation, the
ORNL specified VISA-U code modifications dramati-
caUy decreased thenumber of stable crackarrests pre
dicted by VISA-II, andthissignificantly increased the
number of failures and thus P(FIE). P(FIE) calculated
byOCA-P and the modified VISA-II arenearly identi
cal; however, the modified VISA-II predicted a smaller
number of initiations and arrests than OCA-P, which
indicates there is still some difference in the OCA-P
and VISA-Hmethodologies. It is suspected that a con
tributing factor to thedifference is themethod used to
implement theflaw-size distribution function in the
two codes. The VISA-II and OCA-P analyses define
nine possible initial flaw depths distributed according
to the Marshall distribution function,10 which is used
for the YAEC and ORNL analyses. The nine depths
utilized by OCA-P ranged from 0.08to 2.08 in.,
whereas the ninedepthsutilized by VISA-II ranged
from 0.125 to 3.5 in. Therefore, the initial crack
depth mesh used byVISA-n is more heavily biased
toward deeper flaws. It is expected thatthiswould
result in fewer initiations because of the lower values
of ARTnixt andlower thermal stresses associated with
deeper flaws. It is necessary todetermine theproper
numberand size of initial flaw depths by means of
convergence studies, and this was done fortheOCA-P
analyses.

D.3.3.3 Summary of comparison of
VISA-II/OCA-P solutions

OCA-P and the baseline version of VISA-H produce
nearly thesame deterministic solution fortheRancho
Seco PTS event.

Three errors were discovered in the probabilistic por
tion of the VISA-II code, one of which results in sig
nificantly lower values ofP(FE). Upon correcting
theseerrors, VISA-IIand OCA-P producedsimilar
probabilistic solutions, although as noted above, there
is still some difference in the OCA-P and VISA-H
probabilistic methodologies.

D.3.4 Details of ORNL Sug
gested Corrections to
VISA-II Probabilistic
Code

1) Theflagsfor flawinitiation (INTTIA) andarrest
(IARRST) initialization weremoved insidethe
loop forsimulating a new flaw (statement 80 in
themainprogram). Thismodification corrects the
results of the accumulators that track the number
of initiations and arrests.

2) Calculation of thenominal stress in theremaining
ligament tocheck for plastic instability was modi
fied (the sixth line belowstatement500 in the
main program) to include thecrack depth (a),i.e.,
stress = P * (R + a)/w where:
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3)

P = pressure at time, t,
a = simulatedcrackdepth,
R = inner vessel radius, and
w = vessel wall thickness.

Inclusionof crack depth (a) in the calculation of
pressure stresses results in a larger stress in the
remaining ligament and thus in more failures
caused by plastic instability.

The call to subroutine ARTNDT (the thirteenth
line below statement 500 in themain program)
was deleted. This modification reconciled a sub
tle yet fundamental difference in the VISA-II and
OCA-P probabilistic methodologies and dramat
ically reduced the number of stable crack arrests
predicted by VISA-II. Thesignificance of this
code modification is evident with an under-stand
ing of howthe valueof RTndt is calcula-ted.
It is calculated by both VISA-H and OCA-P as
follows:

rTndt =RTndto +artndt+(ORTNDT0 +

°ARTNDT)1/2 *ERRTN ,

where

RTNDT = Valueof RTndt adjustedfor radiation,
imbrittlement,

RTndto = Initial (unirradiated) valueof RTndt
(User specifiedin inputdata)

ARTNDT = increasein RTndt due to radiation
(is a function of fluence attenuated to
theparticular crackdepth; copper;
and nickel),

CTRTNDTo = lCT uncertainty for the specified value
of RTndto.

CTARTNDT = to uncertainty in thecorrelation used
to calculate ARTndt.

ERRTN is a number between -3 and +3 that is
obtained from a normal distribution having a
mean of zeroanda la of 1. Theproduct of

ERRTN and (<*2RTNDT0 +°2ARTNDT)1/2 is the
uncertainty in (RTndTo +ARTndT).

A fundamental difference in the baseline VISA-II and
the OCA-P probabilistic methodologies is thatOCA-P
calculates a value of ERRTN once for each simulated
vessel and uses this value throughout the wall thick
ness when checking for either crack initiation or arrest.
VISA-II calculates a value ofERRTN when checking
for crack initiation and then recalculates ERRTN for
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each crack-depth increment when advancing thecrack
tip through the thickness of the vessel wall.(in
0.25-in. increments) checking for crack arrest. This
randomness enhances the probability (relative to the
methodology utilized in OCA-P) of crack arrest be
causeit increases thechances of a veryhigh crack-
arrest fracture-toughness value at at least one of the
0.25-in. increment check points for arrest. This is re
flected in the considerably highernumberof stable
crack arrests predictedby VISA-H.

In reality there is variability of copperand nickelcon
centrations through thewall; however, theapproach
adopted by both VISA-II and OCA-P assumes that
copper and nickel, for a specific vessel, have no vari
ability through the wall. Therefore, to be consistent
with this assumption, (o^RTndto +<*2ARTndt)1/2*
ERRTN should also be assumed to be constant
through thewallfora specific vessel. Theapproach
utilized by VISA-H isequivalent to depending on in-
homogenities in thewall to enhance theprobability of
crackarrest. This is a nonconservative approach.

Deleting the specified call to subroutine ARTNDT in
VISA-II described above results in VISA-H calculating
a value of ERRTN once per simulated vessel. This is
consistentwith the methodology utilized in OCA-P.

The impact of thefirst twocodechanges on theproba
bilistic solution of VISA-II was detectable but was not
significantwith regard to the calculated value of
P(FIE). The result of the third modification dramati
cally decreased the number of stable crack arrests and
thusincreased the number of failures and P(FIE).

D.4 OCA-P Applied to Yankee
Rowe

D.4.1 Deterministic Analysis

TheOCA-P code wasused to perform an independent
analysis of theYankee Rowevessel with theplant
subjectedto the YAEC-specifiedSBLOCA7PTS
event (Fig. A-l). Based on recent data from YAEC
and theORNLevaluation of RTndt addressed else
where in thisdocument (Appendix C), theupper axial
weldwasselected fora detailed analysis of thecondi
tionalprobabilityof failure. Other transientsand ves
selregions also contribute tothe overall frequency of
failure; however, considering thepreliminary nature of
thisstudy and the limited time for its completion, it
was sufficient toconduct a detailed analysis of what
were believed to be thedominant transient andregion.

Input data used in the ORNL OCA-P and the YAEC
VISA-II heat transfer andstress analyses forYankee
Rowe are specifiedin Table D.l (note that the ORNL
analysis included cladding as a discrete region butthe
YAEC analysis did not).
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The thermal-response solutions predicted by VISA-II
and 1R (the finite-element thermal code used in con
junction with OCA-P) are illustrated in Fig. D.5. As
indicated, the VISA-H temperatures are a little lower in
the base material. This is because the VISA-II analy
sis did not include the cladding, and because it was
based on slab geometry.

Figure D.6 illustrates the SBLOCA7 pressure tran
sient VISA-II uses a polynomial to fit five points in
time,whereasOCA-Pallowsa more accuratepoint-
by-point description of the transient. Thisaccounts
for the difference indicated. Also illustrated in Fig.
D.6 is the SBLOCA7 transient with repres-surization
to 1.55ksi (maximum head of safety injectionsys
tem)1 ! at an assumed time of 20 min.

Figure D.7shows thehoop-stress solutions predicted
by VISA-nandOCA-P fortheYankee vessel when
subjected to theSBLOCA7 transient Both of the
OCA-P hoop-stress solutions illustrated in Fig. D.7
included the 0.109-in. cladding; the VISA-H solutions
did not The higherof the two OCA-Psolutions in
cludes a weld residual tensile stress of ~6 ksi.

ORNLalsocompared baseline VISA-nandOCA-P Ki
values, even though the VISA-II values correspond to
Kj influence coefficients for R/w = 10, and those for
OCA-P correspond to the actual Yankeegeometry
(R/w ~ 7). As indicated in Fig. D.8, for a/w < 0.5,
theagreement is very good. Since most initial crack
initiations correspond to a/w < 0.5,a comparison of
VISA-H/Yankee and OCA-P/Yankee is meaningful.

D.4.2 Probabilistic Analysis

Input data and correlations used intheOCA-P proba
bilistic fracture-mechanics analysesfor YankeeRowe
arepresented inTable D.2, while Table D.3 indicates
differences between the inputandcorrelations usedin
the ORNL OCA-Panalysisand the YAECVISA-n
analysis.

The increasein RTndt is a function of fluence
(attenuated to thespecific wall-depth location) andthe
concentrations of copper andnickel. OCA-P was mod
ified to exactly reproduce ARTndt predicted in the
"weld table" of Regulatory Guide 1.99, Rev. 2, plusa
low-temperature-operation correction factor of44°F,
which is based on an irradiation-temperature correction
factor of 1°F additional increase per 1°F irradiation
temperature below 550°F and operating data included in
Ref. 11.

TheORNL mean Kia and Kic fracture toughness
curves utilized in theIPTS studies7 wereused in
OCA-P for theYankee analysis. Themaximum value
of toughness at which crack arrestcould occurwas spe

cified to be 200 ksi"vin-, in accordance with Ref. 7.
Additional sensitivity analyses were performed using a

value of 140 ksi^in-, but P(FIE) was not
significantly impacted by this lower value. Also, in
accordance withRegulatory Guide 1.154,the potential
benefitsof warm-prestressing werenot included in the
analysis. Theanalysis did assume a preservice inspec
tion as formulated by the Marshallflaw nondetection
function.

Analyses were performed for theSBLOCA7 transient
described in theYAEC report12 (norepressurization)
and also for a case involving repressurization to
1.55 ksi at a time of 20 min, considering only the
upper axial weld indetail. Theresults of these analy
sesarepresented inFig. D.9 as a function of themean
copper concentration, considering two values of the
copper standard deviation (la = 0.025 and0.07). The
actualweldchemistry is not knownfor the Yan-kee
Rowe vessel, but a best estimate of 0.29 weight per
centcopper (mean with la = 0.07) and0.7weight per
cent nickel(la = 0.0) was deducedfromRef. 12.

Thecorresponding "best-estimate" value ofP(FIE)
with repressurization and residual stresses is2x 103.
Arough estimate of the corresponding mean value of
P(FIE) is 9 x 10-2, which was obtained by multiply
ing the"best-estimate" value by45,theratio of mean
flaw density tobest-estimate flaw density derived in
the IPTS study for H.B Robinson7 (the corresponding
value in the YAEC Yankee Rowe analysis was
55 flaws/m3 for the upper weld).

Theother regions of thevessel (plate andother welds)
will contributeto P(FIE); however,a more sophisti
cated analysis is required because ofdouble-counting
problems (more than one flaw pervessel) introduced
bythe specific OCA-P methodology. An appropriate
analysis to account forall regions hasnotbeenper
formed yet

D.5 Flaw-Density
Considerations

Theconditional probability of vessel failure is directly
proportional to the number of flaws incritical regions
of thevessel, provided that the total number of flaws
in critical regions is oneor less. With more thanone
flaw, a directproportionality mayfail because only
one flaw can result in failure. However, with more
than one flaw the chances of failure tend to increase
because the chances of having a critical flaw size are
increased, but the increaseis not proportional to the
number of flaws.

In theUTS study, the"best estimate" of theflaw den
sityfor surface flaws normal to thesurface was
1 flaw/m3. This flaw density was assumed
appropriate for all regions (weld and plate) because itis
believed that the existence of shallow surface flaws is
most likely associated with thecladding process and
attackof thecladding. Thereis, of course, a large

D.7 NUREG/CR-5799



uncertainty with regard to the surfacedensityof
shallow flaws, one reason being that they are
extremely difficult to detect. Because of the very large
shallow-flaw surface densities "known" to exist in the
Sequoyah and LoviisaHvesselsand the large
uncertainties, a log normal distribution was assumed
for the IPTS studies. The most probablevalue was 1
flaw/m3, the 84th percentile (+la) was 100flaws/m3,
and the distribu-tion was truncated at the 94th
percentile (500 flaws/m3). Thecorresponding mean
value was 45 flaws/m3. (It is of interest to note that
YAEC assumed essentially the same flaw density for
the upper weld butmuch lower densities for theplate
regions.)

More recently, flaw-density data have beenobtained
from sectionsof the Hope Creek and Midland vessels.
The corresponding surface densities were 6 and
7flaws/m* (Ref. 13), while the surface density corre
sponding to 45 flaws/m3 is 11 flaws/m.2 If it is
assumed that the Hope Creek and Midland values are the
most probable, and that a log-normal distribution with a
substantial standarddeviationis reasonable,the mean
values are substantially greater than 11 flaws/m2.
Thus, it appears that45 flaws/m3 is notnecessarily a
conservative mean value.

Considering thevolume of theYankee Rowe upper
axial weldand a flaw densityof 45 flaws/m3, the
number of flaws per weld is ~1, in which case there are
no problems with double counting, if only thatweld
contributes significantly to P(FIE).

It appears thatthe upper axial weld is nottheonly
significantcontributor to P(FIE). As shown in Table 3
of Ref. 14, thevalue ofRTndt for the upper plate is
about the same as that for the upper axial weld
(~300°F). Assuming the high-fluence region of the
upper plate tobesubstantially broader (azimuthally)
than the weldregionand assuming the flawdensities
for the tworegionsto be the same(for reasons men
tioned above) thecontribution of theplate region
wouldbe substantially greater than that of the weld.
Under these conditions there is more than one flaw
total in all regions of concern, and, thus, P(FIE) is no
longerdirectlyproportional to the numberof flaws.
P(FIE) will, however, be substantially greater than
P(FIE) for the weld alone.

D.6 Discussion of Specific
Features in the YAEC
Analysis

D.6.1 Number of Subregions
Considered in Beltline
Region

The YAEC approach was to divide the beltline region
into five subregions (upper and lower plate, upper and
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loweraxialwelds, and circumferential weld). The plate
andaxial-weld regions werefurther subdivided longitu
dinally to take advantage of the decrease in fluence
toward the ends of the core. Assuming that the initial
axially oriented flaws are short enough to fall within
the heightof a subregion,this procedure provides an
accurate account of the potential for initial initiation of
axially oriented flaws. However, once initiated, the
flawextends in surface lengthbeyond the borders of
the specific subregion, and thus a higher fluence must
be used for arrest and reinitiation. YAEC did not in
corporate the latter feature, and thus initial initiations
tend to be treatedaccurately,but arrest and reinitiation
tendto be treated nonconservatively. Thedegree of
nonconservatism is negligible for initial flaws near
midheight of the core, where the neutron flux is a
maximum and flat. For flaws near the end of the core,
the error can be substantial.

Division of the plateregionsazimuthally to take
advantage of the azimuthal variation in flux could also
be considered but was not Instead, the flaw in the
plate wasalways assumedto be at peak flux in the
azimuthal direction. Thisis a conservative approach.

D.6.2 Flaw Density

Theflaw density assumed by Yankee for the upper
axial weld was 55flaws/m3 andfor theplate about a
factor of 200less. Thevalue of 55 flaws/m3 is nearly
the same as the mean value used in the ORNL IPTS
studies7 forall regions. ORNL believes, as mentioned
in Sect. D.5, thatsurface flaws are mostlikely the
result of thecladding process and/or some typeof
attack, suchas stresscorrosion cracking, in whichcase
surface flaws are probably just as likelyoverbase-
metal as over welds. Thus, ORNL believes that
higher flaw densities should beconsidered fortheplate
regions.

D.6.3 Flaw Configuration

Reference 11 states thatinfinite-length flaws were used
for the initial initiating events and for subsequent
events in the welds and upperplate, while a 47 in.-
long semielliptical flaw was used forsubsequent
events in the lowerplate. The YAEC VISA-n input
datasets indicate that 6/1 semielliptial flawswereused
forinitial initiation events, andforsubsequent events
(arrest and reinitiation) 47-in.-long semielliptical flaws
were used for the lowerplate and 94-in. flaws for the
upper plate. The ORNL IPTS studies7 considered
both infinite-length andfinite-length flaws forsubse
quent events, and the results indicated little difference
in thecalculated value of P(F!E) for thedocument tran
sients, which were high pressure. For low-pressure
transients theeffect was much larger; however, ORNL
nas not conducteda similar comparison for Yankee
Rowe.
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D.6.4 VISA-II Code Errors

It is assumed that the version of VISA-II used by
YAEC to perform the Yankee Rowe analysis contained
the three coding errors discussed in Sect D.3.4.
Therefore, it is suspected that the results of the YAEC
analysis would under predict P(FIE)because of the ten
dency to over predict the number of stable crack
arrests.
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Table D.l. Input data used in the ORNL OCA-P and the YAEC VISA-II thermal and
stress analyses of Yankee Rowe

Vessel dimensions:

Vessel Inner Radius = 54.5 in.

Wall thickness = 7.875 in.

Cladding thickness = 0.019 in.

Cladding properties^*:

Modulus of Elasticity (E) = 27,000 ksi

Poisson's ratio (v) = 0.3

Thermal expansion coefficient (otclad) = 9.9E-6/F

Thermal Conductivity (k) = 10 BTU/hr-ft-F

Specific Heat (cp) = 0.12 BTU/lb-F

Density (p)= 488 lb/ft3

Base-metal propertiesfl><V*

Modulus of Elasticity (E) = 28000 ksi

Poisson's ratio (v) = 0.3

Thermal expansion coefficient (abase) = 7.85E-6/F

Thermal Conductivity (k) = 24 BTU/hr-ft-F

Specific Heat (cp) = 0.12 BTU/lb-F

Density (p) = 488 lb/ft3

Temperature

Vessel initial temperature = 515°F

Water initial temperature = 515°F

Coefficient of convective heat transfer=504 BTU/hr°ft2°F

0No temperature dependence of material properties included in analyses.
^The YAEC analysis did not include cladding in either the thermal or stress

analysis.

cVISA-H requires an input value for E*ccbase/(l-v) rather than input for each of
the individual parameters. The YAEC analysis used E*abase/(l-v) = 0.312. Using the
OCA-P input values for E,(Xbase> and v yields a value for E*abase/(l-v) of 0.314. This
difference is not significant.

, k
aThe Thermal Diffusivity — of the base metal used by YAEC was

0.953 in.2/min. For OCA-P itwas 0.982 in.2/min. This difference isnot significant.
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Table D.2. Correlations and values of parameters used in OCA-P probabilistic
fracture-mechanic analysis of Yankee Rowe

Volume of weld = 0.63 ft3

Flow stress = 80.0 ksi

Flaw Data:

Flaw density = 1 flaw/m3 (0.03 flaws/ft3)

Number of crack increments to be used for initial crack depth = 9

Size of first crack depth increment = 0.169 in.

Extreme dimension of deepest crack depth increment = 2.25 in.

Marshall flaw size distribution function used

Marshall flaw nondetection function used (simulates preservice inspection and repair)

Flaws were assumed to be axially oriented and infmitly long

Fracture-Toughness Data:

Kjc andKja mean curves sameas those usedin theoriginal IPTS studies, i.e.,:

KIa mean = 1.25*ASMElowerboundKra curve

Kfcmean = 1.43*ASME lower bound Krccurve

Maximum KIa =200 Ksi VmT, 140 ksi VmTa
Kra standard deviation = 0.15 K^

KIc standard deviation = 0.10 Kfc
Ktc truncation = +3o

Kratruncation = +3o"

RTndt Data:
RTndtq=+0°F
RTnoto standard deviation = 17°F
ARTndto calculated by Regulatory Guide 1.99, Rev. 2(Welds) with an additional
44°F added as a correction factor for the low temperatureoperation of the Yankee plant

(44°F = 550-506°F)

ARTnext truncation = + 3a

Fluence at inner vessel wall = 1.24E+19 n/cm2

Fluence standard deviation (fraction of mean) = 0.3

Fluence variability truncation = +3a

Mean copper content = various values

Mean nickel = 0.7 wt%

Copper standard deviation = 0.025 and0.07 wt%

Nickel standard deviation = 0.0%

aUsed 140 ksi VinT for sensitivity study; however, this did not significantly impact
the calculated conditional probabilitiesof failure.
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Table D.3. VISA-IVYAEC probabilistic fracture-mechanics analysis input data that
were different from those used in the ORNL OCA-P analysis

The YAEC Analysis:

1) used the NRC mean Kic and Kjafracture toughness curves;

2) did not simulate a preservice inspection;

3) used ARTNDj values specified by NRC;

4) used Regulatory Guide 1.99, Rev. 2, to calculate ARTjstdj; however, no correction

factor for low-temperature operation was included;
5) assumedzero variability for RT^-tv, (la = 0);

6) assumed 1a = 28°F for ART^t;

7) used a flow stress of 75.6 ksi;

8) used la = 10% of mean for inner surface fluence;

9) truncated variability of fluence at la;

10) assumed flaws were axially oriented, and weresemielliptical with aspect ratioequal 6/1

for initial initiation and47-in. longfor arrestandreinitiation (lowerplateand axial weld);

11) did not treat cladding as a discrete region; and

12) usedflaw-depth increments greater than those used by ORNL (maynot be converged).
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October 29, 1990

Mr. R. D. Cheverton
Pressure Vessel Technology Section
Engineering Technology Division
Oak Ridge National Laboratory
P.O. Box 2009
Oak Ridge, Tennessee 37831-8047

Dear Dick:

REVIEW OF YANKEE ATOMIC PTS REPORT

This letter is my input for your review of the document "Reactor
Pressure Vessel Evaluation Report for Yankee Nuclear Power
Station", YAEC No. 1735, July 9, 1990. My comments cover the
following areas as described in your letter dated August 16,
1990, to Mr. M. E. Mayfield at NRC:

1. Comparison of Yankee Rowe's (Ron Gamble's) version of
VISA-II and the PNL version.

2. Check input to the fracture-mechanics analyses.

3. Participation in the comparison of OCA-P and VISA-II.

4. Evaluation of the vessel inspection program.

Mv review of the Yankee report was performed from the standpoint
of compliance with Regulatory Guide 1.154 "Format and Content of
?lan?Specific Pressurized Thermal Shock Safety Analysis Reports
for Pressurized Water Reactors".

PNL CONCLUSIONS

Some details of the PNL and Yankee versions of the VISA-II code
werl found to be somewhat different. However, the two codes are
expected to give similar predictions of vessel failure
probabilities except with respect to residual stresses. The
Yankee version takes a more conservative approach to re=idual
stresses than required by Reg. Guide 1.154, and therefore was
found to predict slightly higher values for vessel failure
probabilities.

The input parameters for the Yankee calculations_we^ ,rJ^efd
item by item for consistency with Reg. Guide 1.154 and PNL s
recommendations (NUREG/CR-4486) for application of VISA-II.
While several details of the Yankee inputs differed from those
used in prior NRC studies, sensitivity calculations indicate that
these differences should not have a major impact on calculated
failure probabilities. Inputs for pressures, temperatures and
irradiation induced embrittiement do have very significant

E.3

HBatteiie
Pacific Northwest laboratories
Battelle Boulevard

PO. Box 999

Richland, Washington 99352

Telephone (509)3 7 5-2087
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impacts on calculated failure probabilities, but these parameters
were outside the scope of PNL's review.

PNL participated with ORNL in efforts to compare the VISA-II
and OCA-P codes. The codes were found to give similar
predictions, except in a detailed aspect of simulating the shift
in RTndt for purposes of predicting the arrest of a growing
crack. Both codes make reasonable assumptions for the arrest
simulations, and give approximately the same numerical results if
input parameters are assigned in a manner consistent with
assumptions stated in the user's manual for the respective codes.

The chapter in the Yankee report on NDE plans was reviewed by
PNL. It is noted that the Yankee report does not take credit for
NDE as a factor in calculating vessel failure probabilities, and
therefore Reg. Guide 1.154 does not call for discussion of
inspection programs. Nevertheless, this chapter does provide
interesting and useful information of preliminary plans by Yankee
for future inspection of the reactor pressure vessel.

COMPARISON OF YANKEE ROWE AND PNL VERSIONS OF VISA-II

Section 5 of Reg. Guide 1.154 states that calculations should be
performed with a probabilistic fracture mechanics code such as
OCA-P or VISA-II. The Yankee Rowe evaluation was performed with
a modified version of the VISA-II code, and therefore one part of
PNL's review was to compare the Yankee Rowe version and PNL
versions of VISA-II. PNL's objective was to assure that the
modified code still complied with the requirements of Reg. Guide
1.154, and to assure that any code changes did not introduce
unacceptable unconservatisms into calculated failure
probabilities.

Basis for Comparison - Formal documentation of the Yankee Rowe
version of the code was not available for PNL's review. Computer
outputs from the Yankee Rowe version of the code did permit PNL
to make some limited benchmark numerical comparisons. The review
was based on 1) numerical results from an example output file and
as cited in rather limited detail in the Yankee Rowe report, and
2) informal "word of mouth" reports of the types of changes that
were made in the Yankee Rowe version of the code.

Numerical Comparisons - PNL was provided with a copy of the input
data used in the Yankee Rowe calculations for the case "SBLOCA 7,
LOWER PLATE, MAX MEAN DRTNDT=315". Calculations were performed
with PNL's version of VISA-II for this set of data. There were
no predicted failures for 500,000 simulated vessels, and this
result agreed with the results presented in the Yankee Rowe
report. However, for this case the Yankee report gave no more
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details or discussion of actual numerical results. Rather

significantly, PNL's calculations gave nearly 1,000 flaw
initiations for the 500,000 simulations, all of which became
arrested cracks without any through wall penetrations. Such a
trend is not mentioned in the Yankee Rowe report.

During October 1990, PNL received input and output files for a
computer run made with the Novetech version of the code.
Attachment #1 compares crack initiation and vessel failure
probabilities for the Novetech and PNL versions of VISA-II. The
Novetech version predicts high probabilities, with the higher
probabilities attributed to the inclusion of residual stresses.
Further comparisons of the two versions beyond the results of
Attachment #1 could not be made, since PNL was not provided the
deterministic output of the Novetech version. A full comparison
would require that PNL have a copy of the Novetech code, so that
more extensive benchmark calculations can be performed.

Differences in Codes - Prior to the Yankee Rowe review Dr. Fred
Simonen of PNL (one of the code developers) and Mr. Ron Gamble of
Novetech Corporation (a user of the code) had engaged in phone
discussions of detailed aspects of the VISA-II code. These
discussions had occurred on several occasions over a time period
of a year or more. During a discussion on August 6, 1990, Mr.
Gamble described a nurnber of changes to VISA-II. It has since
become known that Novetech performed the probabilistic fracture
mechanics calculations on behalf of Yankee Rowe. A subsequent
phone discussion between Simonen and Gamble at Novetech on
October 18, 1990 further clarified aspects of Novetech's version
of Visa-II.

Notes from the August 6th phone discussion indicate the following
modifications:

1. Inclusion of a welding residual stress of 8 ksi tension
at the inner vessel surface and becoming compressive at
the mid wall of the vessel. The distribution was said
to be consistent with data published by Paris.

2. The shift in RTndt was recoded to exactly reproduce the
numbers in the tables of Reg, Guide 1.99 Rev. 2. The
final version of this guide was published after the
VISA-II code was issued, and the numbers in the final
version of 1.99 differ sightly from the numbers upon
which VISA-II were based.
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3. The crack tip stress intensity factor solution for
internal pressure loading was replaced with a recent
solution due to Dr. Zahoor of Novetech.

This list of changes is generally consistent with subsequent
statements made by NRC staff during the course of this review
effort.

Lacking full details of the Yankee Rowe version of VISA-II, we
can only offer some qualified comments. In particular it'will be
assumed that all the modifications as described by Novetech were
correctly implemented into VISA-II with no coding errors.

Residual Stresses - The inclusion of residual stresses was not

stated as a requirement in Reg. Guide 1,154. During the
development of VISA-II the possible presence of residual stresses
was recognized. However, there is generally little information
regarding the levels and distributions of such stresses for--a
given vessel, although levels of residual stresses in the welds
of reactor vessels are believed to be small relative to the
thermal stresses during PTS events. In the overall balance
between conservative and unconservative assumptions a decision
was made to neglect residual stresses in the VISA-II code.
Inclusion of a modest level of residual stresses as in the Yankee
Rowe calculations would increase the number of initiation events,
but should contributed little to the noted tendency for the these
initiated cracks to arrest before becoming through wall cracks.

The residual stresses were assumed to be approximated by a cosine
function. PNL was referred to a solution in the "Tada Fracture
Handbook" for details of the crack tip stress intensity factor
solution by Novetech. This handbook gave a polynomial function
for the solution, which differed from the trigonometric type of
function described by Novetech. Nevertheless, the two functions
give the same general trend for stress intensity factors. They
agree for small ID surface flaws, and both predict small values
of stress intensity factor for deep flaws that extend to the mid-
wall of the vessel.

For the Yankee evaluation, we suggest that residual stresses be
neglected because: 1) the calculations would then be fully
consistent with Reg. Guide 1.154, and 2) this would avoid
concerns that inclusion of residual stresses in the Yankee
calculations contributed to the large number of predicted crack
arrest events.

Reg. Guide 1.99 Rev. 2 Shift - The recoding of the RTndt shift
equation was not considered to be an important consideration in
the review of the Yankee Rowe calculations. PNL has found its
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calculated shift values to adequately reproduce numbers tabulated
in Reg. Guide 1.19 Rev. 2. Nevertheless, further precision in
the calculation as done for the Yankee Rowe evaluation is
certainly an acceptable change to the code.

K-Solution for Pressure - The stress intensity factor solution
for pressure loading in PNL's version of VISA-II has been checked
for accuracy, and has been found to give acceptable results for
the probabilistic fracture mechanics calculations. Nevertheless,
further precision in this part of the calculation is certainly an
acceptable code revision. It is understandable that Novetech
would make use of equations from their own recent research.

CHECK OF FRACTURE MECHANICS INPUT

PNL was provided with computer files of the input data for
certain of the calculations described in the Yankee Rowe report.
Each item of this input for VISA-II was reviewed for consistency
with the guidelines given in Reg. Guide 1.154 and in NUREG/4486
(the user document for VISA-II). The main focus of this review
was the case titled "YANKEE, SBLOCA 7, LOWER PLATE, MAX MEAN
DRTNDT-315".

Part of PNL's review consisted of performing calculations with
PNL's version of VISA-II using the Yankee input. Some 38
variations of the baseline case "YANKEE, SBLOCA 7, LOWER PLATE,
MAX MEAN DRTNDT-315" were evaluated to establish if Yankee's
values of vessel failure probabilities were particularly
sensitive to choices of input parameters. These calculations are
listed in Attachment #2 along with the calculated values of crack
initiation and vessel failure probabilities.

It should be noted that the levels of RTndt estimated for the
Yankee vessel are quite high. For this reason we have concluded
that predicted crack initiation and arrest events are to a large
extent governed by the materials fracture toughness in the lower
shelf regime. As such, the failure probabilities appear to be
rather insensitive to parameters that govern the shift in RTndt
(i.e. fluence, chemistry, errors in shift predictions, etc.). On
the other hand, parameters that govern the applied level of
stress intensity factor (pressure level, crack length, etc.) have
more significant effects on failure probabilities.

Our comments on fracture mechanics inputs will compare the Yankee
inputs to those that have been recommended and used by PNL for
the VISA-II computer code (NUREG/CR-4486). It is assumed that
ORNL will in a similar manner compare Yankee inputs with those
used for OCA-P in the IPTS study.
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Observation on Crack Arrest Behavior - A very striking trend was
seen in the calculation for the baseline case (case 1 of
Attachment #2). While the calculated failure probability (less
than 1.0E-05) agreed with the result reported by Yankee, the
output from VISA-II showed a rather high probability of crack
initiation (1.85E-03). However, crack arrest was predicted to
occur for all the initiated cracks, and hence no vessel failures
were predicted. Reasons for this unusual trend were sought.

The 38 VISA-II calculations of Attachment #2 point to certain
factors that contribute strongly to the very large number of
arrest events:

1. The pressure during the critical parts of the small
break LOCA transient for Yankee Rowe remains at a
relatively low level of 670 psi. Evidently
repressurization behavior as predicted in other PTS
studies is not predicted to occur for the Yankee Rowe
plant. Cases 3-5 of Attachment #2 show that an
repressurization to only 1000 psi results in a
noticeable increase in the calculated vessel failure
probability. A substantial (but typical)
repressurization to 2000 psi gives a relatively high
failure probability of 7.99E-03. It is recommended
that the Yankee accident scenarios be closely examined,
to determine if possibilities for repressurization have
been overlooked.

2. The Yankee calculations assume that lengthwise growth
of flaws in the lower plate will not exceed the 47
inch dimension of this plate. Case 11 of Attachment #2
shows that cracks no longer tend to arrest, if the
initiated flaws are permitted to grow to an essentially
infinite length. Cases 16-18 address flaws of various
lengths, and shows an progressive increase in failure
probability as the initiated flaws are permitted to
become longer. Case 16 (failure probability of
3.80E-05) is of particular interest, since the final
length of the flaw is the height of the beltline region
of the vessel.

3. The Yankee calculations assumed an upper shelf fracture
toughness (for both initiation and arrest) equal to 200
ksiVin. Cases 12,13,30,31 and 32 address lower values
of this upper shelf toughness. It is seen that the
Yankee value of 200 must be reduced to 70 ksiVTn" before
the tendency for cracks to arrest is reduced. A
toughness of such a low level is not considered to be a
credible assumption.
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4. Many other factors are addressed in Attachment #2, and
none of these were found to reduce the strong trend for
crack arrest. Some impact on initiation probabilities
can be noted. However, we did not determine if any of
these factors in combination could collectively give a
substantial impact on crack arrest behavior.

Input for Clad Stress - The Yankee calculations neglected clad
stresses as a factor that can promote crack growth. Evidently
the clad effects were considered to be insignificant because the
clad is relatively thin, and because mechanical interactions were
minimal due to the "stitch" process used to bond the clad to the
basemetal.

Information available to PNL indicated that the "stitch"
attachment actually bonds clad to a rather significant fraction
of the inner surface of the vessel. Also the weld areas are clad
in a conventional manner with a weld deposit. Therefore
interaction of clad with the basemetal is probably substantial.
In Case #8 clad stresses were modeled as part of the VISA-II
calculation. However, the results show little change in the
calculated probability of crack initiation, and it is concluded
that the Yankee calculations were reasonable in neglecting clad
stresses.

Modeling of Fluence Gradient - The Yankee calculations made use
cf a feature in VISA-II that permits simulation of the spacial
variations in neutron fluence over the inner surface of a vessel.
Reg. Guide 1.154 would permit this approach, which accounts for
the fact that the peak surface fluence may exist only over small
fraction of the overall surface area of a given plate or weld.

In Case 6 of Attachment #2, the baseline calculation was
performed but with the conservative assumption that the peak
fluence existed over the entire surface of the lower plate. The
resulting probability of crack initiation increased by a factor
of about 10. This was about the expected change based on the
fraction of the plate exposed to the peak levels of fluence.

Residual Stresses - The Yankee calculations included a
contribution of welding residual stresses to the crack tip stress
intensity factor. A cosine function approximated the
distribution of residual stress through the vessel wall. There
was a tensile stress of 8.0 ksi at both the inner and outer
surfaces of the vessel, and a compressive stress at the mid wall
location.

The tensile residual stress at the inner surface increases the
probability of initiating flaws. It is estimated that the
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residual stress was roughly equivalent to an increased pressure
of about 1.0 ksi. Case 4 of Attachment #2 suggests an increase
in the crack initiation probability by a factor of about 3.0.
Given crack initiation, the residual stress should have little
effect on crack arrest events.

Input for Standard Deviation on Fluence - The Yankee
calculations assume a standard deviation on fluence of 0.1 of the
mean fluence value, as compared to the 0.3 value suggested in
NUREG/CR-4486. The results for Case 14 indicates that 0.1 versus
0.3 has only a small effect on calculated failure probabilities
(factor of about 10 percent).

It is believed that the Yankee Report bases a lower value of 0.1
on the fact that the fluence levels are rather well established
for the Yankee vessel. However it should be noted that VISA-II
uses the uncertainty in fluence levels in large measure to
represent the uncertainty in predictions of the shift, equation.
In this regard, improved knowledge of fluences for the Yankee
vessel is not relevant to the uncertainties in the fluence levels
for the surveillance specimens which formed the basis of the
RTndt shift correlation. Nevertheless, the Yankee calculations
are perhaps consistent since they apply an error term to the
shift equation as an alternative to the 0.3 sigma value for
fluence uncertainty.

Input for Standard Deviation on RTndt - The Yankee calculations
use inputs that differ somewhat from those suggested in the VISA-
II user document (NUREG/CR-4486):

Standard Deviation, degree F

Initial Value of RTndt Shift

Yankee Calculations 10.0 17.0

NUREG/CR-4486 17.0 0.0
(for Plate)

Case 1 versus Case 33 of Attachment #2 compares calculated
failure probabilities for the two approaches. The difference is
only about 15 percent for initiation probability. This trend is
consistent with our belief that failures are governed by fracture
toughness on the lower shelf, and are therefore insensitive to
calculated levels of shift.

Evidently the Yankee report follows certain recommendations of
Reg. Guide 1.99 Rev. 2. These recommendations address the

NUREG/CR-5799 E.10



calculation of shift for purposes of deterministic fracture
mechanics calculations, without regard to the probabilistic
approach used in the VISA-II code. We note here that VISA-II
addresses variability in shift through the imposed uncertainties
in fluence, copper content, etc., and therefore adding an error
term to the shift equation introduces excessive "noise" into the
calculations. An input of zero error in the shift equation would
be more consistent with the recommendations of NUREG/CR-4486.

Standard Deviations on Copper and Nickel - The Yankee inputs
differ somewhat from the values suggested in NUREG/CR-4486 as
follows:

Standard Deviation, wht %

Copper Nickel

Yankee Calculations 0.017 __ 0.05

NUREG/CR-4486 0.025 0.00

Case 1 versus Case 34 of Attachment #2 compares calculated
failure probabilities for the two approaches. The difference is
only about 10 percent for initiation probability. This trend is
again consistent with the fact that failures are governed by
lower shelf fracture toughness, and are therefore insensitive to
calculated levels of shift.

Input for Upper Shelf Fracture Toughness - The Yankee
calculations assumed an upper shelf value of 200 ksi\/in for both
the initiation and arrest toughnesses. These values are
consistent with prior applications of the VISA-II code.

Cases 12,13,23-32 address the sensitivity of the calculated
failure probabilities to decreases in upper shelf toughness
values (as low as 50 ksi\/in). Unless the toughness is decreased
to a value less than 100 there is little impact on the failure
probability. Only at a toughness of 70 ksi\/in (Case 31) did we
predict that a significant fraction of the initiated cracks
penetrate the vessel wall without arrest.

Inputs for Deterministic Parameters - The table below compares
inputs used in the Yankee calculations with the corresponding
inputs recommended in NUREG/CR-44 86. There are no significant
differences between the two sets of parameters.
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Thermal Diffusivity

Fluid/Vessel Film Coefficient

Constant for Fluence Attenuation

E alpha(1 - nu)

Warm Prestress

ISI

Flaw Length Before Initiation

Flaw Length After Initiation

Location of Flaws ID Surface ID Surface

NUREG/CR-4 4 86 Yankee

0.982 0.983

400 504

0.24 0.24

0.320 0.312

no > no

no no

infinite 6:1

infinite length of
. weld--

Input for Flaw Length Before Initiation - The Yankee input
specifies that the flaw aspect ratio before initiation is 6:1,
but also provides a tabular description of the (Marshall) flaw
size distribution which gives an infinite length to the flaws.
These are conflicting inputs. However, examination of the output
of VISA-II shows that the later specification of infinite flaw
length governed in the calculations.

Input for Flaw Length after Initiation - The Yankee calculations
specifies that the flaw extends in length only to the entire
height of the plate or weld of concern. Cases 16-18 show that
failure probabilities will increase if the flaw is;, permitted to
grow beyond the confines of the plate or weld. The assumption of
finite flaw length is a possible unconservative feature of the
Yankee calculations.

Input for Flaw Size Distribution - VISA-II uses the Octavia flaw
size distribution as the default selection, but recognizes
uncertainties in this aspect of the probabilistic model by
suggesting that the Marshall distribution is also a suitable
selection. The PTS screening limit was based in part on VISA
calculations which used the Octavia distribution, whereas the
subsequent IPTS calculations used the Marshall distribution.

The use of the Marshall distribution in the Yankee calculations
is consistent with Reg. Guide 1.154. Case 9 of Attachment #2
shows that the Octavia distribution will give a similar but
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somewhat lower probability of crack initiation (by a factor of
about 2) than the Marshall distribution.

Input for Flaw Density - The Yankee report follows the IPTS
assumption of one flaw per cubic meter of vessel material to
estimate a total of five flaws for the beltline region of the
vessel. It then assumes that five flaws are approximately
equivalent to assuming one flaw in each of the plates and welds
of the vessel beltline. An implication of this assumption is
that flaws are more likely (on a per unit volume basis) in welds
than in basemetal. That is, the Yankee calculations imply that
there is far more than one flaw per cubic meter of weld metal.
We believe that this assumption is plausible, and does not
conflict with Reg. Guide 1.154.

The documentation for the VISA-II code does not make specific
reference to a given number of flaws per cubic meter. The
original Octavia distribution is believed to have assumed a total
of one flaw for the six axial welds in the beltline region of a
reactor pressure vessel. For consistency, it would reasonable to
assume there is also one flaw for the circumferential welds of
the vessel beltline. The discussion of NUREG/CR-4486 suggests
that flaws are less frequent in basemetal (i.e. flaws per unit
volume of metal). Hence, a total of one or two flaws in the
basemetal of the beltline is a logical extrapolation of the VISA-
II approach. In conclusion, the VISA-II documents would suggest
an assumption of some 3-4 flaws in the beltline region of the
Yankee vessel.

In summary, the Yankee calculations assume somewhat more flaws
than the prior studies referenced in Reg. Guide 1.154. Thus the
Yankee predictions of vessel failure probabilities are
conservative in this regard.

Polynomial Approximation of Transient - The VISA-II code
approximates pressure and temperature transients with polynomials
that are fit through five points of the transient. For the small
break LOCA both the temperature and pressure have rapid changes
during the first five minutes of the 100 minute transient.
Therefore the polynomials give a relatively poor approximation
during the critical early part of the transient.

For Case 15 (Attachment #2) the calculations focused only on the
early part of the transient, and as a result the polynomial
approximation was much improved for this more limited time
period. This improved calculation gave a slightly lower
probability of crack initiation (1.28E-03) than for the baseline
calculation (1.85E-03). Thus this aspect of the Yankee
calculations is somewhat conservative.

E.13 NUREG/CR-5799



COMPARISON OF THE OCA-P AND VISA-II COMPUTER CODES

A major part of PNL's review consisted of interactions between
Fred Simonen at PNL and Terry Dickson at ORNL in a cooperative
effort to compare the OCA-P and VISA-II codes. PNL's latest
version of VISA-II (i.e. the version that was placed in the
Argonne code center) was sent to ORNL on August 14th along with
other data and documentation. Similarly ORNL sent a copy of the
OCA-P code to PNL along with documentation. The VISA-II code was
installed and extensively exercised at ORNL. Installation of
OCA-P at PNL was found to be a more involved effort, which was
beyond the scope of the short term review project :

Both VISA-II and OCA-P are specifically mentioned in Reg. Guide
1.154 as examples of probabilistic fracture mechanics codes that
are considered suitable for use in PTS evaluations. During the
development of VISA-II there were some limited benchmark
calculations that compared results from the codes-(letter from F.
A. Simonen of PNL to D. G. Ball at ORNL dated March 29,1984).
The two codes were found to give generally the same results for
vessel failure probabilities. Numerical differences in the 1984
study were attributed to different assumptions regarding flaw
size distributions, simulation of fracture toughness, etc. Both
codes have since undergone further development, and have been
extensively modified. The benchmark comparisons as discussed
here are for the latest versions of the code, and address a wider
range of input variables than considered in the 1984
calculations.

Programming Errors - Some minor programming type errors in VISA-
II were found and corrected as part of the benchmarking activity.
These are described in Attachments 2 and 4 to this letter. The
recommended corrections of Attachment #3 prevents the generation
of an excessively long output summary table, which is some cases
caused the calculations to abort due to a stack overflow
condition. Attachment #4 addresses a concern (noted previously
by some users of the code) where the tabulation of initiation and
arrest events appeared to give inconsistent totals, with
occasional cases where the calculated crack depth for an arrested
crack was smaller than the initial depth of the crack (physically
impossible). Our recent review shows that VISA-II was double
counting the number of initiation events for certain unusual
combinations of simulation parameters, and giving other
associated inconsistencies in the output table.

Plastic Instability Calculation - To be more correct and to be
•onsistent with OCA-P we have made a change in VISA-II to account
or the pressure acting on the crack faces during the prediction
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of plastic instability. This change has little effect on
calculated failure probabilities.

Simulation of Shift - After correcting the "minor" programming
errors in VISA-II, there were still rather significant and
unexplainable differences in calculated failure probabilities
when comparing OCA-P and VISA-II. These particular numerical
comparisons were for the Rancho Seco transient. Results of the
comparisons are summarized in Attachment #5.

• Case #1 versus Case #2 indicates the apparent lack
of agreement between OCA-P and VISA-II that was
first noted by ORNL.

• Case #1 versus Case #3 indicates the very good
agreement that was eventually achieved once a
basic difference in the probabilistic
assumptions and logic of the two codes was
identified.

• Case #1 versus Case #4 indicates the rather
reasonable agreement (within a factor of about 2)
when OCA-P and VISA-II are each applied using
assumptions and consistent inputs as recommended in
their respective users manuals.

For Cases #1 and #2 the two codes actually agree quite well in
their predictions of the probability of initiating a crack.
However, VISA-II appears to predict a much greater trend for
cracks to arrest, once they do initiate. After a careful look at
each code it was determined that VISA-II resimulates the random
error in RTndt for each small increment of crack depth during the
simulation of crack growth and arrest events. In contrast OCA-P
simulates the error in RTndt only once for each crack and uses
this same error term for each advance of the crack as it predicts
if the growing crack will arrest. Once VISA-II was reprogrammed
to match the assumption used in OCA-P the very good agreement of
Case #1 versus Case #3 resulted.

The crack arrest calculations of the VISA-II and OCA-P codes
follow somewhat different philosophical approaches for simulating
the variability of RTndt. We believe that one approach is not
inherently more correct than the other. Both approaches appear
to be reasonable. Furthermore the predicted failure
probabilities from the two codes agree within a factor of about
two. The Yankee Rowe calculations have been reviewed from the
standpoint of simulating variability in shift. We found that
Yankee's application of the VISA-II code and the selection of
input parameters were not entirely consistent with
recommendations given in the user document for the code.
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However, sensitivity calculations showed that the Yankee
selection of inputs had only a modest impact on predicted failure
probabilities.

Temperatures and Thermal Stresses - Another part of the benchmark
effort addressed the deterministic calculations of temperatures
and thermal stresses. Solutions were compared for the Yankee
Transient "SBLOCA 7, LOWER PLATE, MAX MEAN DRTNDT=315". ORNL
generated results using the OCA-P and the ADINA general purpose
finite element code. PNL generated solutions using VISA-II and
the ANSYS general purpose finite element code.

Attachment #6 gives PNL's results that show rather good agreement
between the temperature and stress calculations of the VISA-II
and ANSYS codes. With the ANSYS code it was possible to model
the cylindrical geometry of a vessel, and the calculations were
performed for R/t =6.916, 10 and 1000. VISA-II uses flat plate
solutions to approximate the temperatures and thermal stresses in
a vessel, and the numerical results of Attachment #6 are in fact
identical for the cases of R/t = 6.916 and R/t =100. The ANSYS
results show a relatively small effect of R/t on the temperature
and thermal stress solutions. As expected, the VISA-II flat
plate solutions agree best with the ANSYS solutions for the
largest value of R/t (=1000).

In conclusion, we have further validated the temperature and
thermal stress calculations in the VISA-II code. For this
purpose we used water temperatures for one of the critical
transients from the Yankee Rowe report. We believe that VISA-II
as applied in the Yankee Rowe evaluations provides an accurate
method for calculating temperatures and thermal stresses.

EVALUATION OF YANKEE INSPECTION PROGRAM

In Chapter 7 (titled "Reactor Vessel Inspection") first briefly
describes the fabrication history, preservice inspections, and
inservice inspections to date. The chapter then concludes with a
much longer discussion of plans for future inspections with
particular attention to the beltline region of the vessel. The
PNL review has addressed this Chapter of the report.

Section 8.3 of Reg. Guide 1.154 gives brief note to inservice
inspection as an optional part of a plant specific analysis of
PTS risk. Discussion of ISI is required in the PTS risk
evaluation only if state-of-the-art nondestructive examinations
(NDE) are used as a basis for decreasing any conservatism in the
flaw density value used in the analyses. The Yankee vessel
evaluation does not decrease any conservatisms using NDE as the
basis, and in this context the discussion of Chapter 7 is not
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essential to the report and could be deleted. Nevertheless, th.s
Chaoter does providS useful information, and contributes to a
Srfcomple?ePunderstanding of the status of activities by Yankee
Atomic in the area of vessel integrity.

inspection of the beltline of the Yankee vessel is made difficult
wSccess problems, and by the partial bonding of the cladding to
the basemetal Yankee appears to be making a systematic effort
to find solutions to theSS problems, and some of the proposed
approaches are encouraging. It should be noted that these
'^nr1., are being driven by an NRC requirement that the beltline
of ?he Yankee velseTbe inspected by 1993. It should be noted
?hat this requirement is only indirectly related to concerns for
pressurized thermal shock.

A PNL expert on NDE technology (Dr. S.R. Doctor) has reviewed the
content of Chapter 7 of the Yankee Report. The information
content °I>,";£ nrovides some very good background on
Cf°aDric^onnhis?r^ ZnS'oTSS Sent anVtype of Soth PSI and
t?t that has been conducted on the Yankee Rowe vessel m the
nast ThesI inspections were conducted to the standards of the
past. *" mA*c~ses does not provide the inspection
ef?ectiveneSr?LtaisSneS?:d foAhe flaws of concern to the PTS
Issue The chapter then discusses alternative means of access to
ooth^he ins!dePand the outside surfaces of the vessel while
listing the advantages and disadvantages of each access _
alternative. I? would appear that the most likely possibility is
?o conduct the inspection from the inside. For the belt line
tlniln tnis will require a scanner that fits within a 2 inchaJnu^s Setwien thlqtnermal shield and the vessel wall Scanners
5ni need to be developed to operate with this physical

\-2fTnt- Finally the chapter contains an overview of somepreliminary rehire*' conducted to address the inspection of th9
5t?teh cladding using a combination of eddy current andultrasonic me?hoSs. 9The work conducted on these techniques shows
?iat the inspection is not a hopeless case. However, until
techniques" and procedures have been fully developed, it is not
nossible to comment on the effectiveness of the proposedJectLn me?h"3s. Ultimately, blindtesting of the Proposed
iSthods will needed to determine technique reliability, and then
rhe'mfas^red inspection sensitivity will need to be compared „
the sizes of flaws that are important to the PTS issue.
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Please call me at 509-375-2C87 if ycu have any questions c
comments.

Sincerely,

F. A. Simonen

Theoretical and Applied Mechanics Group
Energy Sciences Department

/fas

ocx ME Mayfield - USNRC
SR Doctor
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PARAMETER

# initiations

# arrests

# stable
arrests

# failures

probability
initiation

probability
failure

ATTACHMENT #1

Case 1

VISA-II

(Novetech)

56

56

6

50

.048

.043

Case 1

VISA-II

(PNL)

349

349

299

50

.0099

.0012

Case 2 Case 2
VISA-II VISA-II
(NOVETECH) (PNL)

164

156

114

50

.051

.015

669

669

665

4

.0067

.00004

1. Total number of vessels simulated was 100,J10.Q_ for all cases

2. Case 1 is for upper plate, max mean DRTNDT=248

3. Case 2 is for lower axial weld, max mean DRTNDT-288

4 PNL's version of VISA-II is the original VISA-II with only
the corrections for counting of initiation events and
consideration of crack depth for plastic instability
analysis.
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ATTACHMENT #2

VISA-II SENSITIVITY STUDIES

Baseline case lower plate - SBLOCA
Yankee input file LP-315.IN

YANKEE, SBLOCA 7, LOWER PLATE, MAX MEAN DRTNDT-315

CASE VARIATION FROM BASELINE CASE

1 None (baseline)

2 Pressure = const. = 670 psi

3 Min. pressure = 1000 psi

4 Min. pressure = 1500 psi

5 Min. pressure = 2000 psi

6 All material at max. fluence

7 flaw aspect ratio = 999.0

8 Clad stress

9 Octavia flaw distribution

10 Threshold flaw size

11 Infinite flaw length
after initiation

12 Upper shelf toughness = 150

13 Upper shelf toughness = 100

14 Fluence sigma = 0.30

15 Better polynomial fit of
early transient

16 Flaw length after initiation
full height of beltline (122.6)

17 Flaw length after initiation
=90 inch

NUREG/CR-5799 E.20

INITIATION FAILURE

PROBABILITY PROBABILITY

0 .00

0 .00

2 . 00E--05

1 .87E--03

7 .98E--03

0 .00

0 00

0 00

0 00

0 00

1 36E--3

0. 00

0. 00

0. 00

0. 00

3. 8E-05

2. OE-06

1.85E-03

1.98E-03

3.22E-03

4.96E-03

1.04E-02

2.14E-02

9.34E-03

1.25E-03

0.72E-03

1.92E-03

1.83E-03

1.85E-03

1.89E-03

2.04E-03

1.28E-03

1.85E-03

1.84E-03



ATTACHMENT #2

(continued)

VISA-II SENSITIVITY STUDIES

Baseline case lower plate - SBLOCA
Yankee input file LP-315.IN

YANKEE, SBLOCA 7, LOWER PLATE, MAX MEAN DRTNDT-315

CASE VARIATION FROM BASELINE CASE

18 Flaw length after initiation
= 160 inch

19 Kia truncated at

99 standard deviations

20 Kia truncated at

99 standard deviations

21 Kic standard deviation

0.3 of mean

22 Kia standard deviation

0.2 of mean

23 Zero sigma on Kic & Kia
Upper shelf toughness = 100

24 Zero sigma on Kic & Kia
Upper shelf toughness = 50

25 Zero sigma on Kic & Kia
Upper shelf toughness =75

26 Zero sigma on Kic & Kia
Upper shelf toughness = 65

27 Sigma on Kic =0.0
Sigma on Kia = 0.1 of mean
Upper shelf toughness = 75

E.21

INITIATION FAILURE

PROBABILITY PROBABILITY

1.90E-03 1.66E-04

1.94E-03 0.00

1.85E-03 0.00

1.15E-02 0.00

1.85E-03 0.00

1.32E-04 0.00

3.50E-02 3.50E-02

1.34E-04 0.00

2.17E-03 2.07E-03

1.34E-04 0.00
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ATTACHMENT #2

(continued)

VISA-II SENSITIVITY STUDIES

Baseline case lower plate - SBLOCA
Yankee input file LP-315.IN

YANKEE, SBLOCA 7, LOWER PLATE, MAX MEAN DRTNDT-315

INITIATION FAILURE

CASE VARIATION FROM BASELINE CASE PROBABILITY PROBABILITY

28 Sigma on Kic = 0.15 of mean 4.13E-03 1.11E-C4
Sigma on Kia = 0.0
Upper shelf toughness = 75

29 Upper shelf Kic & Kia = 75 3.96E-03 6.85E-05

30 Upper shelf Kic & Kia = 65 8.84E-03 7.37E-03

31 Upper shelf Kic & Kia = 70 5.82E-03 _ 1.19E-03

32 Upper shelf Kic & Kia = 80 2.77E-03 0.00

33 Sigma on Initial RTndt = 17 2.13E-03 0.00
Sigma on shift = 0

34 Sigma on copper = 0.025 1.76E-03 0.00
Sigma on nickel = 0.0

35 Rerun of case #1 1.97E-03 0.00

36 Sigma on Initial RTndt = 17 3.57E-03 4.00E-05
Sigma on shift = 0
Min pressure = 1000 psi

37 Sigma on Initial RTndt = 17 4.67E-03 3.74E-03
Sigma on shift = 0
Min pressure = 1500 psi

38 Sigma on Initial RTndt = 17 2.25E-03 0.00
Sigma on shift = 0
Sigma on copper = 0.025
Sigma on nickel = 0.0
Sigma on fluence = 0.30 of mean
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Date:

Subject:

Problem:

Correction:

ATTACHMENT #3
VISA-II

NOTICE OF CORRECTION

September 17, 1990

Output of Summary Table

When a large number of initiations and arrests occur
the program can terminate due to stack overflow.
This is due to a coding error for the parameter list
of the call to subroutine WRITEP.

Also, in certain cases the summary table giving
examples of initiation and arrest events can greatly
exceed the intended list of 50 examples. This is
occurs when a large fraction of the flaw initiations
arrest without vessel failure.

The logic has been changed to terminate the table
when 50 initiations occur, rather than after 50
vessel failures. The following changes to the-
Fortran coding are recommended in the main program:

Before:

550 WRPSUM(ITOT) = WRPSUM(ITOT) + WRP(ITOT)
IF(NF.LE.50) CALL WRITEP(NF,NNF,NI)

580 WRPSUM(ITOT) = WRPSUM(ITOT) + WRP(ITOT)
IF(NF.LE.50) CALL WRITEP(NF,NNF,NI)

After:

550 WRPSUM(ITOT)
IF(NI.LE.50)

= WRPSUM(ITOT)
CALL WRITEP

+ WRP(ITOT)

580 WRPSUM(ITOT) = WRPSUM(ITOT) + WRP(ITOT)
IF(NI.LE.50) CALL WRITEP

Effect: All prior calculations should be correct. An output
table may be longer than desired. Some calculations
may abort before failure probability calculations
are complete.

Contact: F.A. Simonen (509-375-2087)
Pacific Northwest Laboratory
PO Box 999, Richland, WA. 99352
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ATTACHMENT #4

VISA-II

NOTICE OF CORRECTION

Date: September 17, 1990

Subject: Tabulation of Initiation and Arrest Events

Problem: The tabulation sometimes indicates' arrested flaw
depths that are less than the initial depth of the
flaw. Also the table of summary statistics has
inconsistencies in the numbers of arrests and
arrested nonfailures.

Correction:

Effect:

The logic has been changed to reset flags, which
cause certain counters to correctly tabulate summary
statistics. The following changes to the Fortran
coding are recommended in the main program:

Before:

C SET FLAGS FOR FLAW INITIATION AND ARREST
INITIA =0

IARRST = 0

C RETURNS HERE TO SIMULATE NEXT FLAW

80 CONTINUE

After:

C RETURNS HERE TO SIMULATE NEXT FLAW

80 CONTINUE

C SET FLAGS FOR FLAW INITIATION AND ARREST
INITIA = 0

IARRST = 0

Prior calculated probabilities of failure should be
correct. However, probabilities of flaw initiation
may be slightly overestimated. Such errors are
greatest when the specified number of flaws per
vessel is much greater than one, and when large
fractions of initiations arrest before vessel
fracture occurs.

Contact: F.A. Simonen (509-375-2087)
Pacific Northwest Laboratory
PO Box 999, Richland, WA. 99352
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ATTACHMENT #5

PARAMETER

Case 1

OCA-P

Case 2
VISA-II

(original)

Case

VISA-

(modi

3

II

fied)

Case 4

VISA-II

(original)

# initiations 3926 3711 3422 2745

# arrests 983 3104 474 1747

# stable
arrests

488 3275 144 1383

# failures 3438 436 3278 1362

probability
initiation

.039 .037 .q34 .027

probability
failure

.034 .0043 .033

-_

.014

Total number of vessels simulated was 100,000 for all cases

Case 2 is for original VISA-II which included error in
counting of initiation events.

Case 3 used a revised and corrected VISA-II. The only
revision was to simulate the error in RTndt only once per
ve^sll, without repeated simulation of this error with each
advance of the crack depth during the crack arrest
calculations. Corrections included the error in counting of
initiation events and consideration of crack depth for
plastic instability calculation.

rase 4 used the original VISA-II with only the correctionscu g ini?iation events and consideration of crack
depth for Plastic instability analysis. The repeated
simulation of error in RTndt was retained from the originalsimulation of er ^^ ^ shj.ft .n f^!?S
to zero in accordance with the recommendation and standard
practices used in prior applications of VISA-II.
Cases 1-4 are based on a standard deviation of 24F in the
Sh?ft in RTndt to estimate the error in this parameter
This practice has been customary for applications of OCA-P,
but not tor applications of VISA-II. The two codes make
different assumptions to simulate the error in shift, and a
standard deviation of zero (versus 24F for OCAP) «
appropriate to the assumptions made in the VISA-II code.
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ATTACHMENT #6

ID WALL TEMPERATURES, °F

Time, VISA-II ANSYS

min. R/T=6.916 R/T=100 R/T=6.916 R/T=10 R/T=1000

10 357 357 364 364 363

20 260 260 267 267 266

30 214 214 219 219 , 218

40 197 197 201 200 200

50 192 192 195 195 194

60 188 188 190 190 189

70 179 179 181 181 180

80 166 166 167 167 167

90 153 153 155 154 154

100 154 154 155 155 155
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ATTACHMENT #6 (Continued)

OD WALL TEMPERATURES, °F

Time, VISA-II
.mxo ij

min. R/T=6.916 R/T=100

509

R/T=6.916

510

R/T=10

509

R/T=1000

10 509
509

20 466 466 470 470 468

30 405 405 412 410 407

40 346 346 354 353 348

50 300 300 308 306 - 301 -

60 266 266 273 271 267

70 241 241 248 246 241

80 222 222 227 225 222

90 205 205 209 207 204

100 189 189 193 192 189
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ATTACHMENT #6 (Continued)

ID HOOP THERMAL STRESS, ksi

Time, VISA-II ANSYS

min. R/T=6.916 R/T=100 R/T=6.916 R/T=10 R/T=1000

10 34.6 34.6 34.1 34.0 33.6

20 43.5 43.5 44.1 43.7 42.8

30 39.0 39.0 40.5 40.1 38.9

40 30.1 30.1 31.8 31.3 30.0

50 21.6 21.6 23.2 22.7 21.5

60 15.7 15.7 17.0 16.6 15.5

70 12.7 12.7 13.8 13.4 12.5

80 11.6 11.6 12.5 12.2 11.3

90 10.6 10.6 11.4 11.1 10.3

100 6.8 6.8 7.6 7.4 6.7
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