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Abstract

The Yankee Atomic Elcctric Company has performed
an Integrated Pressurized Thermal Shock (IPTS)-type
evaluation of the Yankee Rowe rcactor 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 (Y AEC 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 fracturc toughness through the wall.

iii

Also, the two codes have a few dissimilar peripheral
features. Aside from these differences, VISA-1I 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-
tionat 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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Preface

This report was originally submitted to the United tion, a request was made by the NRC to minimize
States Nuclear Regulatory Commission (USNRC) on changes, including editing and graphics. For this
November §, 1990, as a draft of a letter report. More reason, the report does not meet the usual high
recently, there was an urgent need on the part of the standards of ihe Oak Ridge National Laboratory nor
NRC for the document to be published as soon as pos- does it fully conform to the NRC NUREG report
sible as a NUREG report, and to expedite publica- format.
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1 Introduction

In early August 1990, the Nuclear Regulatory Com-
mission (NRC) requested! that Oak Ridge National
Laboratory (ORNL) coordinate and participate in a re-
view of a report entitled, Reactor Pressure Vessel
Evaluation Report for 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 indicated that Idaho National Engineering
Laboratory (INEL) would provide thermal/hydraulic
input, and Pacific Northwest Laboratory (PNL) would
provide input with regard to the VISA 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 issucd on an unspecified date, and this
publication constitutes the final report.

The team members contributing directly to the ORNL-
coordinated cffort 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 of flaw
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) surveillance program.

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

D. A. Bozarth, SAIC:4 evaluation of the methodology
for estimating mean values of the calculated fre-
quency of failure,

J. W. Minarick, SAIC: evaluation of completeness of
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 the appropriateness of RETRANS for the pres-
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 vessel inspection
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,? 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 ime%rated-prcssurized-mennal-shock
(IPTS) methodology.

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,’ the NRC PTS Rule (10CFR50.61),8 and
the NRC Regulatory Guide 1.154,9 which identifies
acceptable IPTS-evaluation methodologies and a target
maximum permissible value ("primary acceptance cri-
terion”) of the calculated frequency of 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-damage corre-
lations); Reg. Guide 1.154; 10CFR50.61; radiation-
damage evaluations performed by G. R. Odette

4Scicnce 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 tcam members (included as

2 Scope of

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 (RTNDT) for the vessel plate and weld material
[this requires knowledge of the vessel fast-neutron flu-
ences, operating temperatures and chemistry (Cuand -
Ni)J; (4) a probabilistic fracturc-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

appcendices), 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
reccived.

Review

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 the time of the independent
analysis. This approach is consistent with that used in
the NRC/ORNL IPTS studies,” 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.

3 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 sclection 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).

NUREG/CR-5799

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
104/yr. Asindicated 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 10-3,




4 PTS Transient Thermal/Hydraulics
(Appendices A and B)

The question of particular concern regarding the YAEC
thermal/hydraulic analysis is whether the PTS transient
described by the calculated primary-system pressure,
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-
perature and pressure, the severity of the transient is
more likely 1o be greater than less. The heat-transfer
coefficient, on the other hand, is more likely to be less,
and this would tend o 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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5 Radiation Effects
(Appendix C)

5.1 Increase in RTNDT

There are two values of RTNDT of particular interest
with regard to 10CFR50.61 and Reg. Guide 1.154.

For 10CFR50.61, a + 206 (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 +20
values, minus the 20, are given in Table C.2 of
Appendix C for 1990. Assuming 20 = 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 (.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% .2

"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.
Guide 1.99, Rev. 2, is based on an irradiation tempera-
ture of 550°F, while the irradiation temperature for the
Yankee vessel is ~5S06°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 16 = 0.07 wt%. Based on the BR-34 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 1.24 x 1019n/cm2. This fluence, with an

%The BR-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 the 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
slightly 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 (K1) values corresponding to load levels
A, B, and C; however, the J-R curves used for compar-
ison with the K 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 C). The YAEC report used a

value of 200 ksiVin.2 , which was also used for the
ORNL IPTS studies.” ORNL sensitivity studies
associated with this review indicate that the effect on
the conditional probability of vessel failure [P(FIE)] of

the difference 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 differences can be considered:
methodology, details, input, and errors. Formal docu-
mentation of the Yankee Rowe version of the code was
not available for review, and this prevented a compre-
hensive comparison of basic methodology. A phone
conversation, however, revealed no differences in basic
methodology, although there were three differences in
detail: the YAEC version included (1) residual stresses
in the welds, (2) a more accurate representation of Reg.
Guide 1.99, Rev. 2, and (3) a somewhat different set
of KT values corresponding to pressure loading.

With regard to K] calculations, it is not clear whether
the K] influence coefficients in the YAEC version cor-
respond to R/w? = 7 (appropriate for Yankee) or R/w =
10 (built into the PNL version of VISA-II). A com-
parison in Appendix E indicates that this difference
would not affect initiation and arrest of shallow flaws
(a/w < 0.5), which are the ones of primary concern.

The input parameters for the Yankee calculations were
reviewed item by item for consistency with Reg. Guide
1.154 and PNL's recommendations for application of
VISA-IL3 While several details of the Yankee inputs
differed from those used in prior NRC studies, sensi-
tivity calculations indicate that these differences should
not have a major impact on calculated failure probabil-
ities. Of course, inputs for pressures, temperatures,
and radiation-induced embrittlement do have very sig-
nificant impacts. These inputs are discussed in
Appendix D.

The ORNL review of the PNL version of VISA-TI 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
codes are being used by utilities and others for evaluat-
ing vessel integrity, and especially because VISA-II is
being used in connection with the Yankee life-exten-
sion studies, it was prudent at this time to carefully

9Ratio of vessel radius to wall thickness.

review both codes and compare one against the other,
This effort was intended as a further evaluation of the
validity of both codes.

Reviews of both codes were performed by flow-chart-
ing, down to a fine level of detail, the probabilis-tic
methodologies, and by making comparison calcula-
tions for wall temperatures, stresses, and K| values.
The temperature and stress 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 for calculating K] values, but
the details are different. The OCA-P procedure is more
accurate, but the differences normally are not signifi-
cant and are believed not to be significant for the
Yankee analysis performed thus far,

The detailed comparison of the two codes, by means of
flow charting, revealed three errors in VISA-II, two of
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 the PNL version but presumably were not cor-
rected in the YAEC version. One comparison calcula-
tion (Appendix D) indicates that correcting the errors
increases P(FIE) by a factor of ~10, but for the specific
Yankee analysis, the difference is believed to be less.

After the above corrections were made to VISA-II,
OCA-P and VISA-II were compared by using both to
calculate the “Rancho Seco” transient (Fig. D.1, .
Appendix D) with R/w = 10. “All” input was the
same, and only one region of the vessel, containing a
single flaw, was considered. The temperature and stress
distributions agreed very well, and the K 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
arrests for OCA-P were three times greater than for
VISA-I], because of the difference in K 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 little effect on P(FIE). Thus, the
tentative conclusion is that OCA-P and the corrected
PNL version of VISA-II agree well, and both appear
valid with respect to what they were intended to do. It
is important to remember, however, that there are
choices to be made in important input/modeling
parameters that can result in significantly different
values of P(FIE). Flaw density, its uncertainty, and

9Crack 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) was calculated for the upper axial weld only, and
the Cu and Ni concentrations for this region (Cu =
0.29, 16 = 0.07; Ni = 0.7) were best-estimate values
taken from Ref. 11. The number of flaws correspond-
ing to a mean value of P(FIE) was essentially the same
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 reference to Fig. D.9 (Appendix D),

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

P(FIE) (w/repressurization)? = 1.2 x 10-3,

*Upper axial weld only, no residual stress, 1 flaw/m3,
10 repressurization.

"Upper axial weld only, no residual stress, 1 flaw/m3,
spressurization to 1550 psi at 20 min.

{UREG/CR-5799

Again with reference to Fig. D.9 (Appendix D), these
values should be increased by a factor of ~1.7 to in-
clude the residual stress. To convert these values from
"best estimates” to mean values, they must be multi-
plied by 45, the ratio of mean (o best-estimate flaw
density given in Ref. 7. The best-estimate flaw
density is 1 flaw/m3 (Ref. 7), and a flaw density of

45 flaws/m3 corresponds to ~1 flaw in the Yankee ves-
sel upper weld. [If there were more than 1 flaw in the
region calculated, OCA-P might overestimate P(FIE)
because of double counting.]

If the same flaw density is assumed for all regions of
the vessel, and if an approximate correction is made for
double counting, the contribution to P(FIE) of regions
other than the upper axial weld will at least double the
value obtained for the latter region.

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

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




7 ORNL Estimation of Frequency of
Failure for Yankee Rowe

The frequency of failure of the vessel is calculated as
follows:

i i :
o(F) = Zlo,(DII P (B)Ip, (FIE)

where

@(F) = total frequency of failure (failures/reactor yr),
oM = initiator frequency for ith transient,
Pjj(B) = branch probability for 4 branch, ith
transient, and

¢%E) = (Pi(I)r!IPij(B) = frequency of the PTS
transient (event).

For the SBLOCA-7 transient, (E) = ¢(I) =2 x
10°3/yr, or 4 x 10-3 if the transient 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,

@(F) (SBLOCA-7)>2x 103 x8x 102 =
2 x 10-4/yr,

With repressurization as described above,

®(F)(SBLOCA-7R) > 2x 103 x 2x 101 =
4 x 104/yr.

These values are substantially greater than the value of
5 x 106 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 of RT\pT calculated for Yankee Rowe in
accordance with the rules in 10CFR50.61 for compari-
son with the PTS-Rule screening criteria are substan-
tially greater than the screening criteria values.

The PNL version of VISA-II and the OCA-P proba-
bilistic fracture-mechanics codes, which are referenced .
in Reg. Guide 1.154, ar¢ in good agreement and are
valid for their intended purpose. (During this review,
an error was found in VISA-II that has subsequently
been corrected. The above statement pertains to the
corrected version.)

The 1990 mean frequency of failure calculated IBI
ORNL for the Yankee Rowe vessel is >2 X 10-4/yr and
thus exceeds the value corresponding to the "primary
acceptance criterion” in Regula-tory Guide 1.154 (5 x
10-6/reactor yr). As stated in the Reg. Guide, however,
this does not necessarily mean that the vessel is unsafe
to operate.

There are many unanswered questions regarding details
of the YAEC IPTS-type’ evaluation of vessel integ-
rity. It seeme vnlikely, however, that answers will
substantially alter the above estimated values of ¢(F).
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Appendix A.1

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 following comments are those concerns raised

by statistical issues within the subject report. It is
recognized that not all of the comments contained
herein are of critical importance to the overall conclu-
sions reached in the submittal. However, it is this re-
viewer's position that statistical treatment of engineer-
ing data should always be in accordance with accepted
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
from providing the necessary basis to make a final de-
termination on the validity of the conclusions drawn
therein, Principal among these is simply a lack of
sufficient detail throughout from which an independent
peer review can be accomplished. Examples are the
lack of supporting data for correlations; justification
for assumptions, such as distributions for fracture me-
chanics input parameters and the lack of sufficient de-
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 discussion whatsoever of 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- Jjc Correlation with Cv

Data for both transverse (T-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 identified as to which are T-L and
which are L-T. Consequently, it is not possible to
judge whether a single regression line is appropriate
for both sets of data.

A3

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-
ear regression is quadratic. ]

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
35 and 57 fi-lbs are ~90 and 200 in.-1b/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.

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

Relation '

Data for the correlation that are stated to be in
Appendix B are not provided. Appendix B 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.

. 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 sufficiently 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.

. Pp. 6-58. Initiating Event Frequencies

Calculation of mean frequencies from the assumed
lognormal distributions is correctly done although
the mean/median ratio for the error factor of 30 is
higher than necessary. This reviewer calculated 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.

. Pp- 6-208. Kj¢ and K]y Curves

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

. Pp. 6-208. Flaw Density Distribution

The initial number of flaws in a region of interest
directly influences the probability of 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 m>. 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 @
The volumes for the regions and the effective flaw
density based on the assignment of one flaw per
region are as follows:

Volume Effective Flaw
Region (md) Density (Uregion)
Upper Plate 351 0.28
Lower Plate 1.30 0.77
Circum. Weld 0.085 11.8
Upper Axial Weld  0.018 55.6
Lower Axial Weld  0.0068 147.0

The widely differing volumes cause a marked bias
in the relative importance of the various regions to
the overall probability of vessel failure. An overall
unbiased estimate of total vessel failure probability
is not possible since conditional probabilities for
all regions are not provided. However, it is clear
that the probability for failure conditional on a

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 significantly different between the two
analyses, however. The H. B. Robinson interpreta-
tion was that 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-
truncated lognormal distribution was 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 intended all 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 the lower plate was considered in the vessel
failure probability, demonstration that the other
areas are not significant is necessary.

. 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 three standard deviations such
that the effect of the truncation is not significant.

. Pp. 6-209. Results of Analysis

The net result of the analysis is presented as being
representative of 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 boundary conditions and particular
input distributions used in the fracture mechanics
calculations. The estimation of these parameters is
consequently of importance. In the H. B.
Robinson analysis and reflected in Reg. Guide
1.154 it was recognized that uncertainty is inherent
in the 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 uncertainty analysis of the
effect of the significant parameters on the estima-
tion of the overall frequency of failure. This was
accomplished for the H. B. Robinson analysis by

9R. D. Cheverton, Oak Ridge National Laboratory, personal

communication. use of a Monte Carlo simulation, and the technique
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is recommended in Reg. Guide 1.154 for several
reasons; most significant of which are the complex-
ity of the analysis and the extreme nonlinearity of
the fracture mechanics model results to variations
in input values.

Estimation of system performance for nonlinear
problems is known to be biased by 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 effect of
the nonlinearities may be negligible. For a PTS
analysis, none of the above conditions are met. In
the H. B. Robinson analysis, the net effect was to
raise the estimate of the mean by a factor of ~250

A5

owing to this effect and the inclusion of the pre-
viously mentioned mean flaw density of 45 m-3.
The inclusion of uncertainties for estimates of the
means of the significant fracture mechanics vari-
ables, neutron fluence, and thermal hydraulic
bounding conditions contributed a factor of roughly
five out of that total for the distributions used
therein. A smaller factor is due to the combination
of event tree sequence frequencies and branch proba-
bilities, but the major effect is due to the nonlinear-
ity of the fracture mechanics results. Justification
for not including uncertainties in these significant
parameters for this analysis is necessary or an esti-
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-hydrautics of significance to PTS, with
emphasis on the potential to proceed to stagnation of
primary loop natural circulation flow. Injection of 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
temperature and wall heat transfer in a manner similar
to the 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 recommendations can
be made based upon the present independent PTS
thermal-hydraulic evaluations.

e 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
Y AEC as the 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 this
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-
hydraulic details, these have subsequently 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-gpecific design features could be
important to the fluid mixing process, especially to
the fluid behavior adjacent to the 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, Yankce 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 geomeiry,
initial plant conditions at flow stagnation, boundary

A

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, 10CFRS50.61, "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 (Y AEC) 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)
(~1-1/2-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

2 Scope and

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 thc. -
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 well as 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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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 (ST) of cold (~ 120°F) water
into the downcomer region. The YAEC predicted
downcomer pressure and fluid temperature are shown by
Figs. A.1 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 large cooldown rate, in concert with
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.

Objectives

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 cooléown 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.
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3 Generic Thermal-Hydraulic Behavior in SBLOCA and
Controlling Phenomena

Extensive reactor systems analyses with modem
thermal-hydraulic computer codes, TRAC3 and
RELAPS,8 have identified small-break LOCAS as im-
portant scenarios with respect to pressurized thermal
shock.2.3 These thermal-hydraulic analyses revealed
that there may be special concem for SBLOCAs which
result in stagnation of the primary coolant flow while
at significant pressure. Such a scenario could result in
severe overcooling and pressurized transients owing to
sustained periods of cold (120°F) safety injection water
into downcomer water that has been isolated from core
and steam generator (reverse) heat sources. The fol-
lowing narrative presents a description for "generic"
SBLOCA transients with particular attention on con-
trolling phenomena. This is intended to provide the
reader with a qualitative "picture” of transient thermal-
hydraulic behavior in such a risk-dominant PTS
scenario.

Pressurized water reactors are 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-
sity differences and elevation changes can drive 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 greatly mitigate
overcooling. If natural circulation is interrupted, the
stagnate configuration loses these two beneficial effects
and significantly more severe overcooling will result.

An interruption of 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-tubes of the steam generators. The
primary coolant circulation will remain stagnated,
thereby setting the stage for an overcooling transient
unless this steam void is collapsed by condensation or
system repressurization.

For a SBLOCA scenario to be of extreme PTS signifi-
cance then, there must be both a flow stagnation and a
significant primary system pressure. If the break size
is small, the system will remain pressurized, but steam
voiding will not occur and neither will flow stagnation.

If the 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
Theofanous? to determine the minimum break size that
can produce primary loop flow stagnation on a plant-
specific basis. This "mapping" is possible after realiz-
ing that interruption of natural circulation occurs due 10
a break in the primary circuit's liquid continuity. This
will occur if the primary system sustains a loss of
liquid arising from the break flow exceeding the water
inflow from the safety injection pumps. Since both of
these boundary flows depend on primary pressure, addi-
tional consideration must be given to the transient
thermal-hydraulic behavior for the small-break LOCA.

An overall description is now presented for the system -
transient thermal-hydraulic response for a SBLOCA
with a break size that leads to stagnation while at sig-
nificant pressure. The scenario of particular signifi-
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 will typically fall rapidly but then stabilize for
an extended period; the behavior for Yankee shown in
Fig. A.1 is a typical response. This shows the ex-
pected SBLOCA "pressure signature”; an initial pres-
sure of over 2000 psia with a decrease to 700 to 900
psia over 3 to 6 min. The important feature is that the
pressure "holds" at a significant value for an extended
period. This is a consequence of primary water flash-
ing at its saturation temperature while being augmented
by reverse heat transfer from the steam generator sec-
ondary side to the primary water. This heat transfer
maintains the stagnant fluid in the steam generator
primaries at the saturation temperature and therefore
maintains the pressure via boiling. The ensuing steam
will then form a "void" region at the top of the system
(U-tubes) and interrupt natural circulation. This pres-
sure plateau value can easily be computed on a plant-
specific basis; it is simply the saturation pressure cor-
responding to the 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 plateau pressure will then allow
one to compute a plant-specific minimum break size in
a SBLOCA that will cause flow stagnation. The break
outflow (QBreak) can be approximated by

1 1/2
QBreak [g TC ABreak, min (Al)
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where hfg is the latent heat of evaporation, T is the
water temperature, Cp] is the specific heat, and A 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.1) that results in
a primary system net liquid volume loss, and ulti-
mately flow stagnation.

Downcomer fluid temperature response is directly 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, this 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 the 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
the 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 the pressure vessel wall fracture me-
chanics are closely coupled to the transient thermal-
hydraulic behavior in the downcomer. In particular, it
is necessary to determine the pressure vessel wall tem-
perature response to the boundary conditions of the sur-
face heat transfer coefficient and fluid temperature.
During the early period of natural circulation within the
primary coolant system, RELAPS, RETRAN, or
TRAC "systems codes" are traditionally employed.
However, once loop stagnation occurs, these codes are
inappropriate due to the inability to correctly represent
"stagnant" mixing of cold and warm water regions; the
flow behavior is dominated by complex turbulent mix-
ing driven by buoyancy rather than momentum effects.
This flow behavior has been the subject of extensive
experimental and analytical studies. As a result of
these studies, the REMIX computer code has been
developed to evaluate downcomer response to safety
injection of cold water into a "stagnant” system.
Yankee Atomic employed REMIX to quantify the
YNPS behavior, as shown by Fig. A.2. In order to
provide an independent calculational audit of these
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
the mixed-mean fluid temperature in the vessel down-
comer region. The results are then expected to be com-
parable with the corresponding REMIX value, Tn.
The present work did not attempt to predict REMIX-
simulated safety injection backflow and detailed mixing
with various fluid regimes, but rather treated these phe-
nomena parametrically to obtain an enveloping tran-
sient response. Furthermore, the current model does

not address the pluming effect (ireated by REMIX) that

calculates colder temperatures in the plume below the
cold leg penetrations; that is, mixing region 4 of
Fig. A.3.

4.1.1 Fluid Thermal Energy Balance

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

an incoming (colder) fluid stream of flow rate M Hp[
and temperature Typ] is given by

T

, A2
it (A2)

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

Q wall is the wall heat transfer. If wall heat transfer
is ignored, that is adiabatic, this equation can be inte-
grated to give

T. - T -m—
—mix __ __HPFL @ M’ (A3)
Tinil - THPI

where Tipit is the initial fluid temperature, However,
to realistically evaluate reactor behavior for PTS
scenarios, the wall heat transfer must be evaluated and
Eq. (A.1) integrated numerically, using to appropriate
initial and boundary conditions.

4.1.2 Wall Heat Transfer

Quantification of the temporal response of Q wall
requires calculation of the vessel wall heat diffusion
behavior as well as the surface heat transfer coefficient.
For the present work, the wall heat transfer has been
evaluated by solving a one-dimensional, finite-differ-
ence model subjected to a uniform initial temperature,
an adiabatic boundary condition at the exterior surface,
and a known (transient) internal heat flux boundary
condition at the internal downcomer fluid face (i.e.,
hAAT).

The above model of coupled wall and fluid transient
thermal response has been numerically implemented
into a small PC computer program. This program
computes a mixed-mean downcomer fluid temperature
subjecied to input boundary and initial conditions. The
code has been used to parametrically evaluate the influ-
ence on fluid and wall temperature transient of control-
ling parameters, including

e fluid mass participating in the “stagnant” mixing
problem, such as the cold legs, inlet annulus,
downcomer, and/or lower plenum regions;

e safety injection flow rate into the downcomer; and

o  wall heat transfer coefficients.

4.2 Parametric Evaluations

This section presents the results of parameter analyses
using the above transient thermal model with condi-
tions similar to those of the Yankee plant, Table A.1
lists the parameters selected for the parametric evalua-
tion. Specific YNPS results are given 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 100 and 500 Buu/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 that for wall heat trapsfer
coefficients greater 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 Biu/h-ft2-°F was selected for the
NRC's H. B. Robinson PTS evaluation? and is used as
the present baseline in subsequent calculations.

4.2.2 Safety Injection Flow Rate

Flow distribution of safety injection [high pressure in-
Jection (HPI)] water in the cold legs is qualitatively
illustrated by Fig. A.3. Flow behavior is controlled by
buoyancy effects, that is, by Froude number similarity
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 the backflow fraction (and corresponding
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"entrainment” of warmer water). Figure A.6 illustrates
the parametric effect of reducing inflow rate to the
"fluid mixing volume." It can be concluded that the
cooling is significantly reduced only if at least one-half
of the HPI water flows away from the vessel.

4.2.3 Mixing Water Volume

The present analysis for the mixed-mean fluid tempera-
ture (as well as REMIX) assumes that a single (large)
volume participates in the hot-cold fluid mixing pro-
cess. Figure A.7 illustrates the parametric effect of
varying the mixing volume assuming baseline parame-
ters for other variables. For the Yankee plant, the in-
cluded volumes represent the following regions of the
primary system:

200 ft3 - Inlet annulus below top of cold legs and
downcomer region

333 fi3 - 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
effect of including the 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 REMIX 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 Ty, 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 Tjymp (a plume
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).

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

SAIC's computer code that calculates the mixed-mean
downcomer fluid temperature was used with considera-
ticn of this new REMIX information. The following
changes were made from the previous calculations:

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.

¢) 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 slightly
greater cooldown.

¢) 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
parametrically evaluated at 170°F.

g Comparisons were made with YAEC REMIX Ty
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 correctly 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
extensive assessment project.10 The YAEC results
(Fig. A.8) must therefore be considered as 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 (¢.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 (REMIX) calculated downcomer
fluid temperatures are both a best-estimate and likely an
upper bound value for 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 the vessel
wall cooldown.
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6 Comparisons Between Yankee, H. B. Robinson, and
Calvert Cliffs

This section will provide quantitative comparisons
between Yankee, H. B. Robinson, and Calvert Cliffs
for the downcomer cooldown rates shortly after flow
stagnation. As discussed previously, the most severe
cooling transient is expected to occur in a SBLOCA
scenario leading to complete stagnation. This is postu-
lated to occur when the break liquid outflow exceeds the
safety injection inflow. The minimum break area and
diameter for this condition have been computed for the
Yankee, H. B. Robinson, and Calvert Cliffs plants
using Eq. (A.1). The comparison is made in

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 have similar safety injection (HPI) capacity and
would have similar break outflows, near 100 lbm/s or
1.5 ft3/s. Breaks of this size and greater would result
in primary liquid levels dropping, and subsequent flow
stagnation. However, if the break is too large

(24 in.), then depressurization will likely occur before
a severe cooldown can occur.

In order to provide a 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 largest rate of cool-
ing will occur shortly after flow stagnation, that is,
before large volumetric mixing and wall heat transfer
become important. The mixed-mean fluid temperature
is then given by Eq. (A.3). We can compute the initial
cooling rate to be the time derivative of this equation,
namely

dT.: MHPI
miX — (T . —T . (A4
it (Tmix — Tupr) M (A4)

If the total fluid mixing volume is based upon that of
the cold legs, inlet annulus, and downcomer, the initial
cooling rates for the three plants are given in Table
A.2. The geometric plant values are only approximate
with the intended purpose to illustrate the relative
cooldown potential between plants, Further-more, the
hypothetical calculation assumes all plants stagnate at
480°F primary circuit water temperature. All three
plants have nearly the same HPI capacity, about 1.5
f13/s at ~130°F. However, the volume of Yankee (as
illustrated by the downcomer volume) is significantly
smaller than the other two plants 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, 0.2°F/s. This serves to qualitatively illustrate
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
address the extensive thermal-hydraulic results con-
tained in Refs. 2 and 3.
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7 Summary and Conclusions

General consideration has been given to small-break
LOCA thermal-hydraulics of 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-
flow will 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-
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 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-
rically 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 the potential for both less and
more severe cooldown transients. The following con-
clusions and recommendations can be made based upon
the present independent PTS thermal-hydraulic
evaluations.

a) 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.
However, the sequence frequency analysis should
only consider small break initiators in this range;
that is, smaller and larger breaks will have either a
much less severe downcomer 73 ~noldown 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), the initial
downcomer fluid 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-
trolled by fluid-fluid mixing phenomena in these
primary system regions. REMIX has been shown
to have remarkable predictive capability for such
PTS behavior.10

¢ Yankee Atomic Electric Company has employed
the REMIX code to determine the transient
thermal-hydraulic behavior in the downcomer
region. SAIC has developed an independent tool
10 evaluate the mixed-mean downcomer fluid tem-
perature. Comparison between the two codes
show excellent agreement. It is concluded that
YAEC has correctly applied REMIX to evaluate
the SBLOCA sequence. Hence, the 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-
comer fluid thermal response of YAEC-1735 (Fig.
A.2) represents the colder plume region below the
cold legs.

d The Yankee plant has design features and opera-
tional characteristics that 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 REMIX hydrodynamic and phe-
nomenological modeling and assumptions should
be addressed. However, the REMIX code has been
well assessed and must be considered as represent-
ing best-estimate behavior.
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8 Recommendations

YAEC has provided complete details from the plants need to be reviewed to ensure that adequate con-
SBLOCA REMIX calculation, including plume tem- sideration was given to flow stagnation scenarios.
peratures in the downcomer regions below the cold
legs. The fracture mechanics technical experts should A possible need exists for research on the influence of
ensure that appropriate fluid temperatures have been plant-specific features on the PTS thermal-hydraulic
used in their evaluations. behavior and the inherent assumptions of REMIX.
Specifically, (older) plants with narrow downcomer
Thermal-hydraulic SBLOCA transients used in the PTS gaps and large HPI flows could pose unique considera-
studies on the H. B. Robinson and Calvert Cliffs tions not covered in the assessment basis of REMIX.
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Table A.1 Thermal and Hydraulic Parameters Used for the Parametric Evaluations

High Pressure Injection Temperature, °F

High Pressure Injection Flow, Ib/s

Initial Wall Temperature at Flow Stagnation, °F
Pressure Vessel Wall Area, ft2

Downcomer Water Temperature at Stagnation, °F
Fluid Volumes Participating in "Stagnant” Mixing, ft3
Wall Heat Transfer Coefficient, Bu/h-ft2-°F

130

45, 67, 90*
480

460

400

200, 333, 800*
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 (MW1t) 0.5 8.3 9.4
Downcomer Volume (ft3) 86 184 706
Cold Leg Flow Area (ft2) 1.6 4.1 4.6
Cold Leg Diameter (ft) 1.5 2.3 2.5
Saturation Pressure in S. G. (psia) 750 1088 911
HPI Flow (at above P) (ft3/s) 1.5 1.6 1.9
Assumed Downcomer Temp at Stagnation (°F) 480 480 480
HPI Water Temp (°F) 130 130 130
CALCULATED PARAMETERS

Minimum Break Area for Stagnation (in.2) 1.2 1.3 1.6
Minimum Break Diameter for Stagnation (in.) 1.2 1.3 1.4
Initial Downcomer Cooldown with Perfect HPI Mixing (°F/s) 1.2 0.6 04

*Numbers are approximate and used to illustrate relative values between plants.
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Fig. A.l. YNPS SBLOCA downcomer pressure from YAEC-1735.
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Fig. A.2. YNPS SBLOCA downcomer temperature from YAEC-1735.
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Fig. A3, Conceptual definition of flow regimes in the cold leg and downcommer regions due

to HPI water (Theofanous et al.).
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Fig. A4. Natural convection wall heat transfer coefficient vs differential fluid to wall -
temperature.
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Fig. A.S. Downcomer fluid temperature parametric influence of wall heat transfer coefficient.
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Fig. A.6. Downcomer fluid temperature parametric influence of HPI flow rate.
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Fig. A8. 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
water.
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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

g S,
@ 880 Main Strest, Bolton, Massachugetts 01740-1368
.H.

- June is 1981
nv 91-006

United States Nuclear Ragulatory Commission .
Document Control Desk
Nashington, OC 20586

Reference: (8) License No. DPR-3 (Docket No. 50-29)
(b) USNRC Letter, P. Sears to G, Papanic, dited June 20, 1991

Subjdect: Request for Additional Information Concerning REMIX Calculations
(TAC 80853%5)

Dear Sirs:
Enciosed {s our response to the Information requested in Reference (b).

We trust you will find this Informatior satisfactory. 1f you need
additionsl information, please feel free to contact us.

Very truly yours,
YANKEE ATOMIC ELECTRIC COMPANY

.bau,&:&

John D, Haselting
Project Diractor

@P/mg1/€1p/C72\10
En¢losures

¢ USNRC Region 1
USNRC Resident Inspector, YNPS
B. €190t (NRC, NRR)
W. Russell (NRC, NRR)
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Attachment (Enclosure for BYR 91-082)

In our July 1990 submittal, the limiting small break
LOCA (1-5/16 in. pump suction) analysis conserva-
tively assumed loop stagnation. Under these condi-
tions, the REMIX code was used to predict the tem-
perature distribution of the injection plume 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 compiete mixing would occur in the cold
leg than predicted from REMIX. This would result in
a warmer plume temperature than reported in the July
1990 submittal.

Due to the unique geometry of the Yankee vessel, the
mixing volume in the REMIX model included the
lower plenum. The lower plenum acts as a mixing
volume in the Yankee vessel because of the thermal
shield and core barrel geometry. The thermal shield is
relatively close to the reactor vessel wall (~2-in. gap).
As a result, the plume emanating from the cold leg
would be contained between the thermal shield and core
barrel. This plume would also pass through the core
barrel region. Therefore, before reaching the vessel
wall the plume would mix with fluid in the lower
plenum region. Thus, the vessel wall under these con-
ditions would see a temperature closer to the mixed-
mean temperature calculated with REMIX.

The results reported in our July 1990 submittal for the
downcomer temperature were conservatively based on
the upper plume temperature predicted from REMIX
and not the mixed-mean temperature. In response to
your recent request (6/20/91) we have evaluated the im-
pact of not crediting the lower plenum mixing volume
in the REMIX calculation. The results of our evalua-
tion are presented in the attached figure.
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The attached figure provides three curves:

1) The original downcomer temperature response for
the limiting small break LOCA based on the upper
plume temperature near the cold leg nozzle.

2) The downcomer temperature response based on
mixed-mean temperature as a result of the thermal-
shield and core barrel geometry,

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

The attached figure shows that accounting for the
unique geometry of the Yankee thermal-shield and core
barrel is equivalent to crediting the lower plenum as a
mixing volume. Thus, if we were not to credit the
lower plenum as 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 also be pointed out that the application of
REMIX is conservative, and the assumption of stagna-
tion leads to a conservative vessel temperature re-
sponse. Based on the higher injection velocities con-
sistent with the Yankee ECCS design, more complete
mixing would occur in the cold leg than predicted with
REMIX resulting in a warmer plume temperature than
reported in our July 1990 submittal.

Because of the unique geometry of the Yankee vessel
thermal-shield and core barrel region the lower plenum
volume should be included in the mixing volume in
the REMIX calculation. Even if the lower plenum was
not credited in the REMIX calculation, based on the
above stated conservations, the vessel 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:  What was the initial temperature assumed
in the REMIX calculation?

Answer: The initial temperature was 476°F.

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

NUREG/CR-5799

Answer:

Question:

Answer:

Question:

Answer;

A34

0.89 ft3 per loop, and 120°F.

What was the thermat shield heat transfer
area?

153 £t2 for both sides of the thermal
shield, this represents a one quarter seg-
ment of the thermal shield.

What was the volume assumed in
REMIX?

Total volume = 264 ft3, and mixing
volume = 203 ft3.




RUN CONDITIONG®

031 =~ SBLOCA NCP BUCTYON ~ 40 QPsR ShunM (L - U.3094 FT*#2}
T™HEO » 476.00 THPX 43.90

AQHPI =  ,00E+00 BQHPI = .319E+00

JIMENSIONS POR MIXING COMPUTATIONS
VoL = 264.10 VOIN = 203.00
Dl = <188 DCL = 1.344 BCL = 31.600 WD = 271

JOMPUTATIONAL PARAMETERS
TIN = 150.00 TMAX = 6000.00 DELT = 50.00TINPR = 3000.00DTIMPR @
RATIO = +30 BETA = .80

JIMENSIONS AND PROPERTIES FOR HEAT TRANSFER

DELCL = +18E2+00 DELDC = +86E+00 DELTE = +138+00 DELLP = +J32E+00
P = ,182+00 DELLS = ,138Z+00 DEILCB=e .832-01DDCC = ,908-02

ACLE = 165.000 ADCH = 63,300 ATSE = 183,000 ALPH = 34.800
AFK @ 000 ALSK = 101,000ACBH = 217,000

ALCL = +11E-03 ALDC = +11E-0) ALTS = +11E=03 ALLP = +11E-03
ALP = .4A7E=04 ALLS = +11B-03 ALCB = +47E=04ALDCC = ATE=04

AKCL = .67E~02 AXKDC = .67E=02 AXTS = .67E-03 AKLP = ,67E=02
AKP &= .282-03 AKIS = .67E-02 AKCA = ,28R-02ALDCC =  ,39E-02

HCL =  ,14E+00 HDC = 148400 HIP = +148+00

BEP ® ,14E+00 HLS = +34E+00 HCB = 142400 HO = +58E~03 TO= 80.0
[ODES AND CLAD PARAMETERS

H=S5l ¥P2 w2l NP =2}

J0CCL = 1 IDCDC s 3 IDCT§ = 1 IDCLP = 3
IDCP = 1 IDCIS = 1 IDCCE = 1
TINS = .3300 AKING = .747E-05 ALFINS = ,311E=05
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TIMNE

200.000

250.000

300.000

350.000

400.000

450,000

$00.000

830.000

600.000

650,000

700.000

780.000

800,000

850,000

$00.000

$50.000
1000.000
1050.000
1100.000
1180.000
1200.000
1250.000
1300.000
1350.000
1400.000
1480.000
1500.000
1550.000
1600.000
1650.,000
1700.000
31750.000
1800.000
1880.000
1900.000
1950.000
2000.000
2050,000
3100.000
2150.000
a200.000
2250.000
2300.000
2350.000
2400.000
2450.000
2500.000
2550.000
2600.000
2880,000
2700.000
27580.000
20800.000
2850.000
2900.000
2950.000
3000.000

- T™

449.117
436,366
406,453
388.697
3732.712
358.234
348,084
333.046
322.080
311,970
302,718
494.204
386,169
279.148
272,487
266,337
260.688
255,401
280,540
246,038
241.867
238,001
334.414
231,004
227.992
225,119
322.447
219.962
217,649
318,494
213,487
all.618
209,069
208.239
208.716
208,394
~~" 68
dva.ida
201.557
300,466
199.445
198,487
197.589
196.746
195.554
195.210
194.510
193.882
193,233
192,648
192.098
191.579
191.090
190.627
190.190
185.777
189.387

TH

503.290
476,864
458,388
435,306
418,391
402, 644
188.362
374.708
363.090
381,865
342,023
332.818
324.896
316,443
308.492
302,517
295.605
289,914
204.762
279.619
278,078
271.126
267.187
263,172
259,688
256.027
253,569
250,834
248.066
245.7458
243.697
341,523
239,678
237.876
235,313
234.208
232,320
331.586
230,306
239,046
237,788
226,816
225,006
224.035
223.572
222.477
231,673
221,388
220,743
319,601
218.868
218.171
318,293
217.€89
217,102
216.543
216,016

TC

313.886
298,372
268,081
273.a83
262.722
253,600
245,080
237.322
230.270
224.183
210.4329
213,073
208,278
203,962
199.794
196.248
192,668
185,687
186.660
184,011
181.641
179.721
177.5%10
175,448
173.688
172,279
170.4653
169,030
157.857
166,618
168,632
164.348
163.336
162,478
161,549
160.861
160.096
159.683
158,781
158,318
157.589
157.087
186.522
186,104
188,708
185,380
184.966
154,854
154,284
183.737
183.454
153.188
153,238
152.788
152.571
152.3%9
152.158
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T JUNP

396.784
376.908
360.003
344.873
331.216
319.091
308.107
297.770
288.711
280.3683
272.810
265.761
259.486
253,454
247,621
243,006
237.9%9
a33.787
429.825
226,088
232,782
219.929
216.988
214,086
211.810
209.480
207.031
208.023
203,149
201.434
199.981
198,308
196.528
198,519
194.008
193.134
191.874
191.320
1%80.208
189.438
188.47¢
187.63¢
196.690
185.989
185.568
104.847
184.317
184.128
183.826
182.718
182.235
181.780
181.861
181.336
180.964
180.600
180.355

HDC

140
«140
«140
+140
«140
+140
1140
140
.140
.140
140
<140
140
<140
.140
+ 140
140
1140
140
+140
140
+140
»140
140
. 140
+140
+140
.140
+140
+140
<140
.140
140
«140
«140
. 140
«140
+140
+140
<140
+ 140
140
.140
.240
140
.140
140
«340
+140
«140
140
»140
. 140
- 140
.140
.140
» 140

ue

1.288
1.232
1,177
1.142
1.093
1.068
1.03%0
1.007
972
987
«930
.908
.881
868
.888
.833
.833
.811
.791
. 780
+770
768
»151
. 741
732
<728
718
707
706
698
.69
.682
+674
674
673
666
+ 6653
661
.651
651
644
643
.64
. 643
. 636
+636
«638
«635
626
. 823
+622
.622
.622
. 616
615
615
» 615

UX IR KPI

344
.338
+233
228
224
»330
318
213
.210
«307
204
301
<199
.197
194
«193
+1920
189
.187
.1868
<184
.183
.181
+180
»179
+178
«377
.178
178
<174
«373
173
172
AN
«170
.170
169
.169
.168
+168
168
.187
166
»166
<166
185
+165
. 168
«168
<164
164
164
164
164
163
+163
. 1‘:

12.67

13.40

14.08

14.78

15.42.
16.09
1‘07"
17.40.
18.02¢
18.65¢
19.25¢
19.88:
20.43¢
21.01¢
21,637
32.135
32.72¢
23.2345
23.742
34.2%7
24.737
28.16%
a5.6a¢
26.092
26.520
26.084
27.313
27.68)
28.072
28.405
38.708
49.038
239,328
29 .63
30,029
30.214
30.538
30.662
30.908
31.112
31.341
31.578
31.844
32.047
32.138
32.349
32.508
32,866
32.695
33.938
-33.080
33,228
33.199%
33.331
33,451
32.571
33,685
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CEINTZRLINE TEMPERATURES AT DOWNCOMER LOCATIONS,

TINE = 3000,000

HEIGHT FROM CL CENTRE TEMPERATURE

1.344
3.454
6.988
11.887
21.088
28.088

DIH!NBISNL!S! THICKNESS
.000

.004
+008
.02
113
1260
+408
586
.704
,882
1.000

A37

166.207
180.987
184.028
185.851
187,569
188.828

TEMPERATURE
201.994
203.658
205,393
207.090
324.513
247.982
268,482
288.360
257.713
308.411
308.088
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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 the Yankee Rowe (YNPS) PTS analy-
sis submittal, "Reactor Pressure Vessel Evaluation
Report,” YAEC No. 1735, July 1990. This review
made use of the Yankee Rowe Updated FSAR, emer-
gency operating procedures currently applicable to the
plant, the PTS analysis of H. B. Robinson performed
by ORNL for NRC (NUREG/CR-4183), and data de-
veloped in the NUREG-1150 program. Major ques-
tions exist concerning analysis assumptions, the com-
pleteness and appropriateness of the YNPS accident
sequences, and the estimated frequencies for modeled
sequences.

General 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 split frac-
tions are justified by references to system event
trees and fault trees. These trees are not provided.
Also, the frequencies of support states on which
various split fractions are conditioned are not pro-
vided; therefore, reproduction of the sequence fre-
quencies is not possible. ‘ '

The overall resolution of initiating event selection
for sequence development was significantly coarser
than the resolution used in the PTS analysis of

H. B. Robinson. For example, the YNPS analysis
considered only two full-size steam line breaks and
only one small-break LOCA. Other events were
screened out based on frequency or consequence.

No attempt is made to systematically bound the
PTS risks stemming from initiating events and
accident sequences that are screened out on the
grounds of frequency or consequence. There is
often ambiguity as to whether a given initiating
event is to be conservatively grouped with another
initiator for which the anticipated consequence is
more severe, or whether it is being excluded from
further consideration. For the initiating events
and accident sequences that are explicitly screened
out, no attempt is made to determine their aggre-
gate contribution to risk. Consideration of resid-
ual PTS risk played an important role in the
ORNL analyses of Oconee, Calvert Cliffs, and
H. B. Robinson.

4.

There appear to be inconsistencies between the
current operating procedures and the sequences
modeled in the PTS analysis. For example,
except for bleed and feed cooling following failure
of the safety injection pumps, the charging pumps
are assumed in the analysis to be tripped as a
result of the safety injection signal associated with
most initiating events and accident sequences
which were analyzed. Because of this, MCS re-
pressurization was limited in the analysis to the
ST pump shutoff head. However, restart of the
charging pumps (which could pressurize the MCS
to the primary relief valve setpoint) and reener-
gization of the pressurizer heaters are specific pro-
cedural steps following termination of SI and in a
situation where all steam generators blow down.

Initiating E | Accid
Sequence Selection
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In the reported review of YNPS PRA event and
fault trees by the PTS analysts on pp. 6-26, it is
not clear what criteria were used to identify poten-
tial overcooling initiating events and accident
sequences based on models that were presumably
developed to address the potential for core damage.
Related to this, Table 6.5.2.1-4 was derived based
on a review of the categorization in NUREG/CR-
3862, "Development of Transient Initiating Event
Frequencies for Use in Probabilistic Risk Assess-
ments." However, the focus of this reference was
to support development of core damage PRAs by
identifying transient events which caused scrams.
Because of this, transients listed in NUREG/
CR-3862 may not adequately bound all transient
classes with the potential for overcooling.

Section 6.6 states that only those events 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 of posing a
PTS concern. While this is consistent with the
YNPS Critical Safety Function Status Tree F-0.4,
INTEGRITY (which does not recognize an immi-
nent PTS condition for MCS cold leg tempera-
tures >280°F), it may be 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.

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. Inthe 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 ~1E-8/yr on that plant. The ruonaic
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
valves may affect PTS sequences for 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 PORYV or its block
valve to isolate a transient-induced LOCA is
included in several procedures. It would seem
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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 (operator error or spurious valve oper-
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 apparently no consideration (pp. 6-41) of

sequences initiated by loss of main feedwater fol-
lowed by actuation of 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 specifically addressed. 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.

m iabili nsi i

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 what degree of credit has been given in
the HEP estimates by 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-
ure probabilities less than 1E-3 for any single
operator action, '

b. On pp. 6-163, where the HEP estimates are
discussed in more detail, the steps leading to
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. 6-163 reveal that,
effectively, operator error has not been
accounted for in modeling recovery from the
failure to isolate affected SGs. Hardware fail-
ures therefore dominate. 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. Ol - Failure of operator to isolate feedwater
after trip. Replace probability of 1.7E-4 (or
1.3E4 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 evert 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 SE-2 in NUREG-1150. Without
knowledge of procedures and specific actions,
the recommended screening value for OY0 is
1E-2.

¢. Forevents OYI1 - OY3 (failure to control
cooldown given multiple SG blowdown), a
human error probability should to be added to
each recovery failure 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.

d.  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.

F | B h_Probabilit
Estimation

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 1E-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-
querncies 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 perspective of hardware reliability
(pp. 6-108 and 6-125), probability assumptions
regarding failure to isolate/control feedwater (OI,
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
(event date 11/27/80, and LER No. 86-012-00).

Proposed screening requantification: While the
implications of these LERs for event tree quantifi-
cation requires more detailed systems/procedures
knowledge, replacement of the OI/FI probability

as described under Reli
tions should bound any modified hardware reliabil-
ity estimates.

5. Failure to automatically trip the boiler feed pumps
in the MSLB event tree (pp. 6-98 and 6-108) is
assigned a probability of 2.8E-3 conditioned on
DC power being available. According to '
Table 6.5.3.2-1, no credit is given in this number
for manual actions to trip the feed pumps.

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 BFO 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 F1 (feedwater
isolation) failure probability in the small-break
LOCA event tree (in addition to the increase sug-
gested under Hum, liabili i i
would also be appropriate.

6. Event G20*GNO (pp. 6-107) is the blowdown of
single SG given a MSLB downstream of the
NRV, with the NRV actuation train available.
One NRYV failure to close occurred in June 1982.
If the NRVs are not tested monthly, then the
NRYV 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 O | \cti |

Alternate Procedural Actions

1. Itis not clear that excluding credit for various
actions/systems available to provide feedwater (as
identified in Table 6.5.3.2-1) in MSLB sequences

is a conservative assumption in the context of
PTS risk.

[}

. 2. Onpp. 6-120, exclusion of operator depressuriza-

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 feedwater control is a potential
route to overcooling, the rational for this exclu-
sion should be provided.
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Review of the YAEC Thermal Hydraulic Accident
Sequence Analyses for Assessment of '
Pressurized Thermal Shock for the
Yankee Nuclear Power Station

Leonard W. Ward
Craig Kulberg

B.1 Introduction

This Technical Evaluation Report presents a review of
the thermal hydraulic analyses performed by 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," dated July 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 above events, only the reactor coolant
system pressure and downcomer temperature responses
were provided. As such, there was insufficient infor-
mation regarding the other key primary and secondary
system transient response parameters to permit a thor-
ough and proper review. A review of the informaticn
provided in the report, however, identified several major
concerns which will require resolution. These concerns
include 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. As acon-
sequence, the approach used in modeling the ther-
mal behavior in the pressurizer will tend to over-
predict heat removal from the pressurizer fluid and
underpredict peak pressure during refill. The effect
of this nonconservative pressurizer modeling tech-
nique on those events which experience pressuriza-
tion needs to be evaluated to demonstrate that the
approach does not adversely affect the results nor
change the conclusions presented in the report.

2) No justification was provided 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 pressure response for the break pre-
sented 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 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 -
analyses presented in the Y AEC 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 (INEL) review is described in
Sect. B.2. A discussion of the major concerns regard-
ing the review of the thermal hydraulic analyses con-
tained in the Y AEC report is presented in Sect. B.3,
while the conclusions are given in Sect. B.4.
Attachment A presents a Request for Additional
Information (RAI) 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 entitled "Reactor Pressure Vessel Evaluation
Report.” The details of the review are summarized
below.

The thermal hydraulic portion of the YAEC Report
No. 1735 describing 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 shock Safety Analysis
Reports for Pressurized Water Reactors" was used as
guidance for the review.
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The sequences or accidents presenied 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
sysiems/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.

¢. 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;

¢. total SI mass flow, break mass flow, and quality
(include PORY flow and quality if appropriate);

d. pressurizer two-phase level, steam temperature,
liquid temperature, and wall temperature;

¢. 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 pressur¢ and downcomer tem-
perature for those cases where the information was
not provided in the report.

Several statements were made regarding "previous” or
"past” analyses in Sect. 6.6, but no references were
provided. Please provide the documents describing the
previous analyses. These include references to previous
or past analyses on
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— pp. 6-171, last paragraph regarding LOCA analyses.

— pp. 6-172, last paragraph in regards to the SGTR
event.

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

~ pp. 6-180, first paragraph for sixth MSLB case.

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

a. topical report describing the RETRAN methodol-
ogy;

b. the Yankee Emergency Operating Procedures; and
c. a YAEC submittal for the Reanalysis of the Main
Steam Line Rupture Event — Cycle XVI, dated

June 10, 1983.

Using the above materials and the results of the analy-
ses of the thermal hydraulic events presented in the
YAEC report, a Request for Additional Information
(RAI) needed to complete the review effort is listed
below. This information is normally evaluated prior to
issuance of a TER; however, in view of the schedular
constraints and the limited time within which the
Utility can respond to such requests, the itemized list
of questions is therefore contained in this 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, dated July 1990, additional information
was identified that is needed to compete the assessment
of the thermal hydraulic events contained 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 major issues regarding this review
include:

3 justification for the limiting small break LOCA;

b) isolation of a small break LOCA; and

¢) treatment of pressurizer nonequilibruim
thermodynamics.

The above major issues are discussed in detail below.

B.3.1 Justification for the
Limiting Small Break
LOCA

Insufficient information was presented in the report to
justify that the 1-5/16-in. break is the most limiting
break for PTS considerations. Furthermore, for break
sizes ~Z in. and smaller, the RCS will need to be

cooled down to shutdown cooling conditions. The
operator procedures instruct the operators to initiate a
cooldown to RHR conditions during a small break
LOCA. During the cooldown the 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 repressurize to
lower pressures than that for the smaller breaks. An
analysis of the spectrum of breaks which experience
refill and repressurization is expected to produce the
RCS pressure responses illustrated in Fig. B.1. An
evaluation of these break conditions is identified for the
PTS evaluation for those breaks that refill and repres-
surize. Also, performing a cooldown will 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

The possibility of a small break occurring that can be
isolated during the event was also not discussed. 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-
ing small break LOCA that results in refill and repres-
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 charging systems to 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 includes a two-
region representation of the pressurizer. The upper
region contains steam while the lower region accom-
modates the liquid. The RETRAN code allows one to
model heat transfer between (1) the steam and the upper
walls of the pressurizer and (2) between the upper
steam and lower liquid regions. The YAEC modeled
the heat transfer between the upper steam and lower
liquid regions only using a heat transfer coefficient of
50 Btu/h-ft2-°F. Because this method may not be rep-
resentative of the actual heat transfer mechanisms that
occur in the pressurizer during insurges, justification
that this approach bounds the actual behavior in the
pressurizer is needed. During insurges the pressur-izer
will accumulate liquid thereby compressing the upper
steam region which superheats. The dominant mecha-
nism that controls peak pressure during insurges is
therefore the pressurizer wall surface area 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
include a three region pressurizer consisting of two
lower liquid regions and an upper steam region. In
view of the YAEC modeling techniques, justification
that the heat transfer coefficient of 50 Buy/h-ft2-°F and
use of two regions bounds the actual or expected behav-
ior needs to be provided.

Lastly, 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 regaruiay aii 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 review of 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 reactor coolant system pressure and
downcomer temperature responses were provided for the
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above events, there was insufficient information regar-
ding the other key primary and secondary system tran-
sient response parameters to permit a thorough and
proper review. A review of the information provided in
the YAEC report, however, identified several 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. Asa consequence, the approach used in
modeling the thermal behavior in the pressurizer
may tend to overpredict heat removal from the
pressurizer steam region and underpredict peak
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-break LOCA presented in the report
is the worst case for PTS considerations. The
analyses of a spectrum of breaks needs to be pro-
vided to demonstrate that the minimum tempera-
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.

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 ob-
taining responses to the Request for Additional
Information regarding the 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. Inregard 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 slightly <200°F/h
may result in a higher pressure/low temperature com-
bination that is more limiting than that for the cases
which are strictly 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 transfer coefficient of 50 Btwh-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 stcam
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 the steam 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 little 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 perfectly mixed throughout the liquid region
regardless of the amount of liquid in this region. This
single region representation of 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 importantly, 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 EOP's 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 could be
achieved for this break? If such a small break LOCA is
isolated just prior to refill, is there sufficient time for
the operators to throttle ECC and charging flow to pre-
vent RCS pressure from returning to full power operat-
ing pressure?

What operator actions are assumed in the LOCA analy-
ses? How do these actions affect minimum tempera-
ture and maximum pressure achieved during LOCAs?

What systems can operate following a LOCA to mini-
mize RCS temperature and maximize RCS pressure?
Are let-down and auxiliary emergency spray systems
available and could the pressurizer heaters actuate upon
recovery of pressurizer level upon refill of the RCS by
the ECCS and/or charging pumps?

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

a) pressurizer level;

b) hot and cold leg two-phase levels, flow rates,
qualiities, and temperatures;

) total ECC mass flow rate, break mass flow rate,
and quality;

d 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 for the
1-5/16-in. break. If the operator initiated a cooldown
using the steam generators at 15 min into the event,
could the increased ECC addition result in lower down-
comer temperatures than that presented in Fig. 6.6-5
and then upon refill of the RCS, could system pressure
increase above that shown at the end of the pressure
plot of Fig. 6.6-4? The analysis should be presented
out to the time refill occurs and where the break flow
equilibrates with injection flow. The results of the
additional breaks requested above should also be carried
out for this refilled condition.

Please describe 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 wall nodalization used for the conduc-
tion solution.

What is the earliest time the operators would Initiate a
cooldown of the RCS following those small break
LOCAs where heat removal is needed? Please describe
the method for cooldown of the RCS following a small
break LOCA, and the precautions taken by the operator
1o prevent overpressurization of 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
injected by the pumps and 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 all other modes of operation are not
more limiting for PTS considerations?

Please explain the method used to cool the plant to
shutdown cooling conditions following a small break
LOCA with hot water in that pressurizer and a bubble
and hot water in the upper head? Does the potential for
RCS pressure behavior impact PTS as the operator
attempts to reduce RCS pressure to shutdown cooling
conditions by throttling ECC flow while also main-

~ taining the minimum subcooling.

Provide justification that the suction 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 the analysis. Please provide the remainder of the
analysis showing the time at which the temperature
reaches a minimum,

Steam Generator Tube Rupture

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

Please explain why pressure stabilizes at 1250 psia.

Was the tube rupture analysis carried out to the estab-
lishment of shutdown cooling? In particular, the plant
must be cooled to shutdown cooling conditions for
long term heat removal. Please demonstrate that dur-
ing the cooldown the operator is able to maintain sub-
cooling margin and not repressurize the RCS at the
low temperatures necessary to initiate shutdown cool-
ing. What precautions are taken to prevent 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 all control systems that
are active during these events. Also identify the opera-
tor actions for each event. ‘
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Why was the addition of feedwater precluded for these
events?

Provide the basis for assuming the NRV closes for the
opening of a single high-set MSSV but fails in the
other valve closure events? What is the minimum
temperature achieved if the NRV does not close, 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 these engi-
neering judgements or are these conclusions based on
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 requested event involving non-
closure of the NRV) if the operator trips the main
coolant pumps?

Main Steam Line Break

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

a) steam generator pressure and liquid mass;

b) feedwater mass flow rate and break mass flow rate
(include primary break information for LOCA and
opened PORYV);

¢) Slflow; .

d pressurizer two-phase level, steam temperature,
liquid temperature, and wall temperature,;

€) upper head and upper plenum void fraction and
fluid temperatures; ‘

f) cold and hot leg loop mass flow rates, qualities,
and temperatures;

g) core inlet, average, and outlet temperature;

h) core inlet and outlet mass flow rate;

i) RETRAN parameters used as input to the mixing
calculations if not included in above plots; and

j) please provide RCS pressure and downcomer tem-
perature for those cases where the information was
not provided in the report.

Case 1 assumed a guillotine break of the 24-in. stcam
line. What discharge coefficient was used for 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?

Please provide a list of operator actions assumed for
each of the events.

Provide justification for not assuming additional NRV
valve failures for case 1 when 2 and 4 NRV valves
were assumed in the other cases? Are the choice of
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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 1000 psia 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
emptying of the condenser hot well after which MCS
temperature would begin to increase. What actions
would be required to prevent the hot well from empty-
ing or MCS temperature to increase at 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

temperature begins to increase or identify the minimum
temperature with the EPRI mixing motel?

Feedwater

Please provide the information requested under Main
Steamline Break.

Steam Generator Blowdown

Please provide the information requested under Main
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.1 Introduction

The Yankee Atomic Electric Co. (YAEC) report!

" includes detailed information regarding the materials,

fluence estimates, surveillance data, and operating in-
formation as well as their analysis of the current and
projected RTNpT and Charpy upper-shelf energy for
each material. Substantial differences existed between
the original YAEC estimates of RTNDT and those of
the NRC staff and consultants. For the plates, the dif-
ferences resulted primarily from the YAEC assertion
that the A 302 grade B plates are coarse grained and,
therefore, not sensitive to irradiation temperature in the
range from 550 to S00°F, and that the coarse grain
microstructure also mitigates the potentially embrit-
tling effects of nickel on the lower plate. Regarding
the welds, the chemical compositions are unknown and
Y AEC assumed that the copper content (0.18%) and
nickel content (0.70%) are the same as those of similar
welds in the Belgian BR3 reactor vessel fabricated by
Babcock and Wilcox (B&W) in the same time frame as
the Yankee vessel, Since Ref. 1 was issued, discus-

- sions between YAEC and NRC have led to conver-

gence of the two organizations' estimates of irradiated
RTNDT values.

There are many factors contributing to the uncertainties
regarding the fracture toughness of the Yankee reactor
vessel. Among these are the relatively low operating
temperature (~S00°F), a slight amount of surveillance
data, effects of grain size and nickel content, and lack of
chemical composition data. Each of these will be dis-
cussed. The two toughness parameters of interest rela-
tive to the pressurized thermal shock (PTS) evaluation
are the reference temperature (RTNDT) and the Charpy
upper-shelf energy. The relationship between low
Charpy upper-shelf energy and fracture toughness is
also discussed.

C.2 Composition of Linde 80
Welds

The compositions of the Linde 80 welds in the Yankee
vessel are not known. It is known that they were fab-
ricated with copper-coated wire and Linde 80 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 the BR3 reactor vessel. The justifi-
cation is that the vessels were fabricated about the same
time and would likely have similar chemistry.
Although that is acceptable for nickel because of
known specifications for nickel additions, that justifi-
cation should be rejected for copper because 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 can be quite variable
as shown by a series of such welds fabricated by
Babcock and Wilcox (B&W). The copper contents for
the welds in that study varied from 0.15 to 0.49%,
with an overall mean of 0.29% and a standard deviation
of 0.07%).2 Recent chemical analyses of samples
from the Midland Unit 1 reactor vessel have revealed
copper variations from 0.21 to 0.46%, with an overall
mean of 0.29 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.? The variation in
copper, then, can be very large even within one
wire/flux combination. The following guidance is
provided in Regulatory Guide 1.99, Rev. 2:

In Tables 1 and 2 "weight-percent copper”
and "weight-percent nickel" are the best
gstimate values for the material, which will
normally be the mean of the measured
values for a plate or forging or for weld
samples made with the weld wire heat
number that matches the critical vessel
weld. If such values are not available, the
upper limiting values given in the material
specifications to which the vessel was built
may be used. If not available, conservative
tion) based on generic data may be used if
justification is provided. If there is no in-
formation available, 0.35% copper and
1.0% nickel should be assumed.

The above guidance was the basis for using the generic
data for Linde 80 welds, discussed above, to establish

ONanstand, R. K., McCabe, D. E., and Swain, R. L., Variations in
RTNDT and Chemical Composition for the Midland Unit 1 Reactor
Vessel Low Upper-Shelf Welds, draft NUREG/CR report in
preparation.

C3 NUREG/CR-5799




0.35 wt% as the best estimate (=-conservative estimate)
of copper content in the Yankee vessel welds for
Regulatory Guide 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 RTnpt Considerations

C.3.1 Summary of RTnpTt Estimates

Fracture safety margin assessments for the Yankee
Rowe reactor pressure vessel depend directly on esti-
mates of RTNDT shift for the different regions of the
vessel. Referring to Fig. C.1, from the YAEC report,
the important regions of the vessel, with regard to irra-
diation effects, are the upper plate, lower plate, upper
axial weld, lower axial weld, and the circum-ferential
weld. The only surveillance material from the Yankee
vessel was material from the upper plate. 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 BR3 reactor and the data are reported in Table
5.7 and Figs. 5-6 and 5-10 of Ref. 1.

As stated in Refs. 3 and 4 and noted by Hiser,6 the
surveillance material was heat treated separately from
the vessel itself. This apparently led to a difference
between the B&W Charpy impact data at +10°F for the
unirradiated vessel material and data obtained by
Westinghiouse 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 the initial RTNpDT for the upper
plate is based on the average Westinghouse and indi-
vidual B&W Charpy impact energy values at +10°F
(see Table 5.4 of Ref. 1). Apparently referring to Para.
B.1.1.4 of NRC Branch Technical Position” MTEB
5-2, which is not a conversion from longitudinal to
transverse orientations as implied on p. 5-3 of Ref. 1,
the utility added 20°F to +10°F to get RTNDT, =
+30°F for the upper plate. This ignores individual
Charpy values at +10°F which are less than 30 fi-Ib
(not specifically mentioned in MTEB 5-2) but it does
assume, eonservatively, that the surveillance and upper
vessel T ates are metallurgically identical.

It was noted by Serpan and HawthorneS that NRL per-
formed drop weight tests on 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 RTNpT might be con-
trolled by the temperature at which CVN = 50 fi-Ib.
Nevertheless, recognizing the possible initial metallur-
gical difference between the upper vessel and surveil-
lance plates and then applying MTEB 5-2 to the B&W
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data at +10°F only, Hiser6 determined that an initial
RTNDT 0f +10°F could be justified for the upper plate.

The initial RTyypyT for the lower plate was estimated
by the utility! and by Hiser6 as +30°F, based on
applying MTEB 5-2, Sect. B.1.1.4 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 was estimated by the utility as +10°F
based on B&W test report sheets for material related to
the Yankee vessel in an unspecified way (see pp. 5-5
and 5-28 of Ref. 1). Hiser® checked this estimate
using generic data (see pp. 2 and 3 of the attachment to
Ref. 5). Hiser6 also applied Branch Technical Position
MTEB 5-2 to Charpy data at +10°F for the upper and
lower vessel welds, obtained from Ref. 8, again obtain-
ing an initial RTNpT of +10°F (see p. 11 of the attach-
ment to Ref. 6). In the latter evaluation, the MTEB
5-2 lower limit of 45 ft-Ib was changed to 30 ft-Ib
because the welds should be isotropic.9 Note that the
value of RTNDT, for the welds is 10°F higher than the
value for Linde 80 welds specified in Para. 50.61(b) of
10CFR50.

Estimates of ARTNDT for the Yankee vessel near-
beltline materials have evolved since the submittal

of Ref. 1. In Ref. 1, the utility developed and applied
graphically a trend curve for the plate materials 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 for both plates and

the effect of nickel for the lower plate. Regulatory
Guide 1.99 (Rev. 2) (all further reference to Regula-
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 that the draft® of ORNL/TM-10445 is

a difficult-to-read and out-of-date document. It was
assumed by the utility, without complete documen-
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
Yankee vessel. The NRC accepted the Yankee estimate
of nickel concentration, because it was a controlled
element in the weld wire, but not the copper concentra-
tion, because it was not a controlled element.€

After reviewing Ref. 1, NRC made independent prelim-
inary estimatesd of the ARTNDT values for the Yankee

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

bFabry, A., etal, Influence of Neutron Irradiation on the Notch
Ductility of LWR Welds, NUREG/CR-4940 (ORNL/TM-10445),
Draft Manuscript, August 20, 1987,

Hiser, Ir., A. L., NRC, personal communication to J. G. Merkle,
ORNL, October 4, 1990.

9Hiser, 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 on the basis of
known plate chemistries, and the second incorporating
chemistry factors calculated by the method of least
squares from the Yankee surveillance data following the
procedure described in Regulatory 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 the BR3 weld chemistry claimed
by YAEC to represent the Yankee vessel welds.
Upper-shelf-drop estimates were also made by the
Regulatory Guide 1.99 procedure with no adjustment
for irradiation temperature, assuming that compensa-
tion is provided® by the use of J-R curves measured at
500°F. In contrast to the YAEC estimates in Ref. 1,
the preliminary NRC estimates indicated that most

if not all the near-beltline material RTNpT values
exceeded the 10CFR50 PTS screening criteria. The

Y AEC estimates of Charpy upper shelf energy values
less than 50 ft-1b were also confirmed.

Odette's estimates® of ARTNpT Were based on a study
of available data for irradiation temperatures near
500°F, nickel effects and 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 on a
linear interpolation (on log-log paper) between the two
YAEC surveillance points, using the originally
reported fluences, according to

ARTNDT = 184.57(0.3419, °F a 1)

where £ = @ x 10-19 nfcm2. Using f =232
ARTNDT = 245°F. The ARTNDT estimate for the
lower plate was obtained by adding a +80°F nickel
adjustment to the value for the upper plate, ignoring
the differences in fluence between the upper and lower
plates, to obtain ARTNDT = 325°F. The ARTNDT
estimates for the axial and circumferential welds were
obtained from a generic upper-bound Regulatory Guide
1.99-type curve for the S00°F irradiation data examined,
according to

4This correlation is slightly different from that shown in Ref. 9
because the one shown in Ref. 9 was fitted 1o BR3 as well as the
YAEC surveillance data. Although Egq. (1) does not actually
appear in Ref. 9, it is consistent with the approach recommended by
Odette.

bAs mentioned later, a more accurate set of fluencies than these
become availabel after these calculations were made; they are
included elsewhere in this report.

ARTNDT = 300 f(O.?-S-O.lO loglof)’ °F . (2)

For the axial weld, f = 0.382 and ARTNpDT = 220°F
(Odette reported 230°F), and for the circumferential
weld, f = 2.059 and ARTNDT = 359°F (Odette's value
was rounded up to 360°F). Odette's ARTNDT results?
were generally less than the preliminary NRC values
but still confirmed that at least the lower plate and the
circumferential weld have exceeded the PTS screening
criteria.

Following the receipt of Odette's estimates, Hiser's
calculational procedures were revised so that the two
sets of estimates were closer together, Hiser's6 final
ARTNpT estimates for plate material were based on
only the BR3 surveillance data to avoid the controversy
about YAEC surveillance capsule fluence accuracy.
The multiplicative adjustment for irradiation tempera-
ture was replaced with an additive adjustment based on
1°F/°F, and the high nickel content of the lower plate,
relative to that for the upper plate surveillance speci-
mens, was accounted for by adding 70°F to the upper-
plate correlation for ARTNDT. The reference irradiation
temperature was lowered from 51 1°F to 5S00°F, some-
what arbitrarily, thus raising the irradiation temperature
adjustment by 11°F. (Time and fluence-weighted
average cold leg temperatures based on Tables 2.1 and
2.3 of Ref. 1 produce reference temperatures of 507.1
and 504.8°F, respectively, the combined average of
which is 506°F.) Recognizing that a concave down-
ward Regulatory Guide 1.99 fluence function curve
produces higher ARTNpDT estimates than a straight

line on a log-log plot, for fluences in the range of
interest (see Fig. C.3), Hiser made both types of esti-
mates. The latter was based on a linear least squares fit
on log-log paper to the five BR3 surveillance speci-
men results for fluences exceeding 1019 nfcm? (see
Table 5.7 of Ref. 1), with an irradiation temperature
adjustment to the data before fitting.6 The resulting
shift equation was

ARTNDT = 172.16£0.3160, €)

the constants in which are close to those in Eq. (1).
The revised ARTNDT estimates for the welds were
made by the Regulatory 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 were determined from Regulatory Guide
1.99. An irradiation-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 in which provides

4 A s 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 ARTNpDT values are being calculated, but
presumably it is the inside surface.

Hiser's6 and Odette's9 ARTNDT estimates were trans-
mitted to NRC-NRR, which selected a combination of
the two sets of estimates for transmittal to the utility
as the staff estimates.10 The original peak fluences
and licensee estimates of RTNDT as well as the NRC
staff estimates of RTNpDT are shown in Table C.1. The
unirradiated RTNDT values are from Ref. 1 and Hiser ?
The NRC ARTNpT values for the plate are Odette's,?
while those for the welds are Hiser's6 "best estimate"”
values, with Odette’s higher value for the circumferen-
tial weld included as a precaution. The large disparity
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 RTNp estimates. 1l These
revised estimates are shown in Table C.2, which also
shows a comparison between ARTNpT calculations
performed at ORNL by the same methods chosen by
the NRC staff for the preparation of Table C.1 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.1 and C.2 do not
include the margin terms discussed in Regulatory Guide
1.99 and 10CFRS50, Para. 50.61. The utility applied a
margin of 56°F to the RTNDT estimate for weld metal
(see Table 5.9, p. 5-28, of Ref. 1) but no margin was
considered for plate. Hiser6 used margins of 34°F for
plate and 56°F for weld metal, apparently by doubling
the values of 6A in Regulatory Guide 1.99, but did not
elaborate on the source of these numbers. The values
transmitted by NRR10 to the utility (see Table C.1)
did not include margins.

C.3.2 Grain Size Effects

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

Hiser, Jr., A. L., NRC, personal communication to J. G. Merkle,
ORNL, October 4, 1990.

bHiser, Ir., A. L., draft of Ref. 6, undated.
NUREG/CR-5799

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 steels exhibit 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 and Klepfer, as substructure dcvelopment
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 direct diffusion path to a ferrite-ferrite boundary.
As shown in the Yankee report, the Yankee plate
microstructure is 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,

-Hawthomel4 observed no effect of grain size on transi-

tion temperature shift for A 533 grade B class 1 steel.
Likewise, Hosbons and Wottonl5 stated that there were
no differences in quenched and tempered steels because
of the finer carbide distribution inherent in the quenched
structure. The Yankee plates are quenched and tem-
pered. Recent work by Amayev16 on chromium-
molybdenum steels reported no differences between fine
and coarse grains on the Charpy shift. Finally,
Trudeau,!7 for a 3.25% Ni steel, showed less shift for
the coarse grain than the fine grain steel.

There are other papers in the literature which attempt
to examine the effects of grain size on embrittlement.
The problem is that there are many confounding param-
eters involved other than the size of the prior austenite
grains. The dislocation structure, precipitate structure,
etc. all contribute to the mobility of defects in the
microstructure, and these are affected by the fabrication
process, heat treatment, and chemistry. The effects of
grain size on embrittlement are, in other words, very
uncertain and lacking consensus.

C.3.3 Temperature Effects

The effects of irradiation temperature on embrittlement
have been extensively studied. In a general sense, it is
agreed that for ferritic low-alloy steels hardening and
embrittlement increase with decreasing irradiation
temperature, at least within a certain temperature range.
This effect has been shown for many steels including
A 302 grade B.18 In the range from about 400 to
600°F, there is considerable scatter even for a given
material, indicating a high degree of sensitivity to irra-
diation temperature in that approximate temperature
range. There are insufficient data for 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 be cited regard-
ing irradiation temperature effects. Hiser discussed
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some important ones in his memorandum: Stallman!9
on A 533 grade B class 1 (HSST Plate 02), Odeue20
on base and weld metals, Saulet (unreferenced), Fabry
(unreferenced) on Linde 80 welds, and Lowe21 on Linde
80 welds. Odette obscrved a range of irradiation tem-
perature effects with different materials with 1° increase
in transition temperature shift for each 1° decrease in
irradiation temperature stated as a representative value.
It should be noted, in fact, that observations were noted
in which embrittlement increased with increasing
temperature, and the authors emphasize the synergisms
of other variables such as flux, fluence, and composi-
tion. Stallman also observed an average dependence of
1° shift increase per 1° decrease in irradiation tempera-
wure. Saulet's analysis expressed the effect as a ratio,
such that a shift at 550°F would be multiplied by 1.45
to estimate the shift at SO0°F. Using the Saulet
method, a shift of 100°F at 550°F would be estimated
as 145°F at SO0°F. Using the representative value of
1° per degree of irradiation temperature simply adds
50°F to the shift at 550°F. For a fluence of 2.16 X
1019 neutrons/cm2 (>1 MeV), the YAEC 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 the Linde 80 weld case, Fabry obtained a ratio of
1.40 for Linde 80 welds irradiated in BR3, while
Lowe's analysis of the HSST Linde 80 welds deter-
mined an increase of about 0.7° in the shift for 1° de-
crease in irradiation temperature. Analyzing the same
HSST data, Nanstad and Berggren22 obtained an aver-
age value of about 0.5°F. For a fluence of 1.93 x
1019 neutrons/cm2 (>1 MeV), the YAEC estimated
shift of 203°F for the beltline welds would be increased
by values ranging from 25 to 84°F using the various
methods described above.

A couple of other pertinent studies are those of
Williams et al.23 and Ahlf et al.24 For relatively
high fluences, the Williams study showed temperature
dependencies, in the manner discussed above, of 0.5
and 1.0°F/°F for two different materials. The Ahlf
study reported dependencies of 0.5, 0.9, and 2.15°F/°F,
for an average of about 1.2°F/°F, for three different
materials.

In summary, the effects of irradiation temperature are
dependent on many variables and, although there are
specific instances of contradiction, the bulk of the
studies reported in the literature indicate higher embrit-
tlement with lower irradiation temperature in the tem-
perature and fluence ranges applicable to the Yankee
situation. All the above referenced studies involved
radiation exposures in the range of 1019 nfcm?2

(>1 MeV). The use of an empirical correlation such as
one degree increase in shift for one degree decrease in
irradiation temperature is certainly not a scientifically
satisfying approach, but it is a prudent approach which
is substantiated with a body of research. Based on the
information cited, use of that value to make a best

estimate of the RTNDT for the Yankee vessel seems
reasonable and not overly conservative.

C.3.4 Nickel Effects

Nickel has long been identified as a potential "bad
actor” in irradiation embrittlement of various steels.
Based on the analyses of surveillance data from com-
mercial light-water reactors, nickel plays a prominent
role in the estimates of embrittlement in Regulatory
Guide 1.99 (Rev. 2). Odette and Lucas20.25 observed
that nickel can have a strong effect on the transition
temperature shift in steels with copper, and that some
data suggest an independent effect of nickel at high flu-
ences. They also observed contradictory results, but
the predominant observations led them to conclude
that, for pressure vessel steels in general, nickel en-
hances embrittlement. As discussed in Hiser's memor-
andum, Hawthorne26.27 reported significant effects of
nickel on two pairs of plates (copper content was
0.16% in one pair and 0.28% in the other) from split
melts where copper and all other elements were kept
constant, while nickel was increased from 0.27 o
0.67% for each pair. At 2.5 x 1019 nfcm2 (>1 MeV),
the higher-nickel-content plates exhibited temperature
shifts of 23% (0.16% Cu) and 44% (0.28% Cu) greater
than those for the low nickel plates.

In other studies, Williams et al.28 observed that nickel
tended to mitigate the temperature dependence, but the
studies were conducted with welds having nickel con-
tents of about 0.3% or less and about 1.6%. Studies
reported by Maricchiolo, Milella, and Pini2? also indi-
cate a mitigating effect of increased nickel, although
the preponderance of their data were for nickel-to-copper
ratios from about 5 to 25; while Fisher and Buswell30
see enhanced sensitivity with increased nickel dependent
on the copper and nickel contents.

Both Odette and Lucas, and Williams et al. emphasize
that the effects of nickel are not very well understood.
The often-mentioned synergism of copper and nickel is
confounded by effects of other elements and heat treat-
ments which may affect the precipitation kinetics of
the copper as well as the matrix-damage component of
embrittlement. Although there are observations to the
contrary, the evidence to support the YAEC claim of
no nickel effect for the lower plate is minimal. Fur-
thermore, observations of significant enhancement of
embrittlement from increased nickel make consideration
of a nickel adjustment the prudent choice. Using dif-
ferent methods, Hiser and Odette recommended the addi-
tion of 70 and 80°F, respectively, to the upper plate
shift to account for the higher nickel in the lower plate.

C.3.5 Summary of Metallurgical and
Temperature Effects on RTNDT

The YAEC report on the Yankee reactor vessel embrit-
tlement presents extensive discussions regarding the
effects of irradiation temperature, nickel content, and
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grain size on neutron embrittlement of the vessel
plates. Their claim that the probable coarse grain size
of the plates mitigates the effects of lower irradiation
temperature and higher nickel content is not substan-
tiated with sufficient evidence. The confounding effects
of so many variables demands prudent choices in cases
like this where information is so sparse. The YAEC
claims may tum 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 stated as follows: (pp. 5-26) "The predic-
tions for plate longitudinal Charpy V-notch upper 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)
"The measured upper shelf energy of the Yankee plate
material (L-T) at a fluence associated with the year
2020 is 57 ft-1b. Therefore, using SRP 5.3.2 to ob-
tain the transverse (T-L) direction, results in an upper
shelf energy of 35 ft—Ib." [MTEB 5-2, attached to
SRP 5.3.2, prescribes a multiplying factor of (.65 for
estimating transverse direction upper shelf values from
longitudinal direction upper shelf values.] (pp. 5-26)
"The predicted upper shelf energy for weld metal is 40
fi-1b in the year 2020. It is based or an initial upper
shelf energy of 70 ft-1b and use of Reg. Guide 1.99,
Rev. 2, and BR3 chemistry to predict the drop in upper
shelf energy. The validity of 40 ft-1b is also corrobo-
rated by data from the B& W Owners' Group presented
at the May 24, 1990, ACRS meeting in West Palm
Beach, Florida, which showed that upper shelf energy
for their Linde-80 welds were above 40 ft-1b for
fluences out to and beyond 2 x 1019 n/cm?2."

The NRC6 made calculations for the individual reactor
vessel near-beltline materials using Fig. 2 of Regula-
tory Guide 1.99 and the same fluence values used to
estimate ARTNpT. The NRC results are summarized
in Table C.3. It can be seen that the NRC 1990 esti-
mates for plate are less than the utility's EOL estimate.
The NRC 1990 estimates for weld metal, assuming
0.35% copper, are close to the utility's EOL estimate.
None of the foregoing upper shelf CVN estimates con-
sidered through-wall fluence attenuation, although it is
permitted by 10CFRS0, Appendix G, Sect. V, to do
s0.

NUREG/CR-5799

Since both the utility and the NRC utilized Fig. 2 of
Regulatory Guide 1.99 for estimating upper 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.
Hiser noted that, "Lower irradiation temperature tends
to result in greater radiation sensitivity (i.e., greater
shifts and shelf drops)" but also that, "the Regulatory
Guide is thought to be conservative for irradiation at
550°F; the degree of conservatism is probably suffi-
cient to account for the Yankee Rowe operating tem-
perature of 500°F.” Information regarding the effect of
irradiation temperature on the Charpy upper-shelf
energy is sparse. Nanstad and Berggren22 analyzed the
HSST low upper-shelf welds and determined an effect
of about —0.022 ft-1b/°F, meaning that the upper-shelf
energy decreases 0.022 ft-1b for each one degree
Fahrenheit decrease in irradiation temperature at a flu-
ence of about 8 x 1018 n/cm2 (>1 MeV). For a 50°F
decrease in temperature, the decrease in upper-shelf
energy is about 1.1 ft-1b. For an upper-shelf energy of
about 40 ft-1b, that amount of change is certainly not
substantial.

The Yankee Rowe surveillance program produced
upper-shelf-drop data as well as transition temperature
shift data.d It should be noted@ that of the five Yankee
steel upper shelf values listed in Table 2 of Ref. 4,
only two are measurements. The others, denoted by
the approximation symbol (~), are estimates. (These
data were listed in NUREG-0569 without distinguish-
ing between experimental data and estimates.)3! Data
for two of these specimens were used by Steele and
Serpan32.33 o develop a graphical correlation between
percent upper-shelf drop and increase in Charpy
V-notch 30-ft-1b 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 shelf drop and ARTNDT
for the upper plate. The upper-shelf drop, from

Table C.3, is 32.8%, and the ARTNpT value, from
Eq. 4), for f = 2.3, is 224°F. Hiser's estimates are
consistent with the two Yankee surveillance data points
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
estimate of ARTNDT for the upper plate was 245°F,
which would shift the estimating point in Fig. C.4
21°F to the right, still preserving a consistent trend
with the other Yankee data,

Additional upper shelf drop data for ASTM correlation
monitor material specimens were compiled by
NRL.34.35 Unirradiated upper shelf values ranged
from 71 to 86 ft-Ib in the longitudinal direction, and
45 10 46 ft-1b in the transverse direction. Irradiated
upper shelf values seemed to approach lower limits
depending on irradiation temperature and specimen

9Yiser, Ir., A. L., NRC, personal communication to J. G. Merkle,
ORNL, October 11, 1990.
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orientation. For irradiation at 550°F, the lower limits
appeared 1o be 63 fi-1b for the longitudinal direction
and about 41 fi-1b for the transverse direction. For
irradiation at temperatures less than 300°F, the corre-
sponding lower limits were 44 ft-Ib and 18 fi-1b.
Clearly, irradiation temperature and orientation are
important variables. The estimated 1990 values for
Yankee plate in Table C.3 are all between the lower
limits for the corresponding orientations given in
Ref. 35. Thus the estimating procedures in Regula-
tory Guide 1.99 apparcntly do contain enough conser-
vatism to justify application to a vessel operating at
temperatures between 500 and 550°F.

The revision of the flucnces for the Yankee vessel
given in Ref. 11 required a recalculation of the upper
shelf drops. The procedure for estimating upper shelf
drops requires reading and interpolating valucs from
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 paramcter. This procedure is somewhat te-
dious, but since all the curvces in the figure are straight
lines, the procedure is casily reduced to the application
of simple cquations. The equation of the upper-bound
curve is

ACVN(%) = 42.3910.1502, )}
The equation of the lower curves for basc metal is

ACVN(%) = (100 Cu + 9){0.2368, o)
and the equation of the lower curves for weld metal is

ACVN(%) = (100 Cu + 14){0.2368 ©)

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

f = [42.39/A]11.55, Q)]

where A is the multiplying factor in Egs. (5) and (6).
The recalculated 1990 Charpy V-notch upper shelf
impact encrgics arc shown in Tablc 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 flucnce.

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

Low upper-shelf impact energy in reactor pressure
vessel steels and welds has the effect of lowering the
margin between strength in the presence of flaws and
applicd loads. In Chap. 3 of Ref. 1, the utility per-
formed low upper-shelf analyses for Levels A, B, and C
loading conditions according to procedures proposcd by
the ASME Scction X1 Working Group on Flaw
Evaluation. Becausc the ratio of inside radius to wall
thickness (R/w) for the Yankec vesscl is 6.83, includ-
ing the thickness of the cladding, the stresses duc 1o
pressure are roughly seventy percent of 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
1o be as low as 40 ft —1b. This result was anticipated
in a previous NRC analysis.31 The NRC did not
review the utility's upper-shelf analysis in detail. In
this evaluation, the utility's calculations of applied K
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 usc in PTS analyses have been
examined. This subject was not discussed by the util-
ity in Ref. 1. Apparently, YAEC used the ASME

maximum valuc of K¢ = 200 ksivin. asan upper-
shelf toughness, without questioning whether or not
this value actually corresponds to the Charpy upper-
shelf energics cstimated.

In Ref. 1 it was noted that size effects have been
observed in J-R curves measured by Hiser and Terrell3¢
for transverscly oriented (T-L) specimens of unirradiated
A 302 grade B stecl. Additionally, as shown in Fig.
C.5, such J-R curves can lose all slope, approaching
constant valucs of J. Conscquently, a procedurc was
developed in Ref. 1 for cstimating the J-R curves for
irradiated low upper-shelf A 302 grade B plate. The
procedure consists of developing mean and mean -20
correlations between Charpy upper-shelf impact cnergy
and J¢, as shown in Fig. C.6, and then, based on

Fig. C.5, assuming that the upper-bound constant level
of J for any base-mctal J-R curve is 1.3 times Jj¢ (sce
pp. 3-6 and 3-7 of Ref.1). In Ref. 6, Hiser developed
mean and mcan —2a correlations between Jg 1, corre-
sponding to Aa = 0.10 in., and CVN, and these cor-
rclations arc shown in Fig. C.6. The convergence of
correlation curves for Jg 1 and Jic for CVN approach-
ing 15 ft -1b in Fig. C.6 is further indication of the
flattening out of low-upper-shelf J-R curves for A 302
grade B basc metal.

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

JI1c (mcan) = 160 + 4.20 CVN, ®)

JIc (-20) =420 CVN, (&)

J0.1 (mean) = 108 + 11.75 CVN, (10)
and

Jo.1 (20)=-162 + 11.75 CVN, (1)

where J is in in-1b/in.2 and CVN is in ft-Ib.

For cstimating the J-R curves for Linde 80 weld metal,
the utility used a corrclation, developed by Hiser,37 be-
tween the parameters of a power law representation of a
J-R curve,
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J = Claaix", (12)

and the Charpy upper-shelf impact energy. The cocf-
ficients in the corrclation used in Ref. 1 are given in
Table C.2 of Ref. 37. Because Eq. (12) is a power
law, the cstimated J-R curve will not level off as did
the basc metal J-R curve shown in Fig. C.5.
Nevertheless, there are J-R curves for Lindc 80 weld
metal that display the tendency to flatten out. Such an
cxample, corresponding to CVN = 39 fi-Ib, is shown
in Fig. C.7, which is from Fig. C-50 in Ref. 37. The
asympiotic upper level of Jyax for specimen
W8A-121, from Fig. C.7, is about 600 in.-1bfin.2

The Yankee Rowe cstimate of Jmax for A 302-B plate
is

Jmax—_- 1.3 ch. (]3)

For purposcs of cstimating the upper-shelf toughness
appropriatc for a PTS analysis, valucs of Jax (mean)
can be converted to K¢ by the equation

K¢ =[EJmax(mean)/(1-v2))172, (14)

Applying Eqs. (8) through (14) 10 the upper-shelf
Charpy impact energics estimated by the utility! and
by NRCS (prior to the fluence revision) gives the
valucs of J and K shown in Table C.5.

Figurc C.8 shows the J-R curve for irradiated Linde 80
weld specimen W8A-121 from Fig. C.7 compared 1o
the J-R curve for the unirradiated 6T A 302 grade B
specimen from Fig. C.5, plus the Jmax values from
Table C.5 for A 302 grade B plate, based on the NRC
1990 estimates of CVN. From Eq. (15), the value of

Jmax corresponding to K¢ = 200 ksivin. is

1213 in.-Ib/in.2 Clearly, K¢ = 200 ksivin. is not
an appropriate upper-shelf toughness value for PTS
analysis for the near beltline materials in the Yankee
Rowe vessel. As indicated in Table C.S, values of

141, 126, and 113 ksi\/ﬁ 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 to the uncertainties
regarding the fracture toughness of the Yankee reactor
vessel. Among these are the relatively low operating
temperature (~500°F), only a small amount of surveil-
lance data, effects of grain size and nickel content, and
lack of chemical composition data.

The copper content of welds fabricated with copper-
coated wire can be quite variable, as shown by B&W

NUREG/CR-5799

and HSSI Program studics. Regulatory Guide 1.99,
Rev. 2 allows the use of conscrvative estimates based
on generic data (mean + standard deviation). A copper
content of 0.35 wt% (mean of 0.29% plus standard
deviation) was determined for the Yankee welds, based
on the B&W generic data.

The YAEC report asserted that the plates 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
lemperature and nickel content. In summary, references
were cited which showed there are many confounding
paramcters involved other than the size of the prior
austenite grains. The dislocation structure, precipitatc
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
effects of grain size on embrittlement are, in other
words, very uncertain and lacking consensus.

The effects of irradiation temperature are dependent on
many variables and, although therc are specific in-
stances of contradiction, the bulk of the studies reported
in the literature indicate higher embrittlement with
lower irradiation temperature in the temperature and
fluence ranges applicable to the Yankee situation. This
effect has been shown for many steels including A 302
grade B and for Linde 80 welds. The use of an empiri-
cal correlation such as one degree increase in shift for
one degree decrease in irradiation temperature is cer-
tainly not a scientifically satisfying approach, but it is
a prudent approach which is substantiated with a body
of research. Based on the information cited, use of that
value seems reasonable and not overly conservative for
the exposure conditions of the Yankee vessel.

Although there are observations to the contrary, the
evidence to support the YAEC claim of no nickel effect
for the lower plate is minimal. Based on the analyses
of surveillance data from commercial light-water reac-
tors, nickel plays a prominent role in the estimates of
embrittlement in Regulatory Guide 1.99 (Rev. 2).
Further-more, the cited observations of significant
enhancement of embrittlement from increased nickel
make consideration of a nickel adjustment the prudent
choice. Using different methods, Hiser and Odetie
recommended the addition of 70 and 80°F, respectively,
to the upper plate shift to account for the higher nickel
in the lower plate.

The YAEC claim that the probable coarse grain size of
the plates mitigates the effects of 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 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
conscrvative,
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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-
tial RTNDT values for the Yankee plates were esti-
mated by the NRC and accepted by YAEC. The NRC
and YAEC estimates for the welds were identical.
Although vast differences initially existed between the
Y AEC and NRC staff estimates of the RTNDT shifts
for all the vessel materials, discussions between YAEC
and NRC have led to convergence of the two organiza-
tions' estimates, and indicate that the PTS screening
criteria have been exceeded.

The NRC cstimates 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 the specific conditions of Yankee. For rea-
sons cited in this report, however, the utility calculated
adequate margins of stress on the upper shelf to com-
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

valuc of K = 200 ksi+/in. as an upper-shelf fracturc

toughness is too high for the low upper-shelf materials
in the Yankee vessel.
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Table C.1 Licensee and staff estimates of RTNDT for the YNPS
beltline materials in 1990, prior to September 1990

1990 Unirradiated | Increase in reference Reference
YNPS original reference temperature resulting temperature RTNDT
beltline peak fluences temperature from irradiation® in 1990°
material (x 1019 n/cm2) D) P
Staff Licensee Staff Licensee Staff Licensee
estimate estimate estimate estimate estimate estimate
Upper plate 23 30 10 245 180 275 190
Lower plate 2.05 30 10 325t 173 355t 183
Axial welds™® 0.38 - 10 10 216 131 226 141
Circumferential 20.5 10 10 320-360 219 330-370 229

weld®*

* . .
Does not include "margin” term.
**NRC used Cu=35%, Ni=0.7%. YAEC used Cu=0.18%, Ni=0.7%.
tBased on a fluence of 2.3 x 1019 nlcm2 rather than the correct value of 2.05 x 1019,
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Table C.2 Licensee and ORNL estimates of RTNDT for the YNPS beltline materials in 1990,
based on September 1990 revisions from Licensee

1990 Unirradiated Increase in reference Reference
YNPS revised reference temperature resulting _ temperature RTNDT
beltline peak fluences temperature from irradiation” in 1990°
material (x 1019 njcm2) W) (3] (W)
- 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 1.24 10 10 290 290 300 . 300
weldst
Lower axial 1.2 10 10 288 288 298 298
weldt
Circumferential 2.31 10 10 328 328 338-378 338
weld!

*Does not include "margin” tem.
**ORNL estimates based on concurrence with estimates by NRC staff and consuliant.
TBased on Cu = 0.35%, Ni = 0.7%.



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

Original Initial Original
fluence energy Drop 1990 energy
Material (x 1019 n/cm2) (ft-1b) (%) (ft-1b)
Upper plate
L 23 76 328 51.1
T 23 494 32.8 332
Lower plate
L 2.05 76 34.0 50.2
T 2.05 494 34.0 326
Upper axial weld
0.35 Cu 0.38 70.2 37.0 442
0.18 Cu 0.38 70.2 25.5 523
Circumferential weld
0.35 Cu 2.05 70.2 417.0 37.2
0.18 Cu 2.05 70.2 37.6 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

Revised Initial Revised
fluence energy Drop 1990 energy
Maiterial (x 1019 njcm?) (ft-1b) (%) (ft-1b)
Upper plate
L 2.6 76 33.9 50.2
T 2.6 494 33.9 32.7
Lower plate
L 2.31 76 35.3 49.2
T 2.31 494 353 32.0
Upper axial weld
0.35 Cu 1.24 70.2 438 39.5
T 0.18 Cu 1.24 70.2 337 46.3
' Lower axial weld
0.35 Cu 1.20 70.2 43.6 39.6
0.18 Cu 1.20 70.2 334 46.8
Circumferential weld
0.35 Cu 2.31 70.2 48.1 36.5
0.18 Cu 231 70.2 39.1 42.8
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Table C.5 Summary of Charpy upper-shelf energies and fracture toughnesses

for the YNPS beltline materials in 1990, prior to September 1990.

Charpy V-notch Mean upper-shelf
(fr-1b) -20 R curve K] for PTS analysis
YR NRC YR NRC ORNL YR NRC ORNL
(2020) (1990) (2020) (1990) (2020) (1990)
) Linde 80 weld
40 44-52 (Axial) MEA correlation for Specimen W9A-121, Jmax = 600
CVN =40 fi-Ib CVN=39 in.-1bfin.2
37-44 (Circum- Kmax = 200 Kmax = 141
ferential) ksi Vin. ksi Vin.
02 plate (lo
57 51 (Upper) Jic = 245 in.-Ib/in.2 J0.1 =289 in.-1b/in.2 Jmax = 481
in.-1b/in.2
50 (Lower) Jmad = 320 in.-1b/in.2 Kmax = 200 Kmax = 126
, ksi Vin. ksi Vin,
A 302 plate (iransverse)
35 33 (Upper) Jic = 150 in.-1b/in.2 Jo.1 = 149 in.-1b/in.2 Jmax = 388
in.-Ib/in.2
33 (Lower) Jmad = 195 in.-1bfin.2 Kmax=200 Kmax =113

ksi Vin. ksi Vin.




RPV WELD & PLATE LOCATIONS

!
!
|
f !
2’ 6" |
|
9-5/8° _—/—-r — !
I
| g’ 3°
4' 10" |
NOZZLE |
SHELL COURSE :
'=__
!
|
“7/ar L KT A
7-7/8 i /i a3
7 10 A A
UPPER SHELL N A
COURSE H Y/coRe | 7' 8"
i / ‘\\ I
: Al \\‘ I
— e S ——————
t /) N !
1 / \ I
frreeeeen
7-7/8° — |— :
7' 10° i
LOWER SHELL :
COURSE [
I
|
| /
I
[
10’ 5°
Fig. C.1. Schematic drawing showing locations of plates and welds in the Yankce reactor vessel. Source::

Reactor Pressure Vessel Evaluation Report, Y AEC No. 1735, Yankee Atomic Electric Company, Bolton,
Massachusetts, July 1990.
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Hiser, Jr., A. L., NRC, "Summary of Fracture Toughness Estimates for Irradiated Yankee Rowe Vessel Materials,” let-
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Fig. C.5. J-integral wearing resistance curve for a TL-oriented 6T-CT specimen of unirradiated A302-B steel
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Appendix D

ORNL Review of YAEC No. 1735
Probabilistic Fracture Mechanics

T. L. Dickson
R. D. Cheverton

D.1 Introduction

Nuclear Regulatory Guide 1.154 (Ref. 1) specifies that
OCA-P2 (developed at Oak Ridge National Laboratory)
and VISA-II3 (developed by the U.S. NRC and Pacific
Northwest Laboratories) are acceptable codes for per-
forming the probabilistic fracture-mechanics analysis
portion of the plant-specific safety analysis that may be
performed for any nuclear plant that desires to operate
beyond the pressurized-thermal-shock (PTS) screening
criteria4 Yankee Atomic Electric Company (YAEC)
has performed such an analysis for Yankee Rowe using
a modified version of VISA-IL. This report reviews the
YAEC analysis and includes an "independent” ORNL
analysis. The review is supplemented by an additional
study by Simonen (Ref. 5 and Appendix E).

D.2 Scope

The original scope of work for the ORNL review of
the probabilistic fracture-mechanics analyses of Yankee
Rowe (as defined in the August 9, 1990, initial
Yankee review meeting) was to perform a comprehen-
sive comparison of the "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-
defined small-break loss-of-coolant PTS transient
(SBLOCA-7), using the OCA-P code. The results of
these efforts are discussed in Sect. 3 and 4, respec-
tively.

The scope also included a discussion of the flaw-den-
sity treatment in the YAEC and ORNL analyses (Sect.
D.5) and a brief discussion of some 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 and OCA-P are capable of performing a
deterministic fracture-mechanics analysis of a reactor
pressure vessel subjected to pressurized-thermal-shock

(PTS) loading. Both codes perform a thermal analysis,
linear-elastic stress analysis, and a linear-elastic frac-
ture-mechanics (LEFM) analysis; however, the two
codes use different analytical methods. Known funda-
mental differences utilized in the deterministic aspects
of the two codes are as follows:2,3.6

1) Thermal analysis:
OCA-P uses a general one-dimensional finite-
element method. VISA-II uses 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 coolant temperature~time history,
which is input into the thermal analysis. VISA-II
fits a polynomial or an exponential (user selected)
to five user-input data (time, temperature) points
used to describe the downcomer coolant tempera-
ture—time history. As a result, VISA-II has a
more limited, though usually adequate, capability
for accurately modeling the thermal-hydraulic
boundary conditions.

OCA-P allows for accurate time-dependent model-
ing of the convective heat transfer coefficient.
VISA-II is limited to a single value for 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
the stress analysis. VISA-II fits a polynomial or
an exponential (user selected) to five user-input
data (time, pressure) points used to describe the
pressure-time history. As a result, VISA-Il has a
more limited capability for accurately modeling
pressure-time histories. This could be significant
in cases involving complex pressure-time histor-
ies such 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 (Kp) influence coefficients and superposition
techniques to calculate KT values. However,
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VISA-II uses a 4th-order polynomial 1o fit the
stress distribution, and K influence coefficients
are calculated for each of the terms. OCA-P uses
arelatively large number of influence coefficients
to obtain a more accurate value of K[. Even so,
for most cases, the difference in K7 is small.

It should be noted that the influence coefficients in
the baseline 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 the specific
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
basic philosophical approaches used in VISA-II and
OCA-P are essentially identical. The models are based
on Monte Carlo techniques; that is, many vessels are
simulated, and each is subjected to a deterministic frac-
ture-mechanics analysis to determine whether the ves-
sel will fail.

Each vessel is defined by randomly selected values of
several parameters that are judged 1o have significant
uncertainties associated with them, and a deterministic
analysis is performed for each vessel to determine if it
will fail when subjected to a specific PTS transient.
In each deterministic analysis, it is assumed that each
region of the vessel being analyzed contains one flaw.
The calculated probability of failure for a specific ves-
sel region, based on one flaw in the region and referred
to as the unadjusted value, is equal to the number of
vessels that fail divided by the total number of vessels
simulated. The probability of failure based on the
"actual" number of flaws in the region and referred to
as the adjusted valve, is obtained by multiplying the
unadjusted probability of failure by the number of ‘
flaws that are assumed to exist in that region. The
total probability is obtained by adding the adjusted
probabilities for each of the regions. If the total num-
ber of flaws in critical regions of the vessel is not too
much greater than unity (limiting value depends on the
value of the probability), double counting is not a
problem; otherwise, a correction must be made for
double counting (more than one flaw resulting in fail-
ure of the vessel).

These failure probabilities are 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 of the vessel wall by the
propagating flaw.

NUREG/CR-5799

VISA-II and OCA-P both stochastically simulate the
same paramelters: fast neutron fluence at the inner sur-
face of the vesscl, RTNDT0, ARTNDT, Kic, K[a, the
concentrations of copper and nickel, and the size of the
assumed flaw.

VISA-II uses NRC-derived mean fracture toughness
curves, whereas OCA-P allows the user the option of
using the NRC-derived curves or a set derived by
ORNL. The latter set was utilized in the Integrated-
Pressurized-Thermal-Shock (IPTS) studies.”

To our knowledge, no extensive comparison of the
details of the probabilistic methodologies utilized by
OCA-P and VISA-II had been performed prior to this
effort. Personnel at Pacific Northwest Laboratories
performed a comparison of the conditional probabili-
ties of failure calculated by VISA-IT and OCA-P in
1984.8 The conclusion at that time was that VISA-II
appeared to calculate conditional probabilities of failure
lower than those calculated by OCA-P by approxi-
mately a factor of 6. It was concluded at that time that
this difference was due to the fact that OCA-P included
the stresses in the cladding whereas VISA-II did not
(the present version of VISA-II does have the capabil-
ity to include stresses in the cladding).

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

The purpose of comparing OCA-P and the baseline
version of VISA-II was to examine their validity, and

- to facilitate this effort, the VISA-II code was installed

at ORNL. The Rancho-Seco PTS transient (Fig. D.1)
and a vessel radius-to-wall-thickness ratio (R/w) of 10
were chosen for the comparison (this value is consis-
tent with the stress-intensity-factor influence coeffi-
cients utilized by the baseline version of VISA-II); the
initial downcomer-water and vessel temperatures were
inadvertently assumed to be 590 instead of 550°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-inspection option 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-clement ANSYS code. Figures D.2,
D.3, and D.4 show the comparisons of the thermal-
response solutions, the hoop stress solutions, and the
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stress-intensity-factor solutions (for longitudinal infi-
nite-length flaws), respectively, for the Rancho-Seco
transient. In each of the three cases, the solutions of
VISA-II and OCA-P agree reasonably well, although
the VISA-II K| values do not reflect the expected de-
crease in K for deep flaws9 under the specific pressure
and thermal loading conditions (Fig. D.4) (this latter
discrepancy is not a factor for most cases analyzed).

D.3.3.2 Probabilistic solutions

After demonstrating that the basic engineering mechan-
ics (heat transfer, stress analysis, and fracture-mechan-
ics analysis) solutions of VISA-II and OCA-P appeared
to be in reasonably good agreement, the probabilistic
solutions of VISA-II and OCA-P were compared.
Initial attempts to achieve reasonable agreement were
not successful. OCA-P was predicting values of
P(FIE) higher than those for VISA-II by a factor of ~8.
This is consistent with the results observed in the
1984 comparison of the VISA-II and OCA-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 rigorous comparison of the proba-
bilistic solutions. An examination of the event sum-
maries indicated that the two codes were predicting the
probability of crack initiation to be approximately
equal; however, VISA-II was predicting lower values
of P(FIE) as a result of predicting significantly more
stable crack arrests than OCA-P.

An examination of OCA-P and VISA-II by flow chart-
ing down to a fairly fine level of detail was performed
at ORNL. This examination revealed three areas in the
VISA-II code that were thought to be the cause of the
discrepancy between the two probabilistic solutions.
Corrections to VISA-II appeared to be in order and
were discussed and coordinated with Fred Simonen at
Pacific Northwest Laboratories. After ORNL made
these corrections to VISA-II, the probabilistic solu-
tions of VISA-II and OCA-P agreed considerably bet-
ter. The following tabulation illustrates the proba-
bilistic solutions of OCA-P, bascline VISA-II, and
VISA-II (with the three ORNL suggested corrections)
for 100,000 trials for the Rancho-Seco PTS tranient:

ORNL
modified
OCA-P VISAI VISA-II
Number of Initiations 3926 3711 3422
Number of Stable Arrests 488 3275 144
Number of Failures 3438 436 3278
Probability of Initiation
P(I[E) 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-II code modifications dramati-
cally decreased the number of stable crack arrests pre-
dicted by VISA-II, and this significantly increased the
number of failures and thus P(FIE). P(FIE) calculated
by OCA-P and the modified VISA-II are nearly 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-II methodologies. It is suspected that a con-
tributing factor to the difference is the method used to
implement the flaw-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 0.08 to 2.08 in.,
whereas the nine depths utilized by VISA-II ranged
from 0.125 to 3.5 in. Therefore, the initial crack

-depth mesh used by VISA-II is more heavily biased

toward deeper flaws. It is expected that this would
result in fewer initiations because of the lower values
of ARTNDT and lower thermal stresses associated with
deeper flaws. Itis necessary to determine the proper
number and size of initial flaw depths by means of
convergence studies, and this was done for the OCA-P
analyses. o »

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

OCA-P and the baseline version of VISA-II produce
nearly the same deterministic solution for the Rancho
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 of P(FIE). Upon correcting
these errors, VISA-II and OCA-P produced similar
probabilistic solutions, although as noted above, there
is still some difference in the OCA-P and VISA-II
probabilistic methodologies.

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

1) The flags for flaw initiation (INITIA) and arrest
(IARRST) initialization were moved inside the
loop for simulating a new flaw (statement 80 in
the main program). This modification corrects the
results of the accumulators that track the number
of initiations and arrests.

2) Calculation of the nominal stress in the remaining
ligament to check for plastic instability was modi-
fied (the sixth line below statement 500 in the
main program) to include the crack depth (a), i.e.,
stress = P * (R + a)/w where:
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pressure at time, t,
simulated crack depth,
inner vessel radius, and
vessel wall thickness.

£ AU
nowono

Inclusion of 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.

3) The call to subroutine ARTNDT (the thirteenth
line below statement 500 in the main 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. The significance of this
code modification is evident with an under-stand-
ing of how the value of RTNDT is calcula-ted.
It is calculated by both VISA-II and OCA-P as
follows:

2
RTNDT =RTNDTO + ARTNDT + (ORTNDTo +

172

2
OARTNDT) '“ * ERRTN,

where

RTNDT = Value of RTNDT adjusted for radiation,
imbrittlement,

RTNDTO = Initial (unirradiated) value of RTNDT
(User specified in input data)

ARTNDT = increase in RTNpT due to radiation
(is a function of fluence attenuated to
the particular crack depth; copper;
and nickel),

GRTNDTO = 1o uncertainty for the specified value
of RTNDTO,

CARTNDT = 10 uncertainty in the correlation used
to calculate ARTNDT,

ERRTN is a number between -3 and +3 that is
obtained from a normal distribution having a
mean of zero and a 16 of 1. The product of
ERRTN and (°'2RTNDT0 + °'2ARTNDT)1/2 is the
uncertainty in RTnpr, + ARTNDT).

A fundamental difference in the baseline VISA-II and
the OCA-P probabilistic methodologies is that OCA-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 of ERRTN when checking
for crack initiation and then recalculates ERRTN for
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each crack-depth increment when advancing the crack
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-
cause it increases the chances of a very high 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 higher number of stable
crack arrests predicted by VISA-II.

In reality there is variability of copper and nickel con-
centrations through the wall; however, the approach
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, (ozRTNDTO + czARTNDT)IIZ*
ERRTN should also be assumed to be constant
through the wall for a specific vessel. The approach
utilized by VISA-II is equivalent to depending on in-
homogenities in the wall to enhance the probability of
crack arrest. This is a nonconservative approach.

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

The impact of the first two code changes on the proba-
bilistic solution of VISA-II was detectable but was not
significant with regard to the calculated value of
P(FIE). The result of the third modification dramati-
cally decreased the number of stable crack arrests and
thus increased the number of failures and P(FIE).

D.4 OCA-P Applied to Yankee
Rowe

D.4.1 Deterministic Analysis

The OCA-P code was used to perform an independent
analysis of the Yankee Rowe vessel with the plant
subjected to the YAEC-specified SBLOCA7 PTS
event (Fig. A-1). Based on recent data from YAEC
and the ORNL evaluation of RTNpT addressed else-
where in this document (Appendix C), the upper axial
weld was selected for a detailed analysis of the condi-
tional probability of failure. Other transients and ves-
sel regions also contribute to the overall frequency of
failure; however, considering the preliminary nature of
this study and the limited time for its completion, it
was sufficient to conduct a detailed analysis of what
were believed to be the dominant transient and region.

Input data used in the ORNL OCA-P and the YAEC
VISA-II heat transfer and stress analyses for Yankee
Rowe are specified in Table D.1 (note that the ORNL
analysis included cladding as a discrete region but the
YAEC analysis did not).
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The thermal-response solutions predicted by VISA-II
and IR (the finite-element thermal code used in con-
junction with OCA-P) are illustrated in Fig. D.5. As
indicated, the VISA-II 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 SBLOCA 7 pressure tran-
sient. VISA-II uses a polynomial to fit five points in
time, whereas OCA-P allows a more accurate point-
by-point description of the transient. This accounts
for the difference indicated. Also illustrated in Fig.
D.6is the SBLOCAT transient with repres-surization
to 1.55 ksi (maximum head of safety injection sys-
tem)11 at an assumed time of 20 min.

Figure D.7 shows the hoop-stress solutions predicted
by VISA-II and OCA-P for the Yankee vessel when
subjected to the SBLOCAT transient. Both of the
OCA-P hoop-stress solutions illustrated in Fig. D.7
included the 0.109-in. cladding; the VISA-II solutions
did not. The higher of the two OCA-P solutions in-
cludes a weld residual tensile stress of ~6 ksi.

ORNL also compared baseline VISA-II and OCA-P K
values, even though the VISA-II values correspond to
K influence coefficients for Rfw = 10, and those for
OCA-P correspond to the actual Yankee geometry
(R/w ~ 7). As indicated in Fig. D.8, for a/w < 0.5,
the agreement is very good. Since most initial crack
initiations correspond tc a/w < 0.5, a comparison of
VISA-II/Y ankee and OCA-P/Yankee is meaningful.

D.4.2 Probabilistic Analysis

Input data and correlations used in the OCA-P proba-
bilistic fracture-mechanics analyses for Yankee Rowe
are presented in Table D.2, while Table D.3 indicates
differences between the input and correlations used in
the ORNL OCA-P analysis and the YAEC VISA-II
analysis.

The increase in RTNDT is a function of fluence
(attenuated to the specific wall-depth location) and the
concentrations of copper and nickel. OCA-P was mod-
ified to exactly reproduce ARTNDT predicted in the
“weld table” of Regulatory Guide 1.99, Rev. 2, plus a
low-temperature-operation correction factor of 44°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.

The ORNL mean Kz and K] fracture toughness
curves utilized in the IPTS studies’ were used in
OCA-P for the Yankee analysis. The maximum value
of toughness at which crack arrest could occur was spe-

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

value of 140 ksi‘/H , but P(FIE) was not
significantly impacted by this lower value. Also, in
accordance with Regulatory Guide 1.154, the potential
benefits of warm-prestressing were not included in the
analysis. The analysis did assume a preservice inspec-
tion as formulated by the Marshall flaw nondetection
function.

Analyses were performed for the SBLOCAT transient
described in the YAEC report12 (no repressurization)
and also for a case involving repressurization to

1.55 ksi at a time of 20 min, considering only the
upper axial weld in detail. The results of these analy-
ses are presented in Fig. D.9 as a function of the mean
copper concentration, considering two values of the
copper standard deviation (16 = 0.025 and 0.07). The
actual weld chemistry is not known for the Yan-kee
Rowe vessel, but a best estimate of 0.29 weight per-
cent copper (mean with 16 = 0.07) and 0.7 weight per- '
cent nicke! (16 = 0.0) was deduced from Ref. 12.

The corresponding "best-estimate” value of P(FIE)
with repressurization and residual stresses is 2 x 10-3.
A rough estimate of the corresponding mean value of
P(FIE) is 9 x 10-2, which was obtained by multiply-
ing the “best-estimate” value by 45, the ratio of mean
flaw density to best-estimate flaw density derived in
the IPTS study for H.B Robinson (the corresponding
value in the YAEC Yankee Rowe analysis was

55 flaws/m3 for the upper weld).

The other regions of the vessel (plate and other welds)
will contribute to P(FIE); however, a more sophisti-
cated analysis is required because of double-counting
problems (more than one flaw per vessel) introduced
by the specific OCA-P methodology. An appropriate
analysis to account for all regions has not been per-
formed yet.

D.5 Flaw-Density
Considerations

The conditional probability of vessel failure is directly
proportional to the number of flaws in critical regions
of the vessel, provided that the total number of flaws
in critical regions is one or less. With more than one
flaw, a direct proportionality may fail 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 increase is not proportional to the
number of flaws.

In the IPTS study, the "best estimate" of the flaw den-
sity for surface flaws normal to the surface was

1 flaw/m3, This flaw density was assumed
appropriate for all regions (weld and plate) because it is
believed that the existence of shallow surface flaws is
most likely associated with the cladding process and
attack of the cladding. There is, of course, a large
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uncertainty with regard to the surface density of
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 Loviisa II vessels and the large
uncertainties, a log normal distribution was assumed
for the IPTS studies. The most probable value was 1
flaw/m3, the 84th percentile (+15) was 100 flaws/m3,
and the distribu-tion was truncated at the 94th
percentile (500 flaws/m3). The corresponding mean
value was 45 flaws/m3. (It is of interest to note that
YAEC assumed essentially the same flaw density for
the upper weld but much lower densities for the plate
regions.)

More recently, flaw-density data have been obtained
from sections of the Hope Creek and Midland vessels.
The corresponding surface densities were 6 and

7 flaws/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 standard deviation is reasonable, the mean
values are substantially greater than 11 flaws/m2,

Thus, it appears that 45 flaws/m3 is not necessarily a
conservative mean value,

Considering the volume of the Yankee Rowe upper
axial weld and a flaw density of 45 flaws/m3, the
number of flaws per weld is ~1, in which case there are
no problems with double counting, if only that weld
contributes significantly to P(FIE).

It appears that the upper axial weld is not the only
significant contributor to P(FIE). As shown in Table 3
of Ref. 14, the value of RTNDT 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 to be substantially broader (azimuthally)
than the weld region and assuming the flaw densities
for the two regions to be the same (for reasons men-
tioned above) the contribution of the plate region
would be 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
longer directly proportional to the number of 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

NUREG/CR-5799

lower axial welds, and circumferential weld). The plate
and axial-weld regions were further subdivided longitu-
dinally to take advantage of the decrease in fluence
toward the cnds of the core. Assuming that the initial
axially oriented flaws are short enough to fall within
the height of a subregion, this procedure provides an
accurate account of the potential for initial initiation of
axially oriented flaws. However, once initiated, the
flaw extends in surface length beyond 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 treated accurately, but arrest and reinitiation
tend to be treated nonconservatively. The degree 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 plate regions azimuthally to take
advantage of the azimuthal variation in flux could also
be considered but was not. Instead, the flaw in the
plate was always assumed to be at peak flux in the
azimuthal direction. This is a conservative approach.

D.6.2 Flaw Density

The flaw density assumed by Yankee for the upper
axial weld was 55 flaws/m3 and for the plate about a
factor of 200 less. The value of 55 flaws/m3 is nearly
the same as the mean value used in the ORNL IPTS
studies? for all regions. ORNL believes, as mentioned
in Sect. D.5, that surface flaws are most likely the
result of the cladding process and/or some type of
attack, such as stress corrosion cracking, in which case
surface flaws are probably just as likely over base-
metal as over welds. Thus, ORNL believes that
higher flaw densities should be considered for the plate
regions.

D.6.3 Flaw Configuration

Reference 11 states that infinite-length flaws were used
for the initial initiating events and for subsequent
events in the welds and upper plate, while a 47 in.-
long semielliptical flaw was used for subsequent
events in the lower plate. The YAEC VISA-II input
data sets indicate that 6/1 semielliptial flaws were used
for initial initiation events, and for subsequent events
(arrest and reinitiation) 47-in.-long semielliptical flaws
were used for the lower plate and 94-in. flaws for the
upper plate. The ORNL IPTS studies’ considered
both infinite-length and finite-length flaws for subse-
quent events, and the results indicated little difference
in the calculated value of P(FIE) for the document tran-
sients, which were high pressure. For low-pressure
transients the effect was much larger; however, ORNL
has not conducted a 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.1. 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 propertiesa,b:

Modulus of Elasticity (E) = 27,000 ksi

Poisson's ratio (v) = 0.3

Thermal expansion coefficient (t¢lad) = 9.9E-6/F
Thermal Conductivity (k) = 10 BTU/hr-ft-F
Specific Heat (cp) = 0.12 BTU/Ib-F

Density (p) = 488 1b/ft3

Base-metal propertiesa.c,d

Modulus of Elasticity (E) = 28000 ksi

Poisson's ratio (v) = 0.3

Thermal expansion coefficient (Opase) = 7.8 5E-6/F
Thermal Conductivity (k) = 24 BTU/hr-ft-F
Specific Heat (cp) = 0.12 BTU/Ib-F

Density (p) = 488 1b/ft3

Temperature

Vessel initial temperature = 515°F

Water initial temperature = 515°F

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

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

CVISA-II requires an input value for E*atpase/(1-v) rather than input for each of

the individual parameters. The YAEC analysis used E*otpase/(1-v) = 0.312. Using the

OCA-P input values for E,0pase, and v yields a value for E*otpase/(1-v) of 0.314. This
difference is not significant.

k

dThe Thermal Diffusivity . of the base metal used by YAEC was
p

0.953 in.2/min. For OCA-P it was 0.982 in.2/min. This difference is not 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 infinitly long

Fracture-Toughness Data:

Kjc and K1, mean curves same as those used in the original IPTS studies, i.e.,:
Kj, mean = 1.25* ASME lower bound Ky, curve
K. mean = 1.43* ASME lower bound Ky curve

Maximum K, = 200 Ksi Vin., 140 ksi +/in.2

K, standard deviation = 0.15 K,

K standard deviation = 0.10 K,

K|, truncation = +30

K|, truncation = +36

RTNpT Data:
RTnpr, = +0°F
RTnpr, standard deviation = 17°F
ARTypr, calculated by Regulatory Guide 1.99, Rev. 2 (Welds) with an additional
44°F added as a correction factor for the low temperature operation of the Yankee plant
(44°F = 550 - 506°F)
ARTypr truncation = + 30
Fluence at inner vessel wall = 1.24E+19 n/cm2
Fluence standard deviation (fraction of mean) = 0.3
Fluence variability truncation = +30
Mean copper content = various values
Mean nickel = 0.7 wt%
Copper standard deviation = 0.025 and 0.07 wi%
Nickel standard deviation = 0.0%
aUsed 140 ksi in. for sensitivity study; however, this did not significantly impact

the calculated conditional probabilities of failure.
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Table D.3. VISA-II/YAEC 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 Ky, and Ky, fracture toughness curves;

2) did not simulate a preservice inspection;

3) used ARTypr values specified by NRC;

4) used Regulatory Guide 1.99, Rev. 2, to calculate ARTNpDTS however, no correction
factor for low-temperature operation was included;

5) assumed zero variability for RTNDT() (16=0),;

6) assumed 1o = 28°F for ARTNDTS

7) used a flow stress of 75.6 ksi;

8) used 1o = 10% of mean for inner surface fluence;

9) truncated variability of fluence at 1c;

10) assumed flaws were axially oriented, and were semielliptical with aspect ratio equal 6/1

for initial initiation and 47-in. long for arrest and reinitiation (lower plate and axial weld);
11) did not treat cladding as a discrete region; and
12) used flaw-depth increments greater than those used by ORNL (may not be converged).

NUREG/CR-5799 D.12



600
- 500
- m
m o’
; 4
1 = ®
‘ ® - 400 2
2 o
[/,] -]
/] Q.
s o - £
| a 2
- 300
|
——  Pressure
——eo— Temperature
‘ 0.0 l I l [t 1 2 l ' 2 l 9 | 2 l 2 l 2 1 1 | B | 200

0O 10 20 30 40 50 60 70 80 90 100

Transient time (minutes)
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event (R/w ~10).
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October 29, 1930 Pacific Northwest Lzboratories
Battelle Boulevard

Mr. R. D. Cheverton P.O. Box 999

Pressure Vessel Technology Section Richland, Washington 99352

Engineering Technology Division Telephone (509)375-2087

Oak Ridge National Laboratory
P.0O. 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 anéiyséé.

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

4. Evaluation of the vessel inspection program.
My review of the Yankee report was performed from the standpoint
of compliance with Regulatory Guide 1.154 "Format and Content of
Plant 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
were 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 residual
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 were reviewed
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 embrittlement do have very significant
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impacts on calculated failure prcbabilities, 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-ITI

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 caliculated 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 13930, 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 nunber of changes to VISA-II. It has since
become known that Novetech performed the probabilistic fracture
mechanics calculations on behalf of Yankee Rcwe. 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. 1In 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 wculd 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. i

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 versicn 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 relatlvely 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 essentlally
infinite length. Cases 16-18 address flaws of various
lengths, a..d 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 ksiVin 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
of 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 vValue 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
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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 approcaches. 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-4486. There are no significant
differences between the two sets of parameters.
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NUREG/CR-4486 Yankee

Thermal Diffusivity 0.982 0.983

Fluid/Vessel Film Coefficient 400 504

Constant for Fluence Attenuation 0.24 0.24

E alpha(l - nu) 0.320 0.312

Warm Prestress no 3 no

ISI no no

Flaw Length Before Initiation infinite 6:1

Flaw Length After Initiation infinite length 6f
— - weld..

Location of Flaws ID Surface ID Surface

Input for Plaw 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 ccnflicting 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 calculatioris 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 assumptlon is
that flaws are more llkely (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 noct
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. 1In 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 approx1matlon
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 lowver
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.
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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. 1Installation 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
°r the pressure acting on the crack faces during the prediction

NUREG/CR-5799 E.14




of plastic instability. This change has little effect on
calculated failure procbabilities.

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.

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

e 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.

e 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 lock at
cach 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-II1 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, LCWER PLATE, MAX MEAN DRTNDT=315". ORNL
gerierated 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 vessc¢l, 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 = 6.516 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 cf 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 balieve that V1SA-II
as applied in the Yankee Rowe evaluations prcvides an accurate
method for calculating temperatures and thermal stresses.

EVALUATION OF YANKEL INSPECTION EROGRAM

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 inspecticns 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, this
Chapter does provide useful information, and contributes to a
more complete understanding 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
by access problems, and by the partial bonding of the cladding to
the basemetal. Yankee appears to be making a systematic effort
to find solutions to these problems, and some of the proposed
approaches are encouraging. It should be noted that these
efforts are being driven by an NRC requirement that the beltline
of the Yankee vessel be inspected by 1993. It should be noted
that 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
contained in Chapter 7 provides some very good background on
fabrication history, and on the extent and type of both PSI and
1SI that has been conducted on the Yankee Rowe veSsel in the
past. These inspections were conducted to the standards of the
day, but in many cases does not provide the inspection ,
effectiveness that is needed for the flaws of concern to the PT
issue. The chapter then discusses alternative means of access to
both the inside and the outside surfaces of the vessel while
listing the advantages and disadvantages of each access
alternative. It would appear that the most likely possibility is
to conduct the inspection from the inside. For the belt line
region this will require a scanner that rfits within a 2 inch
annulus between the thermal shield and the vessel wall. Scannszrs
will need to be developed to operate with this physical
constraint. Finally, the chapter contains an overview of some
preliminary research conducted to address the inspection of th:
stitch cladding using a combination of eddy current and
ultrasonic methods. The work conducted on these techniques shows
that the inspection is not a hopeless case. However, until
techniques and procedures have been fully developed, it is not
possible to comment on the effectiveness of the proposed
inspection methods. Ultimately, blind testing of the proposed
methods will needed to determine technique reliability, and then
the measured inspection sensitivity will need to be compared 10>
the sizes of flaws that are important to the PTS issue.
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Please call me at 509-375-2087 if ycu have any gquestions cr
comments.

Sincerely,

F. A. Simonen
Theoretical and Applied Mechanics Group
Energy Sciences Department

/fas
cc: ME Mayfield - USNRC
SR Doctor
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PARAMETER

# initiations
4 arrests

# stable
arrests

4 failures

probability
initiation

probability
failure

Case 1
VISA-II
(Novetech)

56
56
6

50
.048

.043

ATTACHMENT #1

Case 1 Case 2 Case 2
VISA-II VISA-II VISA-II
(PNL) (NOVETECH)  (PNL)
349 164 669

349 156 669
299 114 665

50 50 4

0099  .051 .0067
.0012 .015 .00004

1. Total number of vessels simulated was iggLQQQ_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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10

11

12

13

14

15

16

17

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

VARIATION FROM BASELINE CASE

None (baseline)

Pressure = const. = 670 psi
Min. pressure = 1000 psi
Min. pressure = 1500 psi
Min. pressure = 2000 psi

All material at max. fluence
flaw aspect ratio = 999.0
Clad stress

Octavia flaw distribution

Threshold flaw size

Infinite flaw length
after initiation

Upper shelf toughness 150

100

Upper shelf toughness
Fluence sigma = 0.30

Better polynomial fit of
early transient

Flaw length after initiation

full height of beltline (122.6)

Flaw length after initiation
= 90 inch
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INITIATION FAILURE
PROBABILITY PROBABILITY
1.85E-03 0.00
1.98E-03 0.00
3.22E-03 2.00E-05
4.96E-03 1.87E-03
1.04E-02 7.98E-03
2.14E-02 0.00
9.34E-03 0.00
1.25E-03 0.00
0.72E-03 0.00
1.92E-03 0.00
1.83E-03 1.36E-3
1.85E-03 0.00
1.89E-03 0.00
2.04E-03 0.00
1.28E-03 .0.00
1.85E-03 3.8E-05
1.84E-03 2.0E-06
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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

VARIATION FROM BASELINE CASE PROBABILITY PROBABILITY
Flaw length after initiation 1.90E-03 1.66E-04
= 160 inch :
Kia truncated at 1.94E-03 0.00
99 standard deviations
Kia truncated at 1.85E-03 0.00
99 standard deviations
Kic standard deviation 1.15E-02 0.00
0.3 of mean
Kia standard deviation 1.85E-03 0.00
0.2 of mean
Zero sigma on Kic & Kia 1.32E-04 0.00
Upper shelf toughness = 100
Zero sigma on Kic & Kia 3.50E-02 3.50E-02
Upper shelf toughness = 50
Zero sigma on Kic & Kia 1.34E-04 0.00
Upper shelf toughness = 75
Zero sigma on Kic & Kia 2.17E-03 2.07E-03
Upper shelf toughness = 65
Sigma on Kic = 0.0 1.34E-04 - 0.00
Sigma on Kia = 0.1 of mean
Upper shelf toughness = 75
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CASE

ATTACHMENT #2
(continued)

VISA-II SENSITIVITY STUDIES
Baseline case lower plate - SBLOCA
Yankee input file LP-315.1IN
YANKEE, SBLOCA 7, LOWER PLATE, MAX MEAN DRTNDT-315

INITIATION FATILURE
VARIATION FROM BASELINE CASE PROBABILITY PROBABILITY
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Sigma on Kic = 0.15 of mean 4.13E-03 1.11E-C4
Sigma on Kia = 0.0
Upper shelf toughness = 75

Upper shelf Kic & Kia = 75 3.96E-03 6.85E-05
Upper shelf Kic & Kia = 65 8.84E-03 7.37E-03
Upper shelf Kic & Kia = 70 5.82E-03 . 1.19E-03
Upper shelf Kic & Kia = 80 2.77E-03 0.00
Sigma on Initial RTndt = 17 2.13E-03 0.00
Sigma on shift = 0

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

Rerun of case #1 "1.97E-03 0.00
Sigma on Initial RTndt = 17 3.57E-03 4.00E-05
Sigma on shift = 0

Min pressure = 1000 psi

Sigma on Initial RTndt = 17 4.67E-03 3.74E-03
Sigma on shift = 0

Min pressure = 1500 psi

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:

Effect:

Tontact:

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

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

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

F.A. Simonen (509-375-2087)

Pacific Northwest Laboratory
PO Box 999, Richland, WA. 99352
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Date:
Subject:

Problem:

Correction:

Effect:

Contact:
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ATTACHMENT #4
VISA-II
NOTICE OF CORRECTION

September 17, 1990
Tabulation of Initiation and Arrest Events

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.

The logic has been changed to reset flags, which
cause certain counters to correctly tabulate summary
statistics. The follow1ng 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.

F.A. Simonen (509-375-2087)

Pacific Northwest Laboratory
PO Box 999, Richland, WA. 99352
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ATTACHMENT #5

Case 1 Case 2 Case 3 Case 4
PARAMETER OCA-P VISA-II VISA-II VISA-II
(original) (modified) (original)

# initiations 3926 3711 3422 2745

# arrests 983 3104 474 1747

# stable 488 3275 144 1383
arrests

# failures - 3438 436 3278 1362

probability .039 .037 .Q34 .027

initiation

probability .034 .0043 .033 .014

failure

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

2. Case 2 is for original VISA-II which included erxor in

counting of initiation events.

3. Case 3 used a revised and corrected VISA-II. The only
revision was to simulate the error in RTndt only once per
vessel, 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.

4. Case 4 used the original VISA-II with only the corrections
for counting of initiation events and consideration of crack
depth for plastic instability analysis. The repeated
simulation of error in RTndt was retained from the original
VISA-II. However, the error in shift in RTndt was set equal
to zero in accordance with the recommendation and standard
practices used in prior applications of VISA-II.

5. (Cases 1-4 are based on a standard deviation of 24F in the
shift in RTndt to estimate the exror in this parameter.
This practice has been customary for applications of OCA-P,
but not for 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 OCA-P) is
appropriate to the assumptions made in the VISA-II code.
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ATTRCHMENT #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

NUREG/CR-5799
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ATTACHMENT #6 (Continued)

OD 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
10 509 509 | 510 509 509
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

E.27
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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=1090

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

NUREG/CR-5799 E.28
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