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The work reponed here was performed st Oak Ridge
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(University of Califormia) und A L. Hiser, Jr. (NRC),
w0 were nod spocifiod as members of the above team;
the Yankee Rowe emergency operating procedures
(EPOs); and Refs. 3,4, and 7

This repan constitules a compilation of (the contriby-
tons made by each of the warm mombers (included as

T L S S Sy—

appendiios), a sumvsary and discussion of the findings,
and indications of information that 1s believed neces-
sary for @ more thorough review. Some of s infor-
mauon was requested carhier but has not yol teen
recorved.

2 Scope of Review

The scape of the review mcluces o review of “all”
aspects of the PTS evaluston, upper-sheif-energy con-
siderations, low LempPeraure over pressurizauon
(LTOP), and vessel inspecuon. The PTS evaluation
cludes; (1) postulation of PTS transients and estima-
tion of their frequencics of occurrence, (2) thermal/
hydraulic analyses © obtain the downcomer coolant
lemperature, pritaary-sysicm pressure and vessel inner-
surface fluid-film heat wansfor coefficient, cach as o
function of tme in the transient, (3) radiation-induced
increase in the reference nil-ductility transition ompera-
ture (RTwET) for the vessel plate and weld material
[this requires knowledge of the vessel fust-neutron (lu-
ences, operating temperatures and chermistry (Cu and
Ni)J; (4) a probabilistic fracwure-mechamics analvsis (©
determine the conditional probatulity of vessei failure
for cach transient beheved 1o be a significant contribu
1ar W the froquency of failure; (5) a summation of the
frequencies of failure for cach transient 10 obtain the
ovenll fraguency of fulure, and (6) an uncertinty

analysis, of equivalent, to obtain a “mean” value of the
fregquency Tor compan son with the value carresponding
(o the "prmary sceeptance crilenion” in Reg. Gude
1154 Each of these ilems was considered in the
Meview

The sope of the review also included an independent
caloulaton by ORNL of the frequency of vessel failure.
For this analysis, best-osumate inputs were used 1o ob-
win a bost estmate of the conditional probability and
frequency of vessel failure. The inpuls were best esi-
malas in the sense that in ORNL s apinion they rep-
resented the most Likely values based on all data
available w ORNI. &t the ume of the independont
analysis. This approach is wnmmu with that used in
the NRC/ORNL IPTS studies,” which provided an
NRC.accepied probabilisuc methodology for evaluaung
PWR pressure vessel integnity. As addiional plant:
specific dats are oblained. 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 1o this sub-
Ject matter are (1) have the actual dominant transienis
been postulated, and (2) wre the estimated froquenc ies of
occurrence of the transients that are suspected of being
dominant realistic or al least conservative”

The consensus of the reviewers is that insufficient in-
formation was available 10 make an accurate judgement
with regard 10 the selection of transients. Even so, f
consideration of a single cansient or category of wan-
sients indicates an excessively hugh frequency of fail-
ure, than consideration of other transients may ot be
necessary. The reviewers followed this line of thinking
in addition 10 making NUMErous Comments, sugges-
tions, and estimates regarding definition of transients
and their frequencies (Appendices A and B

NUREGAR-57%

The YAEC report identifies a small-break LOCA
(SBLOCA-7) as the dominant transient and assigns a
vamydmmmwmummd-s x

As indicated in Appendix A, the revievers
suggest a mare realistic value of 1 - 2% 103, which
15 considered 10 be a mean value. 1 other LOCAx are
included o account for therr contribution in & consen a-
uve manner, assuming that SBLOCA 7 represents the
most severe of the | OCAs, the effective frequency is
increased 10 ~4 x 103,






§ RNadiation Effects
(Appendix )

5.1 Increase in RTNDT

There wre two values of RTypT of particular interest
with W 10CFRSGO] and Reg. Guide 1 154

For 1 5061, 8 + 20 (two standar . deviations)
value is needed for companison with the PTS screening
critenia. For Reg. Guide | 154, a mean value and a dis:
tribution are needed for use in a probabilistic fracture-
mechanics analysis.

ORNL and YAEC estimates for 10CFRS0.61 +20
values, minos the 2o, are given in Table C .2 of
Appendix C for 1990, Assuming 20 = 60°F, i s
apparent that all values exceed the screening criteria,
which gre 270°F fur axial Naws and 30°F for circum-
ferentin) Naws. As required by Reg. Guide 1 99,
Rev. 2, the copper concentration in the welds was
assumed 1o be 0.35 wi% because measirements are nol
svailable. Based on the BR-3 weld chemical composi-
a?du:.ﬂwmnummﬂkw wis assumed 1o be
TR

"Best estimate” values of RTNDT for the upper axial
weld were oblained using Rep. Gudde 1 99, Rev. 2,
with an addition of 44°F in the ORNL analyses 1o
account for a lower irmadiation temperature, (Reg.
Guide 199, Rev. 2, 18 based on an wradiation wmpera-
wre of S50°F, while the irradiation temperature for the
Yankee vessel is ~506°F. The lower iemperature re-
sults in g greater damage rate, everything else being
equal.) As indicated in Appendix C, an imadiation-
wemperature correction factor of 1°F/1°F is believed w
be an appropriate best estimate for the materials, Mu-
ences, and temperaturcs of inlerest

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 wi%, and
that 1o = 0.07 wi%. Based on the BR-3 data, the
best esumate of the Ni concentration is 0.7 wi%.
Appendix D also indicates that the best-estimaie fast-
neutron fluence for the inner surface of the upper axial
weld 15 1.24 x 101%/om2 . This fluence, with an

“The HR 3 sod Yankee Rowe teactor pressere vessels were
fabricated by the same manulaciuror, 8t the same time, and with
tamiilar matenaly

NUREG/CR-579¢

approprate stlenuation foi  ila and the above chem-
Istry, were used in the above scheme o caloulate the
mcrease in RTNDT caused by radiation damage
(ARTNDT) in the ORNL probabilistuc fractuse
mechanics enalysis of Yankee Rowe (Appendix D).
(Since the ume that these calculations were performed,
an updlated set of fluences became available but were
not included herein. The most recent values are
slightly less than those used 19 tis stady.)

5.2 Decrease in the Upper-Shelf
Energy

There are two spec e concemns with regard 10 upper-
shell encrgy. One s whether the vessel satisfies the
low -upper-shelf analysis for Levels A, B, and C load-
ing conditions in accordance with cnitenia recommended
by the ASME Section X1 Waorking Group on Flaw
Evaluation. The other pertains (o the selection of

upper-she 'l fracture toughness values for the probabilis-
¢ fracture mechanics analysis.

Time did not permit 4 review of the calculated stress-
intensity-factor (Kp) values comesponding (o load levels
A, B, and C; however, the J-R curves used for compar-
son 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 K| values are correct.

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

estimated by ORNL 1o be ~140 ksiVin. for the upper
axial weld (Appendix C). The YAEC report used a

value of 200 ksivin.? , 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 differice between 140 and 200 ksiVin. is
insignificant
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surface length of Naw a1 arrest are throe of the more un-
portant chokces.

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

e ORNL OCA-P analysis of Yankee Rowe used the
neutron luences that correspond 10 1990 and the
region definitons and volumes given in Ref, 10,
P(FIE) wus calculated for the upper axial weld only, and
the Cu and Ni concentrations for this region (Cy =
0.29, 10 = 0.07. Ni = 0.7) were best-esumaie values
taken from Ref. 11. The number of flaws correspond-
ing (o 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
1o simulate a residual stress, and the transient calculate
was the SBLOCA.7 transient described in Ref 2.

With reference w Fig. D9 (Appendix D),

P(FIE) (hase case)® = 5.0 x 104, and
P(FIE) (w/repressurization)® = 1.2 x 10-3,

{Upper axia) weld only, no residual stress, 1 fawdn
W TP SAUrZaLOn

"Upp suial weld only, 5o residual sress, | flaw iy’
' serization w 1550 pui at 20 eiin

UREGATR-57%

Again with reference w Fig. D.9 (Appendix D), these
values should be increas.d by a factor of <1 7 o in-
clude the residual stress. Tomvenmmmfm

density given in ftef. 7 The best-estimate Naw
density is | Naw/m? (Rel. 7), and a Naw density of

45 Naws/m? corresponds 10 ~1 flaw in the Yankes ves-
sel upper weld. [If there were more than | flaw w the
region calkculated. 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 1 P(FIE) of regions
other than the axial welu will at least double the
value obtained for the later region

Applying all of the above faciors yields
P(FIE) (mean, w/o repressunization)»S 0 x
104 x 17T xd48x%=Bx 102

P(FIE) (mean, wirepressurization) » 1.2 x 107 x
17485 222 %100,



7 ORNL Estimation of Frequency of
Failure for Yankee Rowe

The fraquency of failure of the vessel is caloulated as
follows:

_‘ |
¢(F) = i(o.(!)"\l'v(l)lal(rim :

whee

@F) = o1 frequency of failure (fallwes/reacion yr),

oM = Wnitiator fraquency for it transicnt,
Py(B) = branch probability for 8 branch, it
vansient, and

WE = q(!)l’l?.,(ﬂ)- frequency of the PTS
wansient (event).

For the SBLOCA.-7 transient, () = @) = 2 x
10°3/yr, or 4 x 103 if the transient conservatively

bounds all other similar LOCAS. As indicated in
Appendis A, both values are considered w be reason-
able mean values

Using the lowes of the (wo,

@(F) (SBLOCA 7) > 2x 103 = 8x 107 =
2 % 104/t

With repressuri<ation as described above,

WFNSBLOCA-TR) » 2 x 103 x 2% 10) =
4% 104y

Thegs values sie subsanually greates than the value ol
§ = 10°0 failures/yr referred 10 in Reg. Guide 1154 as
thie “prumary accepiance crtenon” for the PTS mean
frequency of vessel fulare,

8 Conclusions

Values of RTypyy calculated for Yankee Rowe in

accordance with the rules in J0CFRS0.61 for compar-
son with the PTS-Rule screening criteria are substan-
ually greater than the screening criteria values.

The PNL version of VISA-1l and the (X'A:md

hilistic fracture-mechanics codes, which are
in Reg. Guide 1.154, are in good and are
valid for their intended this review,

an error was found in :A.nﬁummuy
been correcied. The sbove statement pertains Lo the
comected version.)

The 1990 mean frequency of fadlure caloulated b
ORNL for the Yankee Rowe vessel is »2 x IOJM and
thus exceeds the value corresponding W the "primary
accepance oriterion” in Regula-tory Guide 1.154 (5
10 freactor vr). As stated in the Reg. Guide, however,
this does not necessarily mean that the vessel is unsafe
10 Operaie.

here are many uranswered Guestions regarding detaits
of the YAEC IPTSype’ evaluation of vessel integ-
nty. It seems vnlikely, however, that answers will
substantiaily alier the above es imated values of @(F)

NUREG/ACR-5799
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4R D. Chevenon, Oak Ridge Nauonal Laborasory, personal

Other comments will addeess the applicability of
the data base used 10 esumaie the aclual Inilating
event freguency.

Pp. 6-58. Initiating Event Frequencies

Calculation of mean froguencies from the rssumed
lognormal distributions 1 correctly done although
the mean/median ratio for the error factor of 30 1s
higher than necessary This reviewer calculated that
comrection « te R 4R rather than 9.06. However,
the use of te geometric and/or anthmec mean
presented in many places s not Clear. 1 appears
that the mean from the assumed distribution should
be used. Clanification of this point is needed

Pp- 6208, Kjc and K1y Curves

Discussion of the applicability of tese daia © the
Yankee vessel and the uncertanties inherent in uii
lizing the "mean” values is required.

. Pp. 6: 208, Flaw Density Distribution

The inital number of flaws 14 & region of interest
directly influences the probatility of vessel failure
by introducing mitiabon sites for crack propaga-
ton, The initial flaw density in the YNPS analy-
a8 15 stated to be 1 flaw/m3, and it is also stated
that the number of Naws in the Wil iradiaied weld
and plate material 1s five. This ohvioosl‘v implics
# total irradiated material volume of Sm*
analysis then assumes that one flaw exists in ea
of the (coincidentally) five vessel regions. The
second assumption implies that the volume of cach
region is one cubic meter. lrradiated 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 o vik Law per
region are as follows:

Volume Effecuve Flaw
Region md) Density (Vregion
Upper Plate 1.51 0.28
Lower Plae 130 0.77
Clrcum. Weld 0.085 118
Upper Axial Weld  0.018 556
Lower Axial Weld  0.0068 147.0

‘The widely differing volumes cause a marked bias
in the relative importance of the various regions o
the overall probability of vessel failure. An overall
unbiased estimate of total vesse! failure probability
is not possible since conditional probabilities for
all regions are not provided. However, it is clear
that the probahility for failure conditional on 2

Communication

NUREG/CR-579%9

single flaw must be ai least two orders f magni-
tude less than that of the axiad welds Tow their con-
tributions (o the tota! vessel faliure prolabality 1o
be equivalent,

The H. B. Robinson analysis utilized the !
Mawdensity distribution also guoted as the basis for
the YNPS submittal. The interpretation of that
reference is signilicantly different between the (wo
analyses, however, The H, B Robinson interpreta.
ton was that e value of one Haw per cubic meter
16 the most probable viie (o the Naw density snd
that the actuul fMlaw dersity could be much larger (or
smaller) than this. For this reason, a right-
truncated lognormal distribution was used theremn
(o describe the il Naw density. The mean
{average) Naw density under that model was
~4bymY. The particular form of the distribution
chosen was nol intended W be the only possible in-
erpretation. However, it was intended all available
information applicable 1o & particular vessel be
carefully considered in specilying o justfiable flaw
density. In view of the essentially hinear nature of
the vessel fature probability on the imual flaw
density, the discrepancy i the stated

and & justificanon for the lmiting flaw density dis-
inbution used should be provided. In particular,
singe 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 te other
areas are not significant is necessary.

. Pp. 6209, Normal Distributons

The truncation of fluence values in the fracture
mechanics simulations at the one sigma values
seems unjustified. Other truncations for matenal
propertics are at least three standard deviations such
that the effect of the truncation is not significant,

| Py, 6:209. Results of Analysis

The net result of the analysis is presented as being
representative of a "mean value” esumate. This es-
umate 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 fraciure 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 o limita-
tions in available data and calculational techniques
as well as the effects of other necessary engineering
approximations (such as binning of thermal hy-
drulic wansients, for example). The technique rec-
ommended therein is an uncertainty analysis of the
effect of the significant parameters on the estima-
tion of the overali frequency of fuilure, This was
sccomplishod for the H. B. Robinson analysis by
use of a Monte Carlo simulation, and the lechnique

Ad
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Anpendin A2

Thermal-Hydraulic Behavior in Small-Break LOCAs of
Significance to Pressurized Thermai Shock (PTS)
with Consideration of the Yunkee Rowe
Nuclear Power Station

SAIC Report No. 916501 (Final)

Executive Suminary

General considerauion has been given 10 small-break
LOCA thesmal-hydraulics of significance o FTS, with
emphasis on the potential 1o proceed 1o sgnation of
primary loop nawral circulation Now. Ingecuon of cold
(=120°F) safety makeup water inio o “stagnant” down
comgr region will proguce a rapid, perhaps severe, cool
ing of the pressure vessel wall. An independent ana
Iytical procedure was developed © quantily the wanser:
whermal response of the downootmer mixedmean Nuid
tempergture and wall heat wanslor m o manner simila
10 the REMIX code. Calculutions specific w the
Yankee Nuclawr Power Swation plant wete performed 1o
evaluate the YAEC submital using e REMIX code
The following conclusions and recommendations can
be made hased upon the present independent FTS
thermal-hydranlic ¢ valuations.

o Small-break (1<1210 3 in) LOCA transienis
should be expect d 1o provecd o primary coolant
fow stagnation. YAEC has correqtly considered
such a limiting sceniario for the Yankee plant. A
flow stgnation seenirio should s considered for all
PTS evaluations, inclading the H. B, Robunson and
Calvert CHITs plans: it uppears that this nay not
have been adeguatey nddessed for these plants

o Analyses congucied with the resent independent
mithodology end 8 review of the REMIX code
manual indicates that REMIX has been applied by
YALC as the cude developers intended. The current
analysis 15 in eacelient agreement with the YAEC
REMIX calculation. 11 was concluded that this
transient should te considered as a besiestimate
result owing 1o the extensive REMIX assessment
basis. However, it was also concluded that any sig-
nificantly less severe cooldown is unhikely for this
sconano with primary loop flow stagnation. Thus,
the KEMIX mited mean downcomer fluid lempera-
1 18 an upperbound but represonts the best-
estimate for expected behaviar, While the report
YAEC-1735 did not provide complete thermal -
hydraulic dewls, these have subsequently been pro-
vided by letter 1o the USNKC and considered in the
present evaluguons in this final report (but not 1n
previous drafl versinns).

¢ Yankee plantspecific design features could be
important 1o the fluid mining process, especially 1o
the {iuid behavior adjacent o the vessel
wall. The approprisiencss of REMIX assumpiions
for the YNPS geometry may need o be further con-
sudered,

Preface

This report was previously distribwed L owe m drak
form, including Rev. 1. These two versions considered
only (e limited infarmanon pontained in the repon
YAEC- 1735 on the SBLOCA thermal-hydraulics. In
June snd July 1991, Yankee Atomig provided complete
dotails of their REMIX evaduation (nclu «d as Atach
ments A and B aof this report). The now YAEC infor.
MULION pernsd © primary coolint sysiem geomewy,
initial »ant condiions @ Mow ugnation, boundary

condivons an salety igection flow, and REMIX dewails
sieh as downcomer mined-mean flud temperatur:

This new wilormaton necessitated re-analysis by SAIC
a5 well as minor modifications of the conglusions and
recommendations. This FINAL version is being pro
vided alter Consderation of this complete information

AT NUREGAR-5799



I Introduction and Background

Exicasive safety assessment research, both exj<s imen-
tal and analyvical, wits conducies during the past decade
on the pressuszed thermal shock (PTS) issue. Thas
work resulted in rule making, 10CFRS0.61, "Fracture
oughness requirements for protection against pressur-
ized thermal shock.” The US. Nuclear Regulatory
Commission (NRC) has received a submittal under this
rule for the Yankee Nuclear Power Station (YNPS),
“Pressure Vessel Evaluation Report,” Yan! s Atomic
Electric Company (YAEC) Report No, 1738, July
1990.1 Their evaluation considered the individuai
“PTS risk” from a spectrum of hypothetical accident
iniuators and concluded that the dominant event is a
small-break loss-of -coolant accident (SBLOCA)
(~1-1/2-in. diameter break). The SBLOCA sequonce
being risk significant is in agreement with conclusions
for the NRC's assessment of similar "baseline plants,”
H. B. Robinson and Calvert Clifrs, which previously
underwent significant evaluation. SBLOCAs tend 10
be risk dominant because of the potenual for severe
{rapid) temperature cooldown of vessel matenaly while
at significant pressure. This situstion occurs due W the

fact that for a rangz of sraall (~ 139 3 in.) breaks, b
mary coolant logp Sow stagnetion can oouar ot signili.
cunt pressure (~ 800 psi) aciomypraried by ar exwended
period of afety mpection (81) of cold (= 120°F) waler
o the downcomer region. The YAEC predicied
downcomer pressure and Nwid temperature s shown by
Figs Al and A2, respectively. The downcomer
cooldown rate (0.4 10 1.3°F/s) for Yankee s sigufi-
cantly greaicr than that considered “prototypical” from
the H. B. Robinson and Calvert Cliffs haseline PTS
siudies. 23 This large cooldown rate, in concent with
YNPS materials and newtron fluence, has 12 ed con-
cerns over a large through-the-wallcrack probability
for this SBLOCA scenario. There is additional con-
cern over the specific YNPS wemperature history of
Fig. A2, ansing due o the calculawd dichowmy in
downcomer cooling rates before and after 200 s-reduc-
tion in cooldown by a facior of three, The transient re-
sults of these figures required a switch from the system
simulation (PETRAN) 10 the loop-downcomer empin-
cal model (REMIX) at 150 &,

2 Scope and Objectives

In order w independently evaluate the calculated behay -
ior in the YNPS, as well as o gualitauvely considrr
differonces between H.B. Robinson and Calven Cliffs
behavior from Yankes, the present work has been per-
formed; initial consideration was provided @ “Review
of YAEC-1735, Reactor Pressure Vesse! Evaluation
Report."4 The scope of the present work is 1o provide
2 qualitative description of SBLOCA v !
hydraulics behavicr including controlling phenomens
and then 10 provide quantitative Somparisons on
cooldown potential in YNPS relative © the carlier
baschine plant studies. This work draws from insights
gained from previous evaluations2.3.5-9 as well as per-
torms new, independent calculations for YNPS 1o help
explain plant-specific behavior and to clarify expected
deviation from those eartier studics.

The overall objectives are 1o provide a narmative describ-
ing generic thermal-hydraulic behavior in SBLOCAs of
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PTS significance and then W provide "audit caleula-
uons” for Yankee as well as comparisons with H. B,
Robinson and Calvert Cliffs, There are three specific
ohjectives addressed in the following sections. First, 0
provide a narrative of qualitative thermal-hydraulic tran-
sient behavior leading 19 flow stagnation and to idenufy
plant-specific parameters pesinent 1o cooldown hehav-
1or, Second, 0 quanly the cooldown potential of
Yankee relative to H. B. Robinson and Calvert Cliffs,
mncluding a formulation of bounding downcomer cool-
down behavior Third, 10 evaluate the Yankee behavior
during the stagnant loop flow regime when flud-Nuid
mixing dominates the thermal response. 1t is the intent
of the author W provide a review useful W those with
limited thermal-hydraulics background 1o help them
comprehend genenic plant response and 1 provide plant-
specific perspectives 10 aid i evaluation of this first
“PTS plant submital” 10 the NRC.

AR



=S S T IR AN eI e

3 Generic Therma!-Hydraulic Behavior in SBLOCA and
Controlling Phenomena

Extonsive resctor sysiems aralyses with modern
thermal-hydraulic compuier codes, TRAC? and
RELADPS ¥ have ideniified small-break LOCAS as im-
portant sconanos with respect 10 pressurized thermal
shock 2.3 These thermo!l-hydraulic analyses revealed
diat there may be special concern for SBLOCAs which
result in sta jnation of the pricvary coolant flow while
at significant pressure. Such a scenario could result in
severe o ercooling and pressurized ansients owing ©
sustained periods of cokl {120°F) safety injection waler
into cowncomer w aief that has boen isolated from core
and steam genarator (reverse) heat sources. The fol-
luwing narmative presents a description for *genenc”
SBLOCA transients with particular atienuon on con-
wolling phenomena. Thio is iniended (0 provide the
reader with o gualitative "pictwre” of transient thermal-
hydrauli: behavior in such a risk-dominant PTS

Pressunzed walcr reaciors are dssigned 10 ensure that
cors heat removal capability is maintined in the event
that pumping capacity is lost, that is, © ensure natural
cuculation of the primary coolant. Driving forces that
sustam the natural coculaton are differential pressure
“heads” arising from the cooling of waler in steam gen-
erstors located above hotier waler in ihe core, The den-
sity dufforences and elevation changes can drive @ signil-
icant fNlow of primary coolant water. In consideration
of PTS scenarios, this natural circulation has a two-
fold beneficial efiect on mitigaung the overcooling
transient  Furst, the circulaung waier maintauns the
vessel voull with heal from the core as weil as “reverse”
heat transfer from the sieam generator secondaries. The
second effect is W promote mixing of the cold safety
injection waltr with the entire primary system water
mass. Thus, natural circulation can greatly mitigate
overcooling. If natural circulation is inmterrupted, the
stagnate configuration loses these twe heneficial effects
and sigruficantly more severe overcooling will result.

An interruption of natural circulation will oceur if there
15 & "break” in coolant Nluid strean continuity, 12, a
void region form: and mierrupts the siphon cffect. It is
possible for a “void” (sieam) 1o form aiter the blow-
down from a small-break LOCA; this void normally
accumulates in the highest region of the sysiem, for
example, the Ustubes of the sieam generstors. The
primary coolant circulaton will remain stagnated,
thereby setung the stage for an overcooling transient
unless this steatn void 4 collapsed by condensation or
SYSIBIN repressunzaton.

For a SBLOCA scenanio w be of extreme PTS signifi-
cance then. there must be both a flow stagnanon and a
significant primary system pressure. If the break size
is small, the system will remain pressunzed, but steam
voiding will not ocour and neither will fiow stagnation,

If Uie break size s lacge, Now stagnation will oceer bul
be accompiied by depressunzation I iow pressure.
Thus, there is @ speclrum of break sizes with a lower
and upper lirait that may be expecied w envelope
SBLOCAs of special PTS significance. A simple pro-
cedure has been developed by this suthor and Professr
Theofanous” 10 determine the minimum break size thal
can produce primary loop Now stagnaton un a plant-
spocific basis. This "mapping” is possible after realiz-
ing that interruption of nataral circulation occurs due 15
& break in the primary circuit's guid continuily. This
will occur if the primary system sustains 8 loss of
liquid arising from the break flow exceeding the waier
inflow from the safety injection pumps  Since both of
these boundary flows depend on primary pressiry, addi-
tional consideration must be given 1o the transient
thermal-hydraul.c behavior for the small-break LOCA.

An overall descripuion s now presentod for the sysiem
transient thermal-hydraulic response for » SBLOCA
with & break size that leads 10 ion while ot sig-
nificant pressure. The scenanc of particular sigaifi-
cance for PTS is an accident initlation while the plant
is at so-called "hot zero power” with 8 break size of
typically 1-1/2- 1o 3.in. diameter. The pnmary system
pressure will typically fall rapidly but then stabilize for
an extended period, the behavior foe Y ankee shown in
Fig Al 18 & typicul response. Thiz shows the ex-
pecied SBLOCA “pressure “, an iniugl pres-
sure of over 2000 psia with a decrease 10 700 w 900
psia over 3 10 6 min. The important featvie is that the
pressure “holds” al a significant valoe for an exy aded
peniod. This is a consequence of pimary wator fash-
ing at its saturation wmperaiure while being augmented
by revarse heat transfor from the fieam generaior sec-
ondary side 1o the primary water. This hoat transfer
maintains the stagnant Nuid in the swean generaior
primanies at the saturai.on emperatwe and therelore
mainaing the pressure via boiling. The enswing steam
will then form a “void” region al the 1op of the system
(U-ubes) and interrapt cotural circulation. Thas jes-
sure plateau value can easily be computd on a plant-
specific basis; it is simply the saturation pressure cor-
responding 10 the liguid temperature of the sieam gen-
eralor secondary (shell side). For PWRS, this is typi-
cally w the range of 800 10 1000 psia whily at hot zero
power. Knowing this plaicau pressure will then allow
one 16 compute @ plant-apecific munimam break size in
& SBLOCA that will cause Now stagnation. The tbeeak
outflow (QBreak) can be approximated by

[

e
)
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where hig is the latent heat of evaparauion, T is the
waler temperature, Cpy; 18 the specific heat, and A s the
minimur break area. The primary sys.om Hguad vol-
umetnic inflow can be computed from the piant-specific
fagh-pressive-ingecuen (HPT) head-Now curves e ali-
ated ot this pressure. This wall allow for a cslculation
of the minimun break area in Eq. (A.) ) that results in
& primary sysieni net liquid volume loss, and ult-
mately flow stagnation.

Downcomer Muid temperatwe respease is directly con-
wolled by the primary systoms' coolant Nlow behavior.
Prior to primary depressurization and subsequent boul-
g, natural circulation with heat sources tends 1o miu-
gate cooldown from injection of the cold HPI water.
However, almos, immedchately alter flow stagnation
acours, the downcomer fluid temperature begins a rapid
decrease. The YNPS behavior of Fig. A.2 1s qualita-
tvely representative of this effect, that is, minimal
wohn;c-iymmdmmcodmdm-?n-
uon. Indeed, this figure shows very rapid (-1.5°F/s
cooling wnmediately afier stagnation and then reduced
cooling duc 1o wall heat transfer and warm fluid mix-
ing. As will he discussed in the following sections,
the YNPS cooldown is greater thar that of the
"haseline” Calvert Cliffs and H. B. Robinson behavior.

The longermn SBLOCA thermal-hydraulic behavior is
controlled by hot and cold Nuid-Muid mixing with the
absence of bulk loop circulation. Figure A 3 (taken
from Ref. 8) conceptually wlustrates the flow hehavior
in the downcomer and cold leg regions. There are three
key phenomena of iriponance to the thermal-hydraulic
cooidown 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 i gion with perhapy strong
coupling © warmer water in the luops and lower
plenum. The first phonomenon 15 the “flow splituing
of inpeciad HPL waler; some fraction of the cold e
ton water may flow away from (he vessel mitigating
tie downcomet couldown. The secand phenamenon is
an entrained, backfow of relatively warmer water from
the dowicamer region into the top of the cold leg.
This effectively wanns the inflowing water 1o the
downcomer, also mitigating the cooldown. The third,
and by far the most important phenomenon, is fluid-
flud muning heiween the downcomer flows and the
lower plenum water.

In summary, this section has provided a generic
description of thermal-hydraulic behavior for a imiting
SBLOCA. Indced. it has shown that for a specific
range of bweak sizes, flow stagnation can occur at pres
sure producing a severe overcooling. The transient
proceeds with a rapid blowdown (0 a pressure plaleau
controlled by reverse heat tansfer from the steam gen-
eralor secondanes’ liquid. The minimum break arca
that produces this behavior on a nlant-specific basis can
casily he estimated based on a balance between bicak
outflow and safety injection inflow. During this early
penad, there is significant natural circulation loop fow
mitgating downcamer cooldown. Afier flow stagna-
uon oceurs, the cooldown can become severe due 1o
loss of both heat sources and the bulk convective mix-
ing with the entre primary waier mass. The stagnant
downcomer cooldown rate is controlled by three phe-
nomena of flwd-Nuid 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

Fyaluat ons of the pressute vessel wall fracture me-
chanics are closely coupled o the trunsiont thermal-
hydraulic behaviar in the downcomer. In particular, 11
1s necessary (o detarmine the pressure vessel wall wim-
perature response @ the boundary conditions of the s..7-
face heat vansfer oefficient wnd fluid wmpenmture.
During the early peciod of ware] circulation within the
W caolant sysiom, RELAPS, RETRAN, or

C “systems codes” are traditionally employed
However. once loap stagnaton oocu 3, these codes are
nappropriaie due (0 the inability 10 correctly represent
“stagnant” mixing of coid nd warm wuter regions; the
flow behavior is ¢ wminated by complex turbulent mix-
ing driven by buoyancy rathes than momentum effects
This flow behavior has bee the subject of extensive
experimental aud analytical studies. As a result of
these sushies, the REMIX computer code hi, been
developed 10 evaluate downcomer response 10 salety
injection of cold water into # "siegnant” sysiem ¥
Yankee Atomic employed 10 quantdy
YNPS behavior, a5 shown by Fig. A.2. In crder 0
provide an independent calcalational audit of these
results, the present analyses have been conducied. The
following sections outine the methods, paametric
studies, and Yankee evalnation with the ficesent model.

4.1 Methodology

The present study focused on paramitnc evaluations of
the mixed-mean (luid wmperatare in the vesscl down-
comer rogion. The results are then expected to be com
parable with the comresponding REMIX value, Tpy,.
mmwmmmmmumx-
uimulated safety ingction and detatled mixing
with various fluid regimes, but rather treated these phe-
nomena parametnically 1o obtain an enveloping tran-
sient response. Funthermore, the current model does
nik address the pluming effect (reated by REMIX) that
calculates colder wemperatures in the plume below the
cold kglmmmm; that is, mixing region ¢ of

Fig. A3,

4,1.1 Fluid Thermal Energy Balance

The "mixing cup." temperature (Tpx) with a fuid
region (control volume) due 10 instantaneous mixing of

an ircoming (colder) fluid stream of flow rake M jyp
and wmparature Typy s given by

white M s the mass of flard in the mixing region and

0 wall 18 the wall heat wansfer. 1f wall heal tmnsfer
is ignored, that 15 adiabatic . this equation can be inte

gruted 10 give
L e I AY
T“-‘ - Tm

where Tigg 18 the intial Nuid wmperatwre, However,
w realisucally evaluase reactor behavior for PTS
senarios, the wall heat transfor must be evaluawed and
Eq (A1) megrated numerically, using 1o appropriaie
initial and boundary conditions.

d.1.2 Waill Heat Transfer

Quanitification of the teimporsl rosponse of Q watf
requires calculation of tw vessel wa!l heat diffusior
behavior as well as the swiace heal wansfer coedficient
For the present work, the wall heat transfer has been
evaluited by solving a one -dimensional, finite-differ-
ence mode! subjected 10 # uniform initial iemperatwe,
an adiabatic houndary condition at the extenor surface,
and & known (trunsient) internal heat flux boundary
condi.rl.i)m at the internal downcomer fluid face (e
hAAT),

The above model of coupled wall and fluid tansient
thermal response has been numencally implemented
ino & small FC computer program.  This program
compuies 8 mixed-mean downcomer fluid wemperature
subjecied w nput bendary and initial conditions. The
code has been used w parametrically evaluate the influ-
ence on fluid and wall temperature transient of control
ling parameters, including

o fluid mass paructpaung in the "stagnant” mixing
problem, such as the cold legs, mlet annulus,
downcomer, and/or lower plenu.. regions;

s safety inpction flow rate into the downcomer; and

o wall heat transfer coeflicients.

4.2 Parametric Evaluations

This section presents the results of parameter analyses
using the above txsient thermal model with condi-
tioss similar 10 “hese of the Yankee plant, Table A
lists the parameters selected Yor the parametnic evalua-
uon. Specific YNPS resull are given in Sect, §.
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4.2.1 Heat Transfer Coefficient

Figure A4 shows 1.2 calculatod natura) convection heat
wansfer covdicient as & function of temperature difference
(AT) between the wall and the fluid. As shown, the
value also on the waler wemperature (Lranspon
properties). the practical range of plant condition
during the cooldown. ihe heat transfer coelficient vanes
betwoen abowt 100 and S00 Buhn2°F. Higher coeffi-
cients will tend 10 mitigate the downcomer wale!
cooldown; however, this sepresents the most severe
thermal shock 10 the pressuce vessel wall and thus is
“vonservative” iromn @ safety perspective. Figure A S
llustrates the parametnc effect of wall heat ransier coel-
ficient on iemperature of the mixed-mean downcomer
water. This caleulat' on used the "baseline values” of
Table A.1. It can be concluded that for wall heat transier
coefficients greater than 400 Buy/h12°F, & "conduction
bunited” process is goveming. That is, the weil surface
i% in thermal equilibrium with the fluid and heat transfe:
is limbied by heat diffusion from the vessel wall material
iwelf. A value of 400 Buwh-n2“F was selected for the
NRC's H. B. Robinson PTS evaluation? and is used as
the present haseline in subsequent calculations,

4.2.2 Sa¥ety Injection Flow Rate

Flow distribution of salety injeciion [high pressure in-
Jecuon (HPD)) water o the cold legs is quahiatively
llustrated by Fig. A.3. Flow behavior is controlied by
buoyancy effects, that 15, by Froude number similanty
cnteria. 1t s likely that some fraction of the HPI waier
will “backflow” away from the vessel, tending o miu-
gate the cooidown, at least duning the initial rapid cool-
ing regime. REMIX has an empincal model that de-
termines the backllow fraction (and corresponding
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‘entrainment” of wamer wales). Figure A6 illusirates
the parametnic of fect of reducing wilow rate © the
“Nuid mining volume.” 1t can be concluded that the
cooling is significantly reduced only f at least one-hell
of the HP! water flows away from the vessel,

4.2.3 Mixing Water Volume

The preseat analysis for the mixed-mean Mud tempera:
twre (as vwe'l as REMIX) acsumes thal a single (large)
volume jrucipates in the hot-cold fluid mixing pro-
cess. Figure A7 illusurates the parametric effect of
varying the mixing volume assuming baselue parame-
ters for other variables, For the Yankee plant, the in-
cluded volumes represent the following regions of the
primary sysiem:

200 11} - Inlet anmcing below 10p of coid legs and
downy uner region

I - Abov . regions plus cold legs between
injection point and vessel

BOOfi3 - Above regions slus lowar plenum,

Figure A7 demonstrales that the mixed-mean fluid
wmperature is strongly dependent on the assumed Nuid
regions participating in the mixing process. For the
Yankee plant, 1t quantifies the substantially mitgating
effect of including the lower plenum volume (467 fiY)
in the mixing process.

A2
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5 Yankee Nuclear Power Station Audit Calculation

The sanalytical model discussed in the previous so-uon
has heen used 1o formulate 8 Yankes Nuclear Power
Station plant-spec fic evaluation. The objective wis

evalusie the reasonabicness of the YAEC REMIX re-
sults using the independent calculational wo! of the pre-
vIOus . Specifically, this effort was o evalusie

the Y downcomer Nuid mixed-mean & nperature
(i.0.. that corresponding with Ty of REMIX). As noted
in the pc aface, detailed information on the REMIX
mode!, input, and calculational results were by
YAEC in a letter report June 26, 1991 (Atachment A)
and through a telefax on July $, 1991 (Auachment B).
This information and elcconferences with Y AEC and
mcmmwamwmma
results for the SBLOCA sconario. Based upon this in-
formation, the following is now known:

®  Primary coolant flow stgnation was calculaed
(by RETRAN) 10 ocour at 150 s with the yysiem
downcomer waler at 476°F. The REMIX calvula-
tion hegan al this ime.

b The downcomer fluid tempersture presenied in
YAEC-1735 is the REMIX value Tjymp (a plume
temnpersturs) not the warmer mixed-mean tempera
ture, which has now also heen provided (Curve 2
of the YAEC 6/26/1 Leter, Attachment A)

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

SAIC's computer code that calculates the mixed-mean
downcomer (luid temperature was used with considers-
uon of this new REMIX information. The following
changes were made from the previous caloulations:

@ The system metal mass was expanded (o also in-
clude the lower plenum region and the (double-
sided) thermal shieid,

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

¢ Mixing volumes were compared 10 YAEC values
and found W be in nearly exact agreement with that
used in the previous analysis, however, the towl
S1 flow is now ingecied into the ol REMIX fluid
volume.

& The YAEC REMIX model includes the flow of
heat from the ¢« e region; this is not wicluded in
the SAIC moded thereby producang a slightly
greater cooldown,

¢ The trangient was initigtod at 150 § reactor tme
with the flud at 476°F

f)  Safety injection flow was &t 120°F (haseline) and
parametrically evaluaied at 170°F

p  Comparisons were tasde with YAEC REMIX Ty
values; the mixed-mean Muid lempemre was
uken from the YAEC output listing.

SAIC's new results are compired with the Y AEC value
inFig AR Excellent ugraement exists between the
YAEC REMIX 1 sults and the SAIC simplified model
The deviation at 1200 s is less than 20°F and likely
occurs due Y AEC's comrect inclusion of heat low
from. the core region.

The effect of mhuungme safety injecuon water (o
170°F \s quantified in Fig. A9 by comparison 1o the
YAEC REMIX a1 120F,

Consideration of the YAEC results and the present
independent analysiy leads (o the following conclu-
gions, The early time period (0-150 s) ~ooldown is
realistic and consistent with expected fluid behavior
during the wansition 10 primary cooland system bulk
fluw .tmm ‘The dramatic decrease in cooldown al
200 3, in the .eport YAEC-1715, is due (o inac-
curste plotting of REMIX resulis. The long term
cooldown under stagnant o didons (after 150 §) has
been correctly simulated by Y AEC with the REMIX
code. REMIX has been shown to be in very good
agioement with & wide range of experimental data m an
extensive assessment project. |C The YAEC results
(Fig. A 8) must therefore be considered as best-estiniate
results for the mixed-mean downcomer fluid empera-
e Fluid emperatures below the cold legs (plume
region) are lower than these values; the YAEC REMIX
vilues for this region are those given i repon YAEC
1735 (also Fig. A 2 of this report). There is ro reason
0 expect that any less severe downcomer fluid e pery-
ture wransient could occur in this SBLOCA scenario
with the given inital and boundary conditions (¢.§.,
tripped main coolant pumps). The only knowvn omis-
ston of a heat son ree from the REMIX caleulations s
from hot water in the harrel baffle region. Thus, it is
concluded that Y AEC (REMIX) calculated downcomer
fluid wmperatures are bath ~ best-estimate and likely an
apper bound viue for anticipated thermal-hydraulic be-
havior. This result being simaltaneously an upper
bound and a best-estimate needs clanfication, It is
bost-estimate owing 1o the validity of REMIX per the
extensive assessment basie. 10 Tuis an upper bound

in that tere are only muimal thermal or fluid phe-
nomenan that would lead o any less severe cooldown
for this transient. Indeed, this is the essence of the
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REMIX phenomenological assumplions and i is well

vabidaiod tirough COMPANSONS 10 €XIENSIVe EXpenmen -

w data

Finally, it is noted that cortain Yankee plani-specific
design features may serve W influence the Muid Nuid
MINING process relative 1o that expected of larger
plants, e.g., Calven Cliffs. These feawres arc
revealed by the pressure vessel cross section of
Fig. A10. For the Calvert Cliffs plant, the down-
comer gap 18 roughly 10 in., while for the Yankee

plant i is sbout 3 in. This much narowes gap may
reduce lower plenum water mixing and influence ther
ol -hydraulic hehavios 1n the downcomear . Another
concer is the influence of the Yankee goometrc dewils
in the downcomer inlket annulus region As shown by
Fig. A 10, the upper core suppon barrel has an ouler
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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7 Summary and Conclusions

General consideration has been given (0 stmall-break
LOCA thermal-hydraulics of significance o PTS, with
cmphasis on the potential 10 proceed 1o sugnaton of
primary loop natural circulavon flow. For break sizes
in the range of 1-1/2 10 3 in. in diameter, liguid out-
flow will typically exceed the safety injection capacity
(a1 700 psi) producing a "break” in liquid continuity
and thus interrupt natural circulation. Inpection of cold
(120°F) safety makeup waler inlo a “stagnant” down-
comar region will produce & tapd, perhaps severe, cool-
ing of the pressure vessel wall. An independent ana-
Iytical nrocedure was developed to quantfy the transient
thermal response of the dowacomer Muid wmperature
and wall heat transfer. This mode! predicts a mined-
mean downcomer fluid temperatare in & manner similar
10 the REMIX code. This model was used o paramet-
rically eviluate the nfluence on Nuid wmperature of
variations in wall heat transfer, safety injecuon Mow-
rates, and water volumes participating in the mixing
process, Calculations specific 10 the Yankee Nuclear
Power Swation plant were performed 1o evaluate the
YAEC submittal using the REMIX code. Considera-
tion was then given o the potential for both less and
more severe cooldown transients. The following con-
clusions and recommendations can be made based up.on
the present independent PTS thermal-hydraulic
evaluations

a Small-break (1-1/2 10 3 in) LOCA transients
should be expecied 10 proceed 10 primary coolant
Now stagnation. YAEC has correctly considered
such a limiting scenario for the Yankee plant.
However, the sequence frequency analysis should
only consider small break initiators i@ this range,
that is, smaller and larger breaks will have either &
much less severe downoomer 7 conldown or
will depressurize w a low pressure. A flow stag-
nation scenario should be considered for all TS
evaluations, including the H. B. Rebinson and
Caiven Cliffs plants; st appears that this may not
have been adequately addressed based upon cursory
review of Refs. 2 and 3.
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After flow stagnation occurs (346 mun), the il
downcener fuld cooling can be very severe, ovet
155, However, the cocldown will soon be
moderaied doe (o mixing with Dol water in the
cold legs, inlet annulus, downcomer, and lower
plenum. The specific cooldown behaviar is con-
volled by flwd-Nuid mixing phenomena in these
primary systom regions. REMIX has been shown
o have remarkable predicuve capability for such
PTS behavior, 10

Yankee Atomic Electric Company has employed
the REMIX codde to determine the transient
thermal -k draulic behavior in the downcomer
region. SAIC has developed an independent wol
0 evatuale the mixed-mean dowsicomer fluid tem-
perature. Comparison between the two codes
show excellent agreement. 1 is concluded that
YAEC has correctly applied REMIX 10 evaluate
the SBLOCA sequence. Hence, the results pro-
vided by Y AEC should be considerced best-estimale
values. The mixed-mean fluid temperature of Fig.
AB should be considered as both best-cstimaie and
as an upper-bound. However, the onginal dow-
comer Nuid thermal response of YAEC-1735 (Fig.
A.2) represens the colder plume region below the
cold legs.

The Yankee plant has design features and opera-
tional charactonistics that are unique. These in-
clude a "recessed * apper barrel * narrow down-
comer/ihermal shield region, a. - a large safety in-
jection flow for & “small” plant. The potental
impact, if any, on REMIX hydrodynamic and phe-
nomenologice! modeling and assumptions should
be addressed. However, the REMIX code has been
well assessed and must be considered as represent-
ing best-estimate behavior.




8 Recommendations

YAEC has provided compae detals from the phants noed 10 be revewed © enswe that adeguate con-
SBLOCA REMIX caloulauen, inclding plume tem- sIderauon wis gIvea 10 Mow SUENSUGN SCERAros.
i the downoomer regrons below the cold
The fraciure mochanics lechnical experts should A possible noew exists for research on the influence of
onsure that appropruie Nuid emperature: haoe hoen specific features on the VTS thermal-hydmulic
used in thewr evaluations. vior and the inherent assumptions of REMIX.
Specifically, (oldon) pliits with narrow downcomer
Thermral-hydraulic SBLOCA wansients used in the P'TS gaps and large HPL flows could pose unigue congidars
stady  w the H B, Robinson and Calvert Cliffs wons not coversd in the assessmeni basis of REMIX.
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' Table A | Thermal and Hydravle Parumeders Usod Tor te Panameie Evalusaons
! High Prevure Inpecoon Tomperature “F 130
. High Pressure Ingection Flow. Ib/s 45, 67,
Initial Wall Temperature at Flow Stagnauon, “F 450
, Pressure Vessel Wall Area, fi2 ath
f Downcomer Water Tempetature al Stignation. 400
i Fluid Volumes Participating in “Stagnant’ Mixmg, fi 200, 333, 800* |
- Wall Heat Transfer Coefficient, Brahn 2 ¥ 0, 4, 108 |
i i
, *Host esumnate @ wme of study. !
|
|
|
I
|
i
| i
[ i
| |
| |
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Table A2 PTS Compuarison Betwo.a YRPS. H. B, Robinson, and Calvest Cliffs PWRs

Plant

Yankee Rowe il B. Robinson  Calvert Clulls

PLANT PARAMETERS®

Hot Zero Power (MWL) 0.5 K3 94
Downcomer Volume (13) Ko 184 706
Coid Log Flow Area (ft” . 1.6 4.1 46
Cold Leg Diameter (ft) 1.5 23 2.5
Saturation Pressure i §. G. (psia) 750 108% 911
HPI Flow (at above P) (113) 1.5 16 1.9
Assumed Downcomer Temp ot Stagnavon (“F) AKD 480 480
HPl Water Temp (°F) 130 130 130
CALCUL ATED PARAMETERS

Minimum Break Area for Stagnation (in.2) 1.2 1.3 16
Minimum Broak Diameter for Stagnation (in.) 1.2 1.3 1.4
Initial Downcomer Cooldown with Perfect HPT Mixing (°F/s) 1.2 06 0.4

*Numbers are approximate and vsed o dlustrate relaive valoes betwesn planu

NUREG/AR-579%9 A20
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Fig. A3 Conceptual defintion of flow regimes m the cold keg and downcomuner regions due
0 HP! water (Theofanous et al.).
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Afttachment A
to SAIL R(-p.::l Nao. 91-6501 Appendix A 2

Letter from J. D, Haseltine (YAECQ) to
U* 'C, BYR 91082, June 26, 1991

YANKEE ATOMIC ELECTRIC COMPANY

P iy

p P .
/ ) o iyl \
\\\, E : Pﬂ. ) 880 Main Brree!, Bohon, Massachugeris 017401388

_—

e

ynited States Nuclear Regulestory Commigd
Document Control Desk
wesrington, OC 2084¢

Reference (e) Licanse Ko, DPR-1 (Docket Wo. 50-29)
() USKNRC Letter. P, Sesrs t0 6. Papanic, deted Jume 20, 1961
Sublect: Regquest for Agditicons' Informption Concarning REMIX Calcuiation:
A

Encioses 14 our ratdonse t0 the informetirn recoested 1n Raference (2

We srust you wil)l fing thip tnformetion satisvactery 1 you need
pggitional Informasion, please fae’ free t5 conteclt w
' y yOurh

YANKER ATOM dong |

N 1.5-.2“" ',;- :.‘""‘“
\ \ e
\ “w NS/ z -
\ / \ & ’/
Vo S .t«’pxx, QAR N AN
WV Jonn D, Hasaltine

B

Project Director

Y

QF/mgt /¢ p/C72\3C
Engiosures
¢ USKRC fsgion 1
SNRT Resicent Ingpects ®




Attachmert (Enclosure for BYR 91.082)

In our July 1990 submittal, the limitng small break
LOCA (1-5/16 in. pump suction) analysis conserva-
uvely assumed loop stagnation. Under these condi-
tions, the REMIX code was used to predict the tem-
perature distribution of the injecuon plume in the
downcomer region. The application of REMIX 1o the
Yankee ECCS design is couservauve. Based on the in-
Jection velocities consistent w.ih the Yankee ECCS
design, more complete mixing would occur in the cold
leg than predicied from REMIX. This would result in
a warmer plume lemperature than reponed in the July
1990 submittal.

Due 10 we 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 shicld 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 iemperature closer (© the mixed-
mean temperature caloulated with REMIX.

The results reported in our July 1990 submittal for the
downcomer temperature were conservatively based on
the upper plumi¢ temperature predicted from REMIX
and not the mixed mean temperature. In response ©
your recent request (6/2(/91) we have evaluated the tm-
pact of not crediting the Jower plenum mixing volume
in the REMIX celeulation. The results of our evalus-
tion are presented in the attached figure.

NUREG/CR-579%9

The attached figure provides threc curves:

1) The oniginal downcomer temperature respoase for
the limiting small hreak LOCA based on the upper
plume temperature near the cold leg nozzle.

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

3)  The downcomer temperature response based on
mixed-mean lemperature withowt 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 w 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 submattal would offset the im
pact resulting i a similar downcomer emperature
response.

1t sheald also be pointed out that the application of
REMIX is conservative, and the assumption of stagna-
ton leads to a conservative vessel lemperature 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 resalting 17 a warmer plume temperature t.an
reported in our july 1990 submittal.

Becanse of the unique geometry of the Yankee vessel
thermal-shield and core bamrel region the lower plenum
volume should be inciuded in the mixing volume in
the RFMIX calculavon. Even if the lower plenum was
not credited in the REMIX calculation, based on the
above stated conservations, the vessel ‘emperature
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 0 our eleconference on July 5, 1991, we
provide the following:

Questuon:  When did the REMIX calclation stan?
Answer: The REMIX calculation started at 150 s,

Question;  What was the intial temperature assumad
in the REMIX calculztion?
Answer: The initial wmperature was 476°F,

Quesuon:  What were the 1otal SI flow rate and the

S1 water temperature used in the REMIX
calculabon?

NUREG/CR-57%

Answer:

Quesuon:

Answer:

Question:

Answer:

A34

U89 1t per loop, and 120°F

What was the thermal shield heat ransfer
area”

153 112 for both sides of the thermal
shield, this represcits a one quaner seg-
ment of the daermal shield

What vias the volume assumed in
REMIX?

Total volume = 264 113, and mixing
volume = 203 1>,



RO¥ QOKDITIONS

031 ~ S3LOCA NOF SUSTYON ~ 40 QPAR JMund {5 o v 0084 ¥Teel)
e 474,00 TRAL V.09

AQHPT = . 00B+00 BOWPI = . 39B400

JIMENSIONS FOR MIXING COMPUTATIONS
VoL = 364,10 VOIX = ac3.00
Dl = 88 DXL = 1.344 B2l » #1.400 W - 3N

ONFUTATIONAL PARAMETIRS
TIN = 180,00 THMAX =  4000.00 DELY = 50.00TINSR & 3000, CODTINPR =

BATIO = B0 BETA = 80

JIMENBIUNS AND PROPERTIRS POR HEAT TRANYER

PELCL & . 18B+00 DELDC @  ,668+0C DRLYS = . 13E+00 DELLP » . 33E+00
P = L AMRe00 DELIE & L 18F¢00 DRLOEe= (HARS0LD0CC = L BOB-02

MLE = 165,000 ADCH = 61,300 ATEH = 183,000 ALFE @ .4.800
APH & (000 ALSN = 101, C000ACEH = 217,000

ALCL & AAF-02 ALDE = L 1AE-0) ALTS = SA08+03 ALLP = L 11R-02
ALP = L47Bv04 ALIS = L 11E-03 ALCE = (ATE-QAALDCT = AT8+ 04

ARCL = . $78=02 AKDC = . 47R=-02 AXKTS = ,8/E~02 AXIP =  S7E=02
AX? = S8R0 AXIS w 87002 AXRCH » LRER<0IALDEE = (28E-03

HCL =  ,14Be00 fe L JAEe00 NI m L N4E4O0

EP 5 L ME+00 XIL8 ® 348400 HCB » . 14B+00 HO e EBE-03 YO 20.0
ODRS AND CLAD PARAMETERS

K= 5l NPie3l NP)=3d

JDCCL » 1 IDCDE « 3 IDCTE o ) KLy = 3
IDCP = 1 IDCLE &« 1 IDXXR = )

TINg = (3300 ARING = ,J47R-05 ALPINN = ,31.Be08
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CENTERLINY TEXPERATURES AT DOWNCOMER LOCATIONS,
TN = 000,000
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Appendix A3

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

J. W. Minarick. SAIC
708 South 1llinois Avenue, E101
Oak Ridge. TN 37820

The following commenis have been developed based
on a review of e Yankee Rowe (YNPS) PTS analy-
sis submittal, "Reacior 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 1 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 conceming analysis assumpuons, the com-
pleteness and appropateness of the YNPS acodent
sequences, and the estimated freguencies for modeled

Geongral Commeats

B

The himited documentation of the bases for screen-
ing accident miators and quantifying the sequence
plit fractions prevents detailed review and verifi-
cation. Numerous accident sequence splii frac-
tions are justificd by references o system event
wees and fault rees. These trees are not provided.
Also, the freguencies of support states on which
various split fractions are conditioned are not pro-
vided; therefore, reproduction of the sequence fre-
guencies is not possible.

The overall resolution of initiating event select an
for sequence development was significantly co. - or
than the resolution used in the PTS anaiysis 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 atiempt is made o systematically bound U
PTS risks siemming from intuating events and
accident sequences that are screened out on the
grounds of frequency or consequence. There is
often ambiguity as W whether a given initiating
svent is to be conservatively grouped with another
initiator for which the anticipated conseguence 1s
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 1s made to determine their aggre-
gate contribution to risk. Consideration of re sid-
ual PTS risk played an important role in the
ORNL analyses of Oconee, Calvert Cliffs, and
H. B, Robinson.

4

There appear 10 he inconsistencies between the
cunent operating procedures and the sequences
maxicled 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 1o be ripped as a
result of the safety mjecuon signal associated with
most initiating events and accdent sequences
which were analyzed. Because of thus, MCS re-
pressurization was limited in the analysis (o the
S1 pump shutoff head. However, restart of the
charging pumps (which could pressurize the MCS
to the primary reliel valve setpoint) and reener-
guzation of the pressurizer heaters are specific pro-
cedural steps following termination of S1and in u
sttuation where all steam generators blow down.

A39

In the reponed review of YNPS PRA event and
faul: trees by the PTS analysts on pp. 6-26, 1t is
not clear what criteria were used 1o identfy poten-
ual overcooling iniuating events and & “ident
sequences based on modls tha, -2 presumably
developed w address the potential for core damage.
Relatec w this, Table 6.5.2.1.4 was derived hased
on a review of the categorizatiow in NUREG/CR-
3862, “Development of Transient Intiating Event
Frequencies for Use in Probabilistic Risk Assess-
ments.” However, the focus of this reference was
10 suppent development of core damage PRAS by
identifying transient events which caused scrams.
Because of this, ransients listed in NUREG/
CR-3862 may not adeguately bound all ransient
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 15 consistent with the
YNPS Critical Safety Function Status Tree F-0.4,
INTEGRITY (which Goes not recogniz¢ an immi-
nent PTS condition for MCS cold leg empera-
turez >280°F), it may be & nonconservative
threshold for transient evaluation, Replacement of
the cooldown rate screening criterion (with, for
exampie, a crilenon incorporating cooldown
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magnitude) could heve significant impact on the
YNPS PTS risk prolile.

Since transients with less severe cool-downs are
far more frequent, their PTS sk could dominate
even if the probability of through-wal!l 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 1 screen out
from fumhar consideration PTS sequences that are
initiated by st -open secondary side relief valves
and small main steau: 'ine breaks. It should be
noted that

a. Inthe NRC's H. B. Robinson PTS study. the
initiating event frequeacy associated with
stuck-open secondary valves and small secon-
dary side ruptures 15 relative! - high (2E-2/yr).
If there are arguments 1o redi.e the comrespon-
ding YNPS frequencies relative 10 the
Kobinson number 1o a degree that warrants
the exciusion of this initiating event, they
need 1o be provided in greater detail

b. In the YNPS PTS Swdy, 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 facy, the class of sequences that is PTS
risk-dominant a1 Robinson involves stuck
open secandary valves following reactor trip.

Such sequences account for a total through wall crack
frequency of ~1E-8/yr on that plant. The ruuonale
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
ar secondary side safety valves if thuse are chalienged.
Numerous stuck open secondary side safeties have been
historically observed in the mdustry.

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 exampie:

a. Successful isolation of a small break LOCA
in @ main coolant loop could result in repres-
surization to the normal plant operuirg pres-
sure. While closure of the loop valves to iso-
late a break is not addressed in the operating
procedures, closure of the PORV or its block
valve w 1solate a transient-induced LOCA is
included in several procedures. Tt would seem

NUREG/CR-5799

10 be intuitve for an operator 1O atiempt 10
isolate a LOCA.

b, A cold water accident may be possible if the
valves on an isolated loop are suddenly
opened (operator ermor oF Spunous valve oper-
suon). Such an event could result in asym-
metric cooling of the reactor vessel, combined
with a rapid increase in reactivity. 1s this
type of accident possible at YNPS and, if so,
what are its PTS consequences?

There 1s apparently ne consideration (pp. 5-41) of
sequences initiated by loss of main feedwater fol-
lowed by actuation of cold emergency feedwater
(EFW). These sequences were addressed in the
Rohinson study.

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 15 controlled by a pneumatic signal based on
pressurizer level. What 18 the charging pump
speed on loss of air? If the charging pumps fail 1o
high-speed then this initialor may require addi-
uonal serutiny since the inain feed control valves
fail-as-is on loss of air.

Human Reliability Considerations

1.

While the HEP curves used in the YNPS analysis
appear (o be fairly conservative, their application
in the main steam line break (MSLB) and small-
break LOCA event trees appears o have generated
optimistic HRA estimates. For example, wi. .
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 lisied on pp. 6-83. The following are
some specific concerns related w the HEP
esumaies:

a. Onpp. 6-108 and 6-125, the HEP esumates
in the 1E-7 o 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 thar 1E-3 for any single
operator action

b. Onpp. 6-163, where the HEP estimates ure
discussed i more detail, the steps leading to
the 1E-7 probability estmate for failure of
the operator to control cooldowrn (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 errar has not been
accounted for in modeling recovery from the
failure to isolate affected SGs. Hardware [ail-
ures therefore dominate. 1+ assumption is
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that the hardware failure probability of 3E-3
is significantly higher than operator error
probability. This requires justification

¢.  The probabilities auached 10 OYO-OYC are

conditional . the ocourrence of & previous
error (feedwater isolation). As such,

1E-2 is low. For comparison, in the H. R,
Robinson PTS aralysis, no credit is given for
AFW control if there has been failwre 10 180
late the affected SGs, In general, the assign-
ment of operator error prohabilities cond-
toned on the occurrence of & previous error in
an accident sequence should be conservative.
Fot comparisor,, the approach acopted in
NUREG-1150 is not to give credit for second
and subsequent errors (in aggregaie) of more
than a factor of 0.1, Le. cut sets with mulu-
ple errors are generally assigned HEPs of no
less than 1E-4.

In general, it appears that in the YNPS FTS analysis,
the HEP probability/ume correlation may have been
applied to individual operaor acuons in each sequence
and the resuliant probabilities then multiphied wgether,
The HEP curves are more appropriately apolied w the
combination of actions required o provide a given
function within a single sequence (e.g feedwalor isola-
tion and control). The detailed YNPS HRA calcula-
tions would need 10 be reviewed 10 assess the appropn-
ateness of the HEP curve apphication.

Praposed screening requantification for HRA values:

a. Ol - Failure of onemtor 10 1solate feedwater
after trip. Replace probability of 1.7E-4 (or
1.3E-4 as stated oo pp. 6-162) by 1E-2, a
number reflecting typical assumptions for the
failure probability associatsd with rule-based
actions in the NUREG-1150 study. Also, tn-
crease F1 (feedwater isolation) failure proba-
biluy in the small-broak LOCA event troe by
two orders of | *gnitude.

b. OY - Fuilure to coutrol cooldown. The basis
for the probabilny of OYO0 (ailure W control
cooldown given successful SO isolation) 1y
not provided. Typical rule-based actons are
assigned failure probataliies in the range
2E-3 t0 SE-2 in NUREG-1150. Without
knowledge of procedures and specific actions,
the recommended screening value for O'10 s
18-2,

¢.  For events OY1 - O% 2 (failure to control
cooldown given muluple SG blowdown), &
human error probability should 1 be added
each recovery failure probability. Since re-
covery is conditcaed on previous cccur-rence
of an error of commission in OY2 and OY3,
the approach avopted in NUREG-1150 allows
limited credit for success of a sub-sequent
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action. If the recovery HEP is set to 1E-1,
this gives: OY1 = (E-3and OY2 = 1E-3,
To OY3, a scroening human error probability
of 1E-2 should be wided 1o give OY3 =
2.2E-2.

d  OYO - OYC ae cooldown control even's
conditioned on fa'lure 10 solate feedwater
The assignment of a fatlure probability 1E-1
10 cach event wouly refloct the genesal
NUREG- 1150 approach of giving limited
credit for operator actions following earlicr
Operuor ervors in the same sequence.

W

On pp. 6-58, in the characierization of small-break
LOCA frequencies, panitioning the pipe break fre-
quency between the <1 m.and 1 in. 10 2 10,
ranges assumes that all small breaks are effec-
tively guillotine, excluding scenasios involving
small breaks n larger pipig. This assumption is
unjustified. A more appropriate treatment would
be 10 retain the Bayesian updated WASH- 1400
pipe ruptare frequencies without the use of scale-
dowa argumeats.

Also, on pp. 6-171 it is stated that small-break
LOCAs are "himiting” loss of cooant accidents
from a PTS con, perspective. Thas does
not preclude the possibility of significant risk
contribution from sequences inated by larger
LOCAs. If larger LOCa sequences are not o be
considered expiicitly, their frequencies shoald be
conservatively added 1o the small-bre* LOCA
sequence frequencics.

Proposed screening requantification: Replace the
524E-4/yr small-break LOCA initiating event
frequency with @ YNPS WASH- 1400 updaie value
of 2.1E-3. Aliernately, a vatue of 15-3/yr for
small-break LOCA, as utilized in NUREG- | 150
analyses (see Table 8 24 of NUREG/ CR-4550,
Vol. 1, Rev. 1, "Analysis of Core Damage
Frequency: Internal Events Methodology“) could
also he employed. Use of cither of these values
would be reasonable, considening the uncertaintios
associated with the estimates.

Also, utiless medium- and large-break LOCAs
have been explicitly considered in the analysis, the
frequencies for these initiators should be added o
the revised small-break LOCA frequency o bound
larger 1 OCA contnibutions. Based on NUREG:
1150 data, medium and lage LOCAs have a total
frequency of 1.5E-3/yr.

Partitioning pipe rupture probability antformly
among pipe sections that has no dependence on
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pp. 6171, last paragraph regarding LOCA analyses.
pp. 6172, last paragraph in regards 1o the SGTR
event.

Pp. 6-177, thizd paragraph regarding second MSLEB
case.

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

i

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

a.  lopical report descriving the RETRAN methado!-
ORY:

b. the Yankes Emergency Operatng Procedures; and

¢. & YAEC submitwal for the Reanalysis of the Main
Steam Line Rupture Event - Cycle XVI, dated
June 10, 1983,

Using the above matenals and the results of the analy-
w of the thermal hydraulic events presented in the

Y AEC report, a Request for Additiona! Information
(RAD needed W complete the review effort is listed
pelow, This mformation is normally e valuated prior ©
issuance of a TER; however, in view of the schedular
constraints and (he limited time within which the
Utility can respond 10 such requests, the itemized iist
of questions is therefore contained in this report. The
RAI is presented in the following section.

B.2.2 INEL Request for
Additiona! Information

From a review of Sect. 6.6 of YAEC Repont

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 Auachment A.

B.3 Review Findings and
Discussien of Major
Cencerne

With consideration (o the questons discussed
Attachment A, the major issues regarding this review
include:

A justification for the limiting small break LOCA;

b} isolation of a small break LOCA; and

¢} treaunent of pressunzes nanequilibruim
thermodynamics.

The above major issues ure discussed in detail below,

5.3.1 Justification for the
Limiting Small Break
LOCA

Insufficient information wae presented in the report
justify that the 1-5/16-in, break is the most limiting
hreak for PTS considerations, Furthermore, for break
gizes ~2 in. and smaller, the RCS will need o e

cooled down o shutdown cooling conditions. The
operator procedures instrct the operators (o iniliaie a
cooldown 1o RHR conditions during a small break
LOCA. Danng the cooldown the RCS will refili .ad
repressurize quickly 10 a prossure where ECC mjection
flow 1nto the RCS equals the Mlow out the break.
Thus, as break size decreases, the refill will oceur
eeLer m ume and produce higher pressures afier repres-
sunizaton. The larger break sizes wall refill and repres.
surize at lower wemperatares but will repressurize (o
lower pressures than that for the smaller breaks. An
analysis of the spectrum of breaks which expenence
refill and repressurizabon is expecied W produce the
RCS pressure responses illustraied i Fig. B.1. An
evaluauon of these hreak conditions 18 idenutied for the
PTS evaluation for those broaks that retill and repres-
surize. Alsc, perfarming 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 e the report

B.3.2 lsolation of a Small
Break LOCA

The possibility of & small break occurming that can Y
wolated during the event was also not discussed. The
maximum break suze that can be isolated was not pro:
sented nor discussed n the report. This worst break
thut can be isolated needs o be compared 10 the it
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 1o pressunze the
RCS should the RCS become refilled with ECC water
after isolation,

B.3.3 Treatment of Pressurizer
Nowequilibrium Thermo-
dynamics

Th, ~ETRAN teatment 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 i
model heat transfer between (1) the steam and the upper
walls of the pressunzer and (2) between the upper
stcam and lower liguid regions. The YAEC modeled
the heat transfer between the upper sicam and lower
liguid regions only using a heat vansfer cofficient of
50 Bruhet2“F. Becaase this miethod may not be rep-
resentative of the actual heat transfer mechanisms that
oceur in the pressurizer during surges, justification
that ts epproach bounds the actual behavior in the
pressunzer (8 needed, During insurges the pressur-izer
will accumulate liquid thereby compressing the upper
steam region which superheats. The dominant mecha-
nism that congrols pea’ pressure dunng INSUrges 18
therefore the pressurizer wall surface area in contact
with the steam and the wemperature difference between
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the walls and sieam. Because the steam is nearly stag-
nant, the heat transfer coefficient 1s expected w be
about 5-10 Buwhi2:°F. Because the surface of the
liquid in contact with the steam quic kly saturates,
therma! layer or bamier is created which tnsulates the
upper steam region from the lower region containing
the liquid. Afier several feet of hiquid accumulates in

the pressurizer, mixing near the surface becomes dimin-

ished and the upper steam region can be considered 1o
b thermally insulate from ihe 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 2s a
single region presupposes perfect mixing n this region
which also artificially lowers the liquid wemperature as
Nuid is added during the insurge. As such, the use of a
rather high heat transfer coelficient between the sieam
and liguid regions, coupled with an anificially low
mixed mean temperature for the liquid, could result in
lower peak pressures calculate for the PTS transients
that experience refifl. A more appropriate model would
include a three region pressunizer consisting of two
lower hiquid regions and an upper sieam region. In
view of the YAEC modeling echnigues, justification
that the heak wansfer coefficient of S0 Buuh-f12-°F and
use of two regions bounds the aciual or expected beha -
10 needs o be provided.

Lastly, the upper head region should also be modeled
as a nonequilibrium region (o properly weat the refill
and repressurization process.

Based on the above concerns, the tharmal hydroulic
analyses presenied 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.
Re=oluuon of the above concerns in addition 10 obtain-
ing responses to the Request for Additional Informa-
tion, presented in Attachment A regasca g wi of the
events presenied in the report, would be needed 1© com-
plete the PTS review for the Yankee Nuclear Power
Siation.

B.4 Conclusion

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

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

Because only the reactor coolant system pressure and
downcomer lemperature responses were providesd for the
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&hove events, there was insufficient information regas-
ding the other ke prumary and secondary system tran-
sient response parameters 10 permi a thororgh and
proper review. A review of the information provided in
the YAEC report, nuwever, idontified several major
concerns which will require resolution. These concems
included the following:

1) The pressunzer nonequilibrium modei used in the
analyses did not properly account for the heat
transfor goverming the thermal conditions in this
region during refill and repressunzavon of the
RCS, As a consequence, the approach used in
modeiing the thermal behavior in the pressunzer
may tend o overpredict heat removal from Je
pressurizer sieam region and underpe adict peak
pressure during refill. The effect of this noncon-
servauve pressunzer modeling techmique on those
events whick experience pressurization needs to be
evaluated o demonstrate that the approach does not
adversely affect the results nor change the concly-
sions presented in the report.

2)  The justificavon was insufficient 1o demonstrate
that the small-break LOCA presented m the report
15 the worst case for PTS consideratuons. The
analyses of a spectrum of treaks needs W be pro-
vided to demonstraie that the minimum tempera-
ture and maximum pressure response {or the break
presenied in the report bounds that for a spectrum
of break swzes,

3) The maximum break size which can be isolated
was not prasented 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 w the potential for additional
pressurization of the RCS.

Based on the above concerns, the thermal hydranlic
analyses presented ir the YAEC report are not accep-
table for use wn assuring the worst case has been ident-
fied for PTS of the Yank . Nuclear Power Station.
Resolution of the above concems, in addition 0 ob-
@ining responses to the Request for Additional
Information regarding the vther events in the report, is
needed 1o complete the PTS review for the Yankee
Nuclear Power Station.




General Questi

5
» b
.
N W » .
v *
) v
-
A > ! ’
L ‘
\
k
\
\
§ i & i
111 SLLI0S !
I :
-




assumed and cooldown should be at the max imum
aliowahle mite.

What 1 the maximum break size that can be isolated
and what is the min'  Jm lemperature that could be
achieved for this tveak? I such & small break LOCA is
iwolated just prioe o refill, is there sufficient ¢ for
the ¢ 10 throtte ECC and charging flow w pre-
vin RCS pressure from retumning o full power aperat-
ng rressure”

What operator actions are assumed in the LOCA analy-
ses? How do these actions affect minimum wmpers-
ture and maximum pressure achioved during LOCASs?

What systems can operute following s LOCA w wini-
mize RCS temperaiure and maximize RCS pressure”
Are let-down and auxiliary emergenc mmy sysicms
available =4 could the pressurizer heators acwiate upon
recovery - gressurizer level upon refill of the RCS by
the ECCS and/or charging pumpe?

Provide pb - the following for the 1-8/16-in. break:

W level,

b) and cold leg two-phase levels. flow rates,

O wotal ECC mass flow rate, break mass Now rate,
and quality,

& sieam generaior pressures and levels;

€ 'q;nr head 1wo phase leve! and Nuid lemperatures,

0 core void fra don,

Figure 6.6-4 presents downcomer pressure for the
1-5/16-in. break. If the operator initiated i cooldown
using the steam generators al 15 min into the event,
could the increased BCC addition result ‘0 lower down-
comer lemperatures than that presenied in Fig 6.6.¢
and then upon refill of e RCS, could system pressure
increase above that shown at the end of the pressure
plot of Fig. 6.6-47 The analysis should be presentod
Oul 10 the time refill accurs and where the break flow
equilibrates with injection flow. The results of the
additional breaks roquesiod above should dso be camied
out for tus refilled condition.

Please doscribe the wall-1o-coolant heat trunsfer moxde!
used for the primary system. Idently the regions that
were modeled, the wall-o-coolant heat wansfer coeffi
cients, and the wall nodalization used for the condug-

tion solution,

What is the carliest ume the operators would Initiate &
cooldown of the RCS following those small break
LOCAs where heat removal is needed? Please describe
the method for comidown of the RCS fallowing & small
break LOCA, and the precautions taken by the operator
10 prevent essurization ~f the system when the
RCS has been cooled w shutdown cooling entry
conditions,
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Whiat 15 the temperatwe of the ECC and charging water
injocied by the pumps and accumulitors used in the
LOCA analyses” Whit is that minimum allowable
tomperature of the BCC waler sowrce” What 18 the
minimum lemperatise of the charging fow?

Please provide ju- “cation that the HZP condition is
the worst initial o o, ion for LOCA PTS evaluations.
Please explain why all other modes of operavon are not
more imiung for TS considerations?

Please explain the method used (0 cool te plant 1o
shutdown cooling condivons following @ small break
LOCA with hot water in that pressun zer and a bubble
und hot water i the upper head? Does the potential for
RCS pressure behavior impact PTS as the opersor
atiempls W reduce RCS pressure 10 shitdown coolu g
condiions by throttling BCC flow while also main.
taining the minimum subcooling.

Provide justification that the suction leg break location
15 the worst locauo. for this break? Include breaks
ihe hot leg piping in the justification.

Figue €.6.5 shows the emperature decreasing @l the
end of the analysis. Please provide the remainder of e
uulch showing the time &t which the iemperature

hes a minimem,

Steam Generator Tube Rupture

Please provide the analyses (referred 10 on pp. 6-112)
that justifies that e most severe couldown for the first
10 min of a tobe rupture event oceurs for a smgle guil-
lotine tbe rupiure.

Please explain why pressure stabilizes at 1250 pia.

Was the wil v rupture analysis carvied oul 10 the estab-
lishment of « uidown cooling? In partcular, the plant
must be cotnJd W shutdown cooling conditions for
long tern heat removal. Please demonstrate that dur-
ing the cooldown the operaior is able 1o maintain sub
cooling margin and not repressurize the RCS at the
low lemperatures necessary (o initate shutdown cool-
ing. What precautions are taken (o prevent inadvener
repressurization carly in the event and late in the event
when low tempevature conditions are met for entry into
shutdown cooling.

Please desorite the initial conditions for the tube rup-
ture analysis,

Opening of Secondary System
Steam Valves

What ate the initial conditio:s for the secondary valve
opening transients” Identify al! contro! systems that
are active during these events. Also idenufy the opera-
Lor actions {or each event.
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Why was the addion of feedwater procluded for thes
events”

Provide the basis for assuming the NIV closes for the
opening of  single high-se: MSSY bt fails i the
other valve closure events? Whe' is the minimum

ure wchueved if the NRV does not close, with
end without feadwater addivon” Please justify that
omussion of tis event or provide the resulis of the
analysis.

For cach of these cases the cooldown rates were cited as
o manimum “expected” cooldown rate, are these eng-
neering judgeients or are these conclusions based on
caloulations with the RETRAN code” Please expluin

Whit conditions wre necessary for the op aralors W np
the mar - lant pumps? What is the impact on these
evenils (8h. e above requested event involving non
closure of the NRV ) i the operaior wrips the main
coolant pumps”?

Main Steam Line Break

Ploase provide the following plot information for cach
of the steamn line break cases:

& sleam gencraior pr and hiquid mass;

b)) feedwaler muss rite and break mass How rate
(i lude primary break intormation for LOCA and
opened PORV);

¢ S flow;

@ * wior two-ohast level, sleam temperature,
W emperaton. and wal. lemperature;

€ upper head and upper plenum void fraction and

fiwd wmporatres, »

0 cold and hot leg loop mass flow rates, qualites,

and lemperatires;

i) core inlet, average, and outled lemperature,

b  core inlet and outlet mass Now ruie;

b RETRAN used as input o the mixing
calculations f not included in above plots; and

) please provide RCS prossure 2ad downcomer wm-
perature for those cases where the informaton was
nit provided in the report.

Case 1 assumed a guillotine break of the 24-in. sieam
tine. What discharge coefficiont was used for case 17
ior the other cases” How was the break region nodal-
ized? What catical flow model 1s included in
RETRAN and how does the code model hreak Now that
s not crincal flow?

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

Provide juastification for not assuming additional NEV
valve failares for case 1 when 2 and 4 NRV valves
were assined in the other cases? Are the choice of

oguipmend dailures gnd intial conditions best estimae
ar are they considercd worst case s mplions.

Last the minimum wmporature and maximam pessure
for cach case that wis used for PTS evaluation. What
wiais the worst case? For exmple, case 6 acluded o
mimmum wmperature of 140°F with prossures of 1550
and 1000 pria enufied. What pressure was ased in
the PTS evaluabion” Was case 6 camied o through
relil! and repressunzauon of the RCS” What is the size
of the LOCA” What conditions are needed for the pros
SUe 10 remain ¢t 1550 psia for this case? What is the
impact on this event of closure of the PORY when the
downcomer s @l i mantmum emperature? 'What
assumptions were made in regard 10 charging sysicm
operation”

How wis the pressurizer level control system modeled”
On pp. 6177, what does “minimal” feed mean”

The minumuwm emperature for case 4 18 hased on the
emptying of the condenser hot well after which MCS
lemperature would begin o increase. What actions
wild he required 1o prevent the hot well from empty-
ing or “5CS wemperalre W iocrease o 7.5 min and if
such conditons are possible, whal minimum tempers-
tare would be achieved for this situation?

Case 5 shows the lemperature in Fig. 6.6-16 decreasing

at the end of the plot and i1 was stated (0 continue © :
decrease thereafier. Evther carry out the analysis untid :
temperature boging 1w increase or identify the minimum

wmperature with the EPRI mixing motel?

Feedwater

Please provide the information requested under Main
Steambine Break.

Steam Generator Blowdown

Please provide the infarmation requested under Main
Swamline Break
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Appendix C

ORNL Review of YAEC 1758
Radiation Effects on RTNDT and
Charpy Upper-Shelf Energy
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Rowe vessel matenals and slso rotined o consultant,
G. R. Odlette, 10 do the same thing.  The prelimnary
NRC sstimates were all based on Kegulatory Guide
1 99 procedures, with maltphicative adyustments foe
wradiation temperature and nickel. The estimates for
the pilate matenals were of fwo types, the first wcor-
m chemistry faciors caloulated on the basis of
plate chemistnes, and the second incarporating
chemistry factons calculated by the method of kst
squares from the Yankee surveillance data following the
procedure described in Regulatory Gude 199, The
BR 3 surveillance data were not consdered in this cal-
culanon, The surveillance-based calculations used two
sots of Muence values, different by a Tacior of two,
because of 8 YAEC claim that errors had occurred in
the onginal luence calculations. The estmates for the
welds were made on the basis of calculmed chemistry
factors for two chemistries, the Regulatory Guide 1.9
dofault chemistry and the BRI weld chemistry claimed
by YAEC 10 represeni the Yankoe vessel welds,
Upper-shell-drop esumates were also made by the
Regulatory Guide 1 99 procedurs with no adjustment
for irvadiation temperature, assuming that compensa-
tion is provided® by the use « J-R curves measured at
SOO°F. 1o contrast to the YAEC ectimates i Rel. 1,
the preliminary NRC esumines indicaied that most
if not all the near-beltline material RTxpr values
exceeded the 10CFRS0 PTS screening crileria. The
Y AEC estimates of Charpy upper shell energy values
less than S0 fi-1b were also confirmed.

Odetie's estimates” of AR Ty were based on a study
of available data for irradiation lemperatures near
SO0°F, mickel effects and a log-log plot of both the
Vankee Kowe and the BR3 surveillance data, the latier
adjusted for irmadiation wmperature effects, Odeite's
ARTNDT estimate for the upper plate was based on a
linear interpolation (on log-log paper) between the two
YAEC surveillance poinis, using the onginally
reported fluences, xcording 10

ARTypT = 184 87(0.3419 *pa (4}

whore £ =@ x 1019 niom?, Using f= 230
ARTnpT ~ 245°F. The AR Ty estimate for the
lower plate was obtained by adding a +80°F rickel
adjustment 1o the value for the apper plate, ignoring
the differences in fluence between the upper and lower
plates, 10 obtain ARTNpT = 125°F. The ARTNDY
estimates fox the axial and circumferenual welds were
oblained from a ¢ upper-bound Regulaiory Guide

1 99 1ype curve for the SO0°F irradiation data examined,

according 0

e

“This cormelation is sh differnm from that shown in Ref. 9
beasase the one shown in § was fined 1o BRI as well as the
YARC swveillance deis. Although 3“(] J o ol mctuslly
¢ Rel 9,0 is cotmasient with the approach recommended by

fe,
b A5 mentioned luwor, & more acoursie set of fuencies than these
become svadabel after twae caloula o were made; they sre
inciuded elsewhere in this repon

ARTNDT = 300 /(028010 logyofy, “F -

For the axial weld, f = 0 389 and AR Tiypr = 220°F
(Odette reponied 230°F), and for the circumiferential
weid, F= 2,05 and AR TNpT = 3597F (Odetie’s valae
wits rounded up 1 360°F). Odetie’s AR Tpr resulis?
were genorally less than the preliminary NRC values
but still confirmod that ot least the lower plate and the
circumferential weld have exceeded the PTS scroening
critena.

Following the receipt of Odetie's estimates, Hiser's
calculational procedires were revised so that the two
sets of estimates were closer wogether, Hiser's® linal
AR T T estimates for plate material were based on
only the BR? surveillance data 1o avoid the controversy
about YAEC surveillance capsule fluence acouracy.
The multiplicative adjustment for imadiation lempera-
wie was replaced with an additive adjusument based on
1°F/F, and the high nickel content of the lower plate,
relative o that for the upper plate surveillance speci-
mens, was accounted for by adding 70°F 10 the upper-
plawe correlation for ARTNpT. The reference wradiation
wemperature was lowered from $11°F 1o S00°F, some-
what arbitrarily, thus raising the irrndiation fempesiture
adjustment by 11°F. (Tune and Nuence- weighied
avernge cold log wemperatures based on Tubles 2.1 anst
2.3 of Ref. | produce reference temperatures of 507.1
and S04 K°F, reapectively, the combined average of
which is S06°F.) Recognizing that a concave down.
ward Regulatory Guide 1 99 Nuence funcuon curve
produces highes ARTNT estimates than a straght

line i @ log-log plot, for fluences in the range of
interest (see Fig. C 3), Hiser made both types ol est-
mates. The later was based on a lincar least squares fit
on log-lc paper 1o the five BR3 surveillance spect-
men results for fluences exceeding 1019 nfom? (see
Table 5.7 of Ref. 1), with an irradiation temporature
adjustment to the daia before fiting ® The resulting
shifl equation was

ARTNDT = 17216103160, H

the constants in which are ¢lose 1o those in Eg. (1),
The revised AR TN DT estimates for the welds were
made by the Regulatory Guide 1 99, Revision 2, pro-
cedure for three chemisties, Regulatory Gude 1| 99
default (0.35% Cu, 1.0% Ni), BR3 (0.18% Cu, 0.7%
Ni), and "best estimate” «0.15% Cu, 0.7% Ni), the
latter chemistry corresponding 1o the 10CFRS0.61
"hest estimate” values of ARTypT. Chemistry and
Nuence factors were determined from Regulatory Guide
1 99, An imadiation-temperature adjustment of S0°F
was added (o the calculated shift. The values labeled
"best estimate” could more accurately be wermed &
"prudent estimate,” the conservatism in which provides

ax mentioned later, & more scourate st of Nusncies tan these
becomne availabel afier these calculations were made, they are
included olsewhere in this repon

C.§ NUREG/ACR-5799
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an incentive for the pulity to make copper -content
measurements for the Yankee veswel welds © No
mention is made of the dopth in the vessel wall o
which the ARTy 1 values are being calculated, but
presumably it is the inside surface,

Hiser's® and Odeue’s® AR TNDT esimales were trang-
mitted o NRC-NRR, which selecied a combination of
the two sets of estimates for transmit 10 the ulility
as the staff estimates. !0 The original peak fluences
and licensee estimates of RTnpr as well as the NRC
staff estimates of RTnypr are shown in Table C.1, The
unirradiated RTNpT values sre from Ref. 1 and Hiser ¥
The NRC ARTNpT values for the plate are Odetie's,¥
while those for the welds are Hiser's® “best estimate”
values, with Odetie's higher value for the circumferen.
tal weld included as a precaution. The large disparnty
between the NRC and YAEC estmates 15 evident.

Approximately a month afler rmeeiving the NRC staff
caumate  the utility transmitted back to NRC revised
1990 flueace values and RT 1 estimates.! ! These
revised estimales are shown in Table C.2, which also
shows a comparison between ARTypT calculations
performed at ORNL by the same methods chosen by
the NRC staff for the preparation of Table C.1 and the
revised YAEC submitial, Tabie C.2 demonstrates that
the utility has accepted the NRC's basis and methods
for calculating AR values and, therefare, that
there is no longer a controversy about survedllance
specimen fluences, iradiation wemperature effects, or
mickel effects,

The RTNpT values gaven in Tables C.1 and C.2 do not
include the in erms discussed in Regulatory Gude
199 and ) 50, Para. 5C.61, The uulity applied a
margin of S6°F w the RTnpT estmate for weld mewl
{sec Table 5.9, p. 528, of Ref. 1) bul no margin was
considered for plate. Hiser® used margins of 34°F for
plate and 56°F for weld metal, apparently by doubling
the values of 04 in Regulatory Guide 1.99, but did not
claborate on the sowrce of these numbers. The values
transmitied by NRR 10 10 the utility (see Table C.1)
did not include margins,

C.3.2 Grain Size Effects

The YAEC repon offered considerable discussion
regarding the effects of microstructure on sensitvity (0
irradiation. Based on the relatively high austenitizing
temperatares used for the Yankee plates (1750 10
‘200°F), they assort that the plates have a relatively
coarse austenite grain size and that their asseruon is
supported by BR3 microstructural analyses showing
relatively coarse prior austonite grains. Their assertion
of relauvely coarse prior-austenite grains being present
in the microstructure is likely correct. They further

o — 1 o . e B S e A B 1 S

Diliser, Jr, A L, NRC, personal cormmunication o). G. Merkle,
ORNL, Coober 4, 1990,

Bitiser, Jr, A. L. deaft of Ref. 6, unasied
NUREG/AR-5799
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AS6CN that @ COAse-gratn MICrostrus ture resulis inan
increased sensitvaty W negtron radiauon,

One of the references they cite 1# that of Gordon and
Klepfer, 12 which concluded that coarse formiie grains in
fermuc steels exhibit greater uradiavon-induced shifs
due 10 longer diffusion paths 1o delect sinks. Likewise,
Nichols and Harries'3 showed a similar resuli. The
Gardon and Klepfer work, howeves, was perfonmed

with almost pure ierrite grain steels and, as stated by
Gordon and Klepler, as substnucture development
occurs in the form of pearlite, bainie, mariensite, eic.,
the assumptions used m thewr model become invahid
tecause the damaging defects no longer have @ rela
uvely direct diffusion path o a fermite-ferrite boundary,
As shown in the Yantee report, the Yankee plate
microstructure is largely bainiuc, thus, the Gordon-
Klepfer mode., even if it s cormect, may nok be appli-
cable o the Yankee case. On the other hand,
Hawthome 14 observed no effect of grain size on vuns
ton temperature shift for A S33 grade B class 1 sieel
Likewise, Hosbons and Wotton!® stated that there were
no dufferences in quenched and wmpered steels because
of the finer carbide distribution inherent in the quenched
struciure. The Yankee plates we quenched and wm-
pered. Recent work by Amayey 6 on chromium-
molybdenum steels reporied no differences between fine
and coarse grains on the Charpy shift, Finally,
Trudean, ! for a 3.25% Ni siecl, showed less shift for
the coarse grain than the fine grain steel,

There are other papers in the literature which atiemgt
1o examine the effects o grain size on embritiement
The problem is that there are many confounding param-
clers invoived other than the size of the prior sustenite
grains. The dislocation structure, precipitate structure,
elc. all contrtute 1o the mobility of defects in the
microstracture, and these are affected by the fabricason
process, heal treatment, and chemistry. The effects of
grain size on embrittlement are, in other words, very
uncenain and lacking consonsus.

C.3.3 Temperature Effects

The effects of imadiation temperature on embriilement
have been extensively studied. In a general sense, i is
agreed that for fermug low -alloy stecls hardening and
embnittlement ingrease with decreasing irmadiation
wmperature, & least within a certain emperature range,
This effect has been shown for many steels including
A 302 grade B.'¥ In the range from about 400 0
600°F, there is consideable scatier even for & given
material, indicating a high degree of sensitivity to irra-
diation lemperature in that approximate temperature

range. There are insufficient data for the Yankee plaies,

and none for the welds, with which o ascenain the
effects of iradiation emperature on those specific
materials.

There are many references which could be cited regard-
ing uradiation wemperatare ¢ffecis, Hiser discussed
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some imporant ones i his memorandum: Stallman'¥
an A §33 grade B class | (HSST Plate 02), Odeue??
on base and weld metals, Saulet (unreferenced), Fabry
{unreferenced) on Linde 80 welds, and Lowe?! on Linde
K0 welds Odoue ohserved a mnge of wadiation wm-
poraure offects with different matenials with 1° increase
in transition wmperature shift for sach 1° decrease in
wradiation 1em{ erature staled as & representative value
1t should be noted, in fact, that observations were noled
n which embritlement increased with increasing
temperature, and the authors emphasize the Synergisms
of other variables such as Dux, Nluence, and compos -
ton Swudllman also observed an average dependence of
17 ghift increase per 1° decrease in irradiation wmpeors-
ture. Swulel's analysis exprossed the effect as 8 rauo,
such thal o shift wt SSO°F would be multiptied by 1.45
10 estimate the shift at SO0°F. Using the Saulet
method, ¥ shilft of 100°F &t 550°F would be estimaied
a5 145°F at S00°F. Using the representative vilue of
17 per degree of ivadiauon emperature simply adds
SOPF Lo the shift at $50°F, For a Nluence of 2.16 »
1019 acuwonsiom? (»1 MeV), the Y AEC esumaled
shift of 180°F for the upper plate would bocome 260°F
using the o method and 230°F using the additive
method.

For the Linde 80 weld case, Fabry obtaised a ratio of
1.40 for Linde 80 weds irradismed in BRY, whi'e
Lowe's analysis of the HSST Linde 80 welds deer-
mined un increase of about 0.7° in the shift for 1° de-
crease in iradiation emperature. Analyzing the same
HSST dua, Nanstad and obtained an aver-
age value of about 0.5°F. For a fluence of 193 x
1019 neutrons/em? (»1 MeV), the YAEC estimaed
shift of 203°F for the beltline welds would be increased
by values ranging from 25 to 84°F using the vanous

A couple of other pertinest siedies are those of
Williams et al. 23 and AR et 8l 24 For relatively
high fluences, ihe Williams stdy showed lemperature
dependencies, in the manner discussed above, of 0.5
and 1.0°F/F for two different materials. The Ahif
study reported dependencies of 0.5, 0.9, and 2. 15"F/FF,
for an average of about 1 2°F/F, for three different
materials.

In summary, the effects of imadiation lemperature are
dependent on many variables and, although there are
specific instances of contradiction, the bulk of the
studies reported in the inerature indica.e higher enibwi-
tement with lower irradiation lemperature in the wm
perature and uence ranges applicable 1o the Yankee
situation. All the above referenced studies involved
radiation exposures in the range of 1019 vem?

{>1 MeV). The use of an empirical correlation such as
one degree increase in shift for one degree decrease in
irradiation emperature 1§ certainly not a scientifically
satisfying approach, but it is a prudent approach which
is substanugied with a body of rescarch. Based on the
information ciled, use of that value w make a best

i B e

estimate of the RTnpr lor the Yankee vessel seems
reasonabde and not overly conservative

C.A4 Nickel Effects

Nicke! has long beon identilied as & polential “bad
acloc” i irvadiation embitlement of various steels.
Based an the analyses of surveillance data from com-
mercial light waier reactors, nickel plays @ prominent
role in the esumates of smbritdemen in Regulatory
Guide | 99 (Rev 2). Odette and Lucas?0.25 abwerved
that mckel can have @ strong effect on the transition
wmperature shall in steels with copper, and thiat some
data suggest an independent effect of nickel gt high Nu.
ences. They also observed contradiclory results, but
the predominant observations led them 1o conclude
that, for pressure vessel steels in geoeral, nickel en-
hances embrittemaont. As discussed in Hiser's memaor
andum, Hawthame26.27 reponed significant effects of
nickel on two pairs of plaies (Copper content was

0 16% in one pair and 0. 28% in the other) from sphit
mel where copper and all other elements were ket
constant, while nickel was increased from 027 w
0.67% for cach pair At 2.8 x 1019 plem? (>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 ¢t al. 2% observed that nickel
ended 1 mitigate the emperature 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 Mancchiolo, Milella, and Pini29 also indi
cate # miagating effect of increased nickel, although
the preponderance of ther data were for nickel -1

ranos from about § 10 25; while Fisher and Buswell't
see enhanced sensitivity with increased nickel dependent
on the copper and nickel contents.

Both Odete and Lucas, and Williams et al. emphasize
that the effects of nickel are not very well understood.
The often-mentoned synergism of copper g nickel is
confounded by elfects of other glements snd head eal-
ments which may affect the procipittion kineucs of
the copper as we'l as the matnx -damage companent of
embrittdement. Although there are observations 1o the
contrary, the evidgence w suppont the YAEC claim of
no nicke! effect for the fower plate s minimal. Fur-
thermore, observations of significant enhancement of
embritlomeni {rom increased nickel make consideration
of a nickel adjusunent the prudent choice. Using dif-
ferent methods, Hiser and Odetie recommended the add)-
von of 70 and BO°F, respectively, 1o the upper plate
shift 1o account for the higher nickel in the lower plate

C.3.5 Summary of Metallurgical and
Temperature Effects on RTxot

The YAEC report on the Yankee reactor vessel embrit-
tement presents cxtensive discussions regarding the
effects of imadiation temperature, nickel content, and
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anentation. For imadietion at $50°F, the lower limits
Ppearcd 1o e 63 fi-ib for the longitudinal direcuion
and about 41 f1-1b for the vansverse directson. For
srvaduuon sl wmperatures less than ME°F e conre.
ing lower Limits were 44 - 0b and 18 fi-1b.

Tearly, irradiation iem perature and onentation are
important vanables. The @ cimated 1990 v dhues for
Yankee plate in Table C 3 are all between e lower
limits for the corre ponding oneniations given in
Rel. 35, Thus the estimating procedure s in Regula
tory Crwde 1 99 apparently do Contain enough o nser-
VaUSM 10 justily arphicaton (o 4 vessel operating o
wmpmratures between S00 and S50°F

The revision of the fluences for the Yankoe vessel
given in Ref. 11 required a recatculaton of the uppor
she!l drops. The pracodure for estimaung upper shelf
drops requires reading and inermolaung values from
Fig 2 of Regulatory Guide 199, which is a log log
plot of percent shell drop vs fluence, with copper con-
wnl as o paramcter, This procedure s somewhil -
dious, but since 0¥ the curves in the figure are strnghi
lines. the procedure 18 cantly reduced Lo the application
of smple equatons. The cquation of the upper-bound
CUrve 1

ACVYNI%) = 42 3901502 4
The equation of the lower curves for base metal 1

ACVNI%) = (100 Cy + 9102368 (5
and the eguation ol the lower curves o wekd mewl

ACVN(%) = (100 Cu + 14)f0 2368 )

The imtersection of the lower curves with the uppes
CUrve (Xoues @l

[ = |42 39/A 11 58, (n

where A is the multiplyimg factor in Bgs. (5) and (6)
The recaloulased 1990 Charpy Venolh uppor shielf
impact encrgies are shown in Table C4. Al changos
are reductions, but the only signsficant change (rom
Table €3 15 for the upper axial weld, bocause of the
large change i fluence.

C42 Low Upper-Shell Energy
Effects on Fracture Toughness

Low uppor sholl impusct oncrgy i reacion prossere
vossel sieols ang welds has the effect of lowenng the
margm between stength in the presence of Haws and
applied loads. In Chap. 3 of Ref 1, the wtiliny per-

formed tow upper-shelf analyses for Levels A B and C

loading conditions according o procedures proposed by
the ASME Soction X1 Warking Group on Flaw
Evaluation. Bocause the rato of mnsade radius 10 wall
thickness (R/w) for the Yankee vossel is 6 83, anclud
ing the thickness of the claddmg, the stresses due 1w
prossure wre roughly seventy percent of what they

would be for a vessel with a1 R/w ratio of 10, Thus,
the wtility calculated adequate margins on the uppor
shelt even though upper -shelf enorgies were estmaied
0 be as dow as 40 {1 - Ib. This resull was anticipaied
in # previous NRC analysis A1 The NRC did not
review the utility's upper-shell analysis in detail. in
this evalusiion, the uthity s calculatons of applicd K|
due 10 pressure and thern.al loading hove not boein
checkud, but the chances of nepresentative J- R curves
for base meta) and weld metal have boen reviewed.
Addivonally, the chonces of upgper-shell wughness
values appropoate for use in TS analyses have been
examined. This subjoct was not discussed by the uti!
iy o Rel. 1. Apperently, YAEC used e ASME

maximum vilue of Ke = 200 bhﬁ;l-. a5 an uppor-
shell woughness, without guestioning whether or not
this value sctually corresponds 1o (the Charpry oppser
shelf energies estimated.

In Ref. ) it was noted that size effects have bheen
obsceved i0 )R curves measured by Hiser ard Terrel (3
for wansversely otienied (T-1) specumons of unieradiaied
A 302 prade B sicel. Addivonally, as shown in Fig.
C5, such J-R curves can lose wll slope, approaching
constant values of ). Consequently, a procedure was
devesoped in Ref, 1 for estumating the J-R carves (o
irtadiated low upper-shell A 302 grde B plae. The
procedure consists of developing mean and mean - 20
conelanens hotween Charpy upper-shell impact energy
und Jie, as shown i Fig C.6, and then, based on

Fig. €8, assuming that the uppor-bound constant level
of J lTor any base-motal 1R curve 1s 1.3 tmes Jje (see
pp. 36and 37 of Rel 1), InRef. 6, Hiser developed
mean und mean 20 correlations between Jg |, corre-
sponding o Aa = 000 in, and CVN, and these cor-
relations are shown m Fig. C.6 The convergence of
corclaton curves for Jg 1 and Jie for CVN approach:
g 15 b i Fig C.6 48 further indication ol the
flationing out of low-upper-shell J-R curves for A 302
grade B e motal.

The correlations in Fig, C.6 have the following
Cojuations:

i imcan) = 160 4 4 20 CVN, {%)

Jie (2 = 4 20 CVN, )

Jiyp mean) = 108 + 11,758 CVYN, (i
wl

Jog (200 =162 4 1178 CYN, ()

where J s o an ban? and CYN 5 i i1

For csimating the J-R curves for Linde 80 weld moew!
the wiility used a coerelation, developed by Hisor, 17 he
iwoen the parameters of & power law represemtation of o
iR curve,
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)= Claank|®, (12)

and the Charpy uprecshell impact onergy. The ool
ficionts i the correlation uscd i Rel. | are given in
Tuble C 2 of Rei, 37, Becouse Bg. (12) is a powei
luw, the estimated J-R curve will not level off as did
the base metal J-R carve shown in Fig, C S
Movertheless, there are J-R curves for Linde 80 weld
metal that display the iendency 10 Matien out, Such an
example, corresponding 10 CVN = 39 fi-1b, 1s shown
m Fig, C.7, which is from Fig. C-50 0 Ref. 37 The
asymplotic uppes Jevel of Jyyax for specimen

WEA- 121, from Fig. € 7, 15 about 600 in -IWin 2

The Yankee Rowe estimate of Jnax for A 3028 plaie
s

Jmax = 1.3 0y )

For purposes of estimating the upper-shell wughness
enpropriate for a PTS analysis, values of Jymgx (mean)
can be converted 1o Ke by the equation

K =B max(mean)(1-u2)] 172, (14)

Applying Egs. (%) through (14) 1o the upper-shell
Charpy impact encrgics estimated by the utility ! and
by NRC® (prior 10 the fluence revision) gives the
values of 1 and K shown in Table C.5.

Figure C K shows the J-R curve for iradiated Linde 80
wold specimen WRA-12] from Fig. C.7 compared 10
the J-R curve for the unirradiawd 6T A 302 grade B
specimen from Fig. C.5, plus the Jg,., vilues from
Table C.5 for A 302 grade B plaie, based on the NRC
1990 estimates of CVN, From Eq. (15), the value of

J gy corresponding to K = 200 ksivin. is

1213 in.-Ib/in.2 Clearly, Ko = 200 ksivin, is not
an appropriate upper-shell wughness value for PTS
analysis for the noar beliling materials in the Yankeo
Rowe vessel. As indicaied in Table C.5, values of

141, 126, and 113 ksiv/in. are more appropniate for
the welds, upper plate, and lower plate, respectively,
The sensitivity of P(FIE) o inclusion of lower values
is discussed in Sect. D42

C.5 Summary of Radiation
Effects

There are many factors contributing (o the uncenaintics
regarding the fracture oughness ~ the Y ankee reaclor
vessel. Among these are the relatively low operating
lemperature (~500°F), only a small amount of surveil-
lance data, effects of grain size 2nd nickel content, and
tack of chemical composition data,

The copper content of weids fabnicated with copper-
cogted wire can be quite vanable, as shown by B&W

NUREG/ACR-5799

and HSSI Program swdies. Regulaiory Guide | W,
Rev. 2 allows the use of conservative esumates hased
on gener daw (mean + standard deviaton). A copper
comtent of G35 wi% (mean of 0.29% plus standird
deviation) was determined for the Yankoe weldy, based
on the BAW generic daa

The YAEC repont asserted thit the plates have a rela-
Uvely coarse musienile grain size, which is likely, with
a resullant increased sensitivity © neubon radistion and
which mitigates the effects of the lower iradiation
wmporsiwre and nicke) content. In summary, references
were ciled which showed there are many confounding
paramete. | involved other than the size of the prior
ausieniie grwins. The dislocauon structure, precipitate
structure, eic., all contribute w0 the mobility of defects
in the micrastructure and these are affecied by the fab.
rication process, heat treatment, and chemistry. The
effects of grain size on embriwlement are, in othet
words, very uncerain and lacking consensus

The effects of wradiauon wempersture are dependent on
many viriables and, although there wre specific in-
stances of contradicuon, the bulk of the studies reporied
10 the lierature indicale highet embriiement with
lower wrradiation wmperature in the temperaiwre and
fluence ranges applicable 1 the Yankee sitaaton. This
effect has been shown for many sieels including A 302
grade B and for Linde B0 welds. The use of an empini-
cal correlation such as one degres ‘ncrease in shift for
ong dogree decrease in irradiabion WeMPeriure is cer-
ainly not a scientifically sausfying apyroach. bt it is
& prudent approach which is substantiated with a body
ol rescarch. Based on the information cited, use of that
valuc seems reasonable and not overly conservauve for
the exposure conditons of the Yankee vessel.

Although there are observations 10 the contrary, the
evidence 1o suppont the YAEC claim of no nickel effect
for the lower plate is minimal. Based on the analyses
of surveillance data from commercial light-waler reac-
tors, nickel plays a prominent role in the estumates of
embrittlement in Regulatory Guide | 99 (Rev. 2)
Further-more, the ciied observations of significant
enhancement of embritlement from increased nickel
make consideration of 8 mckel adjustment the pradent
choice. Using different methods, Hiser and Odetie
recamended the addivon of 70 and BO°F, respecuvely,
10 the upper plate shifi 10 account for the higher nickel
in the lower plate.

The YAEC claim that the probable coarse grain size of
the plates miugates the effects of lower wradigtion em-
perature and higher auckel content 18 noi substantiated
with sufficient evidence. The confounding effects of
s0 many vanahles demands prudent choices in cases
like this where information is so sparse. The YAEC
claims may wm out 10 be correct, bat the information
available at this time is incdequate 1o allow their use
The bases used by the NRC staff "or shift estimates are
reasonable under the circumstances and not averly
comservative

c.10



Using svailable drop-woight and Charpy smpact daw on
Yankee survediance matenal and with the applicaton
of NRC Branch Technical Posation MTEB 52, the it
i RTNDT values for the Yankeo plates were #st
mated by the NRC and accepled by YAEC The NRC
and Y estimates for the welds were wdentical,
Although vast difforences imually exwsied between the
YAEC and NRC staff ¢stimates of the RTNDT shifis
for all the vessel matenals, discussions between YATC
and NRC have led 10 convergence of the two onganiza
vons' estimates, and indicawe that the PTS screening
criteria have hoen exceeded.

The NRC esunates (or upper-shelf energios were
somnewiat lower than those of YAEC (nd are based on
those in Regulatory Guide 199, Rev. 2, with no von.
sidoration lor the lower radation lemperature of the
Yankee vessel bocause it was concluded by NRC that
the Gude contang suflicent conservatisms with
respect 10 the specilic cenditions of Yankee  For rea-
sons ciied 1 this repon, however, the utility caloulaed
adequate margins of stress on the upper shell o com
pensaie for those differences. The analyses w ORNL
however, regarding fracture toughness and 1R curves,
indicates the utihiy's use of the ASME maximum

value of K « 200 ksivin, asan upper-shell fraciure
Loughness 15 100 high Tor the low upper-shelf materials
i the Yankee vossel
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Table C.1 Licensee and stafl estimates of RTNDT for the YNPS
belthine matenals i 1990, pnor to Scptember 1990

1990 U—‘l‘ﬁd Increase n reforence Referone
YNPS angmal ot emperature resuling emperature RTNDT
beitine peak fluences temmpersure from sradiaton” m 199°
misenal x 1019 njcm?) P (3l P
Seail Licensee Staft Lacensee Suad Lxensee
esumae SShimate estimate oSt cstimate CSUMmaNe
[ pper plate 23 30 10 245 180 275 10
Lower plaie 205 30 10 325t 173 3sst 183
Axial welds™ 238 10 Hil 216 (&3] 226 141
Cirumiferental 205 10 10 320-360 219 330370 9
weld™

* Does mok mchade “margin” temm.
**NRC used Cu=19% Ni=0 7% YAE used Cu=0 18%, No=0.7%
T Based on » flvence of 23 » m”u.-’-n-n-u.---udms x 10'9
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Table C.3 NRC esumates of Charpy upper-shelf energies for the
YNPS beldine materials in 1990, prior 10 September 1990

Orniginal Initial Oniginal
Huence energy Drop 1990 energy
Maicrial (x 1019 nfcm?) (fi-1b) (%) (f1-Ib)
Upper plaie
L 2.1 76 2K 51.1
T 23 494 28 332
Lower plate
L 2.08 76 4.0 50.2
T 208 49 4 4.0 326
Upper axial weld
035 Cu 038 70.2 370 44 2
0.18 Cu 0.38 702 25.5 52.3
Circumferenual weld
035 Cu 205 702 470 372
0.18 Cu 208 70.2 376 438

NUREG/CR-5799 C.16
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Table C.4 ORNL estimates of Charpy uppes-shelf energies for the YNPS beliline
materials in 1920, hased on September 1990 revisions from Licensee

|
l
Revised Iniual Revised ‘
3 Nuence onergy Drosp 1990 energy
| Maenal (x 10'% niem?) RURLY! .5 (it
i' Upper plane
n L 26 % RER') 502
. T 26 494 319 2. :
] :
: Lower plate [
| 1
| L 231 7 353 492 |
| T 211 404 253 20 .
. |
! Upper axial weld '
; 0.35 Cy 1.24 6.2 418 398 |
| 0.1% Cu 1.24 0.2 117 46.3 :
]
] Lower axial weld |
.' 4
| 0.35 Cy 1.20 0.2 416 9.6 :
| 08 Cy 1.20 702 114 468 :
1 i
| 0.35 Cu 231 702 i8] 6.5
& :
| :
l |
: |
; :
I-' -
;
.l.
| :
I :
: :
[': i
; :

‘= ca7 NUREG/CK-579% !
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Table C5 Sumumary of Charpy upper shelfl energies and fracture toughnesses

for the YNPS beltiine matenials ;m 1990, poor 1o Sepiember ;990

Charpy V-notch upper -shelf
(i) 20 R curve Ky for PTS analysis
YR NRC YR NRC ORNL R NRC ORNL
200 (1990) o0 (1990) 2000y (19w
Linde %0 weid
40 44 52 (Ansal) MEA correlation for Specumen WOA 121, | ——
CVN =40 i ib CVN=9 ey
37 44 (Corcum- Kmax = 200 Kenax = 141
ferential) kst win kn vm
A.JC2 piate (long “wdin, 1}
57 S {Uppers T = 245 i Myin 2 Jg 1 = 289 m Winl Senes = 481
0 n e 2
o 50 (Lower) Linad = 320 i b 2 Kenas = 200 Kenax = 126
o kst vin kst vin
AL plaic (Xansvers)
35 33 (Upper) I = 150 m Bin 2 g1 = 149 in Wvan 2 Lnax = 382
w ihiin 2
33 (Lower) Jned = 195 . im 2 Kmas= 20 Kemea = 113
kst Yen. ksi Vi
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Appendix D

ORNL Review of YAEC No. 1738
Probubilistic Fracture Mechonics

T. L. Dickson
R. D. Cheverton

D.1  Introduction

Nuclea: Regulatory Guide 1.154 (Ref. 1) specifies that
OCA-P? (developed at Oak Ridge National Laboratory)
and VISA-T13 (developed by the U.S. NRC and Pacific
Northwest Laboratories) are accepuble codes for per-
forming the probahilistic fracture-mechanics analysis
portion of the plant-specific safety analysis that may be
performed for any nuclear plant that desires 10 operate
beyond the pressurized-thermal-shock (PTS) screening
criteriad Yaukee Atomic Electric Company (YAEC)
has performed such an analysis for Yankee Rowe using
a modified vorsion of VISA-II. This repont reviews the
Y AEC analy sis and includes an *.adependent” GRNL
unalysis. 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 pro-+ ilistic fracture-mechanics analyses of Yankee
Rowe (a. .2fined in the August 9, 1990, initial
Yankee resiew meeting) was 1o perform a comprehen-
sive comparison of the "baseline” VISA-I1 and the
OCA-P probabilistic {racture-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-cootant PTS transient
(SBLOCA-7), using the OCA-P code. The 1esults of
these efforts are discussed in Sect 3 and 4, respec-
uvely.

The scope also included a discussion of the flaw-den-
sity treatment i the Y AEC and ORNL analyses (Sect.
D.5) and a brief discussion of some other specific fea-
tures 11 the YAEC analysis (Sect. D.6),

D.. Comparisoa of VISA-II and
OCA-P

D.3.1 Comparison of
Deterministic
Methodologies

VISA-1f and OCA-P are capable ¢ performing a
deterministic fracture-mechanics analysis of a reactor
pressure vessel subjected to pressurized-thermal-shock

(PTS) loading .+ '~ . des perform a thermal analysis
lincar-clastic 8 sysis, and o lincar-elastic frac-
ture-mechanics ' -+ .-M) analysis; however, the two
codes use different analytical methods. Know ' funda-
mental differences utilized u, the delerminisiic aspects
of the two codes are as follows:2.3.6

1) Thermal analysis:
OCA-P uses 8 general one-dimensional finite-
clement inethod. VISA-I1 uses a closed-form
solution based on & slab-geometry formulation

OCA-P allows a point-by-point description of the
thermal- hydraulic boundary conditions, L.e., the
downcomer coolant lemperature-ume history,
which is input into the thermal analysis. VISA-1I
fits @ polynomial or an exponential (user selecied)
10 five user-input data (time, lemperature) points
used to describe the dowacomer coolant tempera-
ture-time history. As a result, VISA-II has 2
more limited, though usually adequate, capability
for accuraiely modeling the thermal-hydraulic
boundary conditions.

OCA-P allows for accurate ime-dependent model-
ing of the convective heat ransfer coefficient.
V.SA-il is limited w a single value for a given
analysis.

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

OCA-P alloas a poini-by-point description of the
pressure-time loading history, which is input o
the stress analysis. VISA-II fits a polynomial or
an exponenual (user selecied) to five user-input
data (time, pressure) points used to describe the
pressure-time history. As a resuls, VISA-II has a
more limited capability for accurately modeling
pressure-time histories. This could be significant
in cases involving complex pressure-ime histor-
ies such as those corresponding to Lransients in-
volving repressurization

3) Fracture-mechanics analysis:
Both codes perform a linear-elastic fractuce-
mechanics (LEFM) analysis using stress-intensity
facwor (Kp) mnfluence coefficients and superposition
wchnigues w cakoulae K] values. However,
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VISA Il uses a dth-arder polynomial w fit the
stress distribution, and Kpinfluence coefficients
are caloulated for cach of the twrms. OCA-P uses
a relavvsly large number of influsnce coelficients
10 obtain & more accurate value of K1 Even so,
tor most cases, the ditference in K i1s small.

It should be noted that the influenge coefficients in
the baseline version of VISA-11 apply specifically
10 & vessel that has a ratio of vessel radius 1o wall
thickness (R/w rauo) of 10. The R/w ratio (or
Yankee s ~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 Compir.son of

Probabilistic
Methodologies

Esumation of the nsk of vessel failure is carried ou;
by means of pmbabilistc methods o account for the
uncertainties (n a number of critical parameters. The
hasic philosophical approaches used in VISA-I1 and
OCA-P are essentially identical. The models are based
on Monte Carlo technigues: that is, many vesscls are
simuylated, and each is subjecied 10 a deterministic frac-
rore-mechanics analysis o determine whether the ves-
sed will fail,

Each vessel is defined by randomiy selected values of
several parameters that are judged 1o have significant
uncertunties associated with them, and a deterministic
analysis is performed for each vessel o 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 refermed
10 @ the unadjusied value, is equal o the number of
vessels that fail divided by the total number of vessels
simulated. T*e probability of failure based on the
"actual” mumber of flaws in the region and referred o
as the a/justed valve, is obtained by multiplying the
unadivsted probability of failure by the number of
flaws that are assumed 1o exist in that region. The
towl 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 oo
much grean: than unity (limiting value depends on the
value of the probubility), double counting is not a
nroblem; otherwise, a correction must be made (or
{ouble counting (more than one flaw resulting in fail-
wiv of the vessel).

These fadure probabilities are referred 1o as conditional
probahilities of failure [P(FIE)] because the PTS wan-
sient (event) i5 assumed o occur; the wrm “failure”
refers 1o full penetration of the vessel wall by the
propagating flaw
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VISA-U and OCA-P both st hastically simulaie the
same parametsrs: fast neatron fluence at the inner sur-
face of the vessel, RTNpT0, ARTNDT, Kic, Kl the
cuncentravions of copper and nickel, and the size of the
assumed fMaw

VISA-Ti uses NRC-derived mean fracture oughness
curves, whereas OCA-P allows the user the option of
using the NARC-derived curves or a set derived by
ORNL. The latier sot was utilized in the Integrated-
Pressurized- Thermal Shock “IPTS) studies.?

To our knowledge, no extensive comparison of the
detals of the probabilistic methodologies utilized by
OCA-P and VISA-II had been performed prior o this
effort. Personnel al Paciiic Northwest Laboratories
performed a comparison of the conditional probabili-
ties of failere calculated by VISA-1 and OCAF in
1984 B The conclusion at that time was that VISA-11
appeared to calculate conditional probabilites of (ailure
Jower than those calculaled by GCA-P by approxi-
mately a facior of 6 It was concluded at that time that
this difference was due 1o the fact that OCA-P included
the stresses in the cladding whereas VISA 11 did not
(the present version of VISA-II does have tie capatil-
ity o include swesses w 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-I1 was w examine their validity, and
(o facilitate this effor, the VISA-1I vode was wistalled
at ORNL. The Rancho-Seco PTS vansient (Fig. D.1)
and a vessel radius-1o-wall-thickness mtio (R/w) of 10
were chosen for the comparison (this value is consis-
tent with the streas-inten<ity-factor influence coeffi-
coonts utilized by the baseline version of VISA-1D); the
inital downcomer-water and vessel were
nadvertently assumned 10 be 590 instead of 550°F (for
the purpose of comparing the solutions, this is of no
significance); the potential benefits of warm-pretress-
ng were not included in the analyses; and the preser-
vice-inspection opaon n 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 vahdated aganst the gen-
eral-purpose, finite-element thermal and suess analysis
codes ADINA-T and ADINA, respectively. VISA-11
thermal-response and stress analysis solutions were
previously successfully validated against the general
purpose finite-clement ANSYS code. Figures D2,
[2.3, and D4 show the comparisons of the thermal-
response solutions, the heop stress solutions, and the
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stress-intensity-factor solutions (for longitudinal nfi-
nite-length flaws), "especuvesy, for the Rancho-Seco
transient. In each of the three cases, the solutions of
VISA-11 and OCA-» agree reasonably well, although
the VISA-I1 Ky values do not reflect the expected de-
crease in K| for deep naws® under the specific pressure
and thermal loading conditions (Fig. D4) (this lauer
discrepancy is not a factor for most cases analyzed)

.3.3.2 Probabilictic solutions

After demonstrating that the basic engineering mechan-
s (heat wransfer, stress analysis, and fracture-mechan-
ics analysis) solutions of VISA-11 and OCA-P appeared
10 be i reasonably good agreement, the probabilistic
solutions of VISA-IT and OCA-P were compared.
fmta! atiempts 1o achieve reasonable agreement were
not successful. OCA-P was predicting values of
P(FIE) higher than those for VISA-11 by a factor of -8,
his is consistent with the resuils observed i the
1984 comparison of the VISA-I1 and OCA-P proba-
bilistic soluuons.8

OCA-F was enhanced 1o print out & more detailed

e ent summary (number of iniiations, remiuations,
crack arrests, and stabi¢ ictminaung crack arresis) 10
facilitate & more rigorous comparison of the proba-
bilistic solutious. An examiration of the event sum-
maries indicated that the two Jwdes were predicting the
probability of crack initiation o be approximaiely
equal; however, VISA-I1 was predicting lower values
of P(FIE) as a result of predicting significandy more
stable crack arrests than OCA-P,

An examination of OCA-P wnd VISA-II by flow chart-
ing down 1o a fairly fine level of detil was performed
at ORNL. This examination revealed three areas in the
VISA-II code that were thought W be the cause of the
discrepancy beiween the two probabilistic solutions,
Corrections 10 VISA-1I appeare! 10 be in order and
were discussed and coordinated with Fred Simonen at
Pacific Northwest Laboratories. After ORNL made
these comrections to VISA-IL, the probahilistc solu-
tions of VISA-IT and OCA-P agreed considerably bet-
ter. The following tabuiation tllustraics the proba-
bilistic solutions of OCA-P, baseline VISA-1I, and
VISA-II (with the three ORNL suggested corrections)
for 100 000 trials fur the Rancho-Seco PTS tranient:

ORNL
maodifisd
OCAP VISA-II VISAQ

Number of Initiations 3926 3711 3422
Number of Stable Arrests 488 3275 144

Number of Failures 3438 436 3278
Probability of Initation

P(HE) 0.039 0.037 0.034
Probability of Failure

P(FIE) 0,034 00043 0,033

As can be concluded from the sbove wbulation, the
ORNL specified VISA-IT code modifications dramati-
cally decreased the number of stable crack arrests pre-
dicted by VISA-1L, and this significantly increased the
number of falures and thus P(HE), P(FIE) calculated
by OCA P and the modified VISA-(1 are nearly idenu-
cal; horvever, the modified VISA-{l predicied a smaller
number of initiations and arrests than OCA-P, which
indicates there is still some diffeence in the OCA-P
and VISA-Tl methodologies. 1t is suspected that a con-
tributing factor (o the difference 1s the method used ©
implement the flaw-size distribution function in the
two codes. The VISA-IT and OCA-P analyses define
ning possible iniual flaw depths distntaled 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 1o 3.5 in. Therefore, the initial crack
depth mesh used by VISA-I1 is more heavily biased
toward deeper flaws. 11 1s expected thal this would
result in fewer initiations because of the lower values
of ARTnpT and lower thermal stresses associated wiih
deeper Naws. 1t is necessary (o determine the proper
number and size of initial flaw depths by means of
convergence studies, and this was done for the OCA-P
analyses.

D.3.3.3 Summary of compar, un of
VISA-IVOCA-P solutions

OCA-P and the baseline version of VISA-I produce
nearly the same deterministic solution for the Rancho
Seco PTS event.

Three emrors were discovered in the probabilisuc por-
tion of the VISA-II code, one of which results in sig-
nificantly lower values of P(FIE). Upon correcting
these errars, VISA-11 and OCA-P produced similar
probabilistic solutions, although as noted atove, there
1s still some difference in the OCA-P and VISA.1I
probabilistic methodologies.

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

1) The flags for flaw initiation (INTTTA) and arrest
(IARRST) initialization were moved inside the
loop for simulaung a new flaw (stateinent 80 in
the main program). This modificauon corrects the
results of the accumulators that track the number
of imiuations and arrests.

Calculation of the nominal stress in the remaining
Ligament to check for plastic instability was modi-
fied (the sixth line below statement 50X in the
main program) 1o include the crack depth (a), i¢e
stress = P * (R + a)/wv where:

S
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uncertanty with regard 1o the surface density of
shallow fiaws, one reason being that they are
exwemely difficult to detcct. Because of the very large
shallow-flaw surface densities "known” (0 exist in the
Sequoyah and Loviisa 11 vessels and the large
uncenainties, a log norma! distribution was assumed
for the IPTS studies. The most probable value was |
flaw/m3, the Rdth percentile (+10) was 100 flaws/m3,
and the distribu-tion was truncated at the 94ih
percentile (500 flaws/m?). The comresponding mean
value was 45 flaws/m3 (1t is of interest 1o nowe that
YAEC assumed essennally the same flaw density for
the upper weld but much lower densities for the plate
regions,)

More .ecently, Maw-density data have been obtained
from sections of the Hope Creek and Midland vessels.
The cmes{xmdmg surface densities wore 6 and

7 flaws/m< (Ref. 13), while the surfese density corre-
sponding 1o 45 flaws/m3 is 11 flaws/m.” If wis
assumed that the Hope Creck and Midland values are the
most probable, and that a log-normal distribution with &
substantial standard ueviation is reasonable, the mean
values are substaatially greater than 11 flaws/m?2.

Thus, it appears that 45 flaws/m? 1s not necessarily a
conservative mean value.

Considering the volume of the Yankee Rowe upper
axial weld and a flaw density of 45 flawsim?, the
number of Maws per weld i~ ~1, in which case there are
no problems with double counting, if only that weld
contributes significantly 10 P(FIE),

It appears that the upper axtal weld is noi 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 axtal weld
(~300°F). Assuming the high-fluence region of the
upper plate o be substantially broader (azimuthally)
than the weld region and assuming the Naw densities
{or the two regions 10 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 . more than one flaw
total in all regions of concern, and, thus, P(FIE) is no
longer directly proportional w 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 (o divide the beltline reglon
into five subregions (upper and lo ver plate, upper and
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lower axial welds, and circumferenual weld). The plate
and axial-weld regions were further subdivided longitu-
dinally o ke advantage of the decrease in fluence
toward the ends of the core. Assuming that the initial
axially onented flaws arc short enough to fall within
the height of a subregion, this procedure provides an
accurate account of the potential for witial initauon of
sxially oriented flar 5. However, once iniuated, the
flaw extends in sunace length beyond the boarders of
the specific subregion, and thus a higher fluence must
be used for arrest and reiniiauon. YAEC did not in-
corporate the later featere, and thus initial iniiations
tend 1 be treated accurately, but arrest and reinitiation
tend o be treated nonconservatively, The degree of
nonconservatism is neghgible for inital Nlaws 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.

Divasion of the plate regions azimuthally 1o take
acvantage of the azimuthal variauon in flux could also
be considered bui was not Instead, the flaw in the
plate was always assumed 10 be at peak flux in the
azimuthal direction. This is a conservative approach,

D.6.2 Flaw Density

The tlaw density assumed by Yankee for the upper
axial weld was 55 Qaws/m? and for the plate about a
factor of 200 Jess. The value of 55 Naws/m? is nearly
the same as the mean value used in the ORPNL [PTS
studies” for all regions. ORNL believes, as r sationed
in Sect. D.5, that surface Naws are mos: likely the
resu’s 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 infimite-length flaws were used
for the initial initiating events and for subsequent
events in the welds and upper plate, while a 47 in -
tong semieliiptical Mlaw was used for subsequent
events in the lower plate. The YAEC VISA-II input
data sets indicate that /1 semiellipual flaws were used
for initial initiation events, and for subsequent events
(arrest and reinitiation) 47-in.-long semiclliptical 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 Naws for subse-
guent events, and the results indicated lintle differsnce
in the calculated value of P(FIE) for the document tran-
sients, which were hagh 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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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 = C.019 in.

Cladding propertiesa.b;

Maodulus of Elasticity (E) = 27,000 ksi

Poisson's ratio (v) = 0.3

Thermal expansion coefficient (tclad) = 9.9E-6/F
Thermal Conductivity (k) = 10 BTU/Mr-ftF
Specific Heat (cp) = 0.12 BTUNb-F

Density (p) = 488 Ib/ft3

Base-metal propertiess.c d

Modulus of Elasticity (E) = 28000 ksi

Poisson's ratio (v) = 0.3

Thermal expansion coefficient (Opgse) = 7. 85E-6/F
Thermal Conductivity (k) = 24 BTU/hr-ft-F
Specific Heat (cp) = 0.12 BTU/Ib-F

Density (p) = 488 Ib/ft3

Temperature

Vessel initial temperature = 515°F

Water initial temperature = 515°F

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

dNo 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*aipgse/(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 inpui values for E,Gipase, and v yields a value for E*tpgse/(1-v) of 0.314. This
difference is not significant.

.
dThe Thermal Diffusivity o of the base metal used by YAZC 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 = 063 {17
Flow stress = 80.0 ksi
Flaw Data:

Faw density = 1 flaw/m3 (0.03 faws/fi3)

Number of crack increments 10 be used for inival crack depth =9

Size of first crack depth incremen: = 0.169 in.

Extreme dimension of deepest crack depth incremen: = 2.25 in.

Marshall flaw size disuribution function used

Marshall aw nondetecdon function used (simulates preservice inspection and repair)
Flaws were assumed 10 be axially oriented and infinitly long

Fracture-Toughness Data:

K and K, mean curves same as those used in the original [PTS studies, i.e..:
K}, mean = 1.25* ASME lower bound K, curve
Ky mean = 1,.43* ASME lower bound Ky, curve

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

K, standard deviation = 0.15 K,

K. standard deviation = 0.10 K .

K| truncaiion = $30

K}, truncation = $3a

RTxpr1 Data:

RTnprg = +0°F

RTnpry standard deviation = 17°F

ARTypyr, calculated by Regulatory Guide 1.99, Rev. 2 (Welds) with an additional
44°F added as a correction factor for u:e low lemperature operation of the Yankee plant
{44°F = 550 - S067F)

AR Typr truncation = + 30

Fluence at inner vessel wall = 1. 24E+19 njem?

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 wt%

Nickel standard deviation = 0.0%

aUsed 140 ksi Vin. for sensitivity study; however, this did not significantly impact

the calculated conditional probabilities of failure,
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Teble D3 VISA-II/YAEC probabilistic fraciure-mechanics analysis input data that
were different from those used in the ORNL OCA-P analysis

The YAEC Analysis:

D
2)
3)
4)

5)
6)
7
8)
9)

used the NRC mean K. and Ky, fracture toughness curves;

did not simulate a preservice inspection; |
used ARTypy, values specified by NRC; |
used Regulatory Guide 1.99, Rev. 2, 10 calculate AR Typr; however, no correction |
factor for low-temperature operation was included;

assumed zero variability for RTypy, (10 = 0);

assumed 1o = 28°F for ARTnprs

used a flow stress of 75.6 ksi;

used 10 = 10% of mean for inner surfuce fluence;

truncated vanability of fluence at 10,

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 w.ld);

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-579% D.12
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£% Battelle

October 29, 1990 Pacihe Narthwest Laborstories
Baiteile boulevpd

Mr. R. D. Cheverton ¥ O Bos 999

pressure Vessel Technology Section Richland Washingion 99357

Engineering Technology PRivision Tele, hone (30913952087

Oak Ridge National Laboratory
P.0. Box 2009

Oak Rid ., Tennessee 37831-8047
Dear Dick:

REVIEW OF YANKEE ATOMIC PTS REPORT

This letter is my input for your review of the document “Reactox
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 anéiyzes.
3. Participation 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”.

BNL CO 31

some details of the PNL and Yankee versions of the VISA-1I code

sre 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
vankee version takes a more ccnservative approach to residual
stresses thap 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
uysed in prior NRC studies, sensitivity calculations indicate that
these differences should not have a major impact on calculated
failuce probabilities. 1Inputs for pressures, temperatures and
irradiation induced embrittlement do have very significant
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impacts on calculated failure probabilities, but these parameters
wW.re ontsida the scope of PNL's review.

FNL participat~d with CRNL in cfforts to compare the VISA-II

and OCA-P codes. The codes were fcurnd to give similar
predictions, except in a detailed aspect of simulating the shift
in RTndt for purpcses of predicting the arrest of a growing
crack., Eoth codes make reascnable 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 oy
PNL. It is noted at the Yankee report does not take credit for
NLE as a factor in calculating vessel failure probabilities, and
therefore Reg, Cuide 1,154 does not call for discussion of
inspecticn programs. Nevertheless, this chapter does provide
interesting and useful information of preliminary plans by Yankee
for future inspection of the reactor pressure vessel.

CCHPARISON OF YANKEE ROWE AND PNL VERSIONS OF VISA-I11I

Secticn 5 of Reg. Guide 1.154 states that calculations chould be
performed with a probabilistic fracture mechanics code such as
OCA-P or VISA-II. vhe Yankee Rowe evaluation was performed with
a modified version of the VISA-II code, and therefore cne part of
FNL’'s review was to compare the Yankee Rowe version and PNL
versicns of VISA-II. EFNL's objective was to assure that the
modified code still complied with the requirements of Reg. Guide
1.154, and to assure that any ccde changes did not introduce
unacceptable unconservatisms intc calculated failure
probabilities.

Basis for Comparison - Formal documentation of the Yankee Rowe
versicn of the code was not available for PNL's review. Computer
cutputs from the Yankee Rowe version of the code did permit PNL
to make some limited benchmark numerical comparisons. The review
was Dased on 1) numerical results from an example output file and
as cited in rather limited detail in the Yankee Rcwe report, and
2) informal "word of mouth" reports cf 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 PNML'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 cese the Yankee report gave no mere
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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 w.thout any through wall penetrations., Such a 1

trend is not pentioned in the Yankee Rowe report. ]
]

During October 19350, PRL received input and cutput files for a
computer run made with the Novetech version of the coda.
Atrachment #1 compares crack initiation and vessel failure
probabilities for the Novetech and PRL versions of VISA-II. The
Novetech version predicts high prcbabilities, with the higher
probabilities attributed to the inclusion of residual stresses.
Further compariscns of the two versicns beyond the results of ‘
Attachment #1 could not be made, since PNL was not provided the |
deterministic output of the Novetech version. A full ¢~mparison

would require that PNL have a copy ¢f the Novetech code, so that

more extensive benchmark calculations can be performed.

Differences in Codes - Pricr to the Yankee Rowe review Dr. Fred
Simonen of PNL (one of the code developers) and Mr. Ren Camble of
Novetech Corporation (a user of the code) had engaged in phone
discussions of detailed aspects ©f the VIEA-II code. These
discussions had occurred on several occasions over a t.me period
of a year or more. bDuring a discussicn on August 6, 1890, Mr.
Camble described a nunber of changes to VISA-11. 1t has since
become kncwn that hovetech performed the probabilistic fracture
mechanics calculaticns on behalf of Yankee Rocwe. A subseguent
phone discussicn between Simonen and Gamble at Ncvetech on
Octcber 18, 19890 furt?- larified aspects of Novetech’s versicn
of Visa-II.

Netes fiom the August 6th phone discussion indicate the following
modificaticns:

1. Inclusion of a velding residual stress of 8 ksi tension
at the inner vessel surface and becoming compressive at
the mid wall ~f the vessel, The distribution was sa.d
to be consistent with data published by Paris.

2., The shift in RTndt was ve . .qed to exactly reproduce the
numbers in the tables of Reg, Cuide 1.59 Rev. 2. The
final version of this guide was published after the
VISA-11 code was issue?, and the numbers in the final
versicn of 1.99 dif:er sightly from thes numbers upon
which VISA-1I were based.

E.5 NUREG/CR-5799



3, The crack tip stress intensity factor solution for
internal pressure lcading was replaced with a recent
solution due to Dr. Zahoor of Novetech.

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

Lacking full details of the Yankee Rowe versicen of VISA-II, we
can only cffer 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 scresses
was recognized. However, there is generally little informatien
regarding the levels and distributions of such stresses for a
given vessel, although levels of residual stresses in the welds
cf reactcor 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-1I 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 %o arrest before becoming through wall cracks.

The residual stresses were assumed to be approrimated by a cosine
function. PNL was referred to a soluticon in t! . "Tada Fiacture
Handbock" for details of the crack tip stress iatensity factor
solution by Novetech. This handbock gave a polyncmial function
for the soluticn, which differed from the trigonometric type of
function described by Ncvetech, 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 cf the vessel.

For the Yankee evaluaticn, 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 inclusicn of residual stresses in the Yankee
calculaticnrs contribuvied to the large number of predicted crack
arrest events.

Reg. Guide 1.99 Rev. 2 Shift - The recoding of the RTndt shift
eguation was not considered to be an important consideraticn in
the review of the Yankee Rowe calculaticns. PNL has found its
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