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= NUCLEAR REGULATORY COMMISSION
~ ) WASHINGTON, O. C. 20655
2

~ NOV 24 1979

MEMORANDUM FOR: Roger J. Mattson, Director
Oivision of Systems Safety, NRR

FROM: Richard P, Oenise, Acting Assistant Director for
Reactor Safety, 0SS

SUBJECT: SUMMARY MINUTES OF MEETING ON CLADDING RUPTURE TEMPERATURE,
CLADDING STRAIN, AND ASSEMBLY FLOW BLOCKAGE

On November 1, 1973, the NRC staff met with reactor fuel vendors, some
plant licensees, and other interested parties (Enclosure 1 lists the
attendees who signed the meeting roster) to discuss recently developed
staff views on the safety analysis for emergency-core-cooling systems
(ECCS). The staff presentations addressed (1) Zircaloy cladding behavior
during a loss-of-coolant accident (LOCA) and (2) the sensitivity of the
ECCS evaluation models to cladding swelling and rupture. The meeting
agenda is attached as Enclosure 2.

Ouring the meeting the Core Performance Branch presented preliminary
results (a portion of a draft report is attached as Enclosure 3) of an
ongoing generic review of three Zircaloy correlations used in the ECCS
evaluation models. The three correlations are cladding rupture temperature,
cladaing circumferential strain at failure, and assemtly flow blockage
(i.e., reduction-in-flow area). Based on the internretation of axperi-
mental data (most of which have been obtained subsequent to the 1973
rulemaking hearing and are listed in Enclosure 4), the staff had develoned
preliminary audit correlations (see Enclosure 3) for these three models.
Anc a comparison of the staff correlations to the approved vendor models
showed that over certain temperature and stress regimes the vendor

~odels underoredicted the degree and incidence of cladding swelling and
rupture, thus appearing to violate the requirements of Appendix € of 10
CFR 30.

The Analysis B8ranch presented the staff's assessment (see Enclosure 5)

of what the significance of the discrepancies between the draft

judit correlations and the approved vendor models could mean in terms of
continued olant compliance to the ECCS acceptance criteria (10 CFR

30.46). Based on limited computer runs, it was thought that the signifi-
cance was on the crder of hundreds of degrees of peak cladding temperature
depending ipen the particular ECCS model dependency to cladding strain

and rupture. Such was then the reason for the request %0 meet with the
‘ndustry in order to determine the specifics of the 1imiting-LOCA analysis
for all commercial plants that use Zircaloy cladding.

contact: 0. A, Powers, x27603
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As a result of the information received during the meeting, the staff
concluded that, while the aporoved vendor models deviated significantly
from the staff correlations on an overall basis, within the ranges of
interest, one of two circumstances prevailed: (1) the vendor models
were either conservative or very close to the staff correlations within
these ranges, or (2) peak cladding temperature was relatively insensitive
to the discrepancy. In either case, the fuel vendors (including Yankee
Atomic) agreed to provide letters of confirmation to the staff showing
that all operating plants would continue to be in conformance with the
requirements of 10 CFR 50.46. These letters were to be received by 5:00
p.m. on November 2, 1979.

The details of the model discrepancies and the s.™nificance of the
discrepancies are provided in Enclosure 7.

Richard P. Denise, Acting Assistant
Director for Reactor Safety
Division of Systems Safety
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ENCLOSURE 1

ATTENDEES AT THE MEETIMNG ON

CCADCING SWELLING AND RUPTURE
NOVEMBER 1, 1979

NRC Baltimore Gas & Elec.
0. Eisenhut R. Olson
R. Denise
G. Lauben ORNL
M. Picklesimer
P. Boehnert R. Chapman
G. Marino
F. Coffman Carolina PA&L
W. Johnston
J. Voglewede R. Farr
K. Kniel
G. Alberthal Wisconsin Public Service Corp.
L. Olshin
R. Woods M. Stern
S. Rubin R. Hanneman
S. Schwencer
R. Reid Westinghouse
W. Gammill
H. Rood S. Kopelic
R. Tedesco N. Powers V. Esposito
R. Meyer P. Check D. Burman

Florida Power &% Light Co.

S. Sarkar

Duke Power (Co.

S. Rose

Atomic Industrial Forum

F. Stetson

Southern Co. Services

K. Folk

AEPSC

V. Manno
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J. Keyes
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Yankee Atomic Electric

A. Husain
S. Schultz

EXXON Nuclear

R. Collingham
G. Owsley
G. Cook

Combustion Engineering

. Meuzel

. Jageler

. Cicerchia
. Brinkman
. Kreps

OO mw

Phila. Electric Co.

L. Rubino
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ENCLOSURE 2

MEETING ON CLADDING SWELLING AND RUPTURE
NOVEMBER 1, 1979

Introduction R. Denise

Cladding Swelling and R. Meyer
Rupture Information

Potential Effects of New N. Lauhen
Models on ECCS

Discussion

Lunch

Vendor and Licensee Feedback
- comments on data or models

- suggestions of work to be done

10 minutes

60 minutes

45 minutes

- suggestions for operating plant actions in the meantime

1573 504



ENCLOSURE 3

JRAFT
10/31/79
J. Powers/ 2. Meyer

CLADDING SWELLING AND RUPTURE MODELS
FOR LOCA ANALYSIS

0. A, Powers and . 0. Meyer
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1.  INTROOUCTION

Juring a postulated loss-of-cocolant accident (LOCA), the reactor coolant
aressure may drop below the internal fuel rod gas pressure causing the fuel
cladding to swell (balloon) and, under some conditions, rupture. Core
sehavior during a LOCA would depend on the time at which swelling and
rypture aoccurred, the magnitude of swelling, and resulting coolant flow

Slockage [i.e., reduction in flow area).

Such nhenomena were ameng the many reactor safety issues discussed

during the 1973 rule-making hearing on Acceptance Critaria for Cmergency
Core Cooling Systems (SCCS). The adopted acceptance criteria (Ref. 1)
Timited predicted (calculated) reactor performance such that if certain
oxidation and temperature limits were not exceeded, then core cooling
would be assured. It was required that each licensee use 2 safety
evaluation model %o analytically demonstrate compliance with the acceotance

critaria.

lppendix X [Ref. 2) gives requirements for scme features of avaluation
nodels, and, in particular, states that to be acceptatie the swelling
and rupture calculations shall Se basad on apolicapie data in such a way
that the legree 2f swelling and incidenca of rupture ire nct uncer-
estimated. The degree of swelling and incidsnce of rupture are then
usad +2 =alculated sther zore variables including zan zonductance,
cladding temoerature, oxidaticn, amorittlement, and Aydragen ceneraticn.
1¥4ar <he conclusicn of <he ZICS hearing, the 1EC reviawed ind 200roved
clacding dehavior mocels far each U.S. fuel manyfaciurer “or their use

in 22CS anaiyses.
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Ouring the ZCCS hearing uncertainties were apparent in predicting fuel
senavior during a3 LOCA. Therefore, in the Commission's concluding opinion
(Ref. 3), the Commission directed the AEC's research office (now the “RC
0ffice of Nuclear Requlatory Research) to undertake a major confirmatory
research sragram on cladding behavior under LOCA conditions. The resulting
multi-million dellar program includes simple bench-type Zircaloy tests,
single- and mylti-rod burst tests tha: simulate some in-reactor conditions,

and actual in-reactor tests ranging to full-size bundle tests.

The research programs are not a1l finished, but with the completicn of
many cut-of-pile and 2 few in-pile tests, we are at a plateau of under-
standing that gjreatly exceeds cur understanding in 1974, ana the resyits
nave not confirmed all of cur previcus conclusions. The trend of these
recent data shows the likelihood of more ruptures, larger rupture
strains, and greater “low blockages, than we previously believed.
Zonseaquently, we see the need %o reevaluate ajl LOCA Eladding mecels %0

.

assure that licensing analyses are serformed in accordance with Appendix X,

In the following sections we will display the relevant Sody of Zata,
descrite ocur avaluaticn of these data %o arrive at useabl2 correiations
(curves), and compare thesa correlations with those curvently used in

Ticansing amalyses. Since the 2ata show strong heating-rate* effacts,

v 30th heating ~ate and strain rate are imporiant faciors in Zetarmining
slagging Surst aressure and strain. However, mOST Hurst axgeriments
ire not designed < distinguish setween neating-riata af<acss ing striine
rate avfects. “or che Jurcoses of this regort, the actual diffarencas
ire Jrecabdbly unimpor<ant. Therefore %3 avoid confusicn, in the remaincer
of this repcrs we will refar %0 Soth affacts simpliy as heating-rate
ar¥acts,
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we have derived different curves for siow ramp rates and fast ramp
rates. 3ut most current £CCS models do not include a ramp rate effect,
50 we have also disolayed composite curves that anveloce the slow-ramo

and fast-ramp curves.
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2. DATA B8AsE

The ballooning and rupture behavior of Zircaloy are fairly complex
phenomena in part because (a) the stresses are bfaxfal and the material

is anisotropic in the temperature range of most interest, (b) the
Jroperties of zirconiumedase alloys are susceptible to heating-rate
effects, (c) oxygen embrittlement increases yield and failure strenqths,
and (d) the cracking of oxide coatings results in failure sites that can
localize stresses. Consequently the behavior of Zircaloy depends strongly
an the cladding's environment and hence on test conditicns (Refs x-y).
Therefore, for final calibration of the data correlaticns, we have
selected only those data from experiments in igueous atmospheres that
utilized either intarmal fuel-pellet simulators (i.e., indirect cladding
neaters) or actual fuel nellets in reactor. This selection emphasizes

the more recent and more expensive prototypical tast data and deemnhagizes
much of the earlier data. Appcendix A provides a tabulation o all of

the data we have used, their references. and a ‘egend of symbcls that are

Jsed for these selaected 2ats sets ‘n the iter “igures.

There are hcles in this data base, nuwever, sarticularly with regard %o
the absenc2 of Targe bundle tests, and we have utilized the 'esults “rom
simpler less typical tests o bridge the japs. These more 3+istine
tests are atypical n 3 sense, but they do reveal “undament:! “eatures
of Ilircalay dehavior that allow one 9 intaroret the sparsaer zratotyoical

Jata.
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NEW CORRELATIONS

3.1 Rupture Temperature

The incidence of rupture depends cn the differential pressure
across the cladding wall, the cladding temperature, and on the
length of time these conditions are maintained. Time duration
Jnder burst conditions manifests itself as a heating-ramp-rate
affect, and this effect will Be treated axplicitly., 'We have
converted differential pressures to hoop stresses to eliminate
design-specific dimensional erfects. The conversion was made using

the thin-shell formula,

. (d/Zt).‘.po

where = 15 cladding hocp stress, d is the undeformed cladding mid-
wall diameter, t is the undeformed cladding thickness, and P fs
differential oressure across the cladding wall at rupture. Table !
shows some computed values of hoop stress in terms of aiffarential

orassure for cocmmon commercial fuel desians.

Figure ! shows r~upture tamperature data as a functicn 2f heoo

stress for 2 wide range of tast congitions., While this figure

shows the general trend -- tubes Surst 2t lower tamperiture when

the pressure diffarential ‘s higher -- %he data ire 3jcatiered
arimarily Secause 3 ramo-rit2 aff3ces and axser‘mental uncartainities

in determining Surst temoerature.
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Tigure 2 shows ORNL data at 28°C/sec (a common ramp rate used in
she JRNL experiments) and the basic correlation we will adoot as
develsped Sy Chaoman (2ef. Q) using numerical regressicn technicues.
1t is clear that most of the data scatter has been eliminated Dy
restricting the data to 2 single ramp rate. Chapman has 2iso
developed 2 ramp-rate correlation (Ref. N) that can be used with
the bdasic ruoturt-temporatuft correlation in Fig, 2 to sroduce a
family of rupture-temperature curves. Ramp-rate has little affect

an rupture tamperature for ratas faster than 28°C/sec.

Three curves that span the impor<tant ramp-rat2 range are shown in
Fig. 3 alcng with the data of Fig, 1. Chapman has snown that most
of the original scatter is explained by ramp-rate effects, and the
curves in Fig. 3 are seen %0 span most of the data. Tre up-facing
triangles still deviate from the correlations and the major Scay of
data. 0Qif¥iculties in temperature mtasu;tmcnt for these TREAT in-
reactor data Jef, X) are believed to e responsidia for :nis
deviation, and such discresancies will be seen in Tatar disolays is

11

Ne |

3.2 Burst Strain

Jeformation [Surst strain] at the Tocaticn of 3 ruoture decends on

- =amperature, 1i“‘srential aressure [wnicn s rel t;a':a camoeratyre
hv %he car=elation in Fig, 3], ramo rate, anc several 3ther variagles
such 25 Tocal tamperature variaticns., These 2993¢t3s tave teen

discussed sravicusly ‘3e’s. xe-y). Figure d shews Suret strain as a

e

-
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function of one of these variables, burst temperature, and the
data scatter is therefore dye %0 temperature measuyrement dif-

ficulties and the other variables menticned above.

The scatter in Fig. 4 is bewildering, so we have relied on

data from less prototypical but more controlled tasts to help
derive 3 correlation. Figure 5 shows burst strain versus bdurst
semperature from Chung and Kassner's work (Ref. T) with shere
Zircaloy tubes heated by tassing an electrical current directly
through tne Zircaloy. Several ‘undamental features are apparent.
There are three superplastic peaks -- one in the low temoerature
21oha onase around 200°C and two in the high-tamperature Seta chase
around 1050°C and 1225°C. The very important val.ey at about 325°C
is 3 consequence of mixed aloha-plus-beta-pnase matarial, which
axhibits low ductility, Heating-rate effects are also visadble;
slow-ramp ~ates oroduce large strains in the te.merature regime
seiow 3bout 350°C as a result of feedback effacts discusseq in
efs. x-v., 3ut slow-ramp rates orcduce verv -mall strains at
samperatures Jreatar than apout 250°T Secayse the Iirzaloy has time
%0 axidize and embrittle defare significant Sallecning can occur.
T3gt-ramp r~ates aroduce the opposita effects in Soth tamperalure
reqimes .

"2 Zerive the sloweramp correiation, wnich is shown in Fig, 3, we
nave %7us taken Chung ind <assner's 70 sec curve ind scaleq the
seaks iand valleys %0 3ass thrsugn $te more sratstysical 2ata n cur

-=ilnm

s3a=a sasa. ~he 2loha-snase 2eax 3t TU3°C was assigneg the value

12
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of 30% in order to bound Chapman's 10°C/sec dundle test. The five
nignest points in Fig, 6 (0-10°C/sec heated-shroud single-rod
tasts) are oreliminary and have not bSeen fully evaluated, but they
were disregarded because the heater Jower was so low [atout W)
that the tubes were in effect burst in a muffle furmace (the

heated shrouds). Direct or axternal heating metheds are known %0
exaggerate rupture strains >y maintaining artificially small local
temperature variations [see Pef. (), and such experiments were
excluded from our data hase. Since the majority of the data is
sounded by the curve, we telieve that the correlation satisfies the
intention of Apoendix X not %0 underestimate the degree of swelling.
[t should be cauticned that some very recent, unevaluated data frem
Germany (Ref. {) also show large strains ([up %o 120%), so the

potential exists that Fig. § may have to be revised uoward.

The fast.ramp correlation is shown in Fig. 7. In this case, there
are no data from orototypical bundle tests and 1imitad single-rod
t2s%3 with heatad snrouds and uniarm heaters in %the irea 2f the
Jow-tamperature Deak. ~he correlaticn was obtainec Sv scaling
Chung and <assner’'s 33°C/sac curve and adjiusting the 27oha-ghase
seak height in relation %o the peak heignt in Fig., § according 20

«ne relation <hat 31 23°C/sec seak would nave ’basad on intarsciation)

in Chung and <assrer's cyrve (Fig. 5) to the 5°C/sec ceak in Fig.

2.* Jhen grototynical buncdle tests and heated-:nrsugd tests are

serformed in the future, we 2xcect the 2ata 0 “21]1 near the zurve

im Sla >
i - !

*Csnsideraticn is Seing ziven to adjusting these curve ceak Tocaticns
%0 Aigner tamceratures -- ¢ ireunc 325°C,

'8

- o=
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Tiaure 3 shows the composite i.e., envelope) of the curves in
Figs. § and 7 along with all of the data frem Fig. 4. The composite
curve gives 2 good representation of the data, providing that the

~auses of small strains /Ref. X) are kept in mind.

3.3 Assembly Flow 3lockage

Jery few measurements of bundle blockage have been made under

aratatypical conditions and the best attamots are shown in Fia. 3.

T+ i3 therefsare necessary %o derive bSundle blockage from single-rod
o w—a

burst strains, byt this is not straight farwardates: results nave

shown that ruptures in a bundle are not coplanar.

Figqure 10 is 2 cross section from Chapman's first bundle test (Ref.
X). Notice that only a few of the rods have burst in this plane.
4e have chosen the most realistic (minimum flow restriction) of
Chapman's definitions of blockage for the “ollowing anmalysis.
figure 11 shows the axial distritution of Slockage *or 3undle Yo. 1,

“pam which %he maximum blockage is seen o te 437,

Tiqure 12 shows the gecmetric relation between average rac¢ striin
and Sundle >lackage #ar 21 square arwray of commercial-size tupes.
Zeam this figure it zan e seen that an average rod strain of 27%
would causa 2 Sundle Siockage of 49%, Sinca the averace rudture

s+»2in “ar rads ‘n 3undle 'o. 1 was 42% [see lfpoencix i), the

o

lockace zan Se cttained “rom the =upture strafn Iy myltisiying 3y

1.54 f=he ratio 9f 27 o 42) and utilizing Fig. 12. The similar

w3248 far ynctas Ye. 2 anad Yo. 3 are 1.37 and 2.70 afving 2an

yyeral’ 3verige “3r the thvee hundlae tasts oF T.37.
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COANL~-OWG 78-11137

ml -y MAXIMUM FLOW RESTRICTION OEFINITION
/
|
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showing 3axizum and ainiaum flow restriction defiaitions.
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Assuming that the distributions of ruptures in Chapman's bundle

tests are tynical, the local blockage carrelation {s thus formed by
myltiplying strains in Figs. § and 7 by 0.67 and then utilizing

fiq. 12. 4e have called this result "local bdiockace,” as distinct
‘rom the desired assembly Dlockage, because it does not set represent
large comunfc1a!-s1zl bundles aor incluyde the effects of non-fueled
tubes, which would not Sallcon. The slow- and fast-ramo local
blockage curves are shewn in Figs. 13 and 14 where they ire compared
with the scarse collection of data, Figure 15 shows the composite

#low dlockage curve, which envelopes the curves in Figs. 13 and 14,

Finally, to obtain assembly “Tow blockage, two adjustments are
required, First, 1t must Se recognized that bundle-average block-
aqe, which is desired, is a function of bundle size. This can be
seen by envisioning an 3x8 test bundle that is analyzed gquadrant by
juadrant. [f each dxd guadrant is viewed as a small buncle, the
slanes of maximum Siockage for the gquadrants would e expected %2
scsur at d4ifferent 2levations because of some randcmness of the
orocess. One woulc therefore expect %0 find the 2lane of maximum
37ockage in 2ach juadrant %2 have graater flow restriction than the
alane of maximum Slcckage in the Sundle taken as 2 whcie. That fis,
the Targze bundle siza introduces an iveraging affecet.

Ta account for this affect for commercial “uel bdundies ranging
fpam "x7 [3WR) %3 7«17 /2NR), we nave used ian averice Slockace
fwam Chacman's Sundle tests ~ather than the maximum value used “n

deveicooing #fgs. 13 - 15 [that orocess was acoraoriate “‘or the
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SLLOW-RAMP LOCAL FLOW BLOCKAGRE & DATA
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data comparisons Secause the Sundles represented in Fias, 13.13

vers all small arrays). For Bundle No. 1, the averace (41%) of

she Slockages was ‘ound between the (3-am and 47-cm locations in

an attemot %o eliminate the suporessing effect of spacer 3rids at

10 om and 55 om. Similar averages were found for 3undles Ne. 2

and Mo, 3. Using these values the ratic o be used %3 derive larze-
sundle Slockages from rupture strain data s 0.35 (compared with 0.%7
for small arrays). This “actor was used to lerive 211 of the diockage

curves in the next secticn of this repore.

The second adjustment is 2 reduction of about 3% to account for
instrument tubes and guidetubes that would not balloen. The exact
scaling factor SF depends on the fuel design and is given By

SF = NAL(VA, ¢ VAL,

E)

where N is the numoer of fuel rods, A ‘s the “Tow area around an

inceformea fuel rod, 13 is the number of juidetubes or instrument

tubes, ind &; is the “low area around an uncdefarmed suizZetute or

-

ingsrument tule. This scaling factor was 3130 emoloved in deriving

the dlockage curves ‘n the next secticn.
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ENCLOSURE 4

APPENDIX A

FUEL CLADDING BURST DATA
DATA REFERENCE A (Uprignt Triangle)

FRF=1

R. A. Lorenz, 0. 0. Hobson, and G. W. Parker, "Final Report on the First Fuel
Rod Failure Transient Test of a Zircaloy=Clad Fuel Rod Cluster in TREAT," Qak
Ridge Mational Laboratory Report, ORNL-4635, March 1971, Availaole in public
technical lipraries. Also avaiiable from National Technical I[nformation
Service (NTIS), Seringfielid, virginia 22161.

R. A. Lorenz, 0. O Hobson, and G. W. Parker, "Fuel Rod Failure Under Loss-of-
Coolant Conditions in TREAT," Nuclear Technology, [I, p. 502 (August 1971).
Available in public technical libraries.

Inpile, 7-rod bundle, steam atmosphere.

Maximum reduction in bundle flow area = 48 %.
Mean rod burst strain = 36 %.

Mean rod burst temperature & 389°C.

Mean rod engineering burst stress & 1.7) Kpsi.

p

ROD AMP PRESSURE BURST 8URST ENGINEERING
- RATE AT BURST TEMPERATURE STRAIN BURST STRESS
Ea (°C/S) (PSIG) (%) . (%) («PS1)
- 25-36 172 366 26 1.139
4= 25-36 250 799 15 2.02
] 25-136 208 743 6 1.56
3-2 25-36 290 316 a2 2.24
L 25-16 162 215 3 1.3
I 25-36 190 27 38 1.54
¢ 25-25 215 310 40 1.74



DATA REFERENCE 8 (Cross)

2. H. Chapman, "Myltirod Burst Test Program Progress Report for April-June
1977," Qak Ridge Mational Laboratory Report, ORNL/NUREG/TM=135, June 1377.
Available in public technical libraries. Also availaple from National Tech-
nical Information Service (NTIS), Springfield, virginia 22161.

R. H. Chapman, J. L. Crowley, A. W. Longest, and E. G. Sewell, "Effects of
Creep Time and Heating Rate on Deformation of Zircaloy=4 Tupes Test in Steam
with Internal Heaters," Oak Ridge National Laboratory Report, NUREG/CR-0343:
ORNL/NUREG/TM=245, October 1978. Available in public technical libraries.

Also available from Nationa! Technical Information Service (NTIS), Springfield,

virginia 22161

Qut-of-pile, single rod, steam atmosphere.

R00 RAMP PRESSURE BURST BURST ENGINEERING
RATE AT BURST  TEMPERATURE  STRAIN BURST STRESS
kX (°¢/S) (PSIG) (°C) &) (KPS1)
PS-1 28 922 893 18 7.47
pS-3 28 209 873 29 §.56
pS-4 28 350 871 21 5.28
pS-5 28 330 382 26 5.72
PS-10 28 870 301 20 7.05
pS-12 28 391 398 18 7.2
p5-14 28 344 883 25 5.34
PS-15 28 393 385 17 7.28
Ps-17 28 1760 778 25 14.2
SR-1 28 116 1166 2 2.94
5R=2 28 146 1082 4 1.19
5R=3 28 249 1011 43 2.02
SR=4 28 550 921 17 5.26
$R=5 23 1380 310 26 11.2
3R=7 23 2090 736 20 17.0
SR-3 28 178 1020 a3 1.4
5R-13 28 185 1079 79 1.26
$R-15 8 2780 714 14 22.5
SR-17 '8 154 1049 33 1,28
SR-13 :3 2760 528 16 22.8
5R=20 28 154 1049 33 1.25
SR=21 23 162 1023 18 1.32
3R=22 28 129 1081 30 1.08
SR=23 23 139 1077 15 1.13
SR-24 2 144 1057 57 1.16
iR-28 28 139 1092 78 1.13
R-26 23 12 1130 14 ).38
3R-27 29 133 1084 ol 1.38
3328 23 2220 318 27 3.37
iR=29 23 1170 343 27 3,38
5R=37 28 1357 760 23 15.2
SR-138 23 1398 770 20 .2
1573 334



DATA REFERENCE C (Plus)
MRBT=8~1

R. H. Chapman, "Multirod Burst Test Program Progress Report for July-Decemoer
1977," Qak Ridge National Laboratory Report, NUREG/CR-0103: ORNL/NUREG/TM=200,
June 1978, Available in public technical libraries. Also available from
National Technical Information Service (NTIS), Springfield, Virginia 22161.

R. H. Chaoman, "Preliminary Multirod Burst Test Program Results and [mp!ications
nf Intarest to Reactor Safety Evaiuation," paper presented at the 5Sth NRC

water Reactor Safety Research [nformation Meeting, Gaithersburg, MD., November
7, 1978. Available in POR for inspection and copying for a fee.

Qut-of-pile, i6=-rod bundle, steam atmosphere.

Maximum reduction in bundle flow area = 49 %.

Mean rod burst strain = 42 %,

Mean rod strain in plane of maximum blockage = 27 %.
Mean rod burst temperature = Sefll

Mean rod engineering burst stress = 8.72 Kpsi.

R00 RAMP PRESSURE SURST SURST ENGINEERING
RATE AT 8URST TEMPERATURE  STRAIN BURST STRESS

a (°¢/s) (°S1G) (°C) (%) (kPS1)

] 29 1124 882 16 9.10

2 29 1075 267 32 8.7

k| 29 cene on . cone

4 29 1082 360 36 .33

S 29 1005 372 45 3.14

8 29 1104 872 43 3.4

7 29 1052 363 % 3z

8 29 1074 872 a2 3.70

3 29 1030 870 a7 8.34

10 29 1059 873 45 8.38

1 29 10%4 347 53 8.54

12 29 1114 863 37 9.02

13 29 1091 378 59 3.84

4 29 1066 87% 42 8.63

'S 29 1062 365 42 8.80

16 23 1092 343 19 3.85
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CATA REFERENCE C (Plus)

MRBT-8-2

R. H. Chapman, "Mu'tirod Burst Test Program Progress Report for July-Oecember
1977," Oak Ridge National Laboratory Report, NUREG/CR-01!03:

June 1978.

Available in public technical Tibraries.

ORNL/NUREG/TM=200,

Also availaple from
National Technical Information Service (NTIS), Springfield, Virginia 22161.

R. H. Chapman, "Multirod Burst Test Program Progress Report for July-December
1978," Oak Ridge National Laboratory Report, NUREG/CR-J655:

June 13979.

Available in public technical libraries.

OQut=of-pile, 18=-rod bundle, staam atmosphere.

Maximum reduction in bundle flow area = 53 %.
Mean rod burst strain = 42 %,

Mean rod strain in plane of maximum blockage = 28 %.
Mean rod burst temperature = 358°C.

Mean rod engineering burst stress = 3,38 Kpsi.

ROD

|«

LT L T R T ey

RAMP
RATE

(°¢/S)

29
29
29
29
29
29
29
29
29
29
29
29
29
9
29
29

PRESSURE
AT BURST

(PSIG)

1117
1115
1096
1100
1127
1004
1087
1097
1065
1112
1094
1134
1048
1182
1117

ORNL/NUREG/T™=297,

Also available from
National Technical Information Service (NTIS), Springfield, Virginia 22161.

BURST SURST
TEMPERATURE STRAIN
(°¢C) (%)
870 35
346 39
853 40
872 42
366 35
8s7 s
861 36
856 18
356 43
8s3 40
8s1 <Q
383 41
358 42
836 38
343 12

ENGINEERING
BURST STRESS

(KPSI)

9.08
9.02
8.88
8.9N
9.13
8.13
3.64
8.89
3.63
9.0
8.86
9.19
3.49
9.33
9.08



DATA REFERENCE C (Plus)
MRBT-8-3

R. 4. Chapman, "Preliminary Multirod Burst Test Program Results and Implications
of Interest to Reactor Safety Evaluation," paper presented at the 6th NRC wWater
Reactor Safaty Research Information Meeting, Gaithersburg, MD., November 7, 1978.
Available in PDR for inspection and copying for a fee.

R. H. Chapman, "Multirod Burst Test Program Progress Report for April-June,
1979," Oak Ridge National Laboratory Report, NUREG/CR-1023: ORNL/NUREG/TM-351,
in publication.

Qut-of-pile, 16-rod bundle, steam atmosphere.

Maximum reduction in bundle flow area = 75 %.

Mean rod burst strain = 57 %.

Mean rod strain in plane of maximum blockage = 40 %.
Mean rod burst temperature = 764°C.

Mean rod engineering burst stress & 11.07 Kpsi.

Fiine RAMP PRESSUKE SURST 3URST ENGINEERING
RATE AT BURST TEMPERATURE  STRAIN 3URST STRESS

k2 (°¢/S) (PSIG) (°C) (%) (KPSI)

1 10 1393 m 48 11.28

2 10 1280 779 76 10.39

3 10 ---- .- - e

3 10 1318 767 53 10.58

3 10 1378 754 53 1.14

- 10 1327 770 51 10.7

7 10 -en- --- “. emees

3 10 1320 756 78 10.569

E 10 1320 754 33 10.58

10 10 1362 774 30 11.03

1 10 1396 775 37 11.31

12 10 1414 761 47 11.45

13 10 1485 760 13 12.04

i 10 1408 753 32 17,38

15 10 1328 733 33 10.31

i 10 1407 747 33 11.40
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OATA REFERENCE 0 (Closed Circle)

F. Erbacher, H. J. Neitzel, and K. Wiehr, "Interaction Setween Thermonydraulics
and Fuel Clad Ballooning in a LOCA, Results of RESBEKA Multirod Burst Tests

with Fleoaing," paper presented at the 6th NRC Water Reactor Safety Research
Information Meeting, Gaithersburg, MD, November 7, 1378. Availabie in file

for USNRC Report, NUREG-0536.

F. Erbacher, H. J. Neitzel, M. Reimann, and K. Wienr, "Fuel Rod Behavior in
the Refilling and Reflooding Phase of a LOCA-Burst Test with [ndirectly Heated
Fue” Rod Simulators," paper presented at the NRC Zircaloy Cladding Review
Group Meeting, I[daho Falls, May 23, 1977. Available in file for USNRC Report,
NUREG-0536.

K. wiehr and H. Schmidt, "Out-of-Pile Experiments on Ballooning of Zircaloy
Fuel Rod Claddings Test Results with Shortened Fuel Rod Simulators,"
Kernforschungszentrum Karlsruhe Report, KfK 2345, October 1977. Available in
file for USNRC Report, NUREG-0536.

F. Erbacher, H. J. Neitzel, M. Reimann, and K. Wiehr, "QOut-of-Pile Experiments
on 2allooning in Zircaioy Fuel Rod Claadings in the Low Pressure Phase of a
Loss-of-Coolant Accident," Proceedings of Specialists’ Meeting on the Benavior
of Water Reactor Fuel Elemenis Under Accigent Conditions, Spatind, Norway,
September 13-16, 1976. Available in public technical libraries.

F. Erbacher, H. J. Neitzel, and K. Wiehr, "Studies on Zircaley Fuel Clad
8allooning in a LOCA, Results of Burst Tests with Indirectly Heatad Fuel Rad
Simulators,” paper presented at the ASTM 4th International Conferencs on
Zirconium in the Nuclear Industry, Stratford-on-Avon. England, June 27-29,
1878. Available from ASTM.

Jut-of-pile, single rod, air and steam atmosphere.

300 RAMP PRESSURE BURST 3URST ENGINEERING
RATE AT 3URST TEMPERATURE STRAIN BURST STRESS

# (°C/S) (PS16) (5¢ (%) (KPS1)

2 11 ? 380 27 ?

) 11 386 330 51 5.91

? u ? 365 13 ’

? 11 2 360 1 ?

? 11 2 340 12 ?

? 11 ’ 340 36 2

2 1 2 240 13 ?

? 11 3 240 54 ?

? 11 ? 330 a7 ?

? 11 ? 32¢ 27 2

13 13 1420 323 3 9.31

? 11 > 320 23 2

) 13 ) 29 18 2

14 11 1420 310 38 3.81
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DATA REFERENCE 0 (Continued)

ROD RAMP PRESSURE BURST SURST ENGINEERINC
RATE AT BURST TEMPERATURE STRAIN BURST STRESS

2 (°C/S) (PSIG] (°C) %) (KPSI)

? 1 ? 810 42 ?

? 11 ? 810 4 ?

35 1 1380 794 27 9.54

? 11 ? 780 27 ?

? 1 ? 780 30 ?

? 11 ? 780 32 ?

? 11 ? 770 26 ?

? 11 ? 770 32 ?

? 11 ? 760 24 ?

? 1 ? 755 23 ?

? 1 ? 755 52 ?

1573 339



DATA REFERENCE E (Open Circle)

€. Karb, "In-Pile Experiments in the FR-2 DK-LOOP on Fuel Rod Sehavior Quring
a LOCA," paper presented at the US/FRG Workshop on Fuel Rod Benhavior, Xarlsruhe,
June 1978. Available in file for USNRC Report, NUREG-0S536.

£. H. Karb, "Results of the FR-2 Nuclear Tests on the Behavior of Zircaloy Clad

Fuel Rods," paper presented at the 6th NRC wWater Reactor Safety Research Infor-

mation Meeting, Gaithersburg, MD, Novemper 7, 1378. Available in file for USNRC
Report, NUREG-0536.

E. H. Karp, "Results of FR=2 In-Pile Tests on LWR Fuel Rod Benavior," paper
presented at the 4th JAERI-FRG-NRC Annual Fuel Behavior Information Exchange,
Idaho Falls, Idaho, June 22-29, 1979. Available in POR for inspection and
copying for a fee.

Inpile, single rod, steam atmosphere.

R00 RAMP PRESSURE BURST 3URST ENGINEERING
RATE AT BURST TEMPERATURE  STRAIN BURST STRESS
o (°¢/S) (PSIG) (°¢) ) (XPSI)
AL.1 7.1 725 810 54 5.01
A2.1 20 1276 820 3% 3.82
31.6 8.2 1160 825 3 3.02
83.1 10 1146 825 37 7.92
31.3 12.7 385 845 14 5.12
A2.2 12.1 341 360 56 5.81
31.1 17.5 754 300" 30 5.21
81.5 B 553 910 80 4.51
1.2 3.7 533 315 25 4.51
33.2 12.1 725 915 50 3.01



DATA REFERENCE F (Square)

R. H. Chapman, J. L. Crowley, A. W. Longest, and E. G. Sewell, "Effects of
Creep Time and Heating Rate on Deformation of Zircaloy-4 Tubes Testea in Steam
with Internal Heaters," Oak Ridge National Laboratory Report, NUREG/CR-0343:
ORNL/NUREG/TM=245, October 1978. Available in public technical libraries.

Also available from National Technical Information Service (NTIS), Springfield,

Virginia 22161.

Qut-of-pile, single rod, steam atmosphere.

ROD RAMP PRESSURE BURST BURST
RATE AT BURST TEMPERATURE >TRAIN
2 (°C/s) (PSIG) (°C) (%)
SR-33 J 825 762 23
SR=-34 0 344 766 32
SR-35 0 548 778 29
SR-36 0 560 821 29
SR-43 4 1105 773 29
SR-44 5 1060 777 30
SR-41 9 1416 757 27
SR-42 10 1373 761 28

ENGINEERING
BURST STRESS

(KPSI)

6.68
5.84
5.25
$.38
8.95
8.59
11.5
1.1



DATA REFERENCE G (Asterisk)
REBEKA-1, -2, -3

F. Erbacher, H. J. Neitzel, and K. Wienr, “Interaction Between Thermohydraulic
and Fuel Clad Ballooning in a LOCA, Results of REBEKA Multirod Burst Tests
with Flooding," paper presented at the 6th NRC wWater Reactor Safety Researcn
Information Meeting, Gaithersburg, MD., November 7, 1978. Available in file
for USNRC Report, NUREG-0536.

K. Wiehr, "Results of REBEKA Test 3," paper presented at the 4th JAERI-FRG-NRC
Annual Fuel 3ehavior Information Exchange, Idaho Falls, Idaho, June 22-29, 1979.
Available in POR for inspection and copying for a fee.

Qut-of-pile, 9=-rod bundles, steam and water atmosphere.

TEST  INITIAL MEAN MEAN MEAN MEAN REDUCTION
RAMP  PRESSURE BURST BURST ENGINEERING  IN FLOW
RATE AT BURST TEMPERATURE  STRAIN  BURST STRESS  AREA

4 _(°c/S)  _(PSIG) (°¢) (%) (XPSI) (%)

1 7 870 815 29 6.01 25

2 7 800 870 53 5.53 60

3 7 728 830 1 5.08 52

1573 342



DATA REFERENCE H (Inverted Triangle)

M. Bocek, "FABIOLA," paper presented at the 4th JAERI-FRG-NRC Annual Fuel
Behavior Information Exchange, [daho Falls, Idaho, June 22-29, 1379. Available
in POR for inspection and copying for a fee.

Qut-of-pile, single rod, steam atmosphere.

ROD RAMP PRESSURE BURST BURST ENGINEERING
RATE AT BURST  TEMPERATURE  STRAIN BURST STRESS

# (°¢/S) (PS1G) (°¢) (%) (XPSI)

1 3 563 360 56 3.92

a 11 1375 730 3 3.58

8 7.8 1375 780 35 3.8

10 10 2013 750 33 14.03

12 3 363 390 29 3.92

13 10 1610 765 10 12.62

1573 343



DATA REFERENCE [ (Diamonad)

J. L. Crowiey (ORNL), personal communication to D. A. Powers (USNRC),
August 10, 1979.

R. H. Chapman (ORNL), personal communication to 0. A. Powers (USNRC),
Septemper 11, 1979.

Qut-of-pile, single rod, heated shroud, steam atmosphere.

R0D RAMP PRESSURE BURST MAX IMUM ENGINEERING
RATE AT BURST TEMPERATURE  ROD STRAIN  BURST STRESS
Ea (°¢/S) (PSIG) (°¢) (%) (KPSI)
SR-47 10 1436 775 - 7% 12. 35
5R-49 5 1139 775 ag 3.20
SR=51 0 1030 790 33 3.86
‘R-53 0 241 760 83 7.23
R-57 0 725 775 110 6.3



ENCLOSURE 5

Enclosed are 3 figures that show correlations in the 10/31/79 draft
for rupture temperature, -~upture strain, and assempbly flow blockage.
Temperature ramp rates are accounted for in the correlations, and
the ramp rates that are most apprcopriate snould be used. If it is
not practical to accommodate ramp rates in the code, envelopes of
these curves snouid be used. The tapular values from wnich these

curves were generatad are 2130 anclosed.
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BURST TEMPERATURE CURVES
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PWR ASSEMBLY FLOW BLOCKAGE CURVES
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S1ow=-Ramp Correlations

0°C/s . <10°C/S <10°C/S
3urst Engineering TBurst T Flow
Temperature Hoop Stress Strain Blockage
(°C) (xpsI) (%) (%)
1 600 15.56 20 18.¢
2 625 14.40 21 17.6
3 650 13.22 30 26.1
4 675 12.03 4 39.4
g 700 10.84 <3 34.6
8 728 9.68 70 66.3
7 750 8.53 78 .7
3 778 7.40 20 74.6
3 300 6.30 78 73.6
825 5.24 72 58.4
850 4.26 24 50.8
375 3.36 39 34.7
200 2.59 3 26.6
328 1.98 30 26.1
350 1.52 3 26.6
q7% 1.20 29 258.2
1000 0.97 22 18.5
1025 0.80 20 15.2
1050 0.68 20 18.2
107% 0.33 2 15.2
1100 0.51 20 15.2
1125 0.45 20 158.2
1150 0.41 20 15.2
1178 0.37 20 15.2
12C0 0.33 2C 18.2
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Fast-Ramp Correlations

28°C/S »%5°C/S 325°C/S
Burst Engineering “Burst T Flow
Temnerature Hoop Stress Strain 3lockage

(°C) (kPSI) . (%) (%)
] 600 31.14 20 15.2
2 625 28.74 21 17.6
3 630 26.39 23 20.0
4 675 24.01 26 22.3
5 700 21.65 3 29.0
6 725 19.32 30 a7.5
7 750 17.04 63 80.3
3 775 14.78 67 6.6
3 800 12.57 67 5.6
10 825 10.46 63 60.3
1 350 3.50 24 50.8
12 87% 6.70 39 34,7
13 200 8.} 23 20.0
14 32§ 3.95 22 18.5
15 350 3.0 23 20.0
18 975 2.40 24 29.9
17 1CC0 1.4 &7 §3.7
18 1025 1.61 78 2.7
19 1050 1.36 a0 74,5
20 1075 1.17 73 72.7
21 11C0 1.03 37 32.8
¥ 4 1128 2.9 35 30.9
23 150 0.31 37 2.8
24 178 0.73 i7 4:.2
28 1220 0.67 37 83.7
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Composite Correlations

Surst Burst £ngineering Flow
Temoerature - Strain Hoop Stress 8lockage
: (°¢) (3) (KPSI) (%)
500 20 31.14 22.3
2 625 21 28.74 22.3
3 830 30 26.39 22.3
4 675 a4 24.01 22.3
§ 700 58 21.65 29.0
5 725 70 19.32 47.%
7 750 78 17.04 0.3
3 778 80 R -
2 800 7 14,78 64.6
1 82% 72 7.40 74.8
1 850 34 6.30 73.6
1 87% 39 §.24 58.4
300 3 4.26 50.8
925 30 3.36 4.7
350 k)| 2.59 26.6
37% 34 2.40 29.9
1200 57 1.%4 -
1025 78 1.61 72.7
10£0 30 1.36 74,8
1075 78 1.17 1%.7
1100 37 1.03 32.8
1128 35 9.9 30.3
1750 37 0.31 32.8
nz a7 0.73 43,2
1220 §7 0.67 83.7

1573 351



ENCLOSURE 6

GENERAL

. APPENDIX K REQUIREMENTS MUST BE MET,
REVISED MODELS MAY BE REQUIRED FOR ALL VENDORS.
ALL BREAK SIZES NEED TO BE CONSIDERED.

IF UNCERTAINTIES ARE NOT CONSIDERED IN SWELLING AND RUPTURE
CURVES, APPROPRIATE SENSITIVITY STUDIES MUST BE PERFORMED.

WIDTH OF THE VALLEY MAY BE AS 1/PORTANT AS HEIGHT OF THE PEAK.



DETESMINING MAGNITUDE

. NEED TO SORT QUT SUBSTANTIVE CONDITIONS.
SOME TEMPERATURES AND RAMP RATES MAY NOT BE EXPECTED.

THEREFORE MODELS NEED ONLY APPLY WHERE CONDITIONS WILL
OCCUR.

PWR RUPTURE TEMPERATURES 840 °C - 960 °C

BWR RUPTURE TEMPERATURES S60 °C - 1200 °C

RAMP RATES 28°Cloes. ™ 25°C /sec -
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LARGE RREAK REFLOOD

PWR REFLOOD AT FLOODING RATES LESS THAN 1 IN./SEC. APPEARS
70 BE WORST CONDITION BECAUSE QF APPENDIX K REQUIREMENTS
FOR STEAM COOLING AND BLOCKAGE.

NRC PERFORMED LIMITED SENSITIVITY STUDY ON BLOCKAGE, STRAIN,
AND INCIDENCE OF RUPTURE.

1573 357



B1L OCKAGE
Case | MODEL

I WREM

2 VENDOR

3 VENDOR

4 VENDOR

5 VENDOR

L

AN

(]

(S

g <. <l

SWELLING AND RUPTURE REFLOOD STUDY

T TURED E UNRUPTURED NODE

STRAIN| t_ Voiaa INIT PBLOCKAGE ELEV. | STRAIN | TIME |PCT  ELEV. STRAIN | TIME PCT
MODEL P oC P of FRACTION IN. SEC. |°F IN. SEC. |°F
WREM 29.8 876 1804.1 |.522 80.24 | .444 260. |Melt P3.51 |.085 260. |Melt
WREM 29.8 876 1804.1 |.362 80.24 | .444 44.25 P824.3 p3.51 1.085 298. |2143.]
1.0 36.4 915 1932.0 |.238 80.24 | 1.0 45.5 FIOQ.G F3.34 133 120. | 1869.(
WREM 45. 976 1780.0 |.310 80,24 | 394 44.25 §791.8 p3.51 |.088 298. |2040."
1.0 45. 965 1763.6 |.200 80,24 | 1.0 44.25 §773.4 F3.34 195 120, |1820..
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'OF°V°’!Ch ENGINEERING: CE had 2cently provided a new analysis mode!
using improved ruptyre strain and flow blockage models that are similar
to our new data curves and that show compliance with the 22000F limit
for CE cperating plants. The improved CE models follow guidelines that
are in approximate agreement with the new NRC staff curves. Inasmuch
as CE usec even larger Dlockages in their analysis than we are mow
recommencing, we believe that they have additioral conservatism in their
PCT results for operating plants.

GENERAL

SCTRIT AND ZXxDN-3WR: Both 3WP mode's apoear to be

significa ¢ 21¥ferent frorm the majority 0f the new data. but this
o

is Sec. sz the recert data fa’ls in a range that is much more applicable
to PWF operating conditions. In the hign-temperature, slow-ramp
range acdpliczatility to ooerating BWPs, the GI and Exxon curves are

e

ert with the néw NRC curves. Thus, there does not appear
croblem witn PCT's for operating 3uWP's

EXXQN-247: The mest importan’ curve usec in previous PWR Exxon models

75 *r: ‘ace - : : ’ ;
1 tH ast-ram; Dlockage curve. This curve is conservative with

resgect tC tte new NRT staff cyrve based on recent data over the

rarje :€ apciicatility for noerating SWR's with Exxor fuel. The lesser
imporiant strair curve and slow-ramp blockage curve are in

; ¢ agreement with the new %N3( staff cuyrves. [n the regions
Ixxor curves somewnat underpredict the NRC curves., txxon

: t3 3o not contradice their curves. According

“

our Jéts 30
NSt acpear tc Je a safety probtlem with PCT's for operating
i%n Sxxgr fuel

——— -

WEC MNG-TLIIi westinghouse strongly disagrees wit the ap ‘*'a“":g
€ néa Cata and therefore the new NRC staff blockage mode!l.

er, i:: strain curve is in anproximate agreement with the new

taff curves over the range of operating cond‘tions of operating

g '*e ae.:'*'": se Slockage curve agrees we'l with the new

$taf curves onl, over 3 limited stress range, but outside of that

e the turves diverge sharply with the estingnouse curves bSeing

i

Tess corsarvative than the NPT scaff curves. Ve"“;“:use se’feves

U

%3 ﬂua.: always ocecur
:ts valyes very
icnal information on

i
' 878

tures in i%s operating o
'ar 3¢ where its mode' pr
new Vrf staff mode!. Addi
.e-.e: from Westinghouse by la
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At the conclusion of the November ' meeting, each of the five nuclear fuel
suppliers was directed to provide (RC a letter by close of business
November 2, 1377 confirming the preliminary information discussed above,

ey 197

and specifically providing answers to the fcllowing questions:

On the hasis of information presented by the NRC staff at the

meeting cn November 1, 1973 :
(1) Are your cperating plants safe, i.e., do the; meet the
2202°F limit for peak clad temperature during a LOCA?

Describe the basis, for this conclusion,

(2) Do *he eva'uation models meet the reguirements in Appendix K?
Descride the basis for this conclusion.
(3} If "no" tc the above, propose mocified operating limits cf

such plants.

Discussions at the meeting, summarized atsve, provices a preiiminary ynderstianging
of the expectes contents of the five letters due late today. As indicated

above, we expect each of the letters will provide ar acceptable basis for
continuez ooeration of affected plants at Teast over the shore
However, the informatign to be recsivesd by evering “icvemder 2, may indicate
that a smal! nymber of planrts have mincr safety deficiencies requirirg shore

.
the NwL.

o

Sven assuming 2has all gperating clants can justi®y contirye? operaticn pver
the shcrt ter~, we Selieve that 1t will be necessary %o taks acticr o
require changes in a number of the evaluation mocels reguirec Sy Apsendix K
of our reg.iation.
£ - “ -
Harolad 2. Denton. Director
Office 0% Nuclear Reacsor 2egu’ation
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