
. _ _ _ ._ . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ - - _.

.
.

.o

9

.

UNITED STATES OF AMERICA
NUCLEAR REGULATORY COMISSION

BEFORE THE ATOMIC SAFETY AND LICENSING BOARD

In the Matter of

LONG ISLAND LIGHTING COMPANY ) Docket No. 50-322
) (OL)-

(ShorehamNuclearPowerStation, )
Unit 1) )

m . _ .

NRC STAF" 'i Tih 1Y VF RALPH 0. MEYER
REGARDING q C 3 ,L11G AND FLOW BLOCKAGE

2 -

(SOC Contention 16)

.

8205050300 820504 l
PDR ADOCK 05000322

'

. .
. . - _ _ _ _ _



.

.

9

~

OUTLINE OF TESTIMONY

This testimony addresses Shoreham Opponents Coalition (SOC)

Contention 16 which questions the adequacy of the Shoreham Emergency

Core Cooling System (ECCS) because of deficiencies in the cladding

swelling.and flow blockage models.
'

The testimony indicates that for the first cycle of operation,

small cladding model uncertainties that exist in the analysis used for

Shoreham are amply compensated by margins that are not needed for other

purposes. For the second cycle and beyond, revised cladding models that

will be used have recently been reviewed by the NRC Staff and found<

acceptable.

The testimony concludes that there is adequate assurance that the
,

Shoreham ECCS will be acceptable for all cycles of operation with
,

respect to cladfing swelling and flow blockage concerns.
,
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UNITED STATES OF AMERICA
NUCLEAR EGULATORY COMMISSION

~

BEFORE THE ATOMIC SAFETY AND LICENSING BOARD

In the Matter of )

LONG ISLAND LIGHTING COMPANY Docket No. 50-322 '

) (0L)
(Shoreham Nuclear Power Station, ) '

Unit 1) )

NRC STAFF TESTIMONY OF
RALPH 0. MEYER REGARDING S0C CONTENTION 16

.

Q.1. Please state your name and position with the NRC.

A.1. My name is Ralph 0. Meyer. I am employed by the U.S. Nuclear

Regulatory Commission in the position of Section Leader, Reactor Fuels

Section, Core Performance Branch, Division of Systems Integration. A

statement of my educational and professional qualifications is attached

to this testimony (Attachment 1).

Q.2. What is the nature of the responsibilities you have regarding

the Shoreham Nuclear Power Station?

A.2. I directed the review of a number of the computer coCes used

by the Applicant in the fuel system safety analysis of Shoreham, and I

also supervised the review of those sections of the Shoreham Final Safety

Analysis Report (FSAR) involving fuel system design.
'

Q.3. What is the purpose of your testimony?

A.3. The purpose of this testimony is to respond to Shoreham

Opponents Coalition Contention 16. A copy of S0C Contention 16 is
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attached (Attachment 2). In particular, I have been asked to determine

whether the facts presented in Parts (a) and (b) of the Intervenor's
,

particularization of Contention 16 are correct, and whether these facts

support the Intervenor's position.

Q.4. Part (a)(1) of the contention alleges that "there is no margin

in the calculated LOCA peak clad temperature (PCT)." Is this statement

correct?

A.4. The statement is correct insofar as the regulations require

that PCT not exceed 2200 F and the calculated PCT for Shoreham is 2200 F.

Normally this would be sufficient, but for Shoreham we needed some margin

to compensate for deficiencies in the cladding swelling and rupture

models. Because no explicit PCT margin was available we utilized margin

that was available from unused thermal-hydraulic model improvements and

was not needed for other purposes (i.e., to compensate for deficiencies

in the fission gas model) during the first cycle of operation. This

margin is adequate to compensate for the uncertainties in the cladding

swelling and upture models.

Q.5. Part (a)(ii) alleges that "the LOCA analysis used assumed

unpressurized fuel but Shoreham will use pressurized fuel." Is this

correct?

A.S. Yes, this statement is correct. In our safety evaluation of

NEDE-23786-1, the Staff concluded that previous LOCA analyses performed

for unpressurized fuel are more conservative for LOCA analysis and are
|
' therefore acceptable for showing compliance with 10 C.F.R. 50.46 for

pressurized fuel.
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Q.6. Part (a)(iii) alleges that "the PCT increases due to enhanced

fission gas release are only estimates and the analysis is incomplete."

Is this~ statement correct?

A.6. Yes, this statenent is correct. However, the PCT increases

due to enhanced fission gas release during first-cycle operation at

Shorehan (to which our approval is limited) are zero. Enhancement of

fission gas release occurs only at higher fuel burnups (e.g., beyond

first cycle).

Q.7. Part (a)(iv) of the contention alleges that "the calculated

net increase in PCT (increase caused by deficiencies in the fission gas

model less decrease due to improved thermal-hydraulic models) is the

difference between two large, approximate numbers and therefore may have

a large degree of uncertainty." Is this statement correct?

A.7. Yes, this statement is correct. However, the concern is not

applicable to first-cycle operation (to which our approval is limited) for

the same reasons given in A.6.
,

Q.8. Part (a)(v) alleges that "the decreases in PCT assumed as a

result of using new thermal-hydraulic models are only estimates." Is

this statement correct?

A.8. Yes, this statement is correct. However, the estimates are

claimed by GE to be conservative, and the PCT decrease reported is about

10 times the uncertainty that needs compensation. Therefore, I do not

believe that the uncertainty in the estinated value is important.

Q 9. Part (a)(vi) alleges that "the burst-strain sensitivity study

neglected the effects of Zircaloy oxidation heat." Is this statement

corrcet?

--
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A.9. Assuming that the sensitivity study referred to in the

contention is the same as that referenced in SSER #1, this statement was
_

correct. However, a later sensitivity study (J. Quirk to L. Rubenstein,

10/19/81) (Attachment 3) satisfactorily addressed this issue.

Q.10. Part (a)(vii) alleges that "in the burst-strain sensitivity

study, the base case flow blockage was not used in some of the cases

analyzed." Is this correct?

A.10. This statement was correct. However, the later sensitivity

study (J. Quirk to L. Rubenstein, 10/19/81) (Attachment 3) addressed this

issue, and we now conclude that this effect is not significant (See

response to Q.12., below).

Q.11. Citing the issues just discussed, Part (a) of the contention

alleges that, for the first cycle, "there is inadequate assurance that

the ECCS system at Shoreham is acceptable because of clad swelling and

flow blockage problems. . . ." Is this conclusion correct?

A.11. No, that conclusion is not correct. There is ample margin,

which is not needed for other purposes during the first cycle, to

compensate for the uncertainties that were present in the cladding

swelling and rupture models.
f

Q.12. Part(b)ofthecontentionalleges

There is inadequate assurance that the reanalysis
requested by the NRC Staff for Shoreham's second
fuel cycle and beyond will show that the ECCS
system meets 10 C.F.R. 50.46 and Part 50,
Appendix K with respect to clad swelling and flow
blockage.

Is this statement correct? -

_ _ _ _ _ _ _ _ _ _ _
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A.12. No, the statement is not correct. We have recently completed

our review of the cladding models that will be used for Shoreham's second
'

fuel cycle and beyond and find them acceptable (L. Rubenstein to R. Tedesco,

4/5/82)(Attachment 4). The Shoreham ECCS will thus meet the acceptance

criteria of 10 C.F.R. 50.46, and I expect that there will be margin to

spare because of other model improvements that have been approved.

Q.13. What is your conclusion, then, with regard to the cladding

models in the Shoreham ECCS analysis?

A.13. Small cladding model uncertainties that exist in the present

analysis are amply compensated by margins that are not needed for other

purposes during the first cycle of operation. The revised cladding

models that will be used for second cycle and beyond have recently been

reviewed and found to be acceptable in light of new test results reported

in NUREG-0630. Therefore, there is adequate assurance, with regard to

the cladding models of concern in this contention, that the Shoreham ECCS

will be acceptable for all cycles of operation.

.

|

|

|
.

l



. ._ . .- -

.

I

4*
.

'

.

1

.

:

PROFESSIONAL QUALIFICATIONS
,

OF |
'

RALPH 0. MEYER \

'U S. . Nuclear Regulatory Commission
Washington, D. C.

I an employed as the Section Leader of the Reactor Fuels Section in the Core
The Reactor Fuels Section has responsibility for

;

Performance Branch. reviews in the area of thermal, mechanical, and materials behavior of|

}nuclear reactor fuel.
|

My general technical background is that of a reactor fuels engineer with 1

experience in fiss. ion gas rel. ease, fuel densification, steady-state andI am familiar with
transient fuel behavior.. and fuel performance modeling.
regulatory requirements related to reactor fuel design and performance.

I hold a B.S. degree in physics from the University of Kentucky and a Ph.DI

degree in physics from the University of North Carolina at Chapel Hill. studied high-temperature and high-pressure effects on diffusion in metals asi

a Research Associate'in physics at the University of Arizona. |

From 1968 to 1973 I was employed as an Assistant Metallurgist in the reactorMy research

fuel development program at Argonne N&tional Laboratory. included studies of gaseous fission product migration, segregation of
fissila fuel material, and restructuring of oxide fuel pellets.

From 1973 to 1976 I was empToyed as a Reactor Fuels Engineer in the Reactor
'

My principal activities
,

Fuels Section of the Core Performance Branch.during that period were related to fuel densificat, ions, fission gas release
and the behavior of mixed-oxide fuels for the plutonium recycle program.
Since 1976 I have been the Section Leader of the Reactor Fuels Section.
I am a member of the American Nuclear Society and have published more than
25 technical papers and topical reports,

c
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ATTACHMENT 2,

SOC 16: CLAD SWELLING AND FLOW BLOCKAGE

Submitted: LILCO/Staf f/ SOC Stipulation of December 2,1981,'

at 9-10.

Admitted: Board Order of February 8, 1982, at 1.

The ECCS at Shoreham may not meet the requirements of
10 CFR Part 50 because of clad swelling and flow blockage. In
SOC's view, new test results obtained by the NRC Staff and re-
ported in NUREG-0630 show that modeling of clad swelling and
flow blockage is inadequate. Subsequent to the publication of
NUREG-0630, the NRC Staff reviewed information submitted by
LILCO and General Electric and concluded that operation of
Shoreham during the first cycle will be acceptable. SOC disa-
grees and contends that:

(a) There is inadequate assurance that the ECCS system
at shoreham is acceptable because of clad swelling
and flow blockage problems in that:

(1) there is no margin in the calculated LOCA peak
closd temperature (PCT);

(ii) the LOCA analysis used assumed unpressurized
fuel but Shoreham will use pressurized fuel;

(iii) the PCT increases due to enhanced fission gas
release are only estimates and the analysis is -
incomplete;

(iv) the calculated net increase in PCT (increase
caused by deficiencies in the fission gas .odel
less decrease due to improved thermal-hydraulic
models) is the difference between two large,
approximate numbers and therefore may have a
large degree of uncertainty;

(v) the decreases in PCT assumed as a result of
using new thermal-hydraulic models are only
estimates;

(vi) the burst-strain sensitivity study neglected
the effects of Zircaloy oxidation heat; and

- (vii) in the burst-strain sensitivity study, the base
case flow blockage was not used in some of the
cases analyzed.

(b) There is inadequate assurance tha't the reanalysis
requested by the NRC Staff for Shoreham's second
fuel cycle and beyond will show that the ECCS sys-
tem meets 10 CFR S 50.46 and Part 50, Appendix K
with respect to clad swelling and flow blockage.
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October 19, 1981

U. S. Nuclear Regulatory Commission
Office of Nuclear Reactor Regulation
Washington, D. C. 20555

Attention: L. S. Rubenstein, Assistant Director for Reactor Systems
Division of Systems Integration i

Gentlemen:

SUBJECT: GENERAL ELECTRIC ANALYTICAL MODEL FOR CALCULATION OF
CLADDING RUPTURE STRAIN AND MAXIMUM LOCAL OXIDATION IN
LOCA ANALYSIS -

Reference: 1) Letter from R. H. Buchholz (GE) to L. S. Rubenstein
(NRC), " General Electric Fuel Clad Swelling and
Rupture Model", May 15, 1981

2) Letter from G. G. Sherwood (GE) to L. S. Rubenstein
(NRC), " Impact of Large Rupture Strains on BWR LOCA
Analysis", August 14, 1981

3) Telecon, L. S. Rubenstein (NRC) to J. F. Quirk (GE),
October 1, 1981

4) Telecopy of LOCA Data from D. Powers (NRC) to
D. K. Dennison (GE), February 10, 1981

5) Letter from J. F. Quirk (GE) to L. S. Rubenstein
(NRC), " General Electric Analytical Model for
Calculation of Local Oxidation in LOCA Analysis,"
September 14, 1981

Reference 1 and 2 document the results of sensitivity studies performed
l by General Electric on the CHASTE cladding perforation strain model.

The purpose of this letter is to summarize the results of those studies
and to present the results of an additional study requested in the
Reference 3 telephone call. This letter also reiterates General Electric's
position that the open literature data with respect to circumferential
strain (_ Reference 4 and NUREG-0630) are not applicable to BWR conditions.

.
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Experimental Data
'

General Electric has performed an extensive survey of all open literature
deallnp with circumferential strain data pertinent to the BWR (Reference 1).
The sa lent points from this review are as follows:

(a) General Electric's analytical model that calculates circumferen-
tial strain versus temperature is founded on a larpe data base
of prototypical BWR data including full scale BWR bundle
tests. (Figure 8. Reference 1) '

(b) This model is an upwr bound (areater than 90%) of the data
(i.e., it is not a mst estimaEe model).

(c) The General Electric model bounds the applicable data trans-
mitted in Reference 2 and contained in Figure 10 of Reference
1. NOTE: Applicable data here refers to slow heat up rates *
in the high temperature region (greater than 1650*F).

(d) The NUREG 0630 correlations are unqualified for slow heat-up
rates of temperatures absve 900*C (1650*F) (Figure 9. Reference 1).

(e) The majority of open literature data CReferance 4 and NUREG-0630)
were taken under conditions not proto",ypical of the BWR. Viz:
heated shroud, unifore temperature proflies (i.e., no circum-
forential temperature variation).

h
To summarize, the General Electric model conservatively bounds 905 of
the data considered most applicable to the BWR. Therefore, the continued
use of the GE model in BWR LOCA analysis for the prediction of perforation
strain is considered appropriato. o

Sensitivity Studies '

General Electric has performed a series of four bounding sensitivity
studies on the cladding perforation strain model in CHASTE.

Case 1 31% rupture strain on all rods.

Case II Alternating 40% and 0% (suppressed) rupture strain pattern.

Case III 60% rupture strain on PCT rod with all other rods suppressed
(0% strain). -

Case IV 60% rupture strain on PCT rod, suppressed strain (0%) on
all rods adjacent to PCT rod, and either 23% on all other
rods or alternating 40%/0% strain pattern on all other
rods. (Two studies).

" Note: General Electric definition of slow heatup rates is less than
10*F/sec, not 10'C/sec.
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The results of these studies are summarised in Tables 1 and 2. Details ,

of these studies and the applicability of these studies to all plants ,

iare discussed in the following paragraphs.'
|-

To draw meaningful conclusions from the sensitivity studies reouires two
~

comparisons: a)onewiththestandardlicensingcalculations(CaseIa);
and (b) another with the same perforation locations but with perforation
strain of 235. Comparing the results in this manner allows the effect
of increased perforation strain to be isolated from the effect introduced
by suppression of swelling in specific rods. Table 2 presents the
results of both cosparisons for each stu%. The results presented in
Reference 2 for studies II and III were those in the last column of
Table 1.

-

Choice of Boundina Analysis

The studies were performed for a design basis loss-of-coolant
accident (LOCA) in a bounding plant with a long reflooding time and
a short blowdown period. These calculations are bounding for all
plants. The longer reflooding time results in the largest number
of calculated perforations due to the longer heatup period combined
with a high cladding hoop stress.

The majority of the studies were performed using three atmosphere
propressurized 8x8 - two water rod fuel. This was done because no
perforations are calculated to occur for 8x8 - one atmosphere fuel
designs. A 11mitad number of the initial sensitivity studies were
also performed with 7x7 fuel and produced similar results to those
obtained with 8x8 fuel.

The gap conductance and fission gas release for these studies were
initialtred using General Electric's GEGAP computer code. For the
purpose of performing sensitivity studies the model used to initialize
these parameters is not important to the overall results. This is
because accounting for enhanced fission gas release would have the
same effect on both the base case and the sensitivity studies. The
trends observed in either case would still be the sese.

For sensitivity studies in which perforations in specific rods were
suppressed (Cases II - IV), one additional assumption was made. To
suppress perforations in specific rods in CHASTE requires inputting
the perforation temperature for each rod. In these cases a con-
servative perforation temperature of 1700'F was used for the rods
which weren't being suppressed. The conservatism of this assumption
wasdemonstratedbyapglyingittothebasecase(la). It was
found to result in a 5 F increase in the calculated peak cladding
tesperature (PCT). This PCT increase is primarily due to an
increase in the number of calculated perforations (40 vs. 24) for
the base case.
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Case I - 315 Reture Strale '

3

The first stu@ performed l' evolved changing the rupture strain for -

perforated rods from 2 5 to 315 (Cases la and b). The results show
a small (0 to 5'F) PCT decrease when the higher strain value was
used for both 7x7 and propressurized 8kB - 2 water rod fuel.
Table 2 gives the results for the case with the most perforations
which was used to perfore the remainder of the sensitivity studies
and shows a 2*F PCT decrease. The small PCT sensitivity results
from redistributten of energ ty radiation heat transfer which
tends to equalize the temperatures of the rods in the center of the
bundle. The outer row of rods remains relatively cool due to high
radiation heat transfer to the channel and are not calculated to
perforate. c.y .

Case II - 405 Reture Strain

In case !!b the rupture strain was set to 405 and every other rod
was suppressed to prevent red overlapping. A total of 14 rods were
calculated to perforsta. This corresponds to approximately every
other rod in the center of the bundle. This case resulted in a PCT

when compared to case Ila. pared to case Ia, and a reduction of 15'F
reduction of 26*F when com

The 11*F difference between cases la
and iia is due to a reduction in the heat generation from metal-water
reaction caused by fewer perforations. A comparison of individual
rod temperatures in cases IIe and iib shows 1) - 15'F lower
temperatures for the rods with 405 strain and only small (0 to 5'F)
changes for the suppressed rods.

Case III - 60% Reture Strain - 1 Rod Perforated

For Lase IIIb the peak cladding temperature rod was allowed to
swell and perforate with a strain of 605. The remainder of the
rods were not allowed to swell during the transient. The peak
cladding temperature for this case occurred in a different rod and
was approximate 7'F lower than case IIIa which had one rod perforated
at 235 strain. The peak cladding tasperature for the perforated
rod (PCI rod in IIIa) was reduced by 25'F. The change in the peak

cladding temperature between these two cases results free,in the(1)thesmall temperature difference between the two hottest rods
base case, and (2) the benefit of a larger heat transfer area for
the perforated rod. When compared to case la the PCT reduction was
42*F due to a substantially reduced metal-water reaction rate as a
result of fewer perforations. .
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Case IV 605 Rupture Strain - Multiple Perforations
~

The last sensitivity stu@ is similar to case 111 in which the PCT ,

rod was allowed to perforate. However, instead of suppressing the
entire bundle only the row of rods suriounding the PCT rod were
suppressed. For case IVb the perforation strain for the remaining
rods was sut to 235, while for case ivc a checkerboard pattern of
405 and 235 strain was used. The results of both cases were very
similar. When compared to the base case (la) the both resulted in
a PCT reduction of nearly 20*F. This was caused a reduction in
the metal-water m action rate near the center of bundle due to
suppression of the neighboring rods. The PCT change was negligible
(0 to l'F) when compred to case IVa which had a 235 strain on all
perforated rods. Ttis occurred because one of the suppressed rods
became the PCT rod in this stu%. A comparison of individual rod
temperatures show a reduction of about 20"F for the 605 strain rod

All other rods
andareductionof10-p')Fforthe405strainrods.had negligible (0 to 5 F temperature changes.

Maximum Local Oxidation

A clarification of the following paragraph from Reference 5 has been
requested:

" Licensing calculations using the current GE oxidation model typi-
cally result in a maximum oxidation fraction of 0.08 for perforated
rods which is substantially below the Appendix K limit of 0.17. A
change in the perforation strain will result in a small change in
the calculated maximum oxidation. This is because the higher
strain results in lower calculated temperatures which offsets any
increase in oxidation fraction from using a higher strain."

.he strain to
The above statement was based on a study where increasing *ivity studies,601, as was done in cases IVb and c of the previous sens' t
resulted in an increase in maximum local oxidation by only 55 (from 0.06
to 0.084), i.e., a greater than 50% increase in local strain only results
in a $5 increase in local oxidation fraction. The reason for this esall
sensitivity is the decrease in cladding temperature as a result of the
larger strain. The lower temperature offsets any effective increase in
the oxidation fraction resulting from thinner cladding.

.

Summary

The experimental data relevant to BWR conditions does not support any
change in the assumed perforation strains. Moreover, the bounding
sensitivity studies discussed in the previous section consistently show
that an increase in cladding rupture strain results in a small decrease

- _ _ _ _ _ _ _ _ __
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in the calculated PCT compared to the current model. This reduction in
PCT is due mainly to the increased heat transfer area for the perforated
rod. The effect on maximum local oxidation fraction of increasing the
maximum perforation strain has also been shown to be insignificant.

In conclusion, a review of the experimental data consi'dered most applicable
to the BWR shows that the GE model conservatively bounds 90% of it.
Based on this and the sensitivity studies presented above, General
Electric believes that continued use of the current GE cladding swelling
model in BWR LOCA analysis is appropriate.

Very truly rs,'

.

.

J. F. Quirk, Manager
BWR Systems Licensing
Nuclear Safety and Licensing Operation

JFQ:csc:rf/65-P .

cc: R. O. Meyer (NRC)
-

D. A. Powers (NRC)
N. Lauben (NRC)
L. S. Gifford (GE-Bethesda)-

.

~_. . . . . . . - _ . . . ~ . - - . -_ ;.
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MEMORANDUM FOR: R. L. Tedesco Assistant Director
for Licensing

Division of Licensing

FROM: L. S. Rubenstein, Assistant Director
for Core and Plant Systems

Division of Systems Integration
.

SSER ON GE CLADDING SWELLING AND RUPTURE MODELS OFSUBJECT:
NED0-20566

General Electric Company AnalyticalReport Title: Model for loss-of-Coolant Analysis
in Accordance with 10 CFR 50,
Appendix K -- Volume I and II
NED0-20566Report Number: Standardization & Special ProjectsResponsible Branch:

Project Manager: J. Berggren
Core Perfomance and Reactor Systems

Review Branches:
Description of Review: Supplemental Safety Evaluation
Review Sts'us: Complete

In our safety evaluation report (Tedesco to Sherwood, 2/4/81) on General
Electric's ECCS Evaluation Model, we concluded that the cladding swelling
and rupture models were non-conservative because they underestimated the
degree of swelling and incidence of rupture over some regions of applic-
ability. Thus, our approval contained two conditions.

Submittals were later made by General Electric in an attempt to remove these
conditions. We have reviewed those submittals and reached the following
conclusions:

The proposed " adjusted" cladding rupture temperature model is acceptable1.
because it does not underestimate the incidence of rupture based on
applicable data including those data reported in NUREG-0630 and more
recent data.

The existing cladding models for prerupture strain, postrupture strain,2.
and strain used for oxidation calculations are acceptable because General
Electric has shown that the calculated values of peak cladding temperature
and percent oxidation are sufficiently insensitive to variations in cladding
strain.

.

Contact: D. A. Powers
X-29477

.

- - - - - _ - _ ______
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R. L. Tedesco -2-.

These conclusions resolve the issues related to NUREG-0630 and remove the
conditions of our approval on the ECCS evaluation model. Our supplemental
safety evaluation report, which is enclosed, supersedes Regulatory Position 4
of the February 1981 SER. We have been infomed by General Electric that
the approved version of NED0-20566 will include this supplemental evaluation.

- n CI&
f * t.,vil.a.kku

L. S. Rubenstein, Assi; tant Director
for Core and Plant Systems

Division of Systems Integration

Enclosure:
As stated

cc: R. Mattson D. Eisenhut
T. Speis A. Schwencer
J. Wilson J. Berggren
J. Miller M. Silberberg, RES
J. Thessin, ELD H. Williams'

W. Hodges R. Van Houten, RES
L. Phillips J. Fieno
D. Scaletti E. Adensam

,

'

|

!

.

,-__
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ENCLOSURE-

SSER ON GE CLADDING SWELLING AND RUPTURE MODELS

- 0F NED0-20566
.

Introduction

In demonstrating conformance to the cladding temperature and oxidation
requirements of the ECCS Acceptance Criteria of 10 CFR 50.46, several cladding
models are employed. This review has primarily focussed on the adequacy of
two of those models. One model, the rupture tenperature model, describes the
thermomechanical conditions that will result in perforation, and the other
model, the strain model, describes the extent of plastic deformation before
and after perforation has occurred. Regulatory requirements applicable to
these two models are set forth in Appendix K to 10 CFR 50, which defines

required and acceptable features of ECCS evaluation models. With regard to
the provision for cladding swelling and rupture analysis, Appendix X states
"To be acceptable the swelling and rupture calculations shall be based on
applicable data in such a way that the degree of swelling and incidence of
rupture are not underestimated."

The General Electric swelling and rupture models are contained in the
evaluation model's core heatup code, which is referred to as CHASTE. A
description of CHASTE and its individual models can be found in the GE topical

report NED0-20566 (Ref.1).

In NRC's safety evaluation report (Ref. 2) on the GE evaluation model (EM), we |

concluded that the swelling and rupture models required updating because

they underestimated the degree of swelling and incidence of rupture over some !

regions of applicability. Assessing the significance'of swelling and rupture
model variations outside of the integrated EM is neither a simple nor a
straight-forward task and was not done at that time. Thus, our approval of
the EM was given with the following conditions: .

.
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i

1. Plant analyses perfomed with the EM were to be accompanied by supple-.

mental calculations perfonned with a specified set of materials models

from NUREG-0630 (Ref. 3).

'

2. Future revision to the GE cladding models of CHASTE 05 and CHASTE 06

would be required to update these models so that they confonn to recent

(since 1972) experimental data.

After issuance of the NED0-20566 SER, the NRC staff was infomed by GE

personnel that the CHASTE code was unable to accommodate the cladding strains
of NUREG-0630 because CHASTE is analytically limited to group strains of less

then 31% (the degree of swelling at which rod-to-rod contact first occurs in
most GE fuel designs). Consequently, the NRC staff agreed to review generic
sensitivity studies that GE proposed to demonstrate little BWR LOCA sensitivity
to cladding swelling and rupture models. Those sensitivity studies and
associated information and supporting justification were submitted in
References 4, 5, 6, and 7. The staff has not attempted to audit these
calculations, but has checked various inputs, methodologies, and r,esults for
realism, plausibility, and/or conservatism.

Summary of Staff Evaluation

Data Base

To date the successful demonstration of an integrated mechanistic understanding

of the high-temperature defomation behavior of zirconium alloys remains elusive.
This is true because, in the temperature range of interest, the material (a)
crystallographically transfoms from an anisotropic to an isotropic state, (b)
has strain-rate dependent properties, (c) is susceptible to oxygen strengthening
and embrittlement, (d) has a very strong temperature-dependent creep rate, etc.

| ,

Therefore, licensing swelling and rupture models have historically been con-
structed empirically from generally meager data bases, none of which is exactly
prototypical. And, in this respect, the judgement of data prototypicality is
subject to interpretation.

.
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The GE swelling and rupture data base of NED0-20566 is composed of experimental-

results published during the late 1960's and early 1970's. Recent experiments
(for instance, see references in NUREG-0630) have generally drawn upon the
advanced-technologies and understandings developed in the earlier experimental
programs and, as such, have usually resulted in increased data prototypicality.
Nevertheless, striking similarities exist between the multirod bundle tests that
constitute a large portion of the GE-funded and the NRC-funded experimental

programs. Specifically, both test programs included:
!

1. Pressurized, zirconium-clad, fuel-rod simulators that were internally
heated with cartridge heaters.

,

2. Aqueous atomospheres.
I

3. Bundle encapsulation by effectively cold shrouds. (Two of the NRC-
sponsored test programs used heated shrouds, but power limitations
resulted in shroud temperatures that significantly lagged cladding i

temperatures.)

Notwithstaading, GE's position is that the open literature strain data
,

(including the data referenced in NUREG-0630) are not applicable to BWR
conditions. The staff believes these data and particularly more recent data
are applicable to BWR conditions. This difference in opinion will not be
discussed further but to state that the more recent experiments have yielded i

less optimistic results and were responsible for the conditions (see Intro-

duction) on the GE evaluation model.
!

Rupture Temperature Model -

To predict cladding failure, GE has used the rupture temperature model shown
as the dashed line in Figure 1. For comparison, the temperature-ramp-rate

|
dependent correlation from NUREG-0630 is also shown. Due to very low temper- i

ature-ramp rates in BWRs prior to LOCA-induced cladding rupture (0.6 to 3.9'C/s
per Reference 8), GE was requested in the conditioned SER (Ref. 2) to perfom

'

supplemental calculations using the O'C/s correlation from NUREG-0630. The
lowering of the rupture temperature will produce rod failure earlier in the ;

LOCA transient. With earlier rupture, the evaluation model will calculate
internal cladding oxidation with the associated exothemic heat release over

| 3
:
|

.
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a longer duration. Thus, an earlier rupture generally yields an increased
PCT. Present licensing analyses do not predict BWR cladding ruptures at*

temperatures below 925*C (Ref. 8); therefore, over the region of application, l
l

the old GE model is non-conservative with respect to the O'C/s correlation ;
|

from NUREG-0630 only at temperatures greater than about 1025'C.

To detemine the maximum impact of using the 0*C/s correlation relative to
the GE model, GE perfomed bounding calculations (Ref. 4), which found an
impact of up to 28'C additional PCT for prepressurized 8x8 2-water-rod fuel
at low exposures. However, for high-temperature low-ramp rates, the
NUREG-0630 correlation was constructed without the aid of a prototypical

benchmarking data base. In light of newly acquired data (Refs. 9,10, and 11)
that are plotted in Figure 2, we have found that the old GE model suitably
bounds the available data and is appropriately conservative. Thus, no model

change in this temperature region is required. Such, however, is not the
case for low-temperature applications for which the NUREG correlation is well
qualified and for which the GE model clearly underestimates the data.

Accordingly, GE has. revised their model to coincide with the NUREG-0630 0"C/s
correlation at temperatures below 871*C (the lowennost crossover point, see
Figure 1). The new GE model (actually a hybrid CHASTE-NUREG model) is called
the " adjusted" rupture temperature model and is depicted in Figure 3.

The staff concludes that the " adjusted" rupture temperature model represents an

improvement over the other 2 models and is an acceptable replacement for the ,
original GE model. We note that the new model has already been utilized in
the recently submitted SAFER document (Ref.12).I

!

Prerupture Strain flodel

The GE evaluation model calculates prerupture plastic strain in a standard
fashion similar to that described in WREM (Ref.13). Based on experimental

results by Hardy (Ref.14), plastic swelling commences 11PC below the
predicted rupture temperature at a given cladding wall hoop stress and
exponentially increases with further increases in temperature. The potential

4
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.

for creep rupture (failure at stresses less than the ultimate tensile stress)
,

is not accounted for in the model. General Electric cites model insensitivity
to swelling initiation criteria as justificatio'n for not modeling this
phenomenon. The insensitivity was demonstrated by investigating (Refs. 4 and
8) the impact of initiating swelling at 0,111, and 222*C below the rupture
temperature. For these cases, the effect on the PCT rod was found to be less
than 6'C and the effect on individual rod temperatures was less than 11'C.
We, therefore, conclude that the GE method of calculating prerupture plastic
strain is acceptable because a more realistic model would not lead to significant
changes in PCT.

Postrupture Strain Model

In devising a plan for the LOCA strain analysis, GE elected not to perfom a
. hot-channel analysis of a single rod (as PWR vendors do), but chose instead to
model the analysis on a planar multirod basis. Except for oxidation
calculations (which are discussed separately in the following section of this
SSER), this approach then required GE to develop a model that would predict
average coplanar strains. The FLECHT Zr2 experiment (Ref.15) was the only GE
bundle test perfomed and it provided the principal data used in the model
construction.

In the first stage of developing the burst strain model, GE (a) examined 5
experimental programs (Refs. 15,16,17,18, and 19), which included both
single-rod and multirod tests, (b) plotted the reported maximum individual
circumferential strains (not all rods in the GE data base failed) as a function
of initial differential pressure across the cladding wall, and (c) bounded 90%
of the observed strains with one continuous function. The resulting function
ranges from 66% circumferential strain at low differential pressures to 43%
circumferential strain at high differential pressures with a linear transition

,

over the pressure range of 150 to 200 psig (see Figure 4). The function drawn
in Figure 4 was to be later used for 2 purposes: (1) a general shape
characterization of the strain-pressure relationship and (2) a high-pressure
strain calibration point (i.e., 43%).

,

5
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In the second stage of the model development, volumetric-average strains
.

were determined from the ruptured test rods of the FLECHT Zr2 bundle. The
volumetric-average strain is an average effective diametral strain with
the average taken over a 3-inch axial span that is centered on the burst
node. General Electric assumed that the effective diametral strains were
equivalent to circumferential strains because transverse sections of the
test rods appeared circular. General Electric provides no clear basis
for averaging over 1.5 inches on each side of the burst node, but it is
apparently linked to the 10 CFR 50 Appendix X requirement for evaluation
models to calculate cladding inside oxidation over a 3-inch length after
rupture occurs. With regard to t2.is feature, the GE model unrealistically
assumes that plastic swelling will be limited to a total length of 3 inches.

The volumetric-averaged strains were calculated to be 23% for fuel rods in
the interior of the test bundle and 16% for fuel rods on the periphery of
the test bundle. The explanation for less ballooning deformation on
peripheral rods compared with that on interior rods arises because of the
presence of the unheated channel boxes, which act as radiation heat sinks
and create azimuthal temperature gradients on the peripheral fuel rods
thus resulting in strain localization. Next, GE assummed that the ratios
of the interior and peripheral rod strains to the two bounding strains in
Figure 4 would be pressure independent, hence allowing the development of
a high-pressure segment to the strain model (the FLECHT Zr2 test was
conducted with a low fill pressure). Accordingly, the strain reduction
factors 2.9 and 4.1 (i.e., 66/23 and 66/16) were applied to the 43%
bounding strain segment of Figure 4. The resulting model is shown in

Figure 5.

As a final step, GE made the model ditcontinuous by introducing an arbitrary
step function at 190 psig to make the distinction between high and low
pressure data clear. In Figure 6, we have expressed the final GE strain
model as a function of rupture temperature via convolution with the GE
rupture temperature model described in the previous section of this SSER.

.
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Also shown for comparison is a slow-ramp, coplanar-strain correlation (i.e.,
,

the appropriate correlation for less than or equal to 10'C/s) that was-obtained
by dividing the NUREG-0630 slow-ramp, burst strain correlation by a factor of

2. As described in NUREG-0630, the factor of 2 was empirically derived from 3
'

ORtlL MRBT experiments (Refs. 20, 21, and 22). Post-test strain and flow-area-

reduction measurements taken on cross-sections of the 4x4 test bundles used in
these 3 experiments showed that the ratio of the average bundle burst strain to
the average coplanar strain taken in the plane of maximum blockage was 0.56.
An extri-@ lion to arrays applicable to PWR bundles (i.e.,14x14 to 17x17)
yielded a ratio of 0.46. Thus, the factor of 2, though somewhat approximate,

would correspond to BWR 7x7 and 8x8 arrays subjected to similar themomechanical

ballooning conditions.

Following the development of the NUREG-0630 models but prior to issuing the
SER on the GE evaluation model, NRC acquired new swelling and rupture data

(Refs. 9,10, and 11) that were taken at high rupture temperatures on slow-
ramp rates. The new data fall within the region of BWR application and
confim the conservatism of the NUREG and GE rupture temperature models (see

prior section in this SSER), but these new data identified a non-conservative
portion o' the NUREG's slow - 90 burst strain correlation. The beta-phase
peak of the NUREG model had originally been constructed without the aid of
prototypical data points. The new data are plotted on Figure 7 along with the
high-temperature portion of the slow-ramp burst strain correlation from NUREG-

0630.

Based on the new data it is now clear that the approximate coplanar strain for

comparison with the GE strain model should be about 40% (see Figure 8). In

fact, the strain would vary with temperature from some lower value that is not
readily apparent up to a value of about 40%.

~

The CHASTE code cannot model coplanar strains greater than 31%. Therefore, we
have reviewed the GE sensitivity studies (Refs. 4, 5, and 7) to observe trends
in calculated PCT as a function of the strains employed in order to ascertain

,

the anticipated PCT effect due to the use of a 40% coplanar strain rather than'

16% (peripheral) and 23% (interior) employed in CHASTE.

7
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The GE sensitivity studies consisted of 4 separate cases and are outlined in*

Table 1. The studies were perfomed for a design-basis LOCA in a limiting

plant that has short blowdown and long reflood times. Most of the calculations
were perfomed on 3-atmosphere prepressurized 8x8 fuel because (a) the
1-atmosphere prepressurized 8x8 fuel is not predicted to rupture and (b) the
7x7 fuel was found to give similar results to that obtained for the 8x8 fuel.
Code initialization was perfomed utilizing GEGAP without enhanced fission

gas release. In order to pemit individual rods to achieve the degree of
swelling desired, rupture criteria for each fuel rod were predetemined input
to CHASTE. This generally resulted in strain patterns resembling a checker-
board. All rods that were not to fail were given a high rupture temperature,
and all other rods were given a rupture temperature of 927'C. General
Electric estimated that the impact due to the latter artificiality was about
a 3*C increase in PCT.

As seen fren Table 1, each of the separate calculations resulted in a decreased
PCT compared with the base case. In 2 cases the temperature of non-ruptured,
non-PCT rods increased and they became the PCT rods. We infer from the results
in Table 1 and the accompanying GE explanations (Ref. 7) that there are probably
3 primary factors that are responsible for controlling the calculated PCT.
Apparently those factors are (ranked in relative order of perceived importance):

1. Number of ruptures.

2. Strain.
3. Location of ruptured rods.

Within the boundaries and constraints employed in the calculations, the

significance of the first factor, number of ruptures, can be estimated by
the comparison of cases la, 2a, and 3a. Basically, these calculations involve

i only changes in the number of ruptured rods and clearly show that a decreased
number of failures result in decreased PCTs; This is due to reduced heat

generated from inner cladding surface oxidation.

~

.

8
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Assessing the importance of the second factor, strain, is possible by.

comparison between cases la and Ib, 2a and 2b, 3a and 3b, 4a and 4b, and

ab and 4c. In all comparisons but 4a and 4b, it is apparent that increased

strain results in decreased PCTs.

Finally, the examination of case 4 provides some indication of the
significance (through unquantifiable) of the third factor, location of ruptured
rods. In this case, the resulting PCTs were found to have decreased relative
to the base case la. This is due to the reduction of oxidation heat generated
in the central region around the initially peaked rod (ruptures of the 8
adjacent rods were suppressed). Inasmuch as the resulting PCT in case 4 moved

to a suppressed rod, there was no strong indication of a strain effect.

A conclusion that we draw from these sensitivity studies is that the BWR LOCA

PCT exhibits relatively little sensitivity to strain. Therefore, we approve
the GE strain model on the basis of the reported small Di sensitivity to

strain rather than on the basis of its realism.

Oxidation Model

During the cladding ballooning process, circumferential elongation is'

predominately accommodated by wall thinning with a small contribution by axial
contraction. Hence, there is a directly inverse relationship between burst
strain and residual wall thickness, and ballooned cladding will attain a
specified degree of oxidation sooner than unballooned cladding subjected to
the same thennal conditions. The extent of wall thinning that is experienced
must be properly accounted for in demonstrating plant conformance to the
oxidation requirement of 10 CFR 50.46, which limits local oxidation to an

equivalent of 17% of the original wall thickness.

In calculating the maximum degree of oxidation the CHASTE code uses a constant

cladding wall thickness that corresponds to a burst strain of 39%. In view of
the potential for much larger burst strains, see Figure 7, we have requested
GE to assess the inoact of using a 60% cladding strain 1.n the oxidation calcula-

9
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tion (a greater single-rod strain would result in rod-to-rod contact,.

which is outside the computing capabilities of CHASTE). Because of the
complex and competing relationships between cladding wall thinning,
oxidation kinetics, radiation heat transfer, etc., it is not obvious that
the increased strain would not result in a significantly increased oxidation
fraction.

General Electric has performed this calculation as a part of case 4 (see
Table 1) and found that the effect of increasing the strain from 39 to 60%
was to increase the maximum local oxidation from 8 to 8.4%. Also, GE has

stated that licensing calculations typically result in a maximum oxidation
fraction of 8%, which is substantially below the 17% requirement. We,

therefore, conclude that the GE model, though unnatural in its constant-
strain approach, is acceptable because of the (a) low sensitivity that the
oxidation model exhibits to strain and (b) margin available in the calculated
degree of oxidation.

Conclusions -

The conclusions of the staff's review are as follows.

1. The proposed " adjusted cladding rupture temperature model is accept-
able because it does not underestimate the incidence of rupture
based on applicable data including those data reported in NUREG-0630

and more recent data.
2. The existing cladding models for prerupture strain, postrupture

strain, and strain used for oxidation calculations are acceptable
because General Electric has shown that the calculated values of
peak cladding temperature and percent oxidation are sufficiently
insensitive to variations in cladding strain.

These conclusions resolve the issues related to NUREG-0630 and remove the
conditions of our approval on the ECCS evaluation model. This supplemental
safety evaluation report supersedes Regulatory Position 4 of % February
1981 SER.

10 _
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TABLE 1. GE STRAIN-RUPTURE SENSITIVITY STUDIES

:

CASE STRAIN (%) DESCRIPTION RUPTURES APCT(*C)

1A 23 24 Base Case

18 31 24 -1 i
,

2A 23-0 checkerboard 14 -6 I

28 40-0 checkerboard 14 -14

3A 23 1 -19 -

,

3B 60 1 -23

4A 23 peak /0 adjacent /23 remainder 30 -10

48 60 peak /0 adjacent /23 remainder 30 -10

4C 60 peak /0 adjacent /40-23 remainder 30 -11

e
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