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o] FOREWORD

Emergency Core Cooling System (ECCS) design, analysis, and research
has progressed steadily over the past twenty years. We have seen
relatively simple computer codes developed at Bettis Atomic Power ‘
Laboratory mature into much more sophisticated predictive tools, such as = -
the Transient Reactor Analysis Code (TRAC). .Simple experiments 1nvo]v1ng a
one foot heated core have now been supp]emented with data from a full- size
pressur1zed water reactor s1mu1ator

As the data and analysis methods advance, so must the regulator. In’
the early 1970s, regulatory staff were constrained to making highly
conservative assumptions in their analyses of loss-of-coolant-accidents
(LOCA) because of the-limited experimental and analytical data base. This
resulted in very stringent licensing requirements. In 1988, after a
strenuous (and expensive) era of data-gathering and model bu1]ding, it now
appears that regulation should move along the lines of best-estimate
assessment. Thus in step with the technical developments, the Nuclear
Regulatory Commission '(NRC) has revised the ECCS rule -contained in
10 CFR 50.46 and Appendix K (published in ‘the Federal Register 53 FR 35996)
to permit more realistic analyses of- ECCS performance. ' However in keeping
vwith the admonition by the Commission in its 1973 issuance of Appendix K,
we propose to retain a margin of safety by a requirement that calculational
uncertainties be explicitly taken into account. This together with the
demonstrated safety margin that will be retained in the 10 CFR 50.46 limits
will provide a suitably conservative regulatory posture.

In addition to the rule, a regulatory guide, "Best-Estimate
Calculations of Emergency Core Cooling System Performance," has also been
published. The guide indicates features of ECCS evaluation codes that are
acceptable to produce realistic calculations of ECCS performance, it lists
models, data and -model evaluation procedures that are acceptable to NRC
staff, and it describes methods acceptable to NRC staff for performing ‘
uncertainty evaluations. ' .

An 1mportant regulatory change such as this requires a technical’
basis. This document contains a distillation of the research that, taken .
as a whole, is the technical basis.

We gratefully acknowledge our contractors, the Electric Power Research

Institute, our international associates, and the many dedicated researchers
vho have’ advanced our understanding of ECCS performance

<> WJWM

- Dr. Denwood'F. Ross
Deputy Director for Research



The majority of this LOCA research i1s complete and has greatly
improved the understanding of ECCS performance during a LOCA. The methods
specified in Appendix K are now known to be highly conservative; that is,
the actual temperatures during a LOCA would be much less than the
temperatures calculated using Appendix K methods. This fact i's {1lustrated
by comparisons showing ‘temperatures during LOCA simulations in LOFT
(Reference 2-2) that ‘are more than 600°F lower than the temperature
calculated using Appendix K procedures as shown in Figure 2-1. The ECCS
research has gone beyond showing that Appendix K 1s conservative; it has
allowed quantification of that conservatism. The results of experiments;
computer code development, and code assessment now allow more accurate
calculations of ECCS performance during a LOCA, along with reasonable
estimates of uncertainty.

2.2 Purpose of the ECCS Compendium

The data from twe1ve years of research since the ECCS hearing record
was established is widely scattered in technical reports, meeting
transactions, and professional journals. In view of the large amount of
data.invo1ved and its dispersion, justification for changes to Appendix K
of 10 CFR Part 50 is simplified if the most important and pertinent data
justifying those changes are consolidated in a single report. Therefore,
the purpose of the compendfum is to summarize this data and to serve as a
general reference for this extensive research effort. This is the first
time such an extensive summary compilation has been attempted for reactor
thermal-hydraulics.

2.3 Historical Perspective

Safety research for nuclear reactor plants has seen a succession of
phases, each of which reflected the level of engineering and understanding
at the time and led to additional research. At first, about twenty-five
years ago, programs such as the SPERT experiments in Idaho were undertaken
because of concern about the ability to control the neutron chain reaction
in extreme circumstances. This focus on the possibility of what were
callied reactivity-induced accidents was a holdover from the technical
perceptions in early days of nuclear weapons design reinforced by two
accidents in critical experiments that killed the experimenters, by an
accident at the experimental breeder reactor EBR-I, and by the fatal
accident at the SL-1 reactor. Research on dynamics of the neutron chain
reactfon led to design principles that can be followed to prevent damaging
reactivity-induced accidents.

A second phase of safety research was started after the issuance of
WASH-740 in 1956, which reported the results of the first attempt to
estimate what would be the effects of a severe accident in a nuclear power
reactor. This analysis was done at a time before any commercial nuclear
plants had been built. It was necessary to assume a highly idealized kind
of accident to an undefined plant with the results calculated using
assumptions as to basic data, many of which were still not known. This
resulted in the effects of assumed accidents being overestimated by large

22
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BEST-ESTIMATE CALCULATIONS OF EMERGENCY CORE COOLING
SYSTEM PERFORMANCE

A. INTRODUCTION

Section 50.46, “Acceptance Criteria for Emer-
gency Core Cooling Systems for Lizht-Water Nuclear
Power Reactors,” of 10 CFR Part 50, “Domestic Li-
censing of Production and Utilization Facilities,” re-
quires that light-water nuclear reactors fueled with
uranium oxide pellets within cylindrical zircaloy clad-
ding be provided with emergency ccre cooling systems
(ECCS) that are designed in such a way that their
calculated core cooling performance after a postu-
lated loss-of-coolant accident (LOCA) conforms to
certain criteria specified in paragraph 50.46(b). Para-
graph 50.46(b)(1) requires that the calculated maxi-
mum temperature of fuel element cladding not be
greater than 2200°F. In addition, paragraphs
50.46(b) (2) through (b)(5), which contain required
limits for calculated maximum cladding oxidation and
maximum hydrogen generation, require that calcu-
lated changes in core geometry remain amenable to
cooling and that long-term decay heat removal be
provided.

On September 16, 1988, the NRC staff amended
the requirements of § 50.46 and Appendix K,
“ECCS Evaluation Models” (53 FR 35996), so that
these regulations reflect the improved understand-
ing of ECCS performance during reactor transients
that was obtained through the extensive research
performed since the promulgation of the original
requirements in  January 1974.  Paragraph
50.46(a) (1) now permits licensees or applicants to

use either Appendix K features or a realistic?
evaluation model. These realistic evaluation models?
must include sufficient supporting justification to
demonstrate that the analytic techniques employed
realistically describe the behavior of the reactor
system during a postulated loss-of-coolant accident.
Paragraph 50.46(a)(1) also requires that the
uncertainty in the realistic evaluation model be
quantified and considered when comparing the results
of the calculations with the applicable limits in
paragraph 50.46(b) so that there is a high probability
that the criteria will not be exceeded.

This regulatory guide describes models,® correla-
tions,4 data, model evaluation procedures, and meth-
ods that are acceptable_to the NRC staff for meeting
the requirements for a realistic or best-estimate calcu-
lation of ECCS performance during a loss-of-coolant
accident and for estimating the uncertainty in that

1For the purpose of this guide, the terms “best-estimate” and “realis-
tic” have the same meaning. Both terms are used to indicate that the
techniquesattempt to predict realistic reactor sysiem thermal-hydraulic
response, Best-estimate is not used in a statistical sense in this guide.

ZThe ferm “cvaluation model” refers to a nuclear plant system com-
puter code or any other analysis tool designed to predict the aggregate
behavior of a reactor during a loss-of-coolant accident. It can be either
bo;std-cstimatc or conservative and may contain many correlations or
models.

IThe term “model” refers to a set of equations derived from funda-
mental physical laws that is designed to predict the details of a specific
phenomenon. ‘

“The term “correlation” refers to an equation having empirically de-
termined constantssuch thatitcan predict some details of a specifie phe-
nomenon for a limited range of conditions.

USNRC REGULATORY GUIDES

Regulatory Guides ara Issued to describe and make avallable to the pub-
lle methods acceptable to the NRC staff of implementing specific parts
of the Commisslon's regulations, to dalineate techniques used by the
staff In evaluating speclfic problems or postulated accldents, or to pro-
vida guldance to applicants. Regulatory Guldes are not substitutes for
regulations, and compllance with them is not required. Methods and
solutlons ditferent from those set out In the guldes will be acceptable If
they provide a basls for the findings requisite to the Issuance or continu-
ance of a permit or license by the Commiission.

This gulde was Issued after consideration of comments recelved from
the public, Comments and suggestions for mprovements In these
guldes are encouraged at all times, and guldes will ba revised, as ap-
proprl'ato. to accommodate comments and to reflect new information or
experlence,

Written comments may be submitted to the Regulatory Publications
tBranchDé l'z)gs!P}g. ARM, U.S. Nuclear Regulatory Commission, Washing-
on, .

The guides are Issued In the following ten broad divislons:

1. Power Reactors 6. Products

2. Research and Test Reactors 7. Transportation

3. Fuels and Materlals Facllities 8. Occupatlonal Health

4, Environmental and Siting 9. Antitrust and Financlal Review
5. Materlals and Plant Protection 10. General

Coples of Issued guldes may ba purchased from the Government Printing
Office at the current GPO price. Information on cutrent GPO prices rmay
be obtalned by contacting the Superintendent of Documents, U.S.
Government Printing Offlce, Post Office Box 37082, Washington, DC
200137082, telephone {202)275-2060 or (202)275-2171.

Issued guides may also be purchased from the Natlonal Technical Infor-
mation Service on a standing order basls. Details on this service may be
obtained by writing NTIS, 5285 Port Royal Road, Springfield, VA 22161,




operation as well as isotopes of uranium, should be
calculated in accordance with fuel cycle history and

known radioactive properties. The "actinide decay

heat chosen should be appropriate for the facility’s
operating history. Best-estimate models will be con-
sidered acceptable provided their technical basis is
demonstrated with appropriate data and analyses.

3.2.4

The heat generation rates from radioactive decay
of fission products, including the effects.of neutron
capture, should be included in the calculation and
should be calculated in a best-estimate manner. The
energy release per fission (Q value) should also be
calculated in a best-estimate manner. Best-estimate
methods will be considered acceptable provided their
technical basis is demonstrated with appropriate data
and analyses. The model in Reference 10 is consid-
ered acceptable for calculating fission product decay
heat.

Fission Product Decay Heat

3.2.4.1 Model Evaluation Procedure for

. Fission Product Decay Heat. The values of mean

energy per fission (Q) and the models for actinide
decay heat should be checked against a set of
relevant data.

3.2.5 Metal-Water Reaction Rate

. 'The rate of.energy release, hydrogen generation,
and cladding oxidation from the reaction of the zir-

caloy cladding with steam should be calculated in a
best-estimate manner. Best-estimate models will be

considered acceptable provided their technical basis

is demonstrated with' appropriate ‘data and analyses.

For rods calculated to rupture their cladding during

the loss-of-coolant accident, the oxidation of the ‘in-
side of the cladding should be calculated in a best-
estimate manner.

3.2.5.1 Model Evaluation Procedure for

Metal-Water Reaction Rate. Correlations to be used -
to calculate metal-water reaction rates at less than or.

equal to 1900°F should:

a. Be checked against a set of relevant data, -

and

b. ‘Recognize the effects of steam pressure, pre-
oxidation of the cladding, deformation dur-
ing oxidation, and internal oxidation from
both steam and UOQ, fuel.

‘The data of Reference 11 are considered accept-
able for calculating the rates of energy release, hydro-
gen generation, and cladding oxidation for cladding
temperatures greater than 1900°F.

3.2.6 Heat Transfer from Reactor
Internals

. Heat transfer from piping, vessel walls, and inter-
nal hardware should be included in the calculation
and should be calculated in a best-estimate manner.
Heat transfer to channel boxes, control rods, guide
tubes, and other in-core hardware should also be

‘considered. Models will be considered acceptable

provided their technical basis is demonstrated with
appropriate data and analyses.

-3.2.7 Primary to Secondary Heat Transfer
(Not Applicable to Bo:lmg Water
"~ Reactors)

~ Heat transferred between the primary and secon-
dary systems through the steam generators should be
considered in the calculation and should be calcu-

- lated in a best-estimate manner. Models will be con-

sidered acceptable provided their technical basis is
demonstrated with appropriate data and analyses

3.3 Reactor Core Thermal/Physncal Parameters

- 3.3.1 Thermal Parameters for Swelling

and Rupture of the Cladding and
Fuel Rods

A calculation of the swelling and rupture of the
cladding resulting from the temperature distribution
in the cladding and from the pressure difference be-
tween the inside and outside of the cladding, both as
a function of time, should be included in the analysis
and should be performed in a best-estimate manner.
The degree of swelling and rupture should be taken
into account in the calculation-of gap conductance,
cladding oxidation and embrittlement, hydrogen gen-

* eration, and heat transfer and fluid flow outside of
. the cladding. The calculation of fuel and cladding
.temperatures as a function of time should use values

- of gap conductance and other thermal parameters as

functions of temperature and time. Best-estimate

_ methods to calculate.the swelling of the cladding

should take into account spatially varying cladding

- temperatures, - heating ‘rates, anisotropic material

properties, asymmetric deformation of cladding, and

. fuel rod.thermal and mechanical parameters. Best-

estimate methods will be considered acceptable pro-

~vided their technical basis is demonstrated with ap-

propriate data and analyses

- 3.3.2 .Other Core Thermal Parameters
As necessary and appropriate, physrcal and

. chemical changes in in-core materials (e.g., eutectic
' formatxon, phase change, or other phenomena

caused by material interaction) should be accounted
for in the reactor core thermal analysis. Best-estimate
models will be considered acceptable provided their
technical basis is demonstrated with appropriate data
and analyses.
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4. PBF rods that operated with breached cladding during film boiling
testing were embrittled to a greater extent than intact rods
oxidized under similar conditions. The handling fractures of
those rods were not predicted by any of the embrittlement criteria.

5. The failure boundary (based-on time at oxidation temperature for
thermal shock) for out-of-pile data is more conservative than
that drawn for the limited number of in-pile quenching failures.

6.14.4 Conclusions

After Appendix K was established, éexperimental and analytical programs
have been completed %hat provide an 1ncreased understanding of fuel rod
performance during both the heatup and reflood periods of a LOCA. The
results of these programs have provided a significant amount of information
in the following areas: (a) heat transfer across the fuel-cladding gap,

(b) rod ballooning and rupture, and (c) oxidation induced rod embrittlement.

Experimental results show that fuel pellets crack, relocate, and are
eccentrically positioned within the cladding. As a result the heat
transfer across the fuel-cladding gap is significantly greater than what is
calculated when the fuel pellets are modeled as solid concentric cylinders.

Experimental results show that the extent of cladding ballooning is
increased as the circumferential temperature variation of the cladding 1is
decreased. Factors that influence the circumferential temperature
variation are: (a) circumferential variation in the size of the
fuel-cladding gap, (b) rate of heatup, (c) distance from cold walls, and
(d) grid spacers.

Experimental results show that cladding embrittliement is a function of
the oxygen content in the unoxidized portion of the cladding. The
embrittlement criterion for thermal shock (thickness of the cladding with
<0.9 wt% oxygen should be greater than 0.1 mm) fits the in-pile data.

For cladding to have the capability to withstand fuel handling transport

and storage, the calculated thickness of the cladding with less than

0.7 wt% oxygen should be greater than 0.3 mm. In addition to oxidation,

embrittlement may be caused by hydrogen absorption due to stagnant steam

within the rods. This source for embrittlement was observed in fuel rods
with breached cladding operated at high power with film boiling.

Based on the experimental results, Chung and Kassner embrittlement
criterion is recommended for predicting fuel rod cladding failure due to
thermal shock or handling of embrittled cladding. The fraction of the
~ 0.6-mm-thick cladding that has oxidized and the oxygen content of the
oxidized cladding can be calculated based on time at temperature.
Operation with breached cladding is so infrequent that it is unimportant.

6.14-41
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EMBRITTLEMENT CRITERIA FOR ZIRCALOY FUEL CLADDING
: APPLICABLE TO ACCIDENT SITUATIONS
IN LIGHT-WATER REACTORS:
SUMMARY REPORT

by

H. M. Chung ar'ld;T. F. Kassner

ABSTRACT

The capability of Zircaloy cladding to withstand thermal-
shockloads during the reflood stage of a loss-of-coolant-accident
(LOCA) transient as well as anticipated loads during handling
and transport of heavily oxidized fuel assemblies has been evalu-
ated. Although the type and magnitude of the forces on the clad-
ding under the latter situations have not been quantified, the
critical fracture loads under conditions of impact, tension, and
diametral compression have been determined as functions of
the degree of oxidation of the material and microstructure pro-
duced by cooling through the temperature range of the B —~ o'
phas e transformation at differentrates. The effects of balloon-

" ing and rupture (i.e., wall thinning) and hydrogen uptake by the
cladding during oxidation in steam on the deformation charac-
teristics at room temperature have also been evaluated. The
best correlation of the thermal-shock failure characteristics,
the failure-impact energy, and the diametral-compression prop-
erties with an oxidation-related parameter was obtained rela-
tive to the thickness of the transformed B-phase layer, with a
‘maximum oxygen content, for cladding that was oxidized at tem-
peratures between 1200 and 1700 K for wvarious times. Em-
brittlement criteria, which encompass the mechanical response
of the cladding under different loading modes, have been formu-
lated relative to the thermal-shockand 0.3-J impactresistance
of the material. o
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THE HISTORY OF LOCA EMBRITTLEMENT CRITERIA

G. Hache
Institut de Protection et de Sureté Nucléaire
Cadarache, France

H. M. Chung
Argonne National Laboratory
Argonne, Illinois, USA

Abstract

.- Performance of high-burnup fuel and fuel cladding fabricated from new
types of alloys (such as Zirlo, M5, MDA, and duplex alloys) under loss-of-
coolant-accident (LOCA) situations is not well understood at this time.
To correctly interpret the results of investigations on the performance of
the old and new types of fuel cladding, especially at high burnup, it is
necessary to accurately understand the history and relevant databases of
current LOCA embrittlement criteria. In this paper, documented records
of the 1973 Emergency Core Cooling System (ECCS) Rule-Making
Hearing were carefully examined to clarify the rationale and data bases
used to establish the 1204°C peak cladding temperature and 17%
maximum oxidation limits. A large amount of data, obtained for zero- or
low-burnup Zircaloy cladding and reported in literature only after the

- 1973 Rule-Making Hearing, were also evaluated and compared with the
current criteria to better quantlfy the margin of safety under LOCA
conditions.

- 1. Introduction

Because of major advantages in fuel-cycle costs, reactor operation, and -
waste management, the current trend in the nuclear industry is to increase fuel .
discharge burnup. At high burnup, fuel rods fabricated from conventional

. Zircaloys often exhibit significant degradation in microstructure. This is

. especially pronounced in pressurized-water reactor (PWR) rods fabricated from
‘standard Zircaloy-4 in which significant oxidation, hydriding, and’ oxide
spallation can occur. Thus, many fuel vendors have developed and proposed -
the use of new cladding alloys, such as low-tin Zircaloy-4, Zirlo, M5, MDA,
duplex cladding, and Zr-lined Zircaloy-2. Performance of these alloys under
loss-of-coolant-accident (LOCA) situations, especially at :high burnup, is not
well understood at this time. Therefore, ‘it is important to verify the safeiy
margins for high-burnup fuel and fuels clad with new alloys. In recognition of
this, LOCA-related behavior of various types of high-burnup fuel cladding is
being actively investigated in several countries [1-6]. However, to correctly
interpret the results of such investigations, and if necessary, to establish new
embrittlement thresholds that maintain an adequate safety margin for high-
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