ERI/NRC 02-202

ACCIDENT SOURCE TERMS FOR LIGHT-WATER
‘ NUCLEAR POWER PLANTS:
HIGH BURNUP AND MIXED OXIDE FUELS

| Draft Report; June 2002
Final Report: November 2002

Energy Research, Inc. -
’ - P.O. Box 2034 .
Rockville, Maryland 20847-2034

Work Perfarmed Under the Auspices of the
United States Nuclear Regulatory Commission

Office of Nuclear Regulatory Research . -
Washington, D.C. 20555 ’

O € o e b ittt wosh o Dok e miamGaeeT & e foes = N =% - a - A



S

ERI/NRC 02-202

ACCIDENT SOURCE TERMS FOR LIGHT-WATER
NUCLEAR POWER PLANTS:
HIGH BURNUP AND MIXED OXIDE FUELS

Draft Report: June 2002
Final Report: November 2002

Energy Research, Inc.
P. O. Box 2034
Rockville, Maryland 20847-2034

Work performed under the auspices of
United States Nuclear Regulatory Commission
Washington, D.C.

Under Contract Number NRC-04-97-040



This page intentionally left blank.



O

[~

T

PREFACE

This report has been prepared by Energy Research, Inc. based on work performed by a
panel of experts organized by the United States Nuclear Regulatory Commission, Office
of Nuclear Regulatory Research, to develop recommendations for changes, if necessary,
to the revised source term as published in NUREG-1465, for application to high burnup

and mixed oxide fuels.

Dr. Brent Boyack of Los Alamos National Laboratory served as the panel facilitator, and
Energy Research, Inc. has been responsible for the preparation of the final report.

Individual contributors to this report include:

Executive Summary M. Khatib-Rahbar
Section 1 M. Khatib-Rahbar
Section 2 H. Nourbakhsh
Section 3 B. Boyack
Section 4 M. Khatib-Rahbar

Substantial technical input was provided to the panel, by Mr. A. Hidaka of the Japan
Atomic Energy Research Institute (JAERI), and Mr. J. Evrard of the Institut de
Radioprotection et de Sirete Nucléaire (IRSN).

This work has been performed under the auspices of the United States Nuclear
Regulatory Commission, Office of Nuclear Regulatory Research, under contract number
NRC-04-97-040. Mr. Jason Schaperow, the NRC Project Manager, provided considerable
input to the conduct of the panel activities and the preparation of this report.

M. Khatib-Rahbar
Energy Reséarch, Inc.
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EXECUTIVE SUMMARY

E.1 - Introduction

—

The reactor site criteria of 10 CFR Part 100 require that an accidental fission product
release resulting from “substantial ‘meltdown” of the core into -the containment be
postulated to occur and that its potential radiological consequences be evaluated
assuming that the containment remains intact but leaks at its maximum allowable leak
rate. Radioactive material escaping from the containment is often referred to as the
“radiological release to the environment.” The Tadiological release is obtained from the
containment leak rate and knowledge of the airborne radioactive inventory in the
containment atmosphere. The radioactive inventory within containment is referred to as

the “in-containment accident source term.” )

— .

For currently licensed nuclear power. plants,v £he characteristics of the fission prdduct
release from the core into the containment are set forth in Regulatory Guides 1.3 and 1.4
and have been derived from the 1962 report, TID-14844.

Using the results of research on severe accidents and fission product releases since the
publication of TID-14344, NUREG-1465 proposed revised .source terms to the
containment for Light-Water Reactors (LWRs), which are based on more realistic
assumptions as related to release duration, release quantity, -fission product aerosol
retention, and chemical forms, to replace the TID-14844 based source term in licensing
applications. Regulatory Guide 1.183 _(“Alternative Radiological- Source Terms for
Evaluating Design Basis Accidents at Nuclear Reactors”) was_developed by NRC to
support the final rule that amended 10 CFR ‘Part 21, 50, and 54. The revised source term
as proposed in NUREG-1465 is primarily based on experiments and analytic studies
applicable to low burnup (i.e., less than 40 GWd/t) UO; fuel. ‘ . L

Since the publication of NUREG-1465, :additional research has been ‘completed,
including experimental and analytic studies in France and Japan. These experiments also
include the effects of fuel burnup (up to 60 GWd/t) for UO; and fuel composition (i.e.,

mixed oxide fuels).

The objective of this report is to assess the‘épplicability of NUREG—14)65, and if possible,

" to define a revised accident source term for regulatory application to reactors using high

burnup (i.e.,"burnup up to 75 GWAd/MTU) low enriched - uranium (LEU) fuel and to
reactors using mixed oxide (MOX) fuel. Those aspects of the source term as proposed in
NUREG-1465 that are potentially impacted by the use of high burn-up or MOX fuels are
addressed, including chemical and physical forms, release timing, and release magnitude
for a low pressure accident sequence. Otherwise, the recommendations of NUREG-1465
are expected to -be applicable. Specific ‘recommendations on the need for additional
research to-help-establish appropriate ‘source terms for high burnup -and MOX fuels

applications are also provided. -

Energy Research, Inc. iil ERVNRC 02-202



E.2  Approach

The approach used in this effort is based on reconstitution of the source term panel that
developed the source term uncertainty distributions for the NUREG-1150 study, which
also served as the technical basis for NUREG-1465; and by considering (a) the data and
insight that have been generated since NUREG-1465 was published, and (b) the physical
phenomena that affect fission product release and transport mechanisms for high burnup
and MOX fuels.

The panel did not have the benefit of the results of accident sequence analyses using
accident analysis models validated by comparison to pertinent test results involving high
bumup or MOX fuels. In addition, in many areas, the panel identified gaps in
experimental data to support specific panel recommendations. Therefore, the members of
the panel have attempted to qualitatively integrate the results of recent tests to predict
fission product releases during accidents at nuclear power plants. They have extrapolated
phenomenology of core degradation based on existing studies for conventional burnup of
LEU fuels to anticipate fission product releases from fuel at burnup levels in excess of
about 60 GWd/t. The panel members have also extrapolated the behavior of LEU fuels
with conventional Zircaloy cladding to estimate the behavior of mixed oxide fuel with
zirconium-niobium alloy (M5) cladding.

E.3 Insights and Recommendations

Consistent with NUREG-1465, the source term applicability panel assumed that the
proposed release fractions are intended to be representative or typical, rather than
conservative or bounding values, of those associated with a low-pressure core-melt
accident, although each panel member provided his own release estimates, and in some
cases these individual estimates may be considered as conservative rather than typical.
Therefore, the release fractions into the containment as recommended herein are not
expected to bound all potential severe accident scenarios, or to represent any single
scenario/sequence.

In formulating the proposed changes to the NUREG-1465 source term, for application to
reactor accident analyses for high burnup and MOX fuels, attention was also given to the
changes in our understanding of LEU fuel fission product release that have come about
since issuance of NUREG-1465 because of major experimental investigations of fission
product behavior under reactor accident conditions, including the Phebus-FP and the
VERCORS experiments.

The panel assessment was based on a maximum assembly burnup of about 75 GWd/t and
a core average burnup of about 50 GWd/t. The assessment also was based on Zirlo
cladding for a PWR and Zircaloy cladding for a BWR. In addition, the assessment of
fission product release fractions was based on a low pressure scenario; this minimizes
retention and is consistent with the approach taken in developing the NUREG-1465
source term.

Energy Research, Inc. v ERI/NRC 02-202
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The results of the panel assessment for high burnup fuel were that the physical and
chemical forms of the NUREG-1465 source term are expected to be applicable and only
small changes in the release-phase durations and release fractions are "expected.
However, the panel identified some issues with the NUREG-1465 source term based on
recent tests. These issues are independent of fuel burnup. One issue’is the potential for
enhanced tellurium release, which is discussed further below. Another issue is the

_continued uncertainty in the releases of noble metals, cerium, and lanthanum groups.

Also, recent data suggests subdividing noble metals, cerium, and lanthanum groups into
additional groups.- The panel also discussed the related issues of BWR power uprates and

BWR fuel design-

With regard to tellurium, the NUREG-1465 source term specifies for the early in-vessel
release of tellurium a release fraction of 0.05. This is supported by Oak Ridge National
Laboratory tests indicating that the tellurium gets sequestered in the tin in the Zircaloy
cladding and it is not released until a high fraction of the cladding is oxidized. However,
more recent French tests (i.e., VERCORS, ’PHEBUS-FP) indicate that the tellurium
release could be similar to that of iodine release (e.g., about 0.3). For PWRs, this was a
contentious issue among the panel members. However, for BWRs, the panel members
specified release fractions similar to the 1 G-1465 source term. This is because the

BWR Zircaloy fuel channels tend to limit cladding oxidation.

One source term issue related to high burnup is BWR power uprates. With regard to this
issue, one expert saw no basis for a sjgniﬁcaht effect on the fission product release.
However, another expert stated that the flux-profile flattening associated with power
uprates could increase the fission product release rate for the outer assemblies. 'Another
source term issue related to high burnup involves BWR fuel design. NUREG-1465

- specifies a different source term for a BWR than for a PWR. However, the characteristics

of more recent BWR fuel rod designs are'clohsei'“to those of PWR fuel rods (e.g., similar
pellet diameter, similar cladding thickness, etc.). The panel indicated that similar fuel rod
designs would tend to result in similar source terms.

The assessment of the applicability of the NUREG-1465 source term for MOX fuel was
based on using MOX fuel in approximately half of the core. The assessment also was
based on a typical MOX assembly burnup of about 42 GWd/t and M5 cladding. As with

. high burnup fuel, the assessment of fission product release fractions was based on a low

pressure scenario.

The results of the panel assessment fc;riMAOX‘ fuel were that the physical and chemical
forms of the NUREG-1465 source term are expected to be applicable and only small

_-changgés in the release-phase durations and release fractions for noble gases, jodine and

cesium are expected. The panel identified the same tellurium issue as with high burnup -
fuel- One difference from the assessment for high burnup fuel was that for MOX fuel,
some of the experts did not recommend release fractions for the following groups because
of the lack of test data: barjum/strontium, noble metals, cerium, and lanthanum. The only

MOX data that was available to the panel was a VERCORS test result for cesium with an
arbitrary scale on the axis representing the release magnitude.

Energy Research, Inc. v ERI/NRC 02-202



The limitations of the analysis and the available data make additional research to confirm
the panel’s estimates important. Therefore, in response to a request from NRC, the panel
members provided specific recommendations for research to confirm the proposed
changes to the revised source term. The high priority recommendations for research,
include:

1.

Acquire any available database on fission product release rates from high burnup
and MOX fuels, in order help the panel to update the panel recommendations
included herein. This data will also help to parameterize the available fission
product release models in the systems codes used to analyze reactor accidents.

Validation of accident analysis tools (i.e., MELCOR, VICTORIA) by comparison
of predictions with results of major source term tests (e.g., PHEBUS-FP, VEGA
and VERCORS with fuel of various burnup levels and MOX fiel) is needed. These
comparisons that will lead to improvements and ultimately validation of the
computer codes are essential steps before analyses of significant accident sequences
using accident analysis tools.

Experimental investigation of in-vessel core degradation following vessel failure is
important in verifying the impact of air-ingression on producing radically different
source term (e.g., verification of the Canadian tests showing a nearly complete
release of radioactive ruthenium in air). This is also an important issue for the
assessment of spent fuel pool accidents, fuel transportation and dry cask storage of
fuel.

Tests of core degradation with MOX fuel in order to assess damage progression
behavior, including an assessment of the oxygen potential of MOX fuel in order to
develop a better understanding of the chemical forms and volatility of various
released constituents. These tests need to be performed with fuel rod bundles to
investigate the fuel liquefaction, fuel relocation and fission product releases during
the degradation process.

Applicability of MOX data and models needs to be established. In particular, the
differences, if any, in the fuel degradation behavior between the MOX fuel that has
been prepared with reactor-grade plutonium dioxide to the fuel that has been
prepared from weapons-grade plutonium dioxide (of primary interest in the United
States), need to be assessed analytically and/or experimentally.

Fuel burnup is expected to have an impact on the fuel melting point and fuel
liquefaction process. The interaction of melting cladding with the fuel can be
affected by the development of a restructured ‘rim’ region and by the formation of a
significant oxide layer on the inner surface of the cladding. Perhaps of more
significance is the possibility that the degradation of high burnup fuel will involve
‘fuel foaming’ rather than fuel candling as observed with fuel at lower burnup
levels. This could change the core degradation process and consequently the release
of fission products from the degrading fuel in qualitative ways that cannot be

Energy Research, Inc. vi ERI/NRC 02-202
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appreciated by simply extrapolating the results of tests with lower burnup fuel.
Therefore, experimental investigation of fuel at high bumup, and with cladding
material that include tin and niobium (Zirlo) or zirconium-niobium alloys (M5), are
essential in confirming the radiological release characteristics (e.g., effects of tin in
M5 cladding on tellurium release) of fuels at high burnup and with new cladding
material.

Revaporization is an important element of the revised source term as documented in
NUREG-1465 and the present report. The actual magnitude of the revaporization
component depends on the vapor pressures of the deposited radionuclides and these
vapor pressures depend on the chemical form of the deposited radionuclide.
Unfortunately, there is a limited understanding of the chemical forms of the
deposited radionuclides. Consequently, empirical data are required on the
vaporization of deposited radionuclides for comparison with predictions of models
of the revaporization process.

Energy Research, Inc. vii ERI/NRC 02-202



Energy Research, Inc.

This page intentionally left blank.

vill

ERI/NRC 02-202



[

—_—

r-

[

r—-——— ' ——

™

[~

r‘"" \

TABLE OF CONTENTS

PREFAGCE o eoeoeeeeeeveveeeesssesissasessasessnssessostotssssissanssessssssesssssesssatsnenssasssssssassonsissssasssansssonsias i
EXECUTIVE SUMMARY ....ooveeererenesiessisissssssesssmsssssssnonstssensssssssssssnisssssssssiessssssassssssnses iii
E.l  TOtrOQUCHON c.veeeeeeeneeresneeeseensressosesdoseasesmessaraesmssesersessisnssssssnssssnssssusansossnsensace iii
IR RN 5)s) 1oY: 1 | FOO TSR R R R BN SR iv
E.3 Insights and RecOMMENAAtions w..ccverisimeismmmsnsmssisiesnscsssenssnsmsmssasezenacensesaes iv
ACRONTYMS ..ooeceeeeeeevesioseessessestasssseestesesssssessasssassssssssasesmessssmssssstenmasssssessestssssssasastsntens XV
1. INTRODUCTION ....ccooemmrrueens SR e sass R rae S 1
1.1  BaCKSIOUNA c.ucuereririrmsrtssessssssasessessiscsssnnsssstssssssssssssasansassaseasasssssssasesinsessnscass 1
1.2 OBJECHIVES wurerereeersiurssnisnsssnssssesersssssassassnssssss st s sasnss s s st 3
1.3 APPIOACH . coueuuceriancraesirsesrassessea s sb s s 3
7 BASIS FOR REVISED (NUREG-1465) SOURCE TERM.....cceoeiruniscnmcnivsesnnsunnnn: 5
2.1 Progression of Severe Accident Sequences and Release Phases ......cccovveneevnenes 5
2.2 Accidents CONSIAETE oo.enveeeeerceersresresssesssesseraasossissssessnesssasnsassssesssisssnsasanasaossss 7
2.3 Fission Product COmMPOSItION...ceurieerersersnessrseecersesssesisssnanasssssssnsscssanssssascaces 8
2.4 Fission Product Magnitlde .......cceeureevrsresesssesemsmonsisssmsnsnessmsssnsesssssnssnssssssassnaces 9
2.5 Timing of Release PRAsEs ocveesreuerercniinsimisssissnsnssseestssusennnasnssnsticscnsssscsees 11
2.6 Iodine Chemical FOIM ..cuieueriecrrioresrernsnernnnsntssisesssstisesssssssnssssssssessnsansnsnansnes 12

3. PANEL RECOMMENDATIONS AND BASIS FOR RECOMMENDATIONS
FOR HIGH BURNUP AND MOX FUELS ....ccovieeiieiiinientiniesesscsinsanenisnescesens 15
3.1 Panel Organization and Elicitation PIOCESS .....ocuesereseusecusinsecnimisminmsccusencnees 15
3.2 PWR Accident SOUTCE TeIM..corceriresmirereresseesesmenesessssssnsssasasssssossnsansssanssssocs 18
3.2.1 PWR Accident SEQUENCE .....ccceueurrerrrrmierercrsnesssimssssssansacassssassassesnscs 18
3.2.2 PWR Fuel CharacteristiCS .....ccoiruiurrirunimseerecscsnssessnsnennnasnscsnssisssaneens 18
3.2.3 PWR Accident SOUrce TerM. .. uirrerriiieeeetiininintannsinessescssessssnnanensee 18
3.3 BWR Accident SOUrce TeIm c.couirurrereeeninieriencisniinisinnnsnssecistssiansenessacsnees 19
3.3.1 BWR Accident SEQUENCE........ccererirrrimsinraecestesismsnssnasasssonssssnsssasassasens 19
3.3.2 BWR Fuel CharacteristiCs.....ccurmirumnrmrminssescsiescsmrmmsssssnssssnssassaniacses 19
3.3.3 BWR Accident SOUrce TeIm ....cvueveimeeimmeneesieninistiesansnscssinssnsnasesases 33
34 MOX Accident Source Term for Light-Water Nuclear Power Plants............ 35
3.4.1 MOX Accident SEQUENCE ....cceveererrarermmeesresessorissnsnsanassensssisssesssasasens 36
3.42 MOX Fuel CharacteriStiCs c.ccceuvururiereneeimesmensusssnsnsissanssscsssisssnnannsacecs 36
3.4.3 MOX Accident SoUrce TEImM .. .covinrverirrencrissssisaensmssnsasesssesssnansnsaces 37
4. INSIGHTS AND RECOMMENDATIONS ....cooiicemeiiritiiintmnsinssecsstsssannssscneses 51
4.1 High Burnup FUel .....oommmeeeecnsciniitsinnssstscssissssisssesissscsssosasessansssseess 51
B.1.1 PWERS coeeieeeeeeeceeeeseesessesessesesostosssssaasmasssnssesssstesisnsansasssssssstassansasssansasces 52
4.1.2 BWERS.oioieeeeeuerisissessrsssssessstesssssssssressesssssssesstatessassasasensnsatassssensassssatss 53
4.2 MOX FUELS.oneoueeriririrereereessessssesmesesssnssssssestensasassstomsassnasasssssnsstaisssassnsssasasesess 54
Energy Research, Inc. v ix . ERI/NRC 02-202



4.3 Panel Recommendations on Research Needs to Confirm Changes to the

REVISEA SOUICE TOITI.coveeieireieirieeeererteeerereeieerereseseseessreesseeesaestatossessstessnmmenesnssss 55

5. REFERENCES ..ooooeeeeeeeieeeeeeee et eeaesaaeaeeateeaeeeeaessastemesseesaeesenaaasanmeeseeaesesesasesasnnennas 59
APPENDIX A: SOURCE TERM PANEL MEMBERS ...t eereeeeeseeeeeeeseseesans 63
ALl PaNC] M EIIIDOTS. o cieiietreeeieeeeetteeetsieeereereanssssnssssessesssssnssssessssonmmssonassesmaesnnssoesans 65

AL Bl I At OT . oeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeeteeeeeaeeassaeteseassenessssseeaestanesaeenatasenenesanntenenasssanns 65

A3 Vitae Of Panel MEmMDETS..ccooo oottt ettt ettt ee e eeteeeeeeoreeoreeseemnmenenene 65

APPENDIX B: PANEL RECOMMENDATIONS ON RESEARCH NEEDS TO
CONFIRM CHANGES TO THE REVISED ACCIDENT SOURCE

Energy Research, Inc. X ERI/NRC 02-202



[~

[

I

[

LIST OF TABLES

Table 2.1  Revised Radionuclide GroupS...coommuurussmrreesssserimmessenssesmrsssssensssssassscnissensscess 8
Table22 BWR Core Inventory Release Fractions for the Revised NUREG-1465)

Accident Source Term ......cccceveeveneece. rrereresensesiessrasaernnes rerrenrsaeseetesessaereenenin 9
Table 2.3 PWR Core Inventory Release ﬁraétibﬁé for the Revised (NUREG-1465) ‘

Accident SOUTCE TEIMN ..c.ceevreeerreeriiessnssesiisnessernsssessesssostossisssanssssanensssasanasess 9
Table 2.4  Timing of Release Phases....cceoeeiieneniecenneenininistninsisssscsenecsscnsninnnaees 11
Table 3.1 PWR Releases Into Containment (High Burnup Fuel) ...coveecenecninvcninnnnns 20
Table 3.2 Rationales for Duration Entries in Table 3.1 ..c.cccocennnieniiininnnninincicicnens 22
Table 3.3  Rationales for Noble Gases Entries in Table 3.1 ccoveeeinniiininncinisnncenne 23
Table 3.4  Rationales for Halogen Entries in Table 3.1 ..ocomeeneniiciinnnnnnniiiiscnininccnees 25
Table 3.5 Rationales for Alkali Metals Entries in Table 3.1..cocecniinnincnnnciinnccnnnes 26
Table 3.6  Rationales for Tellurium Group Entries in Table . 75 LU 27
Table 3.7 Rationales for Barium and Strontium Entries in Table 3.1..cccciuviereinninranece 29
Table 3.8  Rationales for Noble Metals Entries in Table 3.1 ..ccooneiinenninennnnsicnninecs 30
Table 3.9 Rationales for Cerium Group Entries in Table 3.1 coovineiinnnecciciiicnnnenn. 31
Table 3.10 Rationales for Lanthanides Entries in Table 3.1 ..ccooeninniiiiiiniiniiniicniccnaes 32
Table 3.11 BWR Releases Into Containment (High Burnup Fuel)....cooveinersensccenen. 34
Table 3.12 MOX Releases Into CONANMENL®......c.ucuurrrerrrresssessssssnssssssssssmsanssessssssseseons 38
Table 3.13 Rationales for Duration Entries in Table 3.12" c..cnrrrireusnseerscsmssiasnienens 39
Table 3.14 Rationales for Noble Gases Entries in Table 3.12 ...coccevmieiennscsnscesscanscnnes 40
Table 3.15 Rationales for Halogens Entries in Table 3.12 c.ccvcivercenenmcnicinnnsncnsnannnens 41
Table 3.16 Rationales for Alkali Metals Entries in Table 3.12..ccccuvmninnnnscsnennncvcnc. 43
Table 3.17 Rationales for Tellurium Group Entries in Table 3.12 wocoiereciirseicicnncncninnns 44
Energy Research, Inc. xi ERI/NRC 02-202



Table 3.18 Rationales for Barium and Strontium Entries in Table 3.12
Table 3.19 Rationales for Noble Metals Entries in Table 3.12
Table 3.20 Rationales for Cerium Group Entries in Table 3.12

Table 3.21 Rationales for Lanthanides Entries in Table 3.12

Energy Research, Inc.

xii

........................

......................................

....................................

........................................

ERI/NRC 02-202



[~

B

[

LIST OF FIGURES

Figure 2.1 Progression of Severe Accident Sequences and Associated Release Phases.... 6

Energy Research, Inc. xiii ERI/NRC 02-202



This page intentionally left blank.

Energy Research, Inc. Xiv ERI/NRC 02-202



—

r

BWR
FSAR
HPME
IRSN
JAERI
LANL
LEU
LOCA
LWR
MOX
NRC
PWR
RCS
SE
SNL
STCP

ACRONYMS

Boiling Water Reactor

Final Safety Analysis Report

High Pressure Melt Ejection

Institut de Radioprotection et de Siireté Nucléaire
Japan Atomic Energy Research Institute
Los Alamos National Laboratory

Low Enriched Uranium

Loss of Coolant Accident

Light Water Reactor

Mixed Oxide

Nuclear Regulatory Commission
Pressurized Water Reactor

Reactor Coolant System

Steam Explosion

Sandia National Laboratories

Source Term Code Package

Total Release

Energy Research, Inc. XV

ERI/NRC 02-202



Energy Research, Inc.

This page intentionally left blank.

XVl

ERI/NRC 02-202



— . - A

— [

-

1. INTRODUCTION

1.1 Background

The history of the use of postulated >acc;idental releases of radioactive material .in the
regulatory practices of the U.S. Nucléar Regulatory Commission (NRC) is summarized in
Reference [1]. - ,

The NRC’s reactor site criteria of 10 CFR Part 100 [2] require, for licensing purposes,
that an accidental fission product rélease resulting from “substantial meltdown” of the
core into the confainment be postilated to occur and that its potential radiological
consequences be evaluated assuming that the containment remains intact but leaks at its
maximum allowable leak rate. Radioactive material escaping from the containment is
often referred to as the “radiological reledse to the environment.” The radiological release
is obtained from the containment leak rite and a knowledge of the airborne radioactive
inventory in the containment atmosphere. The radioactive inventory within containment
is referred to as the “in-containment accident source term.”

The expression “in-containment accident “sotrce term,” as used in this document is
identical to that of Reference [1] which i§rdéﬁﬁed as the radioactive material composition
and magnitude, as well as the chemical and physical properties of the material within the
containment that are available for leakage from the reactor to the environment. It is noted
that the “in-containment accident source-term™ is normally a function of time and
involves consideration of both fission' products being released from the core into the
containment, and the fission product removal by various mechanisms including natural
processes and operation of engineered systems (e.g., containment sprays).

For currently licensed plants, the charactetistics of the fission product release from the
core into the containment are set forth in Regulatory Guides 1.3 [3] and 1.4 [4] and have

been derived from the 1962 report, TID-14844 [5]. This release consists of:

= 100% of the core inventory of noble gases
- = 50% of the core inventory of iodine’(half of which are assumed to deposit on

interior surfaces)
= 1% of the remaining solid fission products

Note that the latter was removed from consideration in Regulatory Guides 1.3 and 1.4.
However, the 1% of the solid fission products is considered in certain areas such as

equipment qualification [1]. : :

As stated in Reference [1], Regulatory Guides 1.3 and 1.4 specify that the iodine
chemical form is assumed to be predominantly (91%) in elemental (I) form, with 5%
assumed to be particulate iodine and the remaining 4% is assumed to be in organic form
(CHsl, etc.). In addition, releases are assumed to occur instantaneously into the
containment, following a postulated design basis accident.

Energy Research, Inc. 1 ERVNRC 02-202



Using the results of research on severe accidents and fission product releases since the
publication of TID-14844, NUREG-1465 [1] proposed revised source terms to the
containment for Light-Water Reactors (LWRs), which are based on more realistic
assumptions as related to release duration, release quantity, fission product aerosol
retention, and chemical forms, to replace the TID-14844 based source term in licensing
applications. Regulatory Guide 1.183 (“Alternative Radiological Source Terms for
Evaluating Design Basis Accidents at Nuclear Reactors”) was developed by NRC to
support the final rule that amended 10 CFR Part 21, 50, and 54. The revised source term
as proposed in NUREG-1465 [1] is primarily based on experiments and analytic studies
applicable to low burnup (i.e., less than 40 GWd/t) UO, fuel. Note that the use of the
revised source term (NUREG-1465) has been voluntary by the licensees.

Additional research has been completed since the publication of NUREG-1465. This
includes experimental and analytic studies in France [6-8] and Japan [9], and studies
performed by others [10-12]. The French' experimental programs [6] include the fission
product release HEVA VERCORS experiments, the fission product vapor deposition
condensation DEVAP studies, the aerosol behavior TUBA, TRANSAT, PITEAS and
FUCHSIA experiments, the CARAIDAS spray experiments, the small scale EPICUR,
CAIMAN, and CHIP experiments dealing with iodine, and the Phebus-FP integral
experiments. In addition, data have been collected in France through measurements to
determine the gap inventory of the spent fuel rods from reactors at different burnup levels
(up to 60 GWd/t) for UO, and mixed oxide fuels. Furthermore, in-pile FLASH
experiments [8] have been performed to measure the fission product release from a fuel
rod under Loss Of Coolant Accident (LOCA) conditions, including one experiment
which involved high burn-up fuel (i.e., 50 GWd/t).

The VEGA experimental program [9] at the Japan Atomic Energy Research Institute
(JAERYI) is focusing on investigation of fission product releases from irradiated PWR and
BWR fuel with fuel burnup ranging from 26 to about 61 GWd/t. Tests are also planned at
JAERI that will include the spent MOX fuel from several European power plants with
burnup levels reaching 80 GWd/t.

The regulatory applications of the revised source term (gap and in-vessel release phases)
as used for LOCA design basis analyses include:

* Assessment of individual dose at the Exclusion Area Boundary, at the Low
Population Zone distance, and in the control room.

* Containment isolation valve closure time (start time of gap release).
» Integrated dose used to qualify equipment in containment.

= Post accident shielding, sampling, and access.

! The results of the French fission products release experimental research are not available to U. S. Nuclear
Regulatory Commission.
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In addition, the revised source term may be used for other regulatory applications (e.g.,
NUREG-1738 [13]).

1.2 Objectives

The primary objective of this report is to assess the applicability of NUREG-1465, and if
possible, to define a revised accident source term for regulatory application to reactors
using high burnup (i.e., burnup up to 75 GWd/MTU) low enriched uranium (LEU) fuel
and to reactors using mixed oxide (MOX) fuel. Those aspects of the source term as
proposed in NUREG-1465 that are potentially impacted by the use of high bum-up or
MOX fuels will be addressed. The specific aspects addressed are chemical and physical
forms, release timing, and release magnitude for a low-pressure accident sequence.
Otherwise, the recommendations of NUREG-1465 are expected to be applicable.

~ 1.3 Approach

The approach used in this effort is based on reconstitution of the source term panel that
developed the source term uncertainty distributions for the NUREG-1150 study, which
also served as the technical basis for NUREG-1465 [1]; and by considering (a) the data
and insight that have been generated since NUREG-1465 was published, and (b) the
physical phenomena that affect fission product release and transport mechanisms for high
burnup and MOX fuels. )

The panel was requested to provide specific recommendations for changes, if necessary,
to the revised source term as published in NUREG-1465 [1], for high burnup and MOX
fuels.

The panel meetings and deliberations were conducted during three meetings held at the
Nuclear Regulatory Commission (NRC) Headquarters in Rockville, Maryland. All panel
deliberations were transcribed. The list of panel members, and short biographies of each
of the panel members are presented in Appendix A.

The panel was also requested to provide specific recommendations on the need for
research to help establish appropriate source terms for high burnup and MOX fuels
applications. Each letter from the panel members on the specific research
recommendations is included in Appendix B.

Energy Research, Inc. 3 ERI/NRC 02-202
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2.  BASIS FOR REVISED (NUREG-1465) SOURCE TERM

In 1995, the U.S. Nuclear Regulatory Commission published NUREG-1465, “Accident
Source Terms for Light-Water Nuclear Power Plants” [1], which defined a revised
accident source term for regulatory application. NUREG-1465 utilized current technical
knowledge and understanding of LWR severe accident phenomenology to present, for
regulatory purposes, a more realistic portrayal of the radionuclides present in the
containment from a postulated severe accident. NUREG-1465 presents a representative
accident source term for a Boiling Water Reactor (BWR) and for'a Pressurized Water
Reactor (PWR). These source terms'arje"charactefized by the composition and magnitude
of fission product release into containment, the timing of the release into containment,
and the physical and chemical forms in containment.

This chapter provides a summary of the technical basis for the NUREG -1465 accident
source term. A brief qualitative discussion of the phenomenology of fission product
release and transport behavior during the progression of severe accidents is presented and

the technical basis for characterizing the revised accident source term parameters
(composition, magnitude, timing and physical and chemical forms) is described.

2.1  Progression of Severe Accident Sequences and Release Phases

Radiological releases into containment under severe accident conditions can be generally
categorized 'in terms of phenomenological phases associated with the degree of core
damage and degradation, reactor pressure vessel integrity, and, as applicable, attack upon
concrete below the reactor cavity by molten-core materials. The general phases, or
progression, of a severe LWR accident are shown in Figure 2.1.

Initially there is a release of coolant activity associated with a break ‘or leak in the reactor
coolant system (RCS). The radiological releases during the coolant activity release phase
are- negligible in comparison to the releases during the subsequent release phases.
Assuming that the coolant loss cannot be acéommodated by the reactor coolant makeup
systems, or the emergency core cooling systems, fuel cladding failure would occur.
Upon failure of the cladding, a small quantity of fission products that resides in the gap
between fuel pellets and the fuel claddi‘ng!would be released. This release, which is
termed the gap release, would consist mostly of the volatile nuclides, particularly noble

gases, iodine, and cesium.

As the accident progresses, core degrgdatibn begins, resulting in loss of fuel gepméhy
accompanied by melting and relocation of core materials to the bottom of the reactor
pressure vessel. Due to temperature variation within the core (impacted by factor such as
power density, fuel loading pattern, etc.) the core degradation and subsequent melting and
relocation of the core would occur on a region-by-region basis (heterogeneously). Thus,
the total release of -any radionuclide would occur over a period of time. During this
period, the early in-vessel phase, significant quantities of the volatile nuclides in the'core
inventory as well as small fractions of the less volatile nuclides “are released into
containment. The fission products and other materials, which are released from the fuel,
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Figure 2.1 Progression of Severe Accident Sequences and Associated Release Phases

are likely to be transported through the various regions of the RCS before reaching the
containment. As they move through the RCS, fission products may be retained as a result
of various types of interactions. The extent of this retention depends on the accident
scenario (thermal hydraulic conditions along the flow path, RCS breach or leakage
location, etc.). The released fission product gases could absorb or condense onto aerosols
and RCS surfaces, or react chemically with other species in the RCS atmosphere or with
RCS surfaces. The amounts of fission products released into containment during the
early in-vessel release phase are influenced by the residence time of the radioactive
material within the RCS during core degradation. High-pressure sequences result in long
residence times and significant retention of fission products within the RCS, while low-
pressure sequences result in relatively short residence times and less retention within the
RCS and consequently higher releases into containment.

If the bottom head of the reactor pressure vessel fails, two additional release phases (ex-
vessel and late in-vessel) may occur. Following the bottom head failure, the molten core
debris will be released from the reactor pressure vessel to the containment. Contact of
molten core debris with the concrete structural materials of the cavity/pedestal below the
reactor could lead to core-concrete interactions. As a result of these interactions, the
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.remaining quantities of the volatile radionuclides not already released during the in-vessel
-phase as.well as lesser quantities of non-volatile radionuclides are released into the
containment atmosphere. Core-concrete interactions liberate copious amounts of concrete

decomposition gas products. These gases would, in turn, sparge some of the less volatile
nuclides, such as barium and strontium, and small fractions of the refractory nuclides into
the containment atmosphere. Large quantitiég of non-radionuclide aerosols may also be
released as a result of core-concrete interactions. The presence of water in the reactor

. cavity/pedestal overlaying any core debris can significantly reduce the ex-vessel releases
. (both radioactive and non radioactive) into the containment, either by cooling the core

debris, or at least, by scrubbing the releases and retaining a large fraction in the water.

V:Twc’) other phenomena that affect the ex-vessel release of fission products into
containment could also occur. The first of these is referred to as “high pressure melt

ejection” (HPME). If the RCS is at high pressure at the time of failure of the bottom head
of the reactor pressure vessel, quantities of molten core materials could be ejected into the
containment at high velocities. In addition to a potentially rapid ‘rise in containment
temperature, a significant amount of radioactive material could also be added to .the

- containment atmosphere, primarily 1n the form of aerosols. The extent of HPME is
- reduced at low RCS pressures. A second phenomena that could affect the release of

fission products into containment is a possible steam explosion (SE) as a result of
interactions between molten core debris and water. This could lead to fine fragmentation
of some portion of the molten core debris.with an increase in the amount of airborne
fission products. While small-scale steam explosions may occur, they-will not result in.
significant increases in the airborne activity already within the containment. Large-scale

_steam explosions on the other hand, could result in significant increases in airborne

activity temporarily, but are much less: likely to occur. In any event,’ releéseg of
particulates or vapors during steam explosions will also be accompanied by large
amounts of :water_droplets, which would tend to quickly sweep released materials from

the atmosphere.

Follo~wing‘the failure of the bottom head of the reactor pressuré vessel, some of the
volatile nuclides may be released into containment as a result of re-volatilization of the

" material, which had deposited on RCS structures during the in-vessel -phase, -or

volatilization of material remaining in’the reactor pressure vessel after vessel breach.
This late in-vessel release phase proceeds simultaneously with the occurrence of the ex-
vessel phase. However, the late in-vessel releases have generally a longer duration than
that of the ex-vessel releases. o oD T

2.2 Accidents Considered ’ ' R

In order to determine revised accident source terms for regulatory purposes, the NRC

_sponsored “studies [14-16] that analyzed the timing, magnitude, and duration of fission

product releases into containment. In addition, an examination and assessment of the
chemical form of iodine likely to be found within containment-as-a result of a severe
accident was also carried out [17].
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A range of severe accidents that were previously analyzed for LWR plants was examined.
Evaluation of a range of severe accident sequences was based upon work done in support
of NUREG-1150 [18] study. The sequences studied progressed to a complete core-melt,
involving failure of the reactor pressure vessel and including core-concrete interactions.
It should be noted that these sequence calculations were limited to cores with low burnup
fuel (i.e., burnup up to 39 GWd/MTU) and without any MOX fuel®.

The revised source terms presented in NUREG-1465 were intended to be representative
or typical, rather than conservative or bounding values, of those associated with a low
pressure core melt accident, except for the onset of the release of gap activity, which was
chosen conservatively. The release fractions for the revised source term were not
intended to envelop all potential severe accident sequences, or to rigorously represent any
single sequence.

2.3 Fission Product Composition

WASH-1400 [19] examined the spectrum of fission products and grouped 54
radionuclides into 7 major groups on the basis of similarity in chemical behavior. The
effort associated with the Source Term Code Package (STCP) [20] further analyzed these
groupings and expanded the 7 fission products groups into 9 groups.

Both the results of the STCP analyses and the uncertainty analysis reported in
NUREG/CR-5747 [15] indicated minor differences between Ba and Sr releases. Hence a
revised grouping of radionuclides was developed that groups Ba and Sr together. A study
of relative importance to offsite health consequences of the radioactive elements in a
nuclear power reactor core, reported in NUREG/CR-4467 [21], found that other elements
such as curium could be important for radiological consequences if released in
sufficiently large quantities. For this reason, curium (Cm), americium (Am), and cobalt
(Co) were also added to radionuclide elements. The revised radionuclide groups used in
NUREG-1465 including the elements comprising each group are shown in Table 2.1.

Table 2.1 Revised Radionuclide Groups

Group Elements in Group

Noble Gases Xe, Kr

Halogens I, Br

Alkali Metals Cs,Rb

Tellurium Group Te, Sb, Se

Barium, Strontium Ba, Sr

Noble Metals Ru, Rh, Pd, Mo, Tc, Co

Lanthanides La, Zr, Nd, Eu, Nb, Pm, Pr, Sm, Y, Cm, Am
Cerium Group Ce, Pu, Np

? Note that computer calculations have not been performed as part of the present effort because the ability
of the current accident analysis codes to properly predict the degradation of high burnup and MOX fuels is
in doubt.
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2.4  Fission Product Magnitude

The core inventory release fractions for the NUREG-1465 accident source term, by
radionuclide groups, are listed in Table 2.2 “for BWRs and Table 2.3 for PWRs. It should
_be noted that the late in-vessel release fractions for halogens and alkali metals for BWRs
listed in Table 2.2 are different than those reported erroneously in the final version of

NUREG-1465 [1]. .

Table2.2 BWR Core Inventory Release Fractions for the Revised (NUREG-1465)

Accident Source Term

"Group Gap Release | Early In-Vessel Ex-Vessel Late In-Vessel
Noble Gases 0.05 1095 0 o
Halogens 0.05 025 030 - - |01

Alkali Metals 0.05 020" 0.35 . 0.1

Tellurium group 0 0.05 . 025  |.0.005
Barium, Strontium | 0 0.02 0.1 0

Noble Metals 0 -0.0025 0.0025 0

Lanthanides 0. 0.0005 0.005 0

Cerium group 0 0.0002 0.005 0

Table23 PWR Core Inventory Release Fractions for the Revised (NUREG-1465)

_ Accident Source Term

Group Gap Release | Early In-Vessel | Ex-Vessel - | Late In-Vessel
Noble Gases - 0.05 .0.95 .- o . |o

Halogens 0.05 035 025 |01’

Alkali Metals .~ |'0.05 025 035~ 0.1
Tellurium group | 0 0.05 0.25 0.005
Barium, Strontium | 0 (5.():2 0.1 "~ o

Noble Metals 0 0.0025 0.0025 0

Lanthanides 0 0.0005 0.005 0

- Cerium group 0 10.0002.. 0.005 0

Based on WASH-1400 [19], the invénfory'of volatile fission products residing in the gap
between-the fuel and the cladding is no-greater than 3 percent except for cesium, which
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was estimated to be 5 percent. NUREG/CR-4881 [14] reported a comparison of more
recently available estimates and observations indicating that releases of the dominant
fission product groups were generally below the values reported in WASH-1400.
NUREG-1465 recognized that for degraded core or core-melt accidents, the gap release
phase may overlap to some degree with the early in-vessel release phase. Therefore, the
release magnitude was taken as an initial release of 3 percent of the volatile fission
products (noble gases, iodine, and cesium), which are in the gap between the fuel pellet
and the cladding, plus an additional release of 2 percent over the duration of the gap
release phase.

The early in-vessel, ex-vessel and late in-vessel release fractions for the revised accident
source terms were derived from the simplification of NUREG-1150 [18] source terms
documented in NUREG/CR-5747 [15]. NUREG/CR-5747 [15] utilized the current
technical knowledge and understanding of the source term phenomenology to develop
simplified formulation for realistic estimates of source term release into containment in
terms of timing, nuclide types and quantities. Source terms parameters were quantified
based on the detailed examination of available information, including results of the
integrated Source Term Code Package (STCP) computer codes calculations and the
insights from the NUREG-1150 expert elicitation on source terms issues [22].
Uncertainty analyses were also performed for releases into containment by utilizing the
probability distributions for source term parameters used in NUREG-1150 study.

The early in-vessel release fractions presented in Tables 2.2 and 2.3, except for the low-
volatile nuclides, are generally the mean values of the uncertainty distributions for a
typical low-pressure core-melt accident scenario documented in NUREG/CR-5747 [15].
The range of release estimates for the volatile nuclides, such as noble gases, iodine,
cesium, and to some extent tellurium, spans about one order of magnitude. Therefore, it
was concluded that for this group of nuclides, use of the mean value is a reasonable
estimate of the release fraction. In contrast, the range of release estimates for the low-
volatile nuclides, such as barium, strontium, ruthenium, cerium and lanthanum, spans
about four to six orders of magnitude. For the latter group of nuclides, the mean is
controlled by the upper tail of the distribution, and the details of the whole distribution
may be more indicative of the uncertainty than the “bottom line” results such as a mean
value. Hence, in the final NUREG-1465 report, the 75th percentile value was selected for
the low volatile nuclides on the basis that it bounds most of the range of values, without
undue influence by the upper tail of the distribution. It should be noted that, in the final
NUREG-1465 report, the in-vessel release fraction for the tellurium was reduced from the
draft version values of 0.11 (BWR) and 0.15 (PWR) to 0.05 in response to comments that
tellurtum will be retained via reaction with the Zircaloy cladding, with major releases
occurring only on extensive oxidation of the clad.

The ex-vessel release fractions for the revised accident source terms are generally the
mean values of the uncertainty distributions for releases associated with core-concrete
interactions documented in NUREG/CR-5747 [15]. The late in-vessel releases due to
heat up and degradation of the residual fuels following the vessel failure were not
considered explicitly. However, it was assumed that the entire core participates in core-
concrete interactions and therefore the volatile species (i.e., iodine and cesium) remaining
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- result qf comments received.

_in the reactor pressure vessel at the reactor vessel breach' were assumed to be released

during the ex-vessel release phase. " It should be noted that, in the final NUREG-1465
report, the ex-vessel releases for tellurium and the low volatile nuclides were reduced as a

The late in-vessel release fractions presentéd in Tables 2.2 and 2.3 are ‘also generally the
mean values of the uncertainty distributions for a typical low-pressure core-melt accident

scenario documented in NUREG/CR-5747 [15]. “These reléases are associated with the

revaporization of radionuclides retained in the RCS and their subsequent release into the

_containment after the vessel failure.

2.5 'I"imigng' of Release Phases

Table 2.4 shows the onset and duration for each release phase of the revised accident

source terms for BWRs and PWRs. The specified onset is the time following the
initiation of accident (i.e., time=0). It should be also noted that the rate of release of
fission products into the containment is assumed to be constant during the time duration

.shown.

fTablé 2.4 NTiming of Release Phasés 7
Release Phase :_BWRs . PWRs

) . Onset | Duration Onset Duration

Gap Release - 30sec . | 05hr 10-30 sec 0.5hr
Early In-Vessel 0.5hr 1.5hr 0.5 hr 1.3hr
Ex-Vessel | 2.hr 3hr ¢ 1.8 hr 2hr
Late In-Vessel 2hr . |10hr 1.8hr 10hr

- The timing was sélected to be typical of a core-melt scenario, except for the onset of the

release of gap activity (duration of coolant activity), which was chosen to be based on the
earliest calculated time of fuel rod failure under design-basis accident conditions (i.e.,
large-break LOCA). S .

In order to provide a realistic estimate of the shortest time for fuel failure, calculations
were performed using the FRAPCON2 [23], SCDAP/RELAPS ‘MOD3.0 [24], and
FRAPT6 [25] computer codes for two PWR Plants (2 B&W Plant with a 15x15 fuel rod
array and a W Plant with a 17x17 fuel rod array [16]. The minimum time from the time
of accident initiation until first fuel rod failure was calculated to'be 13 and 24.6 seconds
for the B&W and W plants, respectively. As noted in Reference 4, these estimate are
valid for a double-ended rupture of the largest pipe. For a 6-inch break, the time until
first fuel Tod failure was estimated 'to ‘be greater than 6.5 and 10 minutes for the B&W
and ‘W plants, respectively. It was expected that the CE plants would have coolant
activity durations similar to the W plants. ~ The review of the Final Safety Analysis

Reports (FSARs) for BWRs indicated that fuel failure may occur significantly later, in
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the order of several minutes or more. At the time of the publication of NUREG-1465, no
calculations for BWRs and CE plants had been performed, using the aforementioned suite
of codes. Since that time, BWR calculations have been performed with
SCDAP/RELAPS and are documented in INEEL report “Evaluation of Fuel Pin Failure
Timing in Boiling Water Reactors,” D. Knudson and R. Schultz, August 1999.

NUREG/CR-5747 [15] provided estimates for the onset of significant fission product
release into the containment based on the review of STCP calculated results for 6
reference plants. Significant fission product releases were estimated to commence no
earlier than about 30 minutes and 60 minutes for PWRs and BWRs, respectively, after the
onset of the accident. More recent calculations [26] for the Peach Bottom Plant, using the
MELCOR code, indicated that the duration of gap release for three BWR accident
sequences were about 30 minutes as well. On this basis, the duration of gap release phase
(onset of early in-vessel release phase) was selected to be 0.5 hours, for both PWRs and
BWRs.

The early in-vessel release phase ends when the bottom of the reactor pressure vessel
fails, allowing molten core to fall onto the concrete below the reactor pressure vessel.
NUREG/CR-5747 provided estimates for the early in-vessel release durations based on
the review of STCP calculated results for seven reference plants. The early in-vessel
release duration was found to be somewhat longer for BWR plants than for PWR plants.
This is due to the lower power-to-moderator ratio and the lower core power density in
BWRs, which would delay the time for core degradation and vessel failure.
Representative early in-vessel release durations were selected to be 1.3 hours and 1.5
hours, for PWR and BWR plants respectively.

NUREG/CR-5747 [15] also provided estimates for the ex-vessel release durations based
on the review of STCP calculated results. Although releases from core-concrete
interactions are predicted to take place over a number of hours after vessel breach, the
bulk of the fission product releases (about 90%), with the exception of tellurium and
ruthenium, are expected to be released over a 2-hour period for PWRs and 3-hour period
for BWRs. For tellurium and ruthenium, ex-vessel releases extend over 5 and 6 hours,
respectively for PWRs and BWRs. Based on analysis in Reference [15], the ex-vessel
release duration for the revised accident source terms was taken to be 2 and 3 hours,
respectively, for PWRs and BWRs.

The duration for the late in-vessel release phase was taken to be 10 hours as
recommended in Reference [15].

2.6 Iodine Chemical Form

The chemical form of iodine and its subsequent behavior after entering containment from
the reactor coolant system was investigated in NUREG/CR-5732 [17]. On the basis of
this work, NUREG-1465 concluded that iodine entering containment from the reactor
coolant system is composed of at least 95% cesium iodide (CsI), with no more than 5% I
plus HI. Once within containment, highly soluble CsI will readily dissolve in water pools
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and plate out on wet surfaces in ionic form. Radiation-induced conversion of the ionic
form to elemental jodine could be an important mechanism for revolatilization. If the pH
is controlled to a level of 7 or greater, very little (less than 1%) of the dissolved iodine
will be converted to elemental iodine. If the pH is not controlled, however, a relatively
large fraction of iodine dissolved in containment pools in ionic form could be converted
to elemental iodine in the long-term.

Organic components of iodine, such as methyl iodide, can also be produced over time
largely as a result of elemental iodine reactions with organic materials. A conversion of 4
percent of elemental jodine to organic has been implicitly assumed by the NRC staff in
Regulatory Guides 1.3 and 1.4, based upon an upper bound evaluation of the results in
WASH-1233. However, NUREG-1465 considered a value of 3 percent to be more
realistic. NUREG-1465 concluded that where pH is controlled at values of 7 or greater
within the containment, elemental iodine can be taken as comprising no more than 5
percent of the total iodine released, and jodine in organic form may be taken as
comprising no greater than 0.15 percent (3 percent of 5 percent) of the total iodine
released. Clearly, where pH is not controlled to values of 7 or greater, significantly
larger fractions of elemental iodine, as well as organic jodine could be expected within

containment.

With the exception of iodine (elemental, HI, or organic form), discussed above, fission
products are assumed to be in aerosol form.
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3. PANEL RECOMMENDATIONS AND BASIS FOR RECOMMENDATIONS
FOR HIGH BURNUP AND MOX FUELS ‘

As discussed above, the initial “source term” postulated for the purposes of calculating
offusite doses in accordance with 10 CFR Part 100 [2] was published in 1962 in TID
14844 [5]. Over the next 30 years, substantial . knowledge about severe light-water
reactor (LWR) accidents and the resulting behavior of the released fission products was
developed. NUREG-1465 provided a postulated fission product source term released into
containment that was based upon the understanding of LWR accidents and fission
product behavior developed between 1962 and 1995. :

Several elements of NUREG-1465 are noted here for compariéon with the current
endeavor to develop source terms for high burnup low enriched uranium and mixed oxide

fuels.

First, NUREG-1465 indicates that release fractions are intended to be representative or
typical, rather than conservative or bounding values, of those associated with a low-
pressure core-melt accident. The source term applicability panel employed the same
approach in specifying the release fractions for high burnup LEU and MOX fuels,
although each panel member provided his own release estimates, and in some cases these
individual estimates may be considered as conservative rather than typical.

Second, NUREG-1465 recognized that the source term in the report, particularly gap
activity, might not be applicable for fuel irradiated to -high burnup levels, stated to be
burnup levels in excess of 40 GWd/t.. _Clearly, the same is true for MOX fuel, given its
different composition. - - -
Third, thé source terms appearing in NUREG-1465 were developed based on extensive
examinations of both relevant data and calculations that had been developed prior to 1995
combined with expert elicitation. The current development of the source terms for high
burnup LEU and MOX fuels, is best described as an expert elicitation, albeit an expert

" elicitation informed by recent test data and insights available for high bumup LEU and

MOX fuels [6-12, 27-32].

3.1 - Panel Organization and Elicitation Process

P -

The following process was used to forganize the panel and sﬁbsequently elicit panel
member input for the gap release, early in-vessel, ex-vessel, and late in-vessel releases
into the containment for (1) high burnup PWR fuel, (2) high burnup BWR fuel, and (3)
MOX fuel. ) X

1.  Panel members were selected “based .upon their expertise. Three experts
" participated in the development of the NUREG-1150 source terms (J. Gieseke,

" T. Kress, and D. Powers), which were used as thie basis for the development of

-the revised source terms in NUREG-1465. These panel members were enlisted

to partially reconstitute the expert’s group providing input to NUREG-1150
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(and NUREG-1465). The remaining panel members (B. Clement and D.
Leaver) brought similar expertise to the source term applicability effort. Brief
biographies of each of the panel members are presented in Appendix A.

2. Recent additions to the databases for high burnup LEU and MOX fuels were
presented and reviewed [6-9, 12] before beginning the elicitation process for
each fuel’.

3. The specific characteristics of the fuel and accident sequence type were
established and documented (e.g., fuel composition, burnup, cladding type,
low-pressure loss-of-coolant accident [LOCA]).

4. The starting point for panel deliberations for high burnup PWR and BWR
fuels and MOX fuel was NUREG-1465, which contains tabulations of both
PWR and BWR releases into the containment. Releases for eight radionuclide
groups (Noble Gases, Halogens, Alkali Metals, Tellurium, Barium/Strontium,
Nobel Metals, Cerium, and Lanthanides groups) for each of four accident
phases (gap release, early in-vessel, ex-vessel, and late in-vessel) are
tabulated.

5. The input of each panel member was elicited and recorded for each fuel, for
each accident phase and for each radionuclide group.

6. For the PWR source term, each release fraction and the rationale were elicited
from each panel member. If all panel members agreed on the release fraction
for a given radionuclide group, a single value was entered into the table. If
one or more panel members offered different values for the release fraction for
a given radionuclide group, the value offered by each expert was entered in
the table. A summary rationale was prepared for each entry in the table.

The historical approach to addressing the many radionuclide species has been
to group species with similar chemical properties and behaviors together.
NUREG-1465 employs eight such groups. For the present effort, if one or
more panel members felt that a subdivision of one of the NUREG-1465
radionuclide groups was needed to reflect the different release fractions
represented in the database, the group was divided into subgroups and the
release fractions elicited for the subgroups (see, for example, the Cerium

3 It 1s noted that the panel did not have the benefit of the results of accident sequence analyses using
accident analysis models validated by comparison to pertinent test results mvolving high burnup or MOX
fuels. In addition, in many areas, the panel identified gaps in experimental data to support specific panel
recommendations. Therefore, the members of the panel have attempted to qualitatively integrate the results
of recent tests to predict fission product releases during accidents at nuclear power plants. They have
extrapolated phenomenology of core degradation based on existing studies for conventional burnup of LEU
fuels to anticipate fission product releases from fuel at burnup levels in excess of about 60 GWd/t. The
panel members have also extrapolated the behavior of LEU fuels with conventional Zircaloy cladding to
estimate the behavior of mixed oxide fuel with M5 cladding.

Energy Research, Inc. 16 ERI/NRC 02-202
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group in Table 3.1). Subgroups were developed for the original NUREG-1465

-groups of Noble Metals, Cerium, and the Lanthanides.

The approach to specifying a source term in France differs from that in the
United States. In France, the release fractions are specified for two phases: a
gap release phase and a subsequent core degradation phase. The core
degradation phase is not further divided into early in-vessel, ex-vessel, and
late in-vessel phases. For this expert elicitation effort, the French expert (B.
Clement) also did not subdivide the core degradation phase into early in-
vessel, ex-vessel and late in-vessel phases. Therefore, in the release fraction
tables in this report, the French expert’s values for the core degradation phase
are given in the early in-vessel column and are marked as TR, which stands
for total release from early in-vessel, ex-vessel, and late in-vessel phases.

The French expert did provide publicly released data from the French testing
and analytical programs to the panel. However, for those instances where
French data have not been publicly released but the data indicated some
differences from generally held views, a “flag” was~declared and - this
information appears in the rationale tables. The same approach was used when
French analytical efforts were underway but had not yet reached the point that
the information could be publicly released.

A. Hidaka presented test data collected by the Japan Atomic Energy Research
Institute (JAER]J) at the first panel meeting. However, a JAERI representative

., was unable to attend the final two panel meetings. As these were the meetings

at which jthe_ PWR, BWR and MOX source term values were elicited, only
five paniel members participated in the elicitation. ’

The PWR releases into containment for hiéh burnup’ fuel and summary
rationales are presented in Section 3.2 (Table 3.1 and Tables 3.2 through 3.10,
respectively). ‘ :

For the BWR source -term, the value provided by each panel member was

recorded but a rationale for each value offered by each panel member was not

elicited because of time constraints. General statements about the similarities
" and dissimilarities of PWR and BWR were discussed and a ‘summary of the
 general statements for the BWR source term is presented in Section 3.3. The
"BWR releases into containment for high burmip fuel are presented in Table

3.11.

. Foi" the MOX source term,"'bot(h the value and the rationale offered by each

panel member were recjorded.'“The "MOX releases into- containment and
summary rationales are presented in Section 3.4 (Table 3.12 and Tables 3.13
through 3.21, respectively).
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9. During the first panel meetings, the experts indicated that the physical and
chemical forms of the revised source terms as defined in NUREG-1465 are
also applicable to high burnup and MOX fuels. Therefore, during subsequent
meetings, the panel members did not discuss this issue.

3.2 PWR Accident Source Term

32.1 PWR Accident Sequence

The PWR accident sequence selected for NUREG-1465 [1] was a low-pressure core-melt
accident. The panel followed the precedent established for NUREG-1465 and selected a
low-pressure core-melt accident as the scenario for which the source term for high burnup
PWR fuel was to be evaluated. However, the scenario was not rigorously “low pressure”
in terms of timing and reactor cooling system deposition. The intent was to conduct a
rebaselining effort high burnup and MOX fuels.

3.2.2 PWR Fuel Characteristics

The following fuel characteristics were specified for the high burnup PWR fuel.

e A maximum burnup of 75 GWd/t
e A core average burnup of approximately 50 GWd/t
o Zirlo* or M5’ cladding

As a prelude to the elicitation step, panel members considered the effect of high burnup
on PWR fuel through discussions of governing phenomenological processes and issues
that can potentially impact core degradation and fission product release behavior of high
burnup fuels as compared to LEU fuels [11-12, 27].

3.2.3 PWR Accident Source Term

The PWR releases into containment, as specified by the source term applicability panel,
are summarized in Table 3.1.

The NUREG-1465 values for PWR releases into containment are shown in parentheses
for each phase for the duration and each radionuclide group. For those cases for which
the panel agreed upon a single value, only one value is entered e.g., the duration of the
gap release phase or the halogen release fractions during all four phases. However, when
the panel members did not agree on a single value for a given release, one value was
entered for each panel member. As explained previously, the approach to specifying the
source term in France differs from that in the United States. A value is specified for the
gap release. A second value is specified for the fuel release. However, this latter value is

4 Note that the data base on high burnup fuel available from foreign sources will not include data for fuel

clad 1n Zirlo
5 M5 1s an advanced cladding material and it could be used m combination with any LWR fuel (e.g , high-

burnup, MOX, etc ).
Energy Research, Inc. 18 ERI/NRC 02-202



—

[

[~

I

" later phases of the accident.

. needs are prpvidéd in Appendix B. IR . 2

- fuel was evaluated.” . )

the total release, designated as TR in the table, and there are no further entries for the

£y

~ Both the_release fraction for each radionuclide group and an ‘accompanying rationale
. were “elicited from each panel member. A summary rationale was prepared for each
- release fraction and the panel reviewed this summary. The resulting rationales for each

accident phase and for the duration and each radionuclide group are presented in Tables

3.2 through 3.10.

- The panel also considered additional research needs during the course of its deliberations.
These are also summarized in Tables 3.2 through 3.10. In addition, the panel members

were also asked to consider research needs separately from the panel meeting and to
document these in ‘a letter. The individual -panel member letters identifying research

3.3 - BWR Accident SourceTerm ~, =~ =~ .

- 3.3.1 BWR Accident Sequence s

The BWR accident sequence selected for NUREG-1465 [1] was a low-pressure core-melt
accident. ’ - - - ‘

3

R The panel followed the precedent eétablishgd for NUREG-1465 and selected a low-

pressure core-mélt accident, as the scenario for which the source térm for high burnup

339 BWR Fuel Characteristics

The following fuel characteristics were speciﬁéd for the high burnup BWR fuel.

e A maximum burnup of 75 GWd/t.

e A core average burnup of approximately 50 GWd/t. !

e The cladding material is Zircaloy-2, most predominately in the annealed, fully -
recrystallized condition with a zirconium-based inner liner, although cold-worked .-
stress relieved material and non-liner applications also exist. ‘The zirconium liner -~
can contain varying amounts of alloy additions, intended for post defect corrosion :

resistance.

. The BWR fuiel designs are increasingly evolving and they are characteristically becoming -

»

more similar to those of PWRs. This growing similarity of the fuel designs affected the -
panel’s delib’erations. 1
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Table 3.1

PWR Releases Into Containment (High Burnup Fuel)®

Gap Release Early In-Vessel Ex-Vessel Late In-Vessel
Duration (Hours) 04 (05)" 14 (13) 20 (20) 10.0 (10 0)
Noble Gases 0.05;0.07; 007, 007; NE* | 0.63,0.63; 063; 0 65; 1.0TR 03 (0) 0 (0)
(0.05) (0.95)
Halogens 0.05 (0.05) 0.35; 0.95TR (0 35) 0.25 (0.25) 0.2 (0.1)
Alkal Metals 0.05 (0.05) 0.25; 0.90TR (0 25) 0.35 (0.35) 0.1 (01)
Tellurum group 0.005 (0) 0.10; 0.30; 0.30; 0.35, 0.7TR 0.40 (0.25) 0.20 (0.005)
(0.05)
Barium, Strontium 0 (0) 002; ™4 (0.02) 0.1 (0.1) 0 (0)
Noble Metals (0) (0.0025) (0.0025) (0)
Mo, Tc 0 015,02;02;0.2; 0.7TR? 002; 0.02; 0.2; 0.2; TR 0; 0; 0.05; 0.05, TR
Ru, Rh, Pd 0 0 0025; 0.0025; 0.01, 0.01; 00025; 0.02; 0.02; 0.02; TR 001;0.01;0.01; 0 10, TR
0.02TR
Cerum group (0) (0.0005) (0.005) (0)
Ce 0 0.0002, 0 0005; 0.01; 0.01; 0.005; 0 005,001;0,01; TR 0
0.02TR
Pu, Zr 0 0.0001; 0 0005; 0.001; 0.002; | 0005, 0005;0.01;0.01; TR 0
0 002TR
Np 0 0001; 0.01; 0.01; 0.01; 0 005; 0 005; 0.01; 0.01; TR 0
0.02TR
Lanthanides (one groups) 0; 0; 0; (0) 0.0005; 0.002; 0.01 (0.0002) 0 005; 0.01; 0.01 (0.005) 0;0;0(0)
La, Eu, Pr, Nb 0;0 00002; 0.02TR 0005; TR 0; TR
Y, Nd, Am, Cm 0;0 0.0002; 0.002TR 0.005; TR 0; TR
Nb 0;0 0.002; 0.002TR 0.005; TR 0; TR
Pm, Sm 0;0 0.0002; 0.002TR 0.005; TR 0, TR

* Note that 1t was the panel’s understanding that only about 1/3 of the core will be high burnup fuel. This 1s a significant deviation from the past when accident
analyses were performed for cores that were uniformly burned usually to 39 GWd/t

Energy Research, Inc.
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Footnotes to Table 3 1

The numbers in parenthesis are those from NUREG-1465, Accident Source Terms for PWR Light-Water Nuclear Power Plants (Table 3.13).

TR = total release. The practice in France is to assign all releases following the gap release phase to the early in-vessel phase.

NE= No entry; the panel member concluded that there was insufficient information upon which to base an informed opinion.

Barium should not be treated the same as Strontium. There is experimental evidence that barium is much more volatile than strontium. VERCORS and
HI/VI (ORNL) experiments cited; these show a 50% release from the fuel and a 10% delivery to the containment, Strontium has a 10% release from fuel and
2% to the containment, based upon all data available to date. )

Threé panel members retained the NUREG-1465 lanthanide grouping, e.g., one group, while two panel members subdivided the group into four subgroups.

oW N e

oo . ., et
b
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Table 3.2

Rationales for Duration Entries in Table 3.1

Gap Release

The NUREG-1465 duration for this interval 1s 0.5 hr. The panel concluded that for high burnup fuel, the duration of the
mterval 1s 0.4 hr. The end point of the gap release phase is defined as the release of significant fission products and this
process is accelerated with high burnup fuel. The shortened time reflects the qualitative understanding that the fuel has
restructured, putting more gas near the periphery and accelerating the release kinetics of volatile fission products. Data
from French VERCORS experimental program shows that early m-vessel release starts earlier with high burnup fuel.

Needs: Perform calculations with a code validated with applicable data such as is bemng generated in the VERCORS
experiment.

Early In-Vessel

The NUREG-1465 duration for this interval is 1.3 hr. This phase ends when the bottom head of the reactor pressure
vessel fails. The panel concluded that the total time for accident initiation to the end of the early in-vessel phase should
be the same as the value in NUREG-1465, 1.e., 1.8 hr., thereby fixing the duration of this interval at 1.4 hr. Panel
members thought degradation processes might change with high burnup fuel, but that such outcomes can only be
understood with tegrated experiments.

Needs: Need mtegrated bundle experiments with high burnup fuel, e.g., PHEBUS. Need to translate the data into models,
such that whole-core calculations can be made. Need to investigate experimentally the degradation of cores with high
burnup fuel to see 1f a qualitatively different core degradation model is needed.

Ex-Vessel

The NUREG-1465 duration for this mnterval 1s 2 hr, The panel concluded that the same value was applicable for high
burnup fuel. The dommant ex-vessel process 1s zircontum oxidation. A significant change in this process 1s not expected
for high burnup fuel.

Late In-Vessel

The NUREG-1465 duration for the late in-vessel phase 1s 10 hr. The panel concluded that the same value was applicable
for lugh burnup fuel. Several processes dominate during this phase. They are (1) revaporization of deposited
radionuclides, (2) degradation of residual fuel n core region, (3) air ingress. Existing analyses only address the first two
Data to assess the contribution of the third process is lacking. Releases due to degradation of residual fuel to the ex-vessel
category are considered m the ex-vessel category to narrow the time frame from 10 hours to 2 hours. Untl additional data
are available, the panel has no justification for changing the duration of this phase.

Needs: Experimental mvestigation of air ingress to investigate the competition between degradation and fission product
release 1s essential.

Energy Research, Inc. 22 ERI/NRC 02-202
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Table 3.3 Rationales for Noble Gases Entries in Table 3.1

Gap Release The NUREG-1465 gap release was 0.05. A majority of the panel concluded that an increased release fraction is
applicable for high burnup fuel. A value of 0.07 was selected. Data from the Japan Atomic Energy Research Institute
(JAERI) was cited [9, 28], The JAERI test featured high reactivity insertion rates characteristic of a rod ejection
accident,(note that RAIs are not core melt precursors and are not characteristic of the low pressure accidents, generally
considered by the panel). The data show an acceleration of gap release with burnup, with a discernable threshold near 42
GWd/t. The highest fuel burnup level discussed for the JAERI test was 50 GWAd/t. French data for high burnup fuel
indicate a value of about 5% at 60 GWd/t (FLASH 5 Test). A release fraction as high as 0.10 was considered by the
panel, but the lower value of 0.07 was adopted to account for the slower rate of energy deposition during a large LOCA
and in recognition of the French data. However, the specified burnup for panel consideration is 75 GWd/t, causing,
possibly, a higher release than the 5% measured in the French test. One panel member weighted the French results higher
than the JAERI results on the basis of proto-typicality of the experimental conditions to a low-pressure LOCA and
concluded that a lower release rate of 0.05 was more applicable.

¥ F

Needs: The JAERI data was cited by the panel was an important factor in selecting an increased release fraction.
However, the panel recognized that the high-energy deposition rate could be an important factor in the increased release
fraction. Therefore, the panel concluded that further experiments with high burnup fuel under conditions more
representative of a large LOCA are desirable to determine if higher gap releases are realized with high burnup fuel in
slower events. :

Early In-Vessel The NUREG-1465 early in-vessel release was 0.95. . The panel concluded that a reduced release fraction is applicable but
that this conclusion was independent of fuel burnup, i.c., the panel concluded that the release 'ﬁ'éction reported in
NUREG-1465 is too high. The panel noted that only a portion of the core is involved in the accident through this phase.
Therefore, noble gases can only be released from that portion of the core involved in the accident. For the LB LOCA, the
panel believes 60-70% of the core is involved in the accident by this stage. A release fraction of 63% was selected.

1

v R .
i ! o } T : AT

6 The results of other Tecent Japa'neée exfnérimental data are réported in References [28] through [30].
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Table 3.3 Rationales for Noble Gases Entries in Table 3.1 (continued)

Ex-Vessel

The NUREG-1465 ex-vessel release was 0.0. 1., all noble gases were released by the end of the early in-vessel phase.
The panel concluded that the release fraction for high burnup fuel for this phase should be 0.3, which constitutes the
remainder of the release for noble gases. The relocated core debris does not contain any noble gases. The panel noted that
the gap release and early in-vessel phases are discrete phases in ime. However, the ex-vessel and late in-vessel phases
overlap in time. The panel recognized that releases would occur in-vessel during the late in-vessel phase However, the
panel elected to bias releases occurring from residual fuel early 1n the late in-vessel phase by attributing the release to the
ex-vessel phase. The panel chose this course because assigning the release to the late in-vessel phase would allocate the
release to the 10-hour period associated with the late m-vessel phase. Because the releases are expected to occur early n
the late in-vessel phase, the panel concluded that issue of timing, with respect to release fractions, is best handled by
associating the release with the ex-vessel phase. NUREG/CR-5747, which was referenced in NUREG-1465 as the basis
for the release fraction, would have the total release through the early in-vessel phase of about 80%. The NUREG/CR-
5747 values were based upon CORSOR calculations, supplemented by expert elicitation. The CORSOR calculations are
known to be conservative for noble gases and thus the panel concluded that a lower release of 0.70 for the early in-vessel
phase should be used.

Late In-Vessel

The NUREG-1465 late in-vessel release was 0.0. The panel understands that some release of noble gases mn this phase 1s
possible but concluded that the release would be early in the phase. Given the length of the late in-vessel phase (10
hours), the panel elected to assign all releases following the early in-vessel phase to the ex-vessel phase.

Energy Research, Inc.
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Table 3.4

Rationales for Halogen Entries in Table 3.1

Gap Release

The NUREG-1465 gap release was 0.05. The halogen releases from the gap are dominated by the vaporization of
halogens into the gas flow from the ruptured fuel rod. The release is determined then by temperature and the total volume
of gas released immediately following fuel clad rupture and neither the temperature nor the volume of gas in the rod will
be greatly affected by burnup. The panel concluded that the same value was applicable for high burnup fuel. French
reactor data for high burnup fuel indicates that the amount of gas in the gap reaches a value of about 5% at about 60
GWd/t. An in-pile experiment for fuel with a burnup of 50 GWAd/t and under LOCA conditions indicates a release of 5%.

Early In-Vessel

The NUREG-1465 early in-vessel release was 0.35. The panel concluded that the same value was applicable for high
burnup fuel. Several panel members noted that the releases reported in NUREG-1465 were too large, because the
NUREG-1465 releases were predicated based on CORSOR calculations, which is believed to overestimate Halogen
releases. Nevertheless, since a significant burnup dependence was identified, the same release fraction was retained.

Need: Experiments needed to understand how high burnup fuel degrades.

Ex-Vessel

‘\{essel phase would allocate the release to the 10-hour period associated with the late in-vessel phase. Because the |

‘release fractions, is best handled by associating the release with the ex-vessel phase.

The NUREG-1465 ex-vessel release was 0.25. The panel concluded that the same value was applicable for high burnup
fuel. The panel noted that the gap release and early in-vessel phases are discrete phases in time. However, the ex-vessel
and late in-vessel phases overlap in time. The panel recognized that releases would occur in-vessel during the late in-
vessel phase. However, the panel elected to bias releases occurring from residual fuel early in the late in-vessel phase by
attributing the release to the ex-vessel phase. The panel chose this course because assigning the release to the late in-

f

releases are expected to occur early in the late in-vessel phase, the panel concluded that issue of timing, with Tespect to !

Late In-Vessel

The NUREG-1465 late in-vessel release was 0.1. The panel concluded that the release for this phase should be 0.2." The |

[

increased ré]ease was Varioqsly attributed to self-heating of deposited fission products and revaporization off the piping -
system associated with air ingress and the circulation of air through the piping. '

ot g e

Energy Research, Inc.

Needs: The pbst-test analyses of PHEBUS data should be reviewed for information and insights regarding révaporizatio‘i{'
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Table 3.5 Rationales for Alkali Metals Entries in Table 3.1

Gap Release

The NUREG-1465 gap release was 0.05. The panel concluded that the same value was applicable for high burnup fuel.
The gap release 1s via vaporization into the void volume and neither the chemistry of the Cs and Rb nor temperatures
changed significantly for high burnup.

Early In-Vessel

The NUREG-1465 early in-vessel release was 0.25. The panel concluded that the same value was applicable for high
burnup fuel. Two factors for retaining the value were indicated. Various cestum compounds are released, some of which
have reduced vapor pressures and are, therefore, less volatile. However, hot spots are thought to increase the release.
These two processes are thought to offset and the release fraction remains the same. One panel member was supportive
of a release fraction of 0.3 based upon separate effects release rates just shightly below the release rates for 10dine.

Ex-Vessel

The NUREG-1465 early ex-vessel release was 0.35. The panel concluded that the same value was applicable for high
burnup fuel. The panel noted that the gap release and early in-vessel phases are discrete phases in time. However, the ex-
vessel and late in-vessel phases overlap in time. The panel recognized that releases would occur in-vessel during the late
in-vessel phase. However, the panel elected to bias releases occurring from residual fuel early in the late in-vessel phase
by attributing the release to the ex-vessel phase. The panel chose this course because assigning the release to the late in-
vessel phase would allocate the release to the 10-hour period associated with the late in-vessel phase. Because the
releases are expected to occur early in the late n-vessel phase, the panel concluded that 1ssue of timing, with respect to
release fractions, is best handled by associating the release with the ex-vessel phase.

Late In-Vessel

The NUREG-1465 late m-vessel release was 0.1. The panel concluded that the same value was applicable for high
burnup fuel.

Needs: Experiments are needed to better characterize the revaporization of cesium.

Energy Reseaich, Inc.
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Table 3.6 Rationales for Tellurium Group Entries in Table 3.1!

Gap Release

The NUREG-1465 gap release is 0. The panel concluded that a small but inc.reased release fraction of 0.005 is applicable
for high burnup fuel. A non-zero value was felt appropriate because gap releases increase with time. The panel felt that
the uncertainty was high and that additional test data was needed (see Needs).

Needs: Experiments with high bunup fuel under LOCA conditions to measure gap releases are needed. The applicability
of the proposed PHEBUS LOCA experiments should be reviewed.

Early In-Vessel

Vi

The NUREG-1465 early in-vessel release is 0.05. The panel concluded that an increased release fraction is applicable for
high burnup fuel. A value of 0.30 ! was specified by a majority of the panel. The panel noted that PHEBUS FPT-1 test
results indicate high in-vessel releases of tellurium, which decays to iodine. As the PHEBUS tests were designed and
directed to fission product measurement, there is justification for basing source term applicability on PHEBUS results.
Note, in PHEBUS tests the release of Te occurred after the escalation in temperature due to metal water reaction, and the'
fact that tellurium is inherently volatile. Questions were also raised by one of the panel members about the non-
prototypical nature of the PHEBUS tests due to the very high metal oxidation that was experienced in the high steam
injection period. Other tests show lower Te releases, apparently due to binding of the Te with other materials. The Te
release is very much dependent upon the manner in which the accident scenario evolves. This can lead to a large
variation in Te release. Another issue discussed was the degree to which the Te subsequently interacts with other
materials, which would reduce the release to containment. The range of values offered by the panel is between 10% and
35%. The panel noted that even if select the lowest value of 10% is used, this value represents a significant change in
regarding the tellurium source term,
One panel member stated that in the PHEBUS test, the tellurium release lagged the cesium release. The other factors
cited were that the measured values from TMI-2 (TMI-2 core average burnup was 8 GWd/t) shows low tellurium releases
and the event duration of 1.4 hours for the PWR source term applicability selected by the panel is shorter than the
duration of the FPT-1 test. This panel member stated that a lower release rate of 0.1 to 0.15 was more applicable. B
=
Needs: The differences between the PHEBUS, VERCORS and ORNL tests should be reconciled. The perception that
Tellurium doesn’t come out until 95% of the cladding is oxidized comes from the ORNL and the SFD tests. Experiments
with high burnup fuel under both severe accident and LOCA conditions are recommended.

Ex-Vessel

The NUREG-1465 ex-vessel release is 0.25. The panel concluded that an increased release fraction is applicable for high
burnup fuel. A value of 0.40 was specified. The panel concluded that approximately 60% of the tellurium is released
from the fuel and 40% remains in fuel, which will be released from residual fuel after the vessel head fails or from the

‘core-concrete interaction. The panel also recognized that chemical interactions with.vapors from the control rods and
‘other materials, tellurium transport is via tellurides, not as elemental tellurium. Consequently tellurium doesn’t

chemically react with the piping system. ‘ : "o

Note: The tellurium releases occur in-vessel but after the time that the bottom head fails and so is counted as an ex-vessel
release. The release is actually occurring in the vessel and during the transit through the vessel. -

Energy Reseaych, Inc.
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Table 3.6 Rationales for Tellurium Group Entries in Table 3.1' (continued)

Late In-Vessel The NUREG-1465 late in-vessel release is 0.005. The panel concluded that an increased release fraction is applicable for
high burnup fuel. A value of 0.20 was specified. In contrast to the NUREG-1465 assessment 1n which the total release
fraction through the late in-vessel phase was 0.305, the panel concluded that all tellurium will be released by the end of
this phase. Several important processes were identified. First, the amount of tellurtum present 1s sigmficant and it is not
bonded to surfaces. Rather, 1t 1s bonded to aerosols and more easily released. Second, once the piping system 1s opened

and oxygen partial pressure increases, all the tellurides are oxidized to TeO and telluric acid, both of which are highly
volatile.

" The changes n the Tellurium releases from NUREG-1465 reflect new insights from test programs and are not associated with high burnup fuel
specifically.
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Table 3.7 Rationales for Barium and Strontium Entries in Table 3.1

Gap Release

The NUREG-1465 gap release is 0.0. The panel concluded that the same value was applicable for high burnup fuel.

Early In-Vessel

The NUREG-1465 carly in-vessel release is 0.02. The panel concluded that the same value should be retained for high
burnup fuel. Modeling results were considered ! Barium and strontium are modeled separately and a release of 0.03 is
predicted. Given the modeling uncertainties, there was insufficient justification to alter the NUREG-1465 value. There is
experimental evidence that barium is much more volatile than strontium; the VERCORS and HI/VI (ORNL) experiments
cited. The panel discussed whether the two should be considered separately but retained the NUREG-1465 grouping. ?

Needs: experimental investigations to resolve competing effect and the absolute value of the release fraction are needed
for high burnup fuel. The increase of the diffusion coefficient for these species and the oxygen potential that depresses
the volatility of both species were identified as the competing effects.

Ex-Vessel

Lacking this information, which again supported the retention of the NUREG-1465 value.

The NUREG-1465 early ex-vessel release is 0.1. The panel concluded that the same value should be retained for high
burnup fuel. Thermodynamic calculations performed by the French support a combined release of 0.1 with .01 being
bartum and 0.09 strontium. The release of barium and strontium ex-vessel is proportional to the amount of zirconium
metal that comes ex-vessel. However, the degree to which high burnup affects the amount of ex-vessel metal is unknown.

t
1

‘Needs: An improved understanding of high burnup fuel degradation is needed; experimental data is required.

Late In-Vessel

| The NUREG-1465 late in-vessel release is 0. The panel concluded that the same value should be retained for. high burnup
.| fusel. Uncertainties in the resuspension assessment were noted. Large deposits of barium and strontium have been found
.| above the fuel and the potential for release of this material exists (See Needs). It was also stated by one of the panel

members that it is more likely, that large bﬁildpp of deposited Ba an:d Sr will provide additional heat sources to drive the
revaporization of more volatile fission products that have been released and previously deposited.

¢

Results were presented to the panel by T. Kress.

Need: A better understanding of resuspension and revolatizeéd processes is needed; experimental data are required.

* [ t N ¢

Although barium and strontium behave differently, the panel elected to treat them as a class and a fepresehtative value of the release fraction

used. For background, the panel was informed that.in the draft NUREG-1465, bariumand strontium were treated separately. They were

combined for the final document because they were judged at that time to have similar behavior.

Energy Research, Inc.
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Table 3.8

Rationales for Noble Metals Entries in Table 3.1

Gap Release

The NUREG-1465 gap release 1s 0. The panel noted that the release is non-zero but sufficiently small that the NUREG-
1465 value was retained.

Early In-Vessel

The NUREG-1465 early in-vessel release 1s 0.0025, The range of experimental results is high and uncertainties are large.
The ability to differentiate via prediction does not exist. The four species in this group exhibit differences in behavior.,
Two of the species are very volatile (Mo, Tc). Based on VERCORS data, Mo and Tc release 90% of the noble metals
from fuel and 70% to containment. The Ru release 1s 10% from the fuel and 2% to the containment. The Rh release 1s
30% from the fuel and 6% to the containment. The panel created two subgroups, the first contains Mo and Tc and the
second contains Ru and Rh. Several factors led to the creation of two groups. Within the original single grouping, there
were differences n volatility and biological effects. Temperature increases were cited as an important factor affecting
release rates. It was noted that even 1f temperatures remain nearly constant and fuel motion occurs, the release rates are
affected. Similarly, gas release rates at constant temperature can affect release fractions. The original groupings were
influenced by code capabilities and modeling approaches. The choice by the panel to divide the Noble Metals into two
subgroups may impact analytical code requirements.

Needs: Need data that can be used in model (various releases at various times and temperatures; either data with
time/temperature plateaus or several tests as a function of burnup). Need to distinguish between Ru and Mo).

Ex-Vessel

The NUREG-1465 ex-vessel release of 0.0025 is retained. Ruthenium 1s under predicted in VANESSA by perhaps three
orders of magnitude. However, this information was available to the NUREG-1465 panel and was, therefore, factored
into the NUREG-1465 release fraction.

Needs: correct code models to handle increased Ru releases.

Late In-Vessel

The NUREG-1465 late in-vessel release 1s 0.0. The noble metals are released and deposited but whether they are
revaporized is unclear (See Needs). The release of ruthenium deposits 1s quite likely 1f there 1s air present.

Needs: An improved understanding of revapornzation processes for noble metals i1s needed; experimental data are
required.

Energy Research, Inc.
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Table 3.9 Rationales for Cerium Group Entries in Table 3.1

Gap Release

The NUREG-1465 gap release was 0. The panel concluded that the same value was applicable for high burnup fuel.

Early In-Vessel

The NUREG-1465 early in-vessel release is 0.0005. Some of the panel members supported a higher release fraction.
Based on VERCORS and other experiments, e.g., TMI-2 and SFD 1-4 [34], the Np release is 0.10 from the fuel and 0.02
to the containment. The Pu release from the fuel is 0.01 and 0.001 to the containment. A significant release of Ce was
measured in the ORNL VI-5 test and this outcome was also seen in some VERCORS experiments. By analogy with the
release of La as measured in VERCORS, a Ce release from the fuel of 0.1 and 0.02 to the containment is predicted. The
panel created three subgroups. The first consists of Ce, the second contains Pu and Zr and the third consists of Np.
Several factors led to the creation of the three groups. The differing biological impacts of the radionuclides in the three
subgroups was indicated. Also considered were the indications of different release rates obtained in the available
experiments. Finally, there were differences in the inventory of the species that favored creation of three subgroups. The
choice by the panel to divide the Cerium group into three subgroups may impact analytical code requirements. -
The panel moved the fission product Zr from the Lanthanides group to the Cerium group. The panel noted that Zr had a
very low volatility, much like Pu. Also, it is a tetravalent species, as are the other species in the Cerium group.

Needs: An 'impr}oved understanding of how the oxidation potential in high burnup fuel is behaving. Transient data with

‘two or more plateaus for use in models.

| Ex-Vessel

The NUREG-1465 ex-vessel release is 0.005. Two components for the release were noted, mechanical release as bubbles
burst at the surface and vapor release dependent upon the amount of zirconium present.

Late In-Vessel

The NUREG-1465 late in-vessel release was 0. The panel concluded that the same value was applicable for high burnup -
fuel. = S S . : .

! 'Neegis: An improved understanding of the volatilities as well as revaporization of the species in the cerium gfoup is

needed; experimental data are required.

*if
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Table 3.10 Rationales for Lanthanides Entries in Table 3.1

Gap Release

The NUREG-1465 gap release 1s 0. The panel concluded that the same value was applicable for high burnup fuel.

Early In-Vessel

The NUREG-1465 early n-vessel release 1s 0.0002. Three of the panel members concluded that the original single group
was still applicable because they exhibited similar chemical behaviors. Another panel member concluded a different
release rate was warranted only for Nb and only for the early m-vessel phase. Otherwise, a single release rate was
deemed adequate by this panel member to represent the release rates for the remaining species within the group as well as
for the other phases of the accident. Another panel member felt that there was justification for creating two subgroups
based upon data from VERCORS, Phebus FPT-1, TMI-2 and SFD 1-4 [34]. The first subgroup consists of La, Eu, Pr and
Nb. These species are characternized by a 0 02 total release to the containment for the early in-vessel phase. The second
group consists of the remaining species.

Needs: Data on the Lanthanides lacking, data to be obtamed for and analyzed with models.

Ex-Vessel

The NUREG-1465 ex-vessel release is 0.005. The panel concluded that the same value was applicable for high burnup
fuel.

Late In-Vessel

The NUREG-1465 late n-vessel release 1s 0. The panel concluded that the same value was applicable for high burnup
fuel.

Needs: Assuming the existence of La deposits, an improved understanding of the resuspension 1s needed; expermmental
data are required.

Energy Research, Inc.
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3.3.3 BWR Accident Source Term

The BWR releases into containment, as specfiﬁed by the source term ai)plicability panel,
are summarized in Table 3.11. - : .

The NUREG-1465 values for BWR releases into containment are shown in parentheses
for each phase and for the duration and each radionuclide group. For those cases for
which the panel agreed upon a single value, only one value is entered (e.g., the duration
of the gap release phase or the halogen releases during the gap release phase). However,
when the panel members did not agree on a single value for a given release, one value
was entered for each panel member. ‘

As France does not deploy BWRs, the French panel member, while contributing to
general ." technical discussions about thé source term, did not participate in the
specification of numerical values for BWR releases into containment. o

The panel operated under time constraints that limited the collection of rationales for
values offered by each panel member for the BWR releases into containment. In an effort
to accommodate to the time constraints, the panel first discussed PWR and BWR
differences that might affect the source term. “The following items were discussed as a
prelude to eliciting values for the BWR releases into containment.

e BWRs have a higher zirconium:im{entéry than PWRs due to the ’présencé of fuel
channels. “This factor was accounted for in NUREG-1465. . | ) _
e The BWR power density is lower, approximately 60% of a PWR, and the system

contains more water that would tend to slow the progression of accident

sequences. However, ADS actiation may speed up the progression and limit the
effect of the lower power density. ’

e Steam separators in the BWR upper plenum can serve as deposition sites [32]. A
panel member questioned whether this effect had been considered in NUREG-
1465. ' . .

e BWRs employ boron carbide control rods rather than the silver-indium-cadmium
control. rods used in PWRs. Several, panel members noted that the ‘different
materials would affect tellurium behavior. This effect was thought to have been
considered in NUREG-1465. ’ N

e The BWR power profile is thought to be flatter. This could ‘alter, relative to the
PWR, the fraction of the core affected by an accident and thus the amount of core
experiencing early melting and relocation. It was the belief of some panel
mémbers that this factor had not been accounted for in NUREG-1465. ‘

¢ The presence of the Zircaloy channel boxes in BWRs tend to result-in a more
reducing environment during core degradation compared with PWRs. :

Also considered l;y the panel was the povxier‘ upgrade effort for BWRs that will lead to a
20% increase in core power for all or nearly all operating BWRs. '
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Table 3.11

BWR Releases Into Containment (High Burnup Fuel)

Gap Release Early In-Vessel Ex-Vessel Late In-Vessel
Duration (Hours) 04 (05)! 1.6 (1.5) 3.0 30) 10.0 (10.0)
Noble Gases 0.05; 0.07; 0 07; 0 07 (0.05) | 0.65; 0.76; 0.76; 0 93 (0.95) 0;0.17,0 17; 0.3 (0) 0 (0)
Halogens 005 (005) 0.25; 0.30, 0.35; 0.40 (0.25) 0.15;02,0.3; 035 (0.30) 0.1;0.1;0.12, 0.2 (0.1)
Alkali Metals 005 (005) 0.2,0.25;03;04 (0.20) 0.1,03; 0.35; 035 (0.35) 0.1;0.1;02; 022 (0.1)
Tellurium group 0 005 (0) 0.05, 0 06; 0 06; 0.1 (0.05) 025 (0.25) 0.005; 0.01; 0 01; 0.01
(0.005)
Barum, Strontium 0 (0) 002 (0.02) 01 (01) 0;0,0,001 (0)
Noble Metals (0) (0 0025) (0 0025) (0)
Mo, T¢ 0 00025; 0.2; 0.2; 0.2 0.0025; 0.02; 0.2; 0.2 0; 0; 0; 0.05
Ru, Rh, Pd 0 0 0025; 0.0025, 0.0025; 0 01 0.0025; 0.0025,0 02,0 02 0; 0.01;0.01;0 10
Cerum group 0) (0.0005) (0 005) (0)
Ce 0 0.0002, 0.0005; 0 01; 0 01 0.00s, 0.005,001; 001 0
Pu, Zr 0 0 0001; 0 0005; 0.001; 0.002 0 005; 0.005; 0.01; 0.01 0
Np 0 0001;001;001;0.01 0.005, 0 005,001; 0.01 0
Lanthanides (one groupz) 0,0,0(0) 0 0005, 0 002; 0 01 (0.0002) 0.005; 0.01; 0 01 (0 005) 0; 0,0 (0)
La, Eu, Pr, Nb 0 0.0002 0.005 0
Y, Nd, Am, Cm 0 0.0002 0.005 0
Nb 0 0.002 0.005 0
Pm, Sm 0 0.0002 0.005 0

The numbers 1n parenthess are those from NUREG-1465, Accident Source Terms for BWR Light-Water Nuclear Power Plants (Table 3.12)
Three panel members retained the NUREG-1465 lanthanide grouping, e.g., one group, while one panel member subdivided the group in to four subgroups.
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Individual rationales were not elicited for each accident phase and radionuclide group for
the BWR. S

The panel did not consider additional BWR-specific research needs during the course of
its deliberations. As with the PWR source term, the panel members.were, asked to
consider research needs separate from the panel meetings and to document these in a

letter. The individual panel member letters identifying research needs are provided in

Appendix B.
34 MOX Accident Source Term for Light-Water Nuclear Power Plants

The panel agreed upon an approach to be taken in consid«erin‘g,7 the MOX releases into
containment. - The approach consisted of the following elements. .

The tabulated fission product release fractions are for MOX assemblies only.

Assume MOX assemblies are distributed uniformly throughout the core.

Whether MOX or LEU, the assembly undergoes the same thermal transient. <~

‘The MOX assembly passes through a temperature transient that damages the fuel.

LEU assembly also passes through a temperature transient that damages the fuel.

e At the end of the early in-vessel phase, 50% of the core is badly damaged and will
be released immediately upon failure of the vessel lower head.- T

e -Some portion of the 50% of the core rémaining in the vessel is also damaged and
participafes in the early in-vessel release.” Three-fifths of the remaining core loses
one-half of its volatile inventory. Lo

. During the ex-vessel phase, 100% "of the core eventually ends up -outside the
vessel and on the concrete floor.-..« ~ o .

e During the ex-vessel phase, some of the fission products deposited on the RCS
surfaces revaporize. s s Y-

The panel also addressed and develépéd a method for applyi&n'g1 the vélﬁqs for the MOX
releases into containment to an entire core containing both MOX and LEU fuel
assemblies.’ The application process is as follows. .

‘e To apply results of these tables to a core containing both. MQX‘ and LEU
assemblies, define the fraction of the MOX fuel in the core to be “f’. Define the
fraction of LEU to be “1-f”.

- Imox(i) = inventory of the it radionuclide in the MOX fuel - -
I gu(i) = inventory of the i radionuclide in the LEU fuel )
RFyox(i) = release fraction of the i radionuclide from the MOX fuel
RFgy(i) =release fraction of the i™ radionuclide from the LEU fuel -

Then, the release fraction from the mixed core is:
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RF(i) = f* RFmox (1) * Imox (i) +(1- ) * RFL ey () * ILey (i) G
f*Imox () +(1- ) *1 gy () '

o For high burnup LEU fuel, the values are those in the tables generated by the
panel (i.e., Tables 3.1 and 3.11, for PWRs and BWRs, respectively).

e For LEU fuel that is not at high burnup, use the values from NUREG-1465, even
though some of the values could be updated based upon the database now
available.

3.4.1 MOX Accident Sequence

The accident sequence is identical to the low-pressure accident sequence of Section 3.2.1.

3.4.2 MOX Fuel Characteristics

The following fuel characteristics were specified for the MOX fuel.

e The MOX fuel pellets are 5% PuO, with approximately 95% depleted UO,.

e The plutonium is approximately 93% Pu-239 and 6% Pu-240.

e The cladding is M5’.

¢ The fuel assembly is identical to LEU assemblies, except for the fuel pellet.

e The cycle length is 18 months. MOX assemblies are typically withdrawn after
two cycles.

¢ The maximum burmnup on an assembly basis is approximately 46 GWd/t

o The typical burnup on an assembly basis is approximately 42 GWd/t

¢ The burnup limit on a pin is 50 GWd/t.

¢ The planned core loading is for approximately 40% MOX assemblies.

e The MOX assemblies will be irradiated in 4-loop Westinghouse PWRs with ice
condenser containments.

Two differences between LEU and MOX fuels were noted. First, MOX fuel experiences
high power at higher burnup levels. Second, the plutonium content of the discharged
LEU fuel is approximately 1%. Note that MOX assemblies are discharged with an
approximately 3% plutonium content.

MOX consists of a heterogeneous mixture of plutonium dioxide-rich particles dispersed
in a uranium dioxide matrix. The plutonium dioxide-rich particles are expected to
preferentially fission relative to the uranium dioxide matrix. As a result, voids will
develop around the plutonium dioxide-rich particles and volatile fission products will
accumulate in these voids. In addition, the uranium dioxide matrix adjacent to the voids
is expected to be heavily damaged as a result of recoil of massive products of the fission
process. These damaged regions and the voids about plutonium dioxide-rich particles will

7 M5 1s an advanced cladding material with superior properties mncluding corrosion resistance and low
growth. M5 1s currently planned to be used for MOX fuel
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create pathways for the “flow of fission product gases and vé'pors from fuel that is being
heated and degraded. - _

3.43 MOX Accident Source Term

The MOX releases into containment, as specified by the source term applicabilit}} panel,
are summarized in Table 3.12. A summary rationale was prepared for each’release
fraction, and this summary was reviewed by the panel. The resulting rationales for each
accident phase and for the duration and each radionuclide group are presented in Tables

3.13 through 3.21.

Numerous times 'during the elicitation of MOX-releases into the containment, panel
members emphasized that their input was based upon partial and preliminary data
regarding MOX characteristics and behavior under severe accident conditions. -

MOX releases were provided by all five-panel members for the phase duration and for
the noble gases, halogens, alkali metals, and tellurium groups. However for the
remaining four groups (barium and .strontium, noble metals, cerium group, and
lanthanides), some panel members elected to make no entry because it was felt that there
was insufficient data available upon wﬁich to make an informed judgment. - The panel
members noted that most of the noble gases, halogens, alkali metals and tellurium group
are released from a MOX fuel. Thus, it was possible to make judgments as to the phase in
which they were released. However, for barium and strontium, the noble metals, cerium
group, and lanthanides, only fractional releases -occur and the "database was deemed
insufficient by some panel members to support a specific value for a release fraction.

The NUREG-1465 values for PWR releases into containment are shown in parentheses
for each phase and for the duration and each radionuclide group. For those cases for
which the panel agreed upon a single value, only ‘one value is entered (e.g., the duration
of the ex-vessel and late in-vessel release phases). However, when the panel members
did not agree on a single value, one value was entered for each panel member. -

A discussed in Section 3.1, the approach to specifying the source term in France differs
from that in the United States. A value is specified for the gap release. A second value is
specified for the in-vessel release. However, this latter value is the total release used for
the remainder of accident. Thus, values for the ex-vessel and late in-vessel releases were
not provided for this effort. The total release values offered for the in-vessel phase of the
accident are flagged in the appropriate tables. -

The panel only briefly considered additional MOX-specific research needs during the
course of its deliberations. As with the PWR and BWR source term, the panel members
were asked to document their opinions regarding research needs. The individual panel
member letters identifying research needs are provided in Appendix B.

Energy Research, Inc. 37 ERUNRC 02-202



Table 3.12  MOX Releases Into Containment®
Gap Release Early In-Vessel Ex-Vessel Late In-Vessel
Duration (Hours) 0.3; 0.4, 0.4;0.4,0.4 (05)' 14;14;14;14;15 (1.3) 2.0 (2.0) 100 (100)
Noble Gases 005,005, 005;0.05; 007 0.65; 0.65; 0.75; 0.93; 0,02;0.3,03; TR (0) 0 (0)
(0.05) 0.95 TR?(0.95)
Halogens 0 05; 0 05; 0.05; 0.05; 0.07 0.325; 0.35; 0.35, 0.375; 015;0.2; 0.25; 0.25; TR 0.2;0.2;0.2; 0.2; TR (0.1)
(0.05) 0.95TR (0 35) (0.25)
Alkalt Metals 0 05; 0.05; 0.05; 0.05; 0.07 0.25; 0.30; 0 30; 0 30; 0.65TR 0.25; 0.25; 0.30; 0.30; TR 0.10, 0.15; 0.15,0 15, TR
(0.05) (0.25) (0.35) 0.1)
Tellurium group 0; 0; 0; 0.005; 0.005 (0) 0.1; 0.15; 0.3; 0.35; 0.7TR 0.4; 0.4; 0.4; 0.4; TR (0.25) 0.1;02;02; 0 2; TR (0.005)
(0.05)
Barium, Strontium NE’, NE, NE; 0, 0 (0) NE, NE, NE; 0.01; 0.1 (0.02) NE, NE, NE; 0.1; 0.1 (0.1) NE, NE, NE, 0; 0 05 (0)
Noble Metals 0) (0 0025) (0.0025) (0)
Mo, Tc NE, NE, NE; 0,0 NE, NE, NE; 0.1; 0.1 NE, NE, NE, 001,001 NE, NE, NE; 0.1; 0.1
Ru, Rh, Pd NE, NE, NE; 0; 0 NE, NE, NE; 0.05; 0.1 NE, NE, NE; 0.01; 0 01 NE, NE, NE, 0.01, 001
Cermum group (0) (0.0005) (0.005) (0)
Ce NE, NE, NE; 0; 0 NE, NE, NE, NE; 0.01 NE, NE, NE; 0.01; 0 01 NE, NE, NE; NE, 0
Pu, Zr NE, NE, NE, 0, 0 NE, NE, NE; NE; 0.001 NE, NE, NE; 0.001; 0.001 NE, NE, NE; NE; 0
Np NE, NE, NE; 0; 0 NE, NE, NE; NE; 0.01 NE, NE, NE, 0.01; 0 02 NE, NE, NE; NE; 0
Lanthanides NE, NE, NE; 0, 0 (0) NE, NE(, NE; N)E; 0.005 NE, NE, NE, NE, 0.01 (0 005) NE, NE, NE; NE; 0 (0)
0.0002

N N R
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The numbers in parenthesis are those from NUREG-1465, Accident Source Terms for PWR Light-Water Nuclear Power Plants (Table 3.13).
TR = total release. The practice in France 1s to not divide the source term into early in-vessel, ex-vessel, and late in-vessel phases.

NE = No entry; the panel member concluded that there was msufficient information upon which to base an mformed opinion,
The values 1n Table 3.12 are for releases from the MOX assemblies 1n the core and not from the LEU assemblies.
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Table 3.13 Rationales for Duration Entries in Table 3,12

Gap Release The NUREG-1465 duration for this interval is 0.5 hr. The panel concluded that for MOX fuel, the duration of this
interval should be shortened. Four panel members specified a duration of 0.4 hr to indicate the direction of the change,
while still acknowledging the limited data available. Data from the VERCORS RT?2 experiment as well as the Halden
data were considered by these panel members as a sufficient indication of trend to warrant a reduction in the length of the
period. Based upon the same information, one panel member specified a duration of 0.3 hr.

. Needs: Data on duration of gap .relez’iée'arid f)rogreés}on of fission gﬁs loa}ling of claddiné for rc;if"eéehtative scenarios.
Early In-Vessel The NUREG-1465 duration for this interval is 1.3 hr. The panel members concluded that the time to melt through the
bottom head, i.e., the total of the gap release and early in-vessel phases, is the same for LEU and MOX at 1.8 hrs. Given:|.

that the gap release phase for MOX was shorter than for LEU, the early in-vessel phase duration was determined to last
1.4 hr. by four panel members and 1.5 hours by the remaining panel member. '

«{ Needs: MOX bundle degradation test to characterize fuel relocation and associated fission product transport.,

| Ex-Vessel | The NUREG-:1465 duration’ for this interval is 2 hrs: The panel concluded that the same value was applicable for MOX
‘ | fuel.” The reléase for this phase is composed of two parts: The first is the continued degradation and expulsion of the core
: '| remizining ‘Within‘the véssel at the end of the early in-vessel'phase. The second is the release with the core-concrete

| interaction,” The panel felt'that néither the early in-vessel release nor the release with core-concrete interactions were
changed by a sufficient amount to change the duration of this phase. » .~ P L

Late In-Vessel The NUREG-1465 duration for this interval is 10 hrs. The panel concluded that the same value was applicable for MOX

fuel. Resuspension and revaporization are the key i)rpceéseé for this phase of the accident.” The 10 hr. period applies if.
the late in-vessel releases during this phase are the same as for LEU. However, if there are substantial releases of Te or’("
_Sr, these would enhance revaporization and could alter the duration of this phase. - -

1  Panel member inputs for Table 3.13 and the remaining MOX rationale tables are based upon partial and preliminary data regarding MOX characteristics and

behavior available to the panel at the time the source term table input was prepared. ., o L
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Table 3.14 Rationales for Noble Gases Entries in Table 3.12

Gap Release

The NUREG-1465 gap release for LEU fuel was 0.05. A majority of the panel concluded that the same gap release was
applicable for MOX fuel and specified 0.05 as the release fraction to the containment Based upon the information
presently available, these panel members concluded that the 0.05value for the release was still applicable. Thus value 1s
based upon the database available to the panel, the limitations on burnup of MOX fuel, and a conclusion that while the
MOX gap inventories for noble gases are higher than for LEU, they are still likely to be within the 0.05 level. One panel
member concluded that the noble gas gap inventory was larger for MOX fuel and specified a value of 0.07.

Needs: For future large LOCA experiments, would recommend measurements of noble gases.

Early In-Vessel

The NUREG-1465 gap release for LEU fuel was 0.95, 1.e., the entire inventory of noble gases was released during the
early in-vessel phase. One panel member concluded that the entire inventory of noble gases in MOX fuel was released n
this phase and provided a release fraction of 0.93. Note that the gap release fraction offered by this panel member was
0.07. Asnoted in Section 3.1, The approach to specifying the source term in France differs from that in the United States.
A value is specified for the gap release. A second value is specified for the in-vessel release. However, this latter value 1s
the total release used for the remainder of accident. Thus, values for the ex-vessel and late in-vessel releases were not
provided for this effort. The total release (TR) value for the noble gases was 0.95. The remaining panel members
concluded that only a portion of the noble gases were released during the early m-vessel phase and that subsequent
releases occurred during the ex-vessel phase. Two panel members estimated the release fraction to be 0.65, based upon
an estimate of the amount of fuel either with failed cladding or melted down. One panel member estimated the release to
be 0 75.

Ex-Vessel

The NUREG-1465 ex-vessel release for LEU fuel was 0.0. Three panel members determined that there would be a
release during this phase with two providing values of 0.3 and the third a value of 0.2. One panel member estimated the
release to be 0. The final panel member was the French delegate and a release of 0 (TR) was specified per the French
convention.

Late In-Vessel

The NUREG-1465 late in-vessel release for LEU fuel was 0.0. The panel concluded the same value applied for MOX
fuel.

Energy Research, Inc.
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Table 3.15  Rationales for Halogens Entries in Table 3.12

Gap Release

The NUREG-1465 gap release was 0.05. A majority of the panel concluded that the same gap release was applicable for
MOX fuel and specified 0.05 as the release fraction to the containment. Based upon the information presently available,
these panel members concluded that the 0.05 value for the release was still applicable. This value is based upon the
database available to the panel, the limitations on burnup of MOX fuel, and a conclusion that while the MOX gap
inventories for halogens are higher than for LEU, they are still likely to be within the 0.05 level. One panel member
concluded that the halogen gap inventory was larger for MOX fuel and specified a value of 0.07.

Needs: The panel noted that there is essentially no data for halogen releases from MOX fuel and that data is needed. -

Early In-Vessel

The NUREG-1465 early in-vessel release was 0.35. Ex-vessel releases between 0.325 and 0.375 were specified by the”
panel members. One panel member concluded that the early in-vessel release was 0.325 based upon the observation that
there is a higher deposition of vapors and aerosols on the piping system for MOX fuels and thus a smaller release fraction
[33]. Two panel members concluded the halogen release fraction is 0.35, the same as for LEU. One panel member
concluded that there were no significant changes in the assumptions associated with halogens releases from MOX fuel

| that would require a change in the release.. The logic used by the second panel member considered both the fraction of
| 'MOX assemblies leaving the vessel as well as the LEU and a total release of the halogens for,these materials to arrive at

the 0.35 release. One panel member concluded that the halogens release was 0.375. The rationale was that for MOX there
is a larger release than for LEU and at a faster rate. The numerical logic presented was based upon one-half the core in

‘| LEU assemblies and the other half in MOX, assemblies. Melting and/or significant thermal damage to 70 percent of the

core is taken and assuming a total release of the halogens, this leads to a release fraction of 0.35. Given the higher
releases from the MOX, could lead to a value of 0.4 but this was reduced to 0.375 to account for the greater deposition
rates. A total release or TR of 0.95 was specified by the French panel.member and this release was for the totality of the
remaining scenario. . ) ] "‘“’

e J

‘Needs: As with'the gap‘ rele‘ase, the panél noted that there is essentially no data for halogeﬁ releases from MOX fuel and

Energy Research, Inc.
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Table 3.15 Rationales for Halogens Entries in Table 3.12 (continued)

Ex-Vessel

The NUREG-1465 ex-vessel release was 0.25. Ex-vessel releases between 0.15 and 0.25 were specified by the panel
members, one at 0 15, one at 0.20 and two at 0.25. The value of 0.15 was specified based upon a calculation algorithm
used by the panel member. The value of 0.2 was provided without a discussion of rationale. The panel members offering
the value of 0.25 stated that they had no basis for changing the NUREG-1465 value. A total release or TR of 0 was
specified by the French panel member as explained for the early in-vessel phase.

Needs: The panel 1dentified the need for information about core damage progression and also for inventory data and data
related to air ingress and revaporization.

Late In-Vessel

The NUREG-1465 late in-vessel release was 0.1. The panel concluded that a value of 0.2 should be used for the late in-
vessel release of MOX fuel, although different rationales were given. Two panel stated that they had no basis for
changing the NUREG-1465 value, one based the value on the results a calculation algorithm, and the final number was
provided with no discussion. A total release or TR of 0 was specified by the French panel member as explained for the
early in-vessel phase.

Needs: The panel 1dentified the of lack information on revaporization but noted that this deficiency 1s not specific to
MOX; the same deficiency also applies to LEU. The lack of air ingress data was also noted, 1.e., the impact of air on the
revaporization process.

Energy Research, Inc.
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‘Table 3.16  Rationales for Alkali Metals Entries in Table 3.12 :

Gap Release

The NUREG-1465 gap release is 0.05. Four panel members concluded that the same gap release was apphicable for MOX

kfuella'nd specified 0.05 as the release fraction to the containment. The rationale was that while the gap inventory is
| probably a little higher, the value of 0.05 has sufficient margin to reflect the increase, particularly when the burnup is -
limited to 40 GWd/t. One panel member, citing consistency with his contributions for the noble gases and halogens :

specified a higher alkali metals gap inventory of 0.07. " )

s g

Early In-Vessel

The NUREG-1465 early in-vessel release is 0.25. The alkali metals release fraction for MOX during the early in-vessel
phase is 0.30. All but one panel member stated that the MOX alkali metals release fraction is greater than for LEU. The
one panel member found no evidence that the NUREG-1465 number would not apply. A total release or TR of 0.65 was
specified by the French panel member and this release was for the totality of the remaining scenario.

Needs: The panel stated that the primary need was to understand the Cs data that currently exists from the VERCOR
program: . 1. .. C '

Ex-Vessel

.| was the Freﬁch‘delega“te and a release of 0 (TR) was speciﬁec{ per the Ij‘_rqnpci:h éoﬁventioni

The NUREG-1465 ex-v;:ssel release is 0.35. Two panel members concluded the ex-vessel release was 0.25 and two panel
members concluded the release was 0.3. Rationales were not provided during the panelxgneetir'lg.“"l"he final panel member;

vi PR AU T R B L T S T PR

. X I o Fhoooay iy
SRR . o ) . . o . , ‘ ' . :
Needs: See gap release. ‘! 2

Late In-Vessel

The NUREG-1465 late in-vessel release is 0.1. One panel member concluded that the late in-vessel release was 0.10 and
three panel members concluded the release fraction was 0.15. No rationélyeé was provided during the meeting for the 0.10.,
value. For the 0.15 release fraction, it was noted that the fractional releases of the alkali metals during the late in-vessel i

| phase are about the same as for NUREG-1465, but the environment is such that more deposition of cesium on the parent
.| piping system is expected, creating more refractory compounds, and reducing the efficiency of the revaporization process.

The final panel member was the French delegate and a release of 0 (TR) was specified per the French convention. !

i . ! . C 5y
v v i -

Needs: See gap release. -
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Table 3.17

Rationales for Tellurium Group Entries in Table 3.12

Gap Release

The NUREG-1465 gap release 1s 0. For MOX fuel, three panel members concluded the gap release 15 0. One noted that based
upon 1ts volatility, the tellurium releases should be as large as for the halogens. However, it also binds with the metallic
elements in the fuel, reducing its volatility. Two panel members felt that a small gap release of 0.005 was appropriate.

Early In-Vessel

The NUREG-1465 early in-vessel release 1s 0.05. Early in-vessel tellurium releases between 0.1 and 0.35 were offered by the
panel members. Given MOX and M5 cladding, the panel member offering the 0 1 value expects shightly higher releases of
molybdenum and ruthenium for MOX and the same for tellurium. However there will be higher concentrations of the reactive
forms of tellurium in the release and these will interact with the surfaces, causing a significant fraction of the released products
to be deposited on the piping system. The release fraction of 0.1 1s the net of all these processes. A value of 0.15 was offered
by another panel member who notes that there 1s an increased release relative to LEU but not as high as 0.3 offered by other
panel members. Values of 0.3 and 0.35 were offered. No rationale was provided during the meeting for the former. For the
latter, 1t was assumed that tellurium is released 1n the same amount as for the halogens and that the M5 cladding 1s essentially
transparent to the tellurium. Given the M5 cladding planned for the MOX 1s a zirconium-niobium alloy rather than an alloy of
zircontum and tin. Consequently tin telluride will not form during the degradation of fuel with this alloy. There are, however,
stlver indium cadmium control rods, which can react with the tellurium to produce silver telluride. A total release or TR of
0.7 was specified by the French panel member and this release was for the totality of the remaining scenario.

Needs' Data are needed on the mteraction of MOX fuel and M5 cladding.

Ex-Vessel

The NUREG-1465 ex-vessel release is 0.25. The panel concluded that a release rate of 0.4 applies to the ex-vessel release.
One panel member noted that melt-concrete interactions are well understood as experiments have becn done in which tellurium
interactions were explicitly considered. The final panel member was the French delegate and a release of 0 (TR) was specified
per the French convention.

Needs: See carly n-vessel.

Late In-Vessel

The NUREG-1465 late in-vessel release 1s 0.005. Three panel members concluded the late in-vessel release was 0.2 and one
panel member concluded the release was 0.1. The rationale for the 0.2 release fraction was that a lot of tellurium 1s released
from the fuel and deposited on the piping system during the earlier phases of the accident  For reactors having air-filtered
containments there will be air ingress and this will react to turn any tellurides mto tellurium oxide, a volatile compound that
will be released. The rationale for the 0.1 release was that once tellurium gets tied up on the surfaces, 1t won’t subsequently be
released (revaporized). The final panel member was the French delegate and a release of 0 (TR) was specified per the French
convention.

Needs: See carly n-vessel
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Table 3.18 Rationales for Barium and Strohtium Entries in Table 3.12

Gap Release The NUREG-1465 gap release is 0. Two panel members concluded that the gap releases for barium and strontium were 0.
They noted that the temperature is low and these species are not very volatile and will not vaporize at these temperatures. Two
panel members declared there was insufficient data to support a value. The French panel member also declined to provide a
specific value and stated that the analysis of applicable data was in progress but not yet to the point where the results could be
disseminated. Although a value was not entered, releases for which the on-going analyses might result in a change from the
NUREG-1465 value were “flagged” and a brief comment provided.

Need: Perform a LOCA test with MOX and measure the gap release. :

Early In-Vessel | The NUREG-1465 early in-vessel release is 0.02. Two panel members declared they were unable to provide a value'. Th

French panel member also declined to provide a value but did describe two flags. The first flag was that data from PHEBUS
and data from VERCORS are not consistent. This is one of the areas currently being analyzed by the French. The second flag
| was that the Tresults for strontium have not yet been sufficiently analyzed. One panel member concluded that the early in-vessel
release fraction was 0.01 and noted that the fuel is inherently oxidizing, which would tend to suppress barium releases in
conceit with increasing noble metals in response to the oxidizing environment. The stated release fraction was accompanied
by & statement that confidence in the value was low. One panel member concluded that a release of 0.1 Was appropriate, based
upon obsefvations and a consideration of qualitative representations of the French data. ‘Again, confidence in the value was
saidtobelow. 0w, v S ' - ‘

| Ex-Vessel "The NUREG-1465 ex-vessel release is 0.1; Two panel members declared they were unable to provide a value. No flags were
provided by the French panel member. Two panel members specified a release of 0.1 and noted that the release is driven by Zr
' presence in the initial transient. Zirconiumi reduces everything down to barium metal and barium metal vaporizes.. -

Late In-Vessel The NUREG-1465 late in-vessel release is 0. Two panel members declared they were unable to provide a value.” No flags were

‘provided by the French panel member. Two panel members stated the release was 0. The final panel member stated:the
release was 0.05 because his values for releases from the vessel werelarge. -~ - * - ' : :

! The panel member elected to make no entry because it was felt that there was insufficient data available upon which to make an informed
judgment. The panel members noted that most of the noble gases, halogens, alkali metals and tellurium group are released from a MOX fuel.

. ‘ !

Thus, it was possible to make judgments as to the phase in which they were reléased. HoWe’\Jn;x", for barium and strontium, the noble metals,
* cerium group, and lanthanides, only fractional releases occur and the database was deemed insufficient by some panel members to support a
specific value for a release fraction.
! S o
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Table 3.19

Rationales for Noble Metals Entries in Table 3.12

Gap Release

The NUREG-1465 gap release 15 0. Two panel members concluded a release fraction of 0 was appropriate; no rationale was

presented during the meeting. Three panel members declined to make an entry', No flags were declared by the French panel
member.

Early In-Vessel

The NUREG-1465 early n-vessel release 1s 0.0025. The noble metal group was further subdivided into two subgroups, the

first containing Mo and Tc and the second containing Ru, Rh and Pd. Three panel members declined to make an entry for the
noble metals group.

For Mo and Tc, the remaming two panel members each concluded a release fraction of 0.1 1s approprate. The rationale
provided for the release was that the uranium matnix surrounding the particles 1s where the fission products reside and this
matrix oxidizes the fuel and creates the volatile forms of these radionuclides. The French panel member flagged this group to
indicate that additional analysis was needed to determine 1f the value should be different than that specified for LEU fuel.

For Ru, Rh, and Pd one of the panel members concluded that a release of 0.05 1s appropriate. The second panel member
concluded that a release of 0.1 was appropriate.

Ex-Vessel

The NUREG-1465 ex-vessel release 1s 0.0025. Two panel members declined to make an entry. The French panel according to

the French approach to source term assigns a total release to the early in-vessel phase and does not declare values for the ex-
vessel and late m-vessel phases.

For Mo and Tc the remaining two members each concluded that a release fraction of 0.01 1s appropriate.

For Ru, Rh, and Pd the remainmg two members each concluded that a release fraction of 0.01 1s appropriate.

Energy Research, Inc. 46 ERI/NRC 02-202




— r— — - 1 e L e e

Table 3.19  Rationales for Noble Metals Entries in Table 3.12 (continued)

Late In-Vessel | The NUREG-1465 late in-vessel release is 0. Two panel members declined to make an entry. The French panel according to
c .-+ | the French approach to source term assigns a total release to the early in-vessel phase and does not declare values for the ex-

. +. .| vesseland late in-vessel phases. S St a - sl b
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o | For Mo and Tc the remaining two members each concluded that a release fraction of 0.1 is appropnate.
- . R l e vy ' . 1 R -

N ¢

For Ru, Rh, and Pd the remaining fwo members each concluded that a release fraction of 0.01 is appropriate.
¥ B [ [ ) ! :7 i LI

The rationale stated by one of the planel members was that MOX fuel is inherently oxidizing and that this would lead to
increased releases relative to LEU fuel. K

1 The panel member elected to make no entry because it was felt that there was insufficient data available upon which to make an informed
‘ judgment. The panel members noted that most of the noble gases, halogens, alkali metals and tellurium group are released from a MOX fuel.
, Thus, it was possible to make judgments asnté the phase in which they werevrelcased. However, for barium and strontium, the noble metals,
', cerium group, and lanthanides, only fractional releases occur and the database was deemed insufficient by some panel members to support a
. specific value for a release fraction. - AN T
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Table 3.20

Rationales for Cerium Group Entries in Table 3.12

Gap Release

The NUREG-1465 gap release is 0 Two panel members concluded a release fraction of 0 was appropriate; no rationale
was presented during the meeting. Three panel members declined to make an entry'. No flags were declared by the
French panel member.

Early In-Vessel

The NUREG-1465 early in-vessel release is 0.0005. The cerium group was further subdivided into three subgroups, the
first contaming Ce, the second containing Pu, Zr, and the third containing Np. Four panel members declined to make an
entry for the certum group. The French panel member would separate Ce and Np from Pu. Flags were provided on both
groups to indicate that the release fractions may change from those offered for high burnup PWR fuel.

For the Ce and Np groups, the remaining panel members concluded a release fraction of 0 01 1s appropriate. Mechanical

processes (¢.g., in-vessel steam explosions, mass transfer from the fuel during relocation, etc.) were cited as the rationale
for this release fraction.

For Pu, and Zr, the panel member concluded that a release fraction of 0.001 1s appropriate. The reduced Pu release
compared to the Ce release 1s a direct consequence of considering a low-pressure scenario. If a high-pressure sequence
was being considered, the Pu release would be higher.

Ex-Vessel

The NUREG-1465 ex-vessel release is 0.005. Three panel members declined to make an entry for the cerium group

For Ce and Np, the remaining two panel members concluded a release fraction of 0.01 1s appropriate  This value 1s based
upon molten-core-concrete-interaction experiments.

For Pu, Zr, and Np the remaining two panel members concluded that a release fraction of 0.001 is appropriate.

The rationale stated by one of the panel members was that MOX fuel 1s nherently oxidizing and that this would lead to
mncreased releases relative to LEU fuel

Late In-Vessel

The NUREG-1465 late 1n-vessel release 1s 0. Three panel members declined to make an entry for the certum group.
For Ce and Np, the remaining panel member concluded a release fraction of 0 1s appropriate.
For Pu, Zr, and Np the remaining panel member concluded that a release fraction of 0 is appropriate.

The panel member elected to make no entry because 1t was felt that there was nsufficient data available upon which to make an informed

judgment. The panel members noted that most of the noble gases, halogens, alkali metals and tellurium group are released from a MOX fuel.
Thus, it was possible to make judgments as to the phase in which they were released. However, for bartum and strontium, the noble metals,
cerium group, and lanthamdes, only fractional releases occur and the database was deemed nsufficient by some panel members to support a
spectfic value for a release fraction.
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Table 3.21 Rationales for Lanthanides Entries in Table 3.12

Gap Release

The NUREG-1465 gap release is 0. Two panel members concluded a release fraction of 0 was appropriate; no rationale

was presented during the meeting. Three panel members declined to make an entry'. No flags were declared by the
French panel member.

Early In-Vessel

The NUREG-1465 early in-vessel release is 0.0002. One panel member concluded a release of 0.005 is appropriate. Asa
point of comparison, it was noted that the lanthanides display less volatility than the cerium group. Confidence in the
stated value was said to be low. Four members of the panel declined to make an entry for the lanthanides. The French
panel member flagged the release for Eu only to indicate that the release fraction for this radionuclide might change from
the value specified for high burnup LEU fuel.

Ex-Vessel

The NUREG-1465 ex-vessel release is 0.005. One panel member concluded a release of 0.01 is appropriaté. Four.
members of the panel declined to make an entry.

The rationale stated by the panel member was that MOX fuel is inherently oxidizing and that this would lead to increased
releases relative to LEU fuel

Late In-Vessel

The NUREG-1465 late in-vessel release is 0. One panel member concluded a release of 0 is appropnate Four members
of the panel declined to make an entry.

'The panel member elected to make no entry because it was felt that there was insufficient data available upon which to make an informed

judgment. The panel members noted that most of the noble gases, halogens, alkali metals and tellurium group are released from a MOX fuel.
Thus, it was possible to make judgments as to the phase in which they were released. However, for barium and strontium, the noble metals,

cerium group, and lanthanides, only fractional releases occur and the database was deemed insufficient by some panel members to support_ a
specific value for a release fraction.
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41 ﬁigh“Burnup Fuel . . ;“ » o

_fuel burnup.

4. INSIGHTS AND RECOMMENDATIONS

It is noted that NUREG-1465 indicates that release fractions are intended to be
representative or typical, rather than conservative or bounding values, of those associated
with a low-pressure core-melt accident. The source term applicability panel employed the
same approach 'in specifying the source ‘terms for high burnup LEU and-MOX fuels,

“although each panel member provided his own release estimates, and in some cases these
individual estimates may be considered as conservative rather than typical. Therefore,
‘the release fractions into the containment as recommended herein are not expected to

bound _all potertial severe accident scenarios, or to 'represent any single

. scenario/sequence.

‘It is noted that the panel did not have the benefit of the results of accident sequence

analyses using accident analysis models 'ifaiidated by comparison t6 pertinent test results
involving high burnup or MOX fuels. "In addition, in many areas, the panel identified
gaps in experimental data to support specific panel recommendations. Therefore, the
members of the panel have attempted to qualitatively integrate the results of recent tests

“to predict fission product releases during accidents at ‘nuclear power plants. They have

extrapolated. phenomenology of core ,)degrdd'altion based on existing studies for
conventional burnup of LEU fuels to anticipate fission'product releases from fuel at
burnup levels in excess of about 60 GWd/t. The panel members have also extrapolated

‘the behavior of LEU fuels with conventional Zircaloy cladding to estimate the behavior

of mixed oxide fuel with zirconium—pi»obi‘u;pe alloy (M5) cladding.” -

'In formulatirllg"the ﬁroposed changes to the NUREG-1465 source term, for application to

reactor accident analyses for high blirnuﬁ and MOX fuels, attention was also given to the
changes in our understanding of LEU fuel fission product release that have come about
since issuance of NUREG-1465 because 'of major experimental investigations of fission
product behavior under reactor accident conditions, including the Phebus-FP and the
VERCORS experiments. o o ’

satd

In genefz‘il,Athé results of the panel r¢cl6gﬁrﬁerfd;tioﬂs show that many of the proposed

changes to NUREG-1465 source terms are not applicable to the character of the fuel

" (hiigh burnup or MOX fuel), but to new experimental data and/or the new interpretations
. of the previously available data, on the part of the panel. ' ‘

The proposed accident source terms are listed in Tables 3.1 and 3.11, for application to

- PWR and BWR design basis accident analysis; respectively. ~ Also shown in these tables

are the release-fractions as proposed in NUREG-1465 [1], for LWRs at lower levels of

T e

t
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4.1.1 PWRs

The results of the panel recommendation for PWR high burnup fuel (Table 3.1) show
that:

1. The release durations are not considered to be significantly different from the
estimates in NUREG-1465. The shortened duration for the gap release phase
reflects the expectation that the start of significant release of fission products is
accelerated with high bumup fuel, as evidenced from the French VERCORS
experiments. However, since the panel concluded that the total time for accident
initiation to the end of the early in-vessel phase should be the same as the value in
NUREG-1465, i.e., 1.8 hours, the duration of the “early in-vessel” phase was
increased to 1.4 hours. The potential impact of fuel burnup on core damage
progression has been recognized as an area requiring further integral experiments.
The duration of release for the late in-vessel and the ex-vessel phases remain
unchanged as compared with NUREG-1465.

2.  An increase in the gap release, as compared to NUREG-1465, is noted only for the
noble gases and the tellurium groups. This increase has been influenced by the
experimental data of the Japan Atomic Energy Research Institute (JAERI) [9, 28].

3.  The fission product releases in the early in-vessel phase show changes as compared
with NUREG-1465 for all the fission product groups, except for the halogens, the
alkali metals, and the barium/strontium groups. The reduction in the release of
noble gas group reflects the current understanding that a near complete degradation
of reactor fuel prior at the time of vessel breach is not considered to be plausible.
Furthermore, the higher releases for tellurium as recommended by the panel, is
influenced by the results of the Phebus experiments, and the importance of SnTe
formation on the reduced tellurium retention (i.e., lower deposition rate as
compared with elemental tellurtum) within the reactor coolant system. The panel
recommended regrouping the remaining nuclides to better reflect the differences in
thermodynamic and chemical behavior of the various constituents in these groups.
Higher releases are estimated for Mo/Tc; however, lower (as compared with Mo/Tc,
but similar or higher as compared with NUREG-1465) releases are recommended
for Ru, Rh and Pd. These release magnitudes were influenced by the observations
from the French VERCORS experiments. Similarly, the panel also recommended
dividing the cerium group into three subgroups consisting of Ce; Pu and fission
product Zr'; and Np. Here again, due to the large uncertainties associated with the
early in-vessel release of these nuclides, the range of releases to the containment
assigned by the panel members spans over two orders of magnitude for Ce, and
Pw/Zr; however, the majority of the panel members have suggested release
magnitudes for Np which are higher than that in NUREG-1465 for the cerium
group. The variability in the release estimates for the low volatile nuclides reflects
the large uncertainties associated with these radionuclide groups. These changes as

" Fission product Zr was moved from the lanthanide group due to very low volatility and the tetravalent
nature of Zr
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recommended by the panel are independent of fuel burnup and are also applicable
to fuels at lower burnup levels. T

4. . The changes in the recommended releases for the late in-vessel and the ex-vessel
- phases follow the observations as noted earlier for the in-vessel phase, where

. generally, no burnup dependence was noted. Theé most notable change is due to
higher potential for revaporization for halogens, tellurium and noble metal groups,

. which are also expected to be applicable to lower burmup levels. The variations in
the panel recommended releases for the low’ volatile nuclides as compared to
NUREG-1465 reflect the general uncertainties associated with the release of these
nuclides during core-concrete interactions, and are not indicative of expectations for

any significant burnup dependence.
412 BWRs »

‘The panel récommengled source terms to the contgiriment ,for BWRs, ‘wqfe developed
considering the differences in BWRs and PWRs that can impact the pro gression of severe
accidents, radionuclide releases and their transport characteristics. The recommended

changes to the NUREG-1465 releases into BWR containment are also inﬂuencgd‘by
factors such as the insights from the more recent experimental data, and the impact of
new fuel design, and not by differences due to the higher fuel burnup. S

The results of the panel recornmendaﬁoﬁs for BWi{ high burnup fueil as jisted in Table
3.11 show that: T

1. -The release durations are not considered to be considerably ‘different from the
estimates in NUREG-1465, and the rationale for the shortened duration for the gap
release, and subsequently longer duration for the early in-vessel phase follows that

~-for PWRs discussed earlier. -

2. Asfor PWRs, an increase in the gap ijele%se,j aé‘i cémpared to NUREG;1465r,"is also
noted for the noble gases and the tellurium groups. S

3.  The fission product releases in the early in-vessel phase show changes as compared
A with -NUREG-1465 for all the fission product groups, except 'for the
barium/strontium _ group. These . changes reflect more recent ° experimental
observations and the current expectation for more incomplete core degradation prior

to vessel breach. Note that the range of recommended releases are similar to those

for PWRs as shown in Table 3.1, except for tellurium group, where a lower estimate

for in-vessel release is recommended by the panel is due to the rationale that the

- core is kept in reducing conditions for longer times because of the higher zirconium

- inventory and 'the oxidation of any boron carbide that is not dissolved by steel.

. ~Here again, the recommended changes are not influenced greatly by the change in

; fuel burnup, rather by the more recent experimental evidence and results of current

- :code calculations. . ) PR
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4. The changes in the recommended releases for the late in-vessel and the ex-vessel
phases follow the observations noted earlier for PWRs, where generally, no
significant burnup dependence was identified. The most notable changes are due to
higher potential for revaporization of the halogens, the tellurium and the noble
metal groups, which are also expected to be applicable to lower burnup levels. As
for PWRs, the variations in the panel recommended releases for the low volatile
nuclides as compared to NUREG-1465 reflect the general uncertainties associated
with the release of these nuclides during core-concrete interactions, and are not
indicative of expectations for any significant burnup dependence.

4.2 MOX Fuels

An approach has been proposed to calculate the source term to containment for an entire
core containing mixed oxide and low enriched uranium fuel assemblies (see Section 3.4
for details). This approach apportions the releases into the containment based on the
fraction of the core that contains MOX (and LEU) fuel. The release parameters for the
LEU part of the core are to be taken from Tables 3.1 or 3.11, depending on the reactor
type; while, the release fractions for the MOX assemblies can follow the panel source
term recommendations listed in Table 3.12.

Table 3.12 shows the range of panel recommendation for the various release parameters,
reflecting the uncertainties due to lack of an adequate database to characterize
radiological releases for MOX fuels.

In general, the duration of release for the various phases are essentially identical to the
LEU fuels, with the general expectation that the gap release would occur over a shorter
time period, based on the observations from the VERCORS RT2 and Halden test data.

Table 3.12 shows that some panel members concluded that there was insufficient
information upon which to base an informed opinion, therefore, these panel members did
not provide specific recommendations for the release fractions for other than the more
volatile radionuclides. The panel members noted that most of the noble gases, halogens,
alkali metals and tellurium group are released from a MOX fuel. Thus, it was possible to
make judgments as to the phase in which they were released. For the remaining
radionuclide groups, only fractional releases occur and the database was deemed
insufficient to support a specific release fraction.

In general, the panel concluded that the gap release fractions are similar or slightly higher
than those for LEU fuels.

The degree of variability in the recommended release parameters for noble gases,
halogens, and alkali metals are not too different from those for PWRs and BWRs using
LEU fuels. Nevertheless, some of the panel members were of the opinion that higher in-
vessel releases (and faster rate of releases) are expected for MOX fuels as compared with
LEU fuels. Note that some of the identified uncertainties are not specific to MOX fuels
and are equally applicable to LEU and high burnup fuels (i.e., lack of data for effects of
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revaporization and air ingression, which impact late in-vessel releases). The largest

- quantitative differences are noted for tellurium, as compared with LEU, where the effect

of zirconium-niobium (M5®) cladding, as’currently planned for MOX fuels is the most

notable reasons listed by some of the panel members for the higher release fractions. In
_addition, there is a general opinion that there will be a higher concentration of the
reactive forms of tellurium in the release, causing a significant fraction of the release to
be deposited on reactor coolant system structures, with a higher propensity for late

revaporization (late in-vessel phase).

"As in the case of LEU fuel, the variations :in'. MOX fuel low volatile releases can be
substantial. Therefore, given the absence of MOX data, the panel members declined to

- recommend estimates of quantitative release fractions.

Finally, there isa general expectation thait the I;hysical and chemical forms of the revised
source terms as defined in NUREG-1465 are applicable to high burnup and MOX fuels.

43 Panel Recommendations on E_lieéez;rch Needs to Confirin Changes to the
* Revised Source Term : . |

"The limitations of the analysis and the available data make additional research to confirm
the panel’s estimates important. This section provides a summary of the "specific

. recommendation by the panel members for research needs to confirm changes to the

revised source term, as developed in the ﬁréspri{ report.

The : following specific research récdmni&;hqlations are extracted” from the letters
reproduced in Appendix B, and ranked in accordance with the following prioritization
scheme: o

.- e High Priority — Research is required to develop confidence “in" the proposed
’ releases to containment or permit such estimates to be made. C
e Medium Priority — Researcﬁ, fif Aqonducteii, should helﬁ reduce soniq .of the
* uncertainties in releases to containment. " ’

" - Low Priority — Research that is to help develop a greater understanding of core
- degradation and fission product releases over the long-term, but not essential for
. use of the revised source term in licensing applications. - N

- High Priority © L . .

1. Acquire any available database 0;1 ﬁssmn ﬁroaﬁct release rates from high burnup and
MOX fuels, in order help the panel to update the panel recommendations included
herein.:This data will also help to parameterize the available fission product release

" models in the systems codes used to analyze reactor accidents (see item 1 9boye).

-

8 M5 is an advance cladding that is currently ustedc in LEU fuel in the United ‘StatcAs‘ and Eui’épc;l
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2. Validation of accident analysis tools (i.e., MELCOR, VICTORIA) by comparison of
predictions with results of major source term tests (e.g., PHEBUS-FP, VEGA and
VERCORS with fuel of various bumup levels and MOX fuel) is needed. These
comparisons that will lead to improvements and ultimately validation of the computer
codes are essential steps before analyses of significant accident sequences using
accident analysis tools.

3. Experimental investigation of in-vessel core degradation following vessel failure is
important in verifying the impact of air-ingression on producing radically different
source term (e.g., verification of the Canadian tests showing a nearly complete release
of radioactive ruthenium in air). This is also an important issue for the assessment of
spent fuel pool accidents, fuel transportation and dry cask storage of fuel.

4. Tests of core degradation with MOX fuel in order to assess damage progression
behavior, including an assessment of the oxygen potential of MOX fuel in order to
develop a better understanding of the chemical forms and volatility of various
released constituents. These tests need to be performed with fuel rod bundles to
investigate the fuel liquefaction, fuel relocation and fission product releases during
the degradation process.

5. Applicability of MOX data and models needs to be established. In particular, the
differences, if any, in the fuel degradation behavior between the MOX fuel that has
been prepared with reactor-grade plutonium dioxide to the fuel that has been prepared
from weapons-grade plutonium dioxide (of primary interest in the United States),
need to be assessed analytically and/or experimentally.

6. Fuel burnup is expected to have an impact on the fuel melting point and fuel
liquefaction process. The interaction of melting cladding with the fuel can be affected
by the development of a restructured ‘rim’ region and by the formation of a
significant oxide layer on the inner surface of the cladding. Perhaps of more
significance is the possibility that the degradation of high burnup fuel will involve
‘fuel foaming’ rather than fuel candling as observed with fuel at lower burnup levels.
This could change the core degradation process and consequently the release of
fission products from the degrading fuel in qualitative ways that cannot be
appreciated by simply extrapolating the results of tests with lower burmnup fuel.
Therefore, experimental investigation of fuel at high burnup, and with cladding
material that include tin and niobium (Zirlo) or zirconium-niobium alloys (M5), are
essential in confirming the radiological release characteristics (e.g., effects of tin in
MS5 cladding on tellunium release) of fuels at high burnup and with new cladding
material.

7. Revaporization 1s an important element of the revised source term as documented in
NUREG-1465 and the present report. The actual magnitude of the revaporization
component depends on the vapor pressures of the deposited radionuclides and these
vapor pressures depend on the chemical form of the deposited radionuclide.
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Unfortunately, there is a limited understanding of the éﬂéiiriical forms of the deposited

" radionuclides. ‘Consequently, empirical data’ are required on the vaporization of
. deposited radionuclides for comparison” with predictions of ‘models of the

_ revaporization process.

£ N .
[

Medium Priority

8.

10.

11.

Perform separate-effects tests to resolve the issues of tellurium release; in particular,
the potential dependence of tellurium release on the interaction of tellurium with
Zircaloy (i.e., tin) in the cladding needs to be assessed experimentally.

Assess the accident sequence-specific aspects of release by considering thermal-
hydraulic conditions other than low-pressure LOCA events in developing revised
source terms for licensing applications.

Analyses of risk significant accident sequences in reactors fueled with MOX that
follow a systematic code assessment process as recommended earlier (see item #2

above) for high burnup fuels.

The only BWR core damage progression test to date was DF-4. Yet one-third of the
U.S. fleet is BWR. Generally, it is thought that BWR core damage progression
phenomena can differ from PWRs (e.g., candling of melt vs. forming a crucible,
different control rod materials, larger amount of Zr which could make the accident
environment more reducing, lower power density). While these differences may not
make BWR releases substantially different from PWR releases (NUREG-1465 BWR
releases do not differ from PWR releases other than a small difference for iodine and
cesium), to the extent that additional Phebus tests are being contemplated, it makes
sense to consider having one of these tests be for BWR fuel.

Low Priority

12.

13.

The restructuring of high burnup fuel in the peripheral regions was identified as an
issue that could lead to higher gap inventories of volatile radionuclides and higher
release fractions of noble gases in the ‘gap release’ phase of an accident.
Information on the gap inventories of fission gases (Xe and Ki), certainly, and
possibly volatile radionuclides (Cs, I, and Te) and maybe even moderately volatile
radionuclides (Ba, Sr, Sb, Mo) might also be derived from work being done in the
Halden program on fuels taken to high burnup levels. If loss of coolant accident
(LOCA) tests of high burnup fuel are to be done, some effort should be made in these
tests to validate the predictions of the expert panel with respect to the gap releases
including the prediction that the gap releases of cesium and iodine would not be
affected significantly by high burnup. Tests with longer rods will also provide
information on the longer term fraction of the gap release fraction. '

The understanding of fission product release during core debris interactions with
concrete is fairly complete. Refinement of this understanding and the predictions of

: Energy Research, Inc. ~57 ERVNRC 02-202



the release are not crucial for the revisions of the accident source term. This is true if
for no other reason because the releases at this late stage of an accident are seldom
used. Nevertheless, some of the known shortcomings of the codes used to predict the
releases of fission products during core debris interactions with concrete should be

addressed.

Energy Research, Inc. 58 ERI/NRC 02-202



[

v

.

[~

[y
.

REFERENCES

L. Soffer, S. B. Burson, C. M. Ferrell,-i{—: Y. Lée, and J. N; Ridgely, “Accicient*Source

_Terms for Light-Water Nuclear , Power Plants,” U. S. Nuclear . Regulatory
. Commission, NUREG-1465 (1995). - . - -

U. S. Nuclear Regulatory Commissiéﬂi~§‘Regcior Site Cﬁteﬁa,” Title 10, 1(iode of

4 Federal Regulations (CFR), Part 100.

U. S." Nuélear Regulatory Commiéﬁon; i"‘Assumptions Used for Evafuatiﬁg the

- Potential - Radiological Consequences: of a Loss of Coolant Accident for Boiling

Water Reactors,” Regulatory Guide 1.3, Revision 2 (June 1974).

‘U.S. Nuclear -Regulatory Commission; - ‘Assumptions Used for Evaluating the

Potential Radiological Consequences of a Loss of Coolant Accident for Pressurized
Water Reactors,” Regulatory Guide 1.4, Revision 2 (June 1974). ’

J. J. DiNunno et al., “Calculation of Distance Factors for Power and Test Reactor

" Sites,” U..S.-Atomic Energy Commission, Technical Information Document (TID)-

14844 (1962).

*B. Clément and J. M. Evrard, “Part 1: Overview on French Studies on Sourcg Ter;n,”

IPSN Presentation to the NRC Source Term Panel (December 11-13, 2001).

-“B. Clément and J. M. Evrard, “Part 2: Fission Products Release from Fuel,” IPSN

Presentation to the NRC Source Term Panel (December 11-13, 2001).

B. Clément and J. M. Evrard, “Part 3: Rea‘ssﬁeAsément of Reference Source Terms,”
IPSN Presentation to the NRC Source Term Panel (December 11-13,2001). -

A. Hidaka, T. Kudo, T. Nakamura\ and I‘{L.'Uétsﬁka,”“kO\v'ei'vievs} and Progress of

" VEGA' Program ~on Radionuclide Release from Fuel Under Severe Accident

10.

11.
" Oxidation’ of Zircaloy Cladding from High Burnup Fuel Rods,” Proceedings of the

"12.

Conditions,” Japan Atomic Energy Research Institute (JAERI) Preséntgtiqxi to the
NRC Source Term Panel (September 24, 2001). - - - <« - - 77 =

R: J. White, et al., “Measurement and Analysis of Fission Gas Release from BNFL’s
SBR MOX Fuel,” Journal of Nuclear Materials 228, 43-56 (2001). .

Y. Yan, T. S. Bray, H. C. Tsai and M. C. Biflor;e, “High ‘Ter‘ni)érahlgré Steam

Twenty-Eighth Water Reactor Safety Information -Meeting, NUREG/CP?0172, May
2001. P L . . .

P, Blanpain, “MOX Fuel Fabrication, Experience -and Behavior,” Framatome ANP
Presentation to the NRC Source Term Panel (December 13, 2001). )

" Energy Research, Inc. ~ 59 . .ERUNRC 02-202

e o2



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

“Technical Study of Spent Fuel Pool Accident Risk at Decommissioning Nuclear
Power Plants,” NUREG-1738 (October 2000).

H. P. Nourbakhsh, M. Khatib-Rahbar, and R. E. Davis, “Fission Product Release
Characteristics into Containment Under Design Basis and Severe Accident
Conditions,” NUREG/CR-4881, (BNL-NUREG-52059), prepared for NRC by
Brookhaven National Laboratory ( March 1988).

H. P. Nourbakhsh, “Estimates of Radionuclide Release Characteristics into
Containment Under Severe Accident Conditions,” NUREG/CR-5747, (BNL-
NUREG-52289), prepared for NRC by Brookhaven National Laboratory (November,
1993).

K. R. Jones, et al., “Timing Analysis of PWR Fuel Pin Failures,” NUREG/CR-5787
(EGG-2657), prepared for NRC by Idaho National Engineering Laboratory
(September 1992).

E. C. Beahm, C.F. Weber, and T. S. Kress, “lodine Chemical Forms in LWR. Severe
Accidents,” NUREG/CR-5732, (ORNL/TM-12229), prepared for NRC by Oak Ridge
National Laboratory (April 1992).

“Severe Accident Risks: An Assessment for Five U.S. Nuclear Power Plants,” U.S.
Nuclear Regulatory Commission, NUREG-1150 (December 1990).

“Reactor Safety Study: An Assessment of Accident Risks in U.S. Commercial
Nuclear Power Plants,” U.S. Nuclear Regulatory Commission, WASH-1400,
NUREG-75/014, (December 1975).

J. A. Gieseke, et al, "Source Term Code Package," U.S. Nuclear Regulatory
Commission, NUREG/CR-4587 (July 1986).

D. J. Alpert, D. I. Chanin, and L. T. Ritchie, “Relative Importance of Individual
Elements to Reactor Accident Consequences Assuming Equal Release Fractions,”
NUREG/CR-4467, prepared for NRC by Sandia National Laboratories (March 1986).

F. T. Harper, et al., “Evaluation Of Severe Accident Risks: Quantification of Major
Input Parameters, Experts’ Determination of Source Term Issues,” NUREG/CR-
4551, Vol2, Rev.1, Part 4 (June 1992).

G. A. Bema, et al, "FRAPCON-2: A Computer Code for the Calculation of Steady
State Thermal-Mechanical Behavior of Oxide Fuel Rods," U.S. Nuclear Regulatory
Commission, NUREG/CR-1845 (1981).

K. E. Carlson, et al, "SCDAP/RELAP5/MOD3 Code Manual,” U.S. Nuclear
Regulatory Commission, NUREG/CR-5535 (August 1995).

Energy Research, Inc. 60 ERI/NRC 02-202



r'——l ['"""””\

—

[0

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

L. J. Siefken, et al, "ERAP-T6: A Computer Code for the Transient Analysis of
Oxide Fuel Rods," U.S. Nuclear Regulatory Commission, NUREG/CR-2148 (1981).

J. J. Carbajo, “Severe Accident Source Term Characteristics for Selected Peach
Bottom Sequences Predicted by the MELCOR Code,” NUREG/CR-5942
(ORNL/TM-12229), prepared - for NRC by Oak, Ridge National Laboratory
(September 1993). ) oo

B. E. Boyack et al., “Phenomena Identification and Ranking Tables (PIRTs) for Loss-
of-Coolant Accidents in Pressurized and Boiling Water Reactors Containing High
Burnup Fuel,” US Nuclear Regulatory Commission, NUREG/CR-6744 (December
2001).

T. Fuketa, H. Sasajima, and T. Sugiyama, "Behavior of High-Burnup PWR Fuels
With Low-Tin Zircaloy-4 Cladding under Reactivity-Initiated-Accident Conditions,"
Nuclear Technology Vol.133, pp.50-62, Jan. 2001.

T. Kudo, A. Hidaka, T. Nakamura and H. Uetsuka, "Influence of Pressure on Cesium
Release from Irradiated Fuel at Temperatures up to 2773K," J. Nucl. Sci. Technol.
Vol.38, No.10, pp.910-911 (2001).

A. Hidaka, T. Kudo, T. Nakamura and H. Uetsuka "Enhancement of Cesium Release
from Irradiated Fuel at Temperature above 2800K," J. Nucl. Sci. Technol. Vol.39,
No.3, pp.273-275 (2002).

A. Hidaka, T. Kudo, T. Nakamura and H. Uetsuka "Decrease of Cesium Release from
Trradiated Fuel in Helium Atmosphere under Elevated Pressure of 1.0MPa at
Temperature up to 2773K," J. Nucl. Sci. Technol. Vol.39, No.7, (2002).

J. Gieseke and H. Jordan, "Aerosol Deposition in BWR Steam Separators and
Dryers," Electric Power Research Institute, EPRI NP-5597, Research Project 2120-2,

Final Report (January 1988).

P. P. Malgouyres, M. P. Ferroud-Plattet, G. Ducros, C. Poletiko, M. Tourasse, and D.
Boulaud, "Influence of MOX Fuel in Fission Product Release Up to Meltdown
Conditions", Proceedings of NURETH-9 Meeting, San Francisco, California (Oct. 3-
8, 1999).

D. A. Petti, et al., “Power Burst Facility (PBF) Severe Fuel Damage Test 1-4 Test
Results,” US Nuclear Regulatory Commission, NUREG/CR-5 163 (1989).

Energy Research, Inc. -,61 ~ ERINRC 02-202



This page intentionally left blank.

Energy Research, Inc. 62 ERI/NRC 02-202



[ —

[

Energy Research, Inc.

APPENDIX A:

SOURCE TERM PANEL MEMBERS -

, 63

ERI/NRC 02-202



This page intentionally left blank.

Energy Research, Inc. 64 ERI/NRC 02-202
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Dr. Bémard Cléiment - Institut de Radioprotection et de Streté Nucléaire -
_ Dr. Jamés Gieseke Consultant ‘ S :
_ Dr. David E. Leaver Polestar Applied Technology, Inc.”  *~ ~

Dr. Thomas S. Kress Consultant ‘ o

Dr. Dana A. Power Sandia National Laboratories
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"Dr. B}?nt Boyack - Los Alémqs.l\{atidnal Laboratory
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CV Not Available

.- James Gieseke = L -

~ James A. Gieseke is currently an independent technical consultant specializing in fission
product transport arid deposition, and their effect on nuclear reactor safety. He obtained
his BS degree in chemical engineering from the University of Illinois in 1959, and his
MS and Ph.D. degrees in chemical énginéering in 1963 and 1964, respectively, from the
University of Washington. i :

. The Battelle Memorial Institute employed Dr. Gieseke from 1963 through 1999 in a
variety of senior technical and management positions. His primary role was as program
manager for studies related to chemical measurement and aerosol behavior, the modeling

.of fission product transport and deposition, and the ‘development, and application of
measurement methods. Dr. Gieseke is expert in a wide variety of disciplines including:
particle formation; interaction of particles with gases and 'with other particles;' design of
sampling and collection equipment; control and dispersion of particles within buildings;
and the analysis of gas and particle behavior in predicting fission product transport and

_ deposition for nuclear safety studies. .~ - ) SR

" Dr Gieseke was a principal contributor to the réport NUREG-0772, “Technical Bases for

Estimating Fission Product Behavior during LWR Accidents” and was co-author of CSNI

SOAR No.1, “Nuclear Aerosols.” He managed and participated in the development of

_ the HAARM, QUICK, QUICK-M, and TRAP-MELT computer codes for predicting
fission product transport in nuclear reactor primary systems and containments,” was

_ responsible for “the development of the Source Term Code “Package, and led the

pioneering integrated accident analyses for source term estimation as reported in BMI-

2104. -7
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Dr Gieseke served as member of the NEA/CSNI’s expert group on nuclear aerosols, the
NRC'’s Expert Panel dealing with Source Term Issues for NUREG-1150, and the NRC’s
MELCOR Code Peer Review Committee and VICTORIA Independent Peer Review
Committee. He is author or co-author of approximately 70 technical papers, most of
which focus on aerosol behavior and fission product transport as related to nuclear
reactor safety.

David Leaver

David Leaver received his Bachelor of Science degree in electrical engineering from the
University of Washington in 1965. He served as an officer in the U.S. Navy from 1966 to
1970, stationed at the Division of Naval Reactors, where he performed engineering work
on naval nuclear plants. He received an MS degree in Engineering Economic Systems
from Stanford University in 1973 and a PhD in Mechanical Engineering from Stanford
University in 1975. His research involved economic strategies for plutonium recycle in
light water reactors.

Dr. Leaver was employed at SAIC from 1975 to 1981 where he performed some of the
earliest probabilistic risk assessment (PRA) studies of nuclear plants including the Clinch
River Breeder Reactor Plant and the Big Rock Point plant. In 1982 he co-founded Delian
Corporation, later acquired by Tenera, which provided engineering services to the nuclear
industry. During this period, Dr. Leaver worked on PRA studies and participated in
several independent assessments of nuclear plant operational and engineering readiness.

From 1987 to 1992, Dr. Leaver was heavily involved in development of safety, source
term, and severe accident design requirements for the Advanced Light Water Reactor
(ALWR). Under DOE sponsorship, Dr. Leaver established and led a team of experts in
developing a more realistic design basis fission product source term to support ALWR
plant design certification. This work directly led to a major NRC effort to update the
source term regulations for advanced plants, and later for operating plants, resulting in
the alternate source term (AST).

Since co-founding Polestar Applied Technology, Inc. in 1992, Dr. Leaver has been
involved in a variety of source term-related work. He developed new methods for
evaluating fission product aerosol transport in containment, which were successfully
applied to the Westinghouse AP600 design basis source term. He developed improved
methods for predicting aerosol retention in steam generator tube rupture and interfacing
loss of coolant accidents, and applied these methods to develop a technical basis for
reduced emergency planning zones in ALWRs. Dr. Leaver was the lead technical support
for NEI efforts to develop a framework for applying AST to operating plants, and has
performed safety-related calculations for over a dozen AST licensing applications. He
also has been an instructor for courses on source term methods and applications held for
interested utilities.
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. Thomas S.Kress . ' , T

rThomaé'S. Kress is past chairman of USNRC’s Advisory Committee on Reactor
* Safeguards (ACRS) and is currently serving his third term on that committee. He

acquired a BS and MS.in Mechanical Engineering and a PhD in Engineering Science
from the University of Tennessee. Before his retirement in 1994, he worked for 35 years

' in various capacities at Oak Ridge National Laboratory (ORNL) where he was'involved

in design and safety aspects of LWRs, LMFBRs, Molten-Salt “Reactor, Gas-Cooled
Reactors, and Space Nuclear Applications. For several years, he managed ORNL’s
Severe Accident Programs for NRC, which dealt with all aspects of core degradation and
source terms for LWRs. He was a member of OECD/CSNI Group of Experts on Source
Terms and Group of Experts on Aerosols. He helped develop a special source term
report for CSNI. He was a technical expert elicited for NUREG 1150 and helped NRC
develop NUREG-1465 (the current LWR design basis source term). He served as a
technical expert for JAEA’s evaluation of the Chernobyl accident and, more recently,
helped develop an IAEA TECDOC on design basis source terms for future LWRs.

Dana A. Powers

D. A. Powers received his Bachelor of Science degree in chemistry from the California
Institute of Technology in 1970. He received a Ph.D. degree in Chemistry, Chemical
Engineering and Economics in 1975 from the California Institute of Technology. His
research for this degree program included magnetic properties of basic iron compounds,
catalyst characterization and the rational pricing of innovative products. In 1974, Powers

" joined Sandia National Laboratories where he worked in the Chemical Metallurgy

Division. His principal research interests were in high temperature and aggressive
chemical processes. In 1981, he became the supervisor of the Reactor Safety Research
Division and conducted analytic and experimental studies of severe reactor accident
phenomena in fast reactor and light-water reactors. These studies included examinations
of core debris interactions with concrete, sodium interactions with structural materials,
fission product chemistry under reactor accident conditions, aerosol physics, and high
temperature melt interactions with coolant. Dr. Powers is the author of the VANESA
model of fission product release and aerosol generation during core debris interactions
with concrete. In 1991, Powers became the acting Manager of the Nuclear Safety
Department at Sandia that was involved in the study of fission reactor accident risks and
the development of plasma-facing components for fusion reactors. In this capacity, he
supervised the development of the VICTORIA model of fission product release and
transport in reactor coolant systems under accident conditions. Powers has also worked
on the Systems Engineering for recovery and processing of defense nuclear wastes and
has developed computer models for predicting worker risks in Department of Energy
nuclear facilities. Dr. Powers was promoted to Senior Scientist at Sandia in 1997. Dr.
Powers is the author of 103 technical publications.

From 1988 to 1991, Dr. Powers served as a member of the Department of Energy’s
Advisory Committee on Nuclear Facility Safety (ACNFS). In 1994, he was appointed to
the Advisory Committee on Reactor Safeguards (ACRS) for the U.S. Nuclear Regulatory
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Commission. He was Vice Chairman of the ACRS i 1997 and 1998. He was elected
Chairman in 1999 and 2000. In 2001, Dr. Powers received the Distinguished Service
Award from the US Nuclear Regulatory Commission. Dr. Powers has served on
committees for the National Research Council involved with the safety of Department of
Energy facilities and the nuclear safety of reactors in the former Soviet Union. He has
been an instructor for courses on reactor safety and accident management held by the

International Atomic Energy Agency in several countries.
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Mr. Jason Schaperow February 27, 2002
U.S. Nuclear Regulatory Commission = .. ... . - 3
-Mail Stop T-10-K-8- . . S i - T

- Washington, DC 20555 P L o

-
Re: Research Needs to Confirm Revis_ioné to the Reactor Accident prrée Term '
Dear Mr. Schaperow:

- Over the last several weeks our panel has been de\{eloi)ing revisions to the reactor
-accident source term described in NUREG-1465. ‘This effort to develop revisions to the
- reactor accident source term were prompted by interest in hzivfu{g source terms applicable
to ‘conventional reactor fuel taken to high burnups (55 to 75 GWd/t) and to mixed-oxide”
" fuel (MOX) made with weapons-grade plutonium dioxide. In formulating the revisions,
however, attention was also given to the changes in our understanding that have come
‘about because of major experimental-investigations of fission .product behavior under
reactor accident conditions such as the PHEBUS-FP program, the VERCORS tests, and
VEGA tests. The assessments were done, however, without the benefit of accident
sequence analyses using accident analysis models validated by comparison to pertinent
. tests involving fuel taken to higher burnups or MOX. : !

Members of the panel.developing the revisions to the 'NUREG-1465-source term have
attempted, then, to mentally integrate the results of specific, recent, tests to predict source
terms during accidents at nuclear power plants. They have extrapolated phenomenology
of core degradation known from studies of fuel taken to modest levels of bumup to
“predict the source terms from fuelburned to levels in:excess, of about 60 GWd/t. The
panel members have also extrapolated :the- behaviors of .conventional fuels .with
conventional Zircaloy cladding to estimate the behavior of mixed. oxide fuel with
zirconium-niobium (M5) cladding.::: .- =~ 7 - <
The limitations of the analysis and databases available to the expert panel make research
to confirm the panel’s estimates important. I outline below what I believe to be important
confirmatory research to undertake to substantiate’ the experts’ recommendations for

changes to the reactor :accident source term. I present these suggestions for research in
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approximate priority order beginning with the highest priority tasks. In developing the
priorities, I have been aware that the more used portions of the accident source term are
the gap releases and the in-vessel releases. I have also recognized that nearly all reactors
now plan to take fuel to very high levels of burnup (at least 60 GWd/t and perhaps,
someday, as high as 75 GWd/t), whereas only two reactors now plan to use mixed oxide
fuel. A different approach to the prioritization could alter the order of the list. Especially
the priority of work on mixed oxide fuel issues could be changed if different criteria had
been used.

Task 1: Validate accident analysis tools by comparison of predictions with results
of major source term tests.

A new generation of accident analysis tools, notably the MELCOR code’ and to a lesser
extent the VICTORIA code'®, are available for predicting reactor accident source terms.
These tools have been developed based on research that led to the NUREG-1465 source
term and research that has been done since this source term was published. These tools
have not been validated, however, by comparison of their predictions with the results of
major tests in the PHEBUS-FP program including the recent FPT-2 test involving
reduced coolant flow and the FPT-4 test involving radionuclide release from debris
expected to form in the later stages of core degradation. Comparisons of code predictions
to the results of VERCORS tests with fuel of various burnups and mixed oxide fuel
fabricated with reactor-grade plutonium dioxide need also to be done. These comparisons
that will lead to improvements and ultimately validation of the computer codes are
essential steps before the next high priority, confirmatory research task - analyses of
significant accident sequences. Specific code comparison that are needed include
comparisons of code predictions to the results of the FPT-1, FPT-4 and FPT-2 integral
tests from the PHEBUS-FP program. More detailed comparisons to separate effects tests
from the VEGA test program and VERCORS test program may be needed to properly
parameterize models of radionuclide release from the degrading fuel.

The test results now available for comparison with code predictions have a distinct bias
toward pressurized water reactor accident conditions. This has been in the past a
significant concern since so few data directly applicable to accidents in boiling water
reactors are available. This concern is being ameliorated n recent years as fuel and fuel
configurations used in boiling water reactors have evolved to become more like the fuel

° R.O Gauntt, ef al., MELCOR Computer Code Manuals, NUREG/CR-6119, Volumes
1 and 2, SAND 2000-2417/1,2, Sandia National Laboratories, Albuquerque, NM,
December 2000.

10 N.E. Bixler, VICTORIA 2.0: A Mechanistic Model for Radionuclide Behavior in a
Nuclear Reactor Coolant System Under Severe Accident Conditions, NUREG/CR-
6131, SAND93-2301, Sandia National Laboratories, Albuquerque, NM, December 1998;
T.J. Heames, et al., VICTORIA: A Mechanistic Model of Radionuclide Behavior in
the Reactor Coolant System Under Severe Accident Conditions, NUREG/CR-5545,
SAND90-0756, Revision 1, Sandia National Laboratories, Albuquerque, NM, December
1992.
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and fuel configurations found in pressurized water reactors. An approximation that has
been made in developing the recommendations that follow is_that boiling water reactor
specific data are not needed. That is, phenomenological tests recommended below will be
suitable for validating codes for analysis of accidents in either pressurized water reactors

“or boiling water reactors. Explicit validation of this assumption is probably needed at

some point.

Task 2: »Re;malyze risk signiﬁcanf z{cﬁf&eqf sequences using the valida{tgd accident
- analysis tools.

The originalANUREG-l465 accident source ;grmuwas ‘developed based on examination of

_a variety of accident analyses most of which were done with the old Source Term Code
- Package. Similar sets of analyses obtained using improved, validated analytic tools need
" to be the basis of the revisions to the accident source term, One really must use accident

analyses to define the source terms rather than the results of tests. Releases of
radionuclides depend on time and temperature as well as accident phenomena. The times

__and temperatures of reactor accidents are not usually mimicked in tests to the accuracy

needed to estimate source terms. Crucial iésues that need to be ‘consideredjvin these

“analyses include: -

_* _ - - fraction of the core that remains within the core régiqh following rupture of the
- reactor pressure vessel; this will have significant implications on the nature of
. - . - the source term following vessel rupture. ) ; B

e evidence from that the tests that fuel relocation, gas flow and gas composition

are as important as fuel temperature in determining the rates 9'f radionuclide
releases. ; C

'« - maximum temperatures reached by fuel prior to liquefaction and relocation

which will have important ramifications on the release of the more refractory

radionuclides. '

. - development of regions and periods of steam starvation in the core region

‘which will affect the vaporization of .alkaline earths (Ba, Sr) as well as

 refractory radionuclides such as Ce, Pu, and La. '

. .; releases of tellurium (Te), molybdenum (Mo) and ruthenium (Rli).

-« duration of core debris retention in the reactor pressure vessel.

— PR -

An impofta:flt outcome of these ahaiyses w111 be. determination of the need to draw

-additional: distinctions within classes-of radionuclides such as the distinctiofls drawn

between Mo and Ru in the noble metal group and between Ce and Pu in actinide group.
Predictions of prolonged retention of core debris within the reactor vessel might
necessitate some changes in the timing of the accident.source.term and even the

definition of new regimes of release.: : . . .- N
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Task 3: Experimental investigation of invessel core degradation following vessel
rupture.

Modem accident analyses appear to predict with great consistency that a substantial
fraction of the reactor core remains within the core region after reactor pressure vessel
failure. The degradation of this residual fuel following penetration of the reactor vessel
by core debris has been the subject of some speculation recently but little detailed
analysis. The degradation of this fuel is often known as the ‘air mgression’ issue'!
because 1t is likely that air will interact with this fuel following vessel failure. Air
interactions with the residual fuel has the potential of producing a radically different
source term based on results of tests in Canada showing nearly complete release of
radioactive ruthenium in air'>. But, we suspect that there 1s a competition between the
rate of fuel liquefaction by interaction with molten cladding and fuel oxidation leading to
extensive releases of ruthenium and tellurium. Competition arises because the reaction of
air with the fuel cladding produces so much heat that it is possible that the fuel will melt
and relocate from the core region before there is an opportunity for extensive fuel
oxidation and releases of radioactive ruthenium and tellurium. This competition probably
cannot be resolved based strictly on analysis. Experimental investigations will be needed.
Experimental studies of this later phase of the core degradation process would not
ordinarily rise so high in priority, but air interactions with fuel are also important to
issues of spent fuel pool safety, fuel transportation and dry cask storage of fuel. These
needs in combination with the significant potential change in the ex-vessel stage of the
accident source term, experimental studies of core degradation in air are recommended
with high priority.

Task 4: Acquire any available data base on fission product release rates from high
burnup fuel.

The purpose of this task is to assemble data suitable for the parameterization of models of
fission product release used in accident analysis codes to account for the effects of
elevated burnup. To be useful, the data must be for fuel that has sufficiently high burnup
that a significant ‘rim’ region of restructured fuel has developed. This typically means
that the fuel pellet average burnup must exceed about 55 GWd/t and should preferably be
in excess of 70 GWd/t. The data that are most useful are for semi-volatile and low
volatile fission products. (Volatile fission products such as Cs and I are essentially
completely released by fuel that is heated to the point of liquefaction and relocation.
Details of the release rates for these volatile species are, then, less crucial to the accurate

HUpA. Powers, L.N. Kmetyk, and R.C. Schmidt, A Review of the Technical Issues of
Air Ingression During Severe Reactor Accidents, NUREG/CR-6218, SAND94-0731,
Sandia National Laboratories, Albuquerque, NM, September 1994.

2EC. Iglesias, C.E.L. Hunt, F. Garisto, and D.S. Cox, “Measured Release Kinetics of
Ruthenium from Uranium Oxides in Air”, Proceedings International Seminar On
Fission Product Transport Processes During Reactor Accidents, J.T. Rogers, editor,
Hemisphere Publishing Corp., Washington, D.C., 1990.
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- Task 7: - Revapo‘rization Tests -, ~»

“estimation of release fractions for the revised accident source term.) The best data will
‘involve at -least.two temperature plateaus, where substantial release occurs so that

temperature dependencies can be determined.

Task 5:_- Experimental investigations of core degradation with high burnip fuel.

The ﬁrofound, qualitative differences between the degradation of unburned uranium

dioxide fuel and fuel that has been taken to burnups of 30-40 GWd/t have been

_remarkable. Even though burnup only modestly affects the melting point of the fuel,

burnup very seriously affects the liquefaction of the fuel. Similar qualitative changes in

_the degradation of fuel that has experienced very high burnup are possible. Clearly, the

interaction -of melting clad with the fuel can-be affected by the development of a
restructured ‘rim’ region and by the formation of a significant oxide layer on the inner
surface of the cladding. Perhaps. of more significance |is the possibility that the
degradation of high burnup fuel will involve ‘fuel foaming’ rather than “fuel candling as
observed with fuel at lower burnups. Fuel foaming even if it is important only for
transient periods could change the core degradation process and consequently the release
of fission products from the degrading fuel in qualitative ways that cannot be appreciated
by simply extrapolating the results of tests with lower burnup fuel. . | 4

The éuitébility of the fuel for tests of h1gh ib:umup fuel degradatipr; are similar to those
. mentioned above. That is, the fuel must have a well-developed ‘rim’ structure. Tests with

fuel having an average burnup of about 70 GWd/t would be preferred. Another issue of
importance is the choice of cladding. Until now most tests of core degradation have been
done with Zircaloy clad fuel. It appears that many licensees are migrating toward
cladding alloys involving both tin and niobium (Zirlo) or zirconium-niobium alloys M5).
Tests of core degradation with high burnup fuel should be done with a type of cladding

_that will get widespread use in the future. . .. -

Task 6: Anélysis of accident sequencés invioiving high b};nﬁfp fuel. L | f: _7

Once reliable, validated accident anaiysis,ﬁlocféls are available, a rapée of _r'éj)résentative
accident sequences ‘must be analyzed .to develop a base of information from which

_accident source terms may be derived. The range of accident sequences must include both
“pressurized water reactors and boiling water.reactors. The range must also include the

range of patterns for loading fuels of yarigusalévels of burnup'intb the ‘rea{:tbr éore.\An
effort must be made to identify those things that qualitatively affect the progression of

core damage and the releases of fission products to the containment.

A sage feature of the NUREG-1465 source term is the recognition that fission products
deposited in the reactor coolant system my revolatilize later in the accident. The inclusion
of this long-term, late source of radionuclides to the containment has been based on
analyses. The actual magnitude of the revaporization source term will depend on the

vapor pressures of the deposited radionuclides and these vapor pressures depend on the
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chemical form of the deposited radionuclide. Unfortunately, we have a limited
understanding of the chemical forms of the deposited radionuclides. Experimental
determination of the chemical forms of radionuclides on surfaces is quite difficult
because concentrations can fall below the limits of common methods for determination of
chemical form. Consequently, empirical data are required on the vaporization of
deposited radionuclides for comparison with predictions of models of the revaporization
process.

The tests that are needed involve heating deposits of radionuclides from prototypic
surfaces in flowing atmospheres of the type to be expected in the reactor coolant system
late in accident sequences. Such atmospheres could be quite oxidizing if the reactor
coolant system has been penetrated by core debris and air circulates by natural
convection through the reactor coolant system. Temperatures that need to be investigated
are modest and certainly do not exceed the melting point of steel or even the temperatures
at which heavy sections of steel creep rapidly.

Fortunately, it 15 probably not necessary to develop new test plans for the study of
revaporization. Some revaporization tests are planned for the PHEBUS-FP program.
Assuming that these tests do not fall victim to limitations of the budget, the tests should
involve the revaporization of radionuclides from rather prototypic mixtures of deposited
materials. It is, however, still important that once these test results come available that
they are compared to predictions of models and appropriate adjustments to the models be
made. Then, the models have to be used to predict the release fractions from
revaporization in nisk significant accident sequences.

Task 8: Separate-effects tests to resolve the issues of tellurium release.

The release of tellurium from degrading reactor fuel remains a mystery. Based on its
physical and transport properties, tellurium should be as volatile as cesium and iodine
from overheated reactor fuel. It is found, however, in some tests that tellurium release is
greatly inhibited - as though it were interacting with the clad and would not release until
the clad has been extensively oxidized. In other tests, it appears that tellurium is bound
within the fuel matrix in some form that exhibits limited volatility. In the recent
PHEBUS-FP tests, there is evidence of rather extensive tellurium release, but this release
may have been delayed either until sufficient cladding oxidation has occurred or until
sufficient fuel oxidation or degradation has occurred.

It appears some experimental resolution of this state of limited understanding of tellurium
release is required. The need for this resolution may be even greater if there is an
evolution within the nuclear industry away from cladding with high tin content to
cladding made with zirconium alloyed with elements that interact less strongly with
tellurium than tin.
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Task 11: Applicability of MOX data and models.

Task 9: Aéqﬁire any test data on_t}iq relegisg of i"}s;io'ﬁ 'pi"ddticts from MOX fuel.

The purpose of this task is to provide the data needed to parameterize the models of
fission product release to account for the unique feature of mixed oxide fuel (MOX). The
requirements for useful data are similar to those discussed for a similar task in connection
with high burnup fuel (Task 4, above). The best data are for the modestly volatile and low

- volatile species such as Ba, Mo, Ce, etc. The tests should involve at least two temperature
. plateaux where significant (measurable) releéses {)ccur so that temperature“dq'pendéncies
‘can be determined. At least some useful, data are available from the VERCORS
;program13 underway in France, though it may be necessary to obtain additional data to
- properly parameterize the models of release especially for the releases of actinides such

as Pu,-Cm, and Np. Releases of these actinides have been the subject of some public

concemn over the plan to use MOX in commercial nuclear power plants'.

‘Task 10: Tests of cdr’e‘degradation With MOX fliel.

There are not test data now on the degradation of MOX fuel under accident conditions.
Because the interaction of the cladding with MOX could be quite different than the
interaction of cladding with conventional fuels, it is possible that degradation of MOX

- could be quite different than the degradation of conventional reactor fuels. Indeed, MOX
_may be more susceptible to fuel foaming types of degradation than candling degradation
“because of the high gas content of localized, plutonium-rich regions of the fuel, Such
- qualitative changes to the degradation process will affect the release fractions of fission

products in a systematic way. Tests are needed, then, of the dégradation of MOX. Such
tests need to be done with fuel rod bundles to investigate the liquefaction and relocation
of fuel. Fission product releases during the degradation process need to be monitored.

1
M

Y1

- Data on fission i)roduct release from MOX fuel and ‘degr:ad@tipﬁ of MOX fuel vs}ill come,

almost assuredly, - from MOX that has been prepared with :reactor-grade plutonium

_ dioxide rather than weapons-grade plutonium dioxide that will be of primary interest in
. the United States. There may be other differences. For example, some have suggested
. that the size distribution of plutonium dioxide rich particles within the fuel to be used in

‘the US will be different than the size:<1§§trfbuti9p of particles in fuel prepared in Europe.
Analyses or tests must be done, then, to confirm that data obtained with one type of MOX
fuel are adequate, perhaps with some corrections, to adequately understand the behavior

(degradation and radionuclide release) of the type of fuel of primary interest. Whether

_this task can be done analytically or requires, prototypic testing really cannot .be

. 3 p . Malgouyres, M.P. Ferroud-Plattet, G. Ducros, C. Poletiko, M. Tourasse, and D.
Boulaud, “Influence of MOX Fuel in Fission Product Release Up to Meltdown
- Conditions”, Communications at the NURETH 9 ANS Meeting.

- - B

-4 E S, Lyman, Public Health Consequences of Substituting Mixed-Oxide for -

Uranium Fuel In Light-Water Reactors, Nuclear Control Institute, January 21, 1999.
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adjudicated until there are more data on some types of MOX fuel and some better
phenomenological understanding of the things that most affect MOX behavior under
accident conditions.

Task 12: Analyses of risk significant accident sequences in reactors fueled with
MOX.

Task 12 1s much like task 6 for high burnup fuel and task 2 for general changes to the
source term. Once reliable, validated models of core degradation involving MOX and
fission product release from MOX are available, these codes must be used to analyze
representative accident sequences for the plants that will use the MOX. This task is
simplified by the fact that today only Westinghouse pressurized nuclear power plants in
ice condenser containments will use MOX. The task is complicated, however, by the
need to consider a range of patterns for the loading of MOX into the core, perhaps a
range of MOX concentrations in fuel, and ranges of fuel burnup. The analyses of the
representative accident sequences will provide the information in which a meaningful
accident source term can be derived.

Task 13: LOCA tests with high burnup fuel.

The expert panel argued that restructuring of high burnup fuel in the peripheral regions
should lead to higher gap inventories of volatile radionuclides and higher release
fractions of noble gases in the ‘gap release’ phase of an accident. Information on the gap
inventories of fission gases (Xe and Kr), certainly, and possibly volatile radionuclides
(Cs, I, and Te) and maybe even moderately volatile radionuclides (Ba, Sr, Sb, Mo) might
also be derived from work being done in the Halden program on fuels taken to high
burnup levels. But, inventories are not easily translated into gap release fractions. If loss
of coolant accident (LOCA) tests of high burnup fuel are to be done, some effort should
be made in these tests to validate the predictions of the expert panel with respect to the
gap releases including the prediction that the gap releases of cesium and iodine would not
be affected significantly by high burnup. Such validation is complicated by the loss of
gap inventory in the refabrication of rods for the tests. This can only be addressed by
attempting to measure or estimate the loss of inventory. It may not matter whether tests
are done with single rods or with multiple rods. More important will be the length of the
rod. The gap release 1s composed of a prompt inventory venting and a longer term gap
diffusion fraction. Releases from short rods will be dominated by the inventory venting.
Tests with longer rods will also provide information on the longer term fraction of the
gap release fraction.

Task 14: Upgrade models of fission product release during core debris interactions
with concrete.

The understanding of fission product release during core debris interactions with concrete
is fairly complete. Refinement of this understanding and the predictions of the release are
not crucial for the revisions of the accident source term. This is true if for no other reason
because the releases at this late stage of an accident are seldom used. Nevertheless, there
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are some nagging anachromisms in current codes used to ‘predict these releases of fission
products during core debris interactions with concrete. For example, it is known that the
existing models underpredict the releases of ruthenium observed in tests because of
inaccurate partitioning of ruthenium among the phases of core debris and omission of an
important vapor species. The codes may also overpredict the releases of alkaline earths
(Ba and Sr) because of improper activity coefficients. If resources are available some
limited effort to correct these code deficiencies should be undertaken.

Sincerely yours,

Dana A. Powers

Senior Scientist
Nuclear and Risk Technologies
Center

Sandia National Laboratories
Albuquerque, NM 87185-0744

cc:
R. Gauntt, SNL
R.Y.Lee, NRC

M. Khatib-Rahbar, ERI
B. Boyack, LANL
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March 13, 2001

Mr. Jason Schaperow

U.S. Nuclear Regulatory Commission
Mail Stop T-10-K-8

Washington, D.C. 20555

Dear Jason,

In the third meeting of the panel addl_’eséip“g the NUREG-1465 update for high Vburr'{up
and mixed oxide (MOX) fuels, it was Tequested that panel members submit a letter
discussing research needs. This letter is to ‘provide my thoughts on this matter. In
preparing this -letter, I have received input.from or discussed this subject with Duke
Energy, the Electric Power Research Institute (EPRI), and Polestar people with
experience in source term phenomena. .

To address research needs, two categoﬁeé of data have been considered:

(1) Data which could be made available in the short-term and used for the ongoing
NUREG-1465 update for high burnup and MOX fuels

(2) Longer-term research which would be confirmatory, or which may be of interest
to stakeholders o 8

Observationis on Short-Term Research’ 1

In the first category, there are several issues which have béep discussed by the panel and
which warrant discussion here: " )

French MOX fuel fission product release data From information presented by the French
representatives, it is evident that there are significant data available on MOX accident
releases. These data include that from VERCORS RT 2 (can be compared to RT 1) and
VERCORS RT 7 (can be compared to HT 1). This would very likely be the most cost-
effective, and only short-term, way for NRC to obtain MOX fuel accident release data.
The panel should have the benefit of reviewing this data before concluding its work on -
the NUREG-1465 update if at all possible. Tables for RT 1, RT 2, and RT 7 similar to the
HT 1 table entitled, “VERCORS HTI: FP release balance,” which was in the French

presentation would be very useful.

Oxygen _Potential of MOX Fuel Figilfe 2. of reference [1] shows oxygen potential vs.
temperature for LEU fuel materials. While significant differences are not expected, it
would be useful to make some estimates of how the oxygen potential for MOX fuel (i.e.,
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PuO; rich agglomerates in a UO, matrix) compares with this figure. As fuel damage
progresses, oxygen potential of the damaged fuel is determined by the Ho/H,O ratio in the
gas space in the core region. Assuming chemical equilibrium exists at the high core
region temperatures, oxygen potentials required for formation of oxides of various core
materials can be used to assess fission product chemical form. The chemical form of a
material (metal vs. oxide) affects its volatility.

Phebus FPT-2 data Phebus FPT-2 was performed in October, 2000. While data analysis
takes significant time, perhaps a quick look report of FPT-2 release data could be made
available to the panel in the next few months. One interesting qualitative observation
from FPT-2 is the fact that the Te release was quite low compared to FPT-1.

Weapons _grade (WG) MOX vs. reactor grade (RG) MOX This matter was raised as a
possible concern regarding the applicability of French MOX source term data, which is
for RG MOX, to the U.S. Material Disposition program which will use WG MOX. The
following is noted regarding RG MOX vs. WG MOX:

e Per reference [2], the MOX fuel fabrication process (master blend mix) will be
adjusted for WG MOX fuel to produce plutonium-rich particles with approximately
the same fissile content as RG MOX plutonium-rich particles, consistent with the
European experience base. Thus the fission density and the fission product inventory
will be the same in WG and RG MOX.

e The WG MOX fuel composition and neutronic performance tends to be in between
that of RG MOX and low enriched uranium (LEU) fuel. This is illustrated in Figures
7.4 to 7.8 in reference [2].

e The ongoing Advanced Test Reactor (ATR) WG MOX fuel tests have progressed
beyond 30,000 MWD/t with no indication of differences between WG MOX fuel and
RG MOX fuel. These tests have included destructive hot cell post-irradiation
examination (PIE) at intermediate burnups. The tests are to be continued to a burnup
of 50,000 MWD/, including additional hot cell PIE.

e The DCS Fuel Qualification Plan includes a WG MOX fuel lead assembly program —
prototypical WG MOX fuel assemblies in one of the McGuire or Catawba reactors.
The plan calls for irradiation of at least one assembly for three cycles (burnups in
excess of 50,000 MWD/t), and hot cell PIE approximately one year following the
third cycle. The hot cell PIE is intended to be confirmatory in nature — i.e., the NRC
would issue a license for batch-scale irradiation of MOX fuel prior to the PIE.

Based on the above, the matter of WG vs. RG MOX is likely to be a second order effect
for source term and need not be considered for additional research in the short-term. The
ATR and MOX fuel lead assembly programs should be monitored to confirm that the
data do not indicate significant differences between WG and RG MOX fuel.
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Observations on Longer-Term Research

Effect of M5 Clad Matétial The MOX fuel assembly desigri will employ M5 cladding.

" Energy Research, Inc. - -83

MS is an advanced bi-metallic (zirconium-niobium, no tin) cladding material. There was

speculation at the last meeting regarding the effects of M5 clad on source term, the main
possible effect being on Te release. ) ‘

There are several points relevant to this discussion:

e With tin present in the clad, for low clad oxidation the Te can be sequestered as
SnTe in the unoxidized clad, thus limiting the Te release. However, even with tin,
high local oxidation (such as the 85% active clad oxidation in FPT-1) can drive
much of the SnTe out from the oxidized region. . o

e This clad sequestering effect will ildf be present without tin. In this case there are
three possibilities: (1) the Te is in a reactive form (elemental Te or H;Te) which
will significantly increase the Te deposition velocity and thus decrease Te release,

. (2) some of the Te reacts with other materials such as silver (for PWRs with Ag-
In-Cd control rods) which re»suljes‘,in sequestering, or (3) some of the Te reacts
with silver aerosol to form Ag,Te aerosol which behaves like SnTe '

e A final point is that use of M5 clad (and thus the absence of tin) is not exclusively
a MOX fuel source term issue since M5 is being used in operating plants in the
U.S. (LEU fuel) and Europe today. -,

Thus, use-of M5 clad would not be ‘éxpec’ted to increase Te release, and in fact may
decrease it. This, together with the fact that the M5 issue exists for LEU fuel, suggests
that if research is performed on the effect of M5, it be done in the context of LEU fuel.
Such research need not impact the ongoing MOX source term effort.

Non-LOCA events The panel’s scope is 'limited to LOCA release. The gap release
fraction is a relatively small part of the LOCA source term, most of the release being fuel
release. Thus, changes in the gap release will not have a major effect on the total release
for the LOCA. This is not the case for non-LOCA events (such as FHA, locked pump
rotor, MSLB, SGTR, rod ejection) where most if not all of the release is the gap.
Furthermore, these non-LOCA events involve different thermal conditions which can
affect release: FHA involves a cool rod; locked pump rotor, MSLB, and SGTR involve a
slowly heated rod; and rod ejection involves a rapidly heated rod. Thus, at some point in
the future the NRC should consider updates for the non-LOCA releases.

BWR fuel release The only BWR core damage progression test to date was DF-4. Yet
one-third of the U.S. fleet is BWR. Generally, it is thought that BWR core damage
progression phenomena can differ from PWRs (e.g., candling-of melt vs. forming a
crucible, different control rod materials, larger amount of Zr which could make the
accident environment more reducing, lower power density). While these differences may
not make BWR releases substantially different from PWR releases (NUREG-1465 BWR

releases do not differ from PWR releases other than a small difference for iodine and
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cesium), to the extent that additional Phebus tests are being contemplated, it makes sense
to consider having one of these tests be for BWR fuel.

MOX core damage progression There was discussion at the last meeting on the possible

need for a MOX fuel core damage progression test. Such a test is considered low priority
based on the following:

The MOX fuel assembly design is a state-of-the-art fiiel assembly design by
Framatome. A very similar design (without M5) was used for more than a decade
in the McGuire and Catawba units, and is currently being used at Sequoyah. The
same design (except for fuel pellet material) will be deployed at the North Anna
units in about one year. Other than fuel pellet material, there is nothing special
about the fuel assembly design, relative to LEU PWR fuel.

MOX fuel has only small differences in thermal properties compared to LEU fuel
(slightly lower decay heat, slightly lower thermal conductivity, slightly higher
specific heat below ~2300 K, slightly lower specific heat above ~2300 K, slightly
higher fuel temperature). These differences would not be expected to cause
significant differences in severe accident behavior of MOX fuel compared to LEU
fuel.

The only aspect of MOX fuel which could impact severe accident progression is
the fuel pellet microstructure (i.e., the occurrence of Pu fissions in PuQ, rich
agglomerates in the UO, matrix). However, this impact is expected to be minor
since pellet microstructure will have little or no effect once fiiel melting begins. In
addition, any potential effect of MOX fuel is mitigated by the fact that the core is
predominantly LEU fuel.

In any event, the VERCORS data, oxygen potential information, and the PIE from ATR
WG MOX fuel irradiations noted above in the short-term research discussion should be
used in deciding the priority of any MOX tests.

I appreciate the opportunity to provide this input for NRC consideration. Please contact
me with any questions or comments.

Very truly yours,

David E. Leaver

Cc:  Steve Nesbit, Duke Energy
Jack Haugh, EPRI
References
1. R.R. Hobbins et ;11, “Fission Product Release from Fuel Under Severe Accident

Conditions,” Nuclear Technology, Vol. 101, Pages 270 — 281, March, 1993

Energy Research, Inc. 84 ERI/NRC 02-202



[

[~

— I

o

2. Duke-Cogema-S&W (DCS), “Fuel Qualification Plan,” Prepared for U.S.
Department of Energy, Office of Material Disposition, DCS Document Number
DCS-FQ-1999-001, Rev. 2, transmitted to NRC on April 16, 2001.

Energy Research, Inc. .85 ) ERI/NRC 02-202



Energy Research, Inc.

This page intentionally left blank.

86

ERI/NRC 02-202

L



—

.

March 20, 2002

Mr. Jason Schaperow.

US Nuclear Regulatory Commission
Mail Stop T-10-K-8

Washington DC 20555

Dear Jason,

As requested during the third meeting of the Source Term Applicability Panel, I am
submitting this letter to provide you with my thoughts concerning research ‘needed to
reduce uncertainties in the panel’s estimates of reactor accident source terms. The focus
of the panel has been on PWR and BWR designs containing conventional nuclear fuel
that has been taken to high levels of burnup (approximately 50 to 75GWd/t) or reactors
using a mixed-oxide fuel(MOX). The prime objective was to provide accident source
terms in the same manner as those presented in NUREG-1465, but for the high burnup
and MOX fuels. Inherent in the process-was the inclusion of updates to the basic
understanding of fission product release and transport that have come about subsequent to
the issuance of NUREG-1465. - ‘

The process carried out by the panel has been basically one of updating the NUREG-
1465 fission product release information through ‘consideration of the differences inherent
in the fuels being considered. In support of these deliberations were experimental data
provided to the panel, largely from V. ERCORS and VEGA tests and from PHEBUS-FP
studies. Unlike the information base available for producing NUREG-1465, there have
not been computations and related data interpretations devoted to analyses of the high
burnup and MOX situations.

As one considers research needs, it is evident that gap and early in-vessel releases are

typically of most concern and depend largely on releases from the fuel in the core region.

One could then focus only on limited or simple experimental release studies, but it is
important to note that other factors come into, play. Such factors would include, for
example, the chemistry differences among .fuel/cladding systems which could have a
pronounced effect-on reactions and subsequent retention of fission products within the
core region. Therefore, the interests and concerns go beyond just gap and vaporization-
type releases and must extend more broadly into solid and gas phase chemistry issues. It
becomes obvious that complex, as well as simple, experiments must be performed and it
is my opinion that these need to be coupled with and supported by at least a limited
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modeling or computational effort to promote understanding. Only from such a combined
approach will we be able to achieve any substantial reductions in uncertainties in fission
product releases.

It is possible to consider several levels of activities. An immediate benefit should result
from gaining access to and interpretating data from the French VERCORS and PHEBUS-
FP studies which were not available to the panel. Coupled with computer model
predictions, these data may provide an immediate boost in the panel’s knowledge base,
which in turn could lead to added confidence in estimated release fractions. Because of a
general lack of data, most of the panel members were either unable to or were
uncomfortable in providing predicted releases for MOX fuel at accident times much
beyond gap releases and most expressed some uneasiness in making predictions for the
high burnup situations. This points out the major need for significant experimentation
with high burnup and MOX fuels if uncertainties in estimated fission product release are
to be reduced.

It is worth noting that in comparison to this paucity of directly pertinent experimental
data and related’ computatlonal results for high burnup and MOX fuels, information of
this type for conventional fuel applications had been generated in decades of research and
was available for the preparation of NUREG-1465. Of course this database still exists and
is useful, mainly as a baseline, but is insufficient for extension to the cases being
considered in this current update of NUREG-1465.

The objective of the remainder of this letter is to identify some data and research results
that would reduce uncertainties in the fission product releasé estimates. In some cases,

added information would allow for estimates to be made where previously none have
been deemed possible. The intent is to identify needs and not to specify research
programs, although it is not possible to entirely separate the two in a practical sense. In
many cases the necessary extent of any research program can only be defined as progress
is being made. That is, the success of each incremental 1mprovement in understanding of
a physical phenomenon will be reflected in some reduction in uncertainty of fission
, product release estimates. The need then for added research efforts must continually be
balanced against the need for reducing the residual uncertainties.

Computer Codes/Modeling

The information base for NREG-1465 included selected calculations used to assist in
estimating release fractions and in establishing the duration of the various release periods
(gap, early in-vessel, ex- vessel, and late in-vessel). Results from many of these
computations are also being used in the current work. However, specific accident
analyses were not available for this current study; the reason being that it was assumed
that differences in timing and release rates could be estimated by comparison with and
modification of the NUREG-1465 results. This is largely true, but there are some areas
where a supporting computational effort would have been and could still be found
helpful.
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One major area of interest would be to produce selected predictions of releases from
core-concrete interactions that reflect changes in fuel/core composition. This would
include estimations of the importance on ex-vessel release of cladding composition for
the M5 (and-pgr}iaps Zirlo if deemed prevalent enough) clad relative to Zircaloy. In a
parallel effort, the same sort of chemical composition effects_should be investigated
computationally for the early in-vessel release. There are a variety of codes that could be
exercised but it should be most useful for the NRC if the VICTORIA and MELCOR
codes are included in these efforts. First principle release codes have largely been found
to be unsuccessful and are not suggested for application in this area. This is because even
in the most practical applications they seem to end up with more undefined parameters
than can ever be evaluated experimentally. On the other hand, correlations of data
employing simplifications of overall physicochemical processes are preferred.

. Computer models that predict fission pi‘odﬁét release and transport can be also be useful
‘to.an.experimental program. First, predictions made with the various codes can help

establish sensitivity of experimental results to-input variables and thus help .select
experimental conditions to be studied. Second, the application of the codes to analyze

_experimental results can help interpret xt}}é ¢;<j)érimeﬁtal results. For these rgeasbns there is
_aneed for a computational effort to accompany and interact with experimental studies.

Finally, the various fission release‘and_MSpoff models implicit in the codes can be

_improved through comparison with experimental resulfs and subsequently ‘modified, as
‘needed. An effort in this area should be undertaken in the future as understanding of the

physicochemical processes grows. It is important to note that experimental results are not
directly applicable to reactor accident analysis. It is only through the application of a
complex code, built up from various individual physical and chemical models, that the
overall estimated impact of any accident scenario can be assessed.

MOX Fuel Examination/Characterization

It is expected that data on fission product release from MOX fuel will come from
European studies using fuel made using reactor grade plutonium dioxide rather than the
weapons grade plutonium oxide that is planned for use in fabricating MOX fuel for US
reactors. There are expected to be differences between the two fuels and whether these
differences can be significant is an issue. It seems prudent to blunt any questions
regarding the usefulness of the available data buy performing sufficient analyses to
resolve the issue. It may be necessary only to make simple physical comparisons of fuel
cross-sections for the two fuels at various burnups. However, it is important to reach a
published decision on the comparability of the two fuels in order to maintain the integrity
of any estimates of fission product release rates that are based on use of the European
data. If the fuel comparisons are made at some point too far in the future, and if the
comparisons find fuel differences that are deemed significant, it is possible that the
fission release data will need be evaluated again. It seems advisable to make fuel the
comparisons early enough to avoid repeating research efforts.
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Fission product release and transport

The most critical research need to help reduce uncertainties in estimates of fission
product source terms will be for experiments that produce data on fission product release.
The panel found uncertainties in estimated releases to be greatest for fission product
categories: barium/ strontium, noble metals, cerium group, and lanthanide group. There
was also an expressed lack of understanding of tellurium behavior. As a result, these
fission products are of most interest in any experimental fission product release study. Of
course, a full complement of data giving releases for all groups is needed if meaningful
comparisons with previous release studies are to be possible.

Experimental studies should be performed as part of the VERSORS experiments or
carried out in a similar fashion. The focus should be on release from the fuel as a function
of LEU fuel burnup as well as on experiments to distinguish the effects of fuel type
(MOX vs LEU). Appropriate choices of cladding must accompany these fuels or be
studied as variables (whether it be Zircaloy, Zirlo, or M5). Also needed are sufficient
PHEBUS-FP experiments to provide understanding of in-core processes such as chemical
interactions of fission products with cladding, with other core materials, with various
surfaces and among themselves. Of major interest are the effects of fuel degradation,
melting and motion on the release rates and chemistry. A portion of this work may have
already been done successfully and a first step would be to review the data as they
become available. The quality of the data, how the data compare with other previously
available data, and the extent to which uncertainties must be reduced will guide the
selection and need for specific added experiments.

I hope that my opinions as expressed above contain suggestions that the NRC finds
useful, and will help focus attention on the types of research needed to reduce
uncertainties in the estimated source terms.

Sincerely,

James A. Gieseke
3930 Smiley Road
Hilliard OH 43026
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