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PREFACE

This report has been produced based on work performed by an expert panel organized by
the United States Nuclear Regulatory Commisson, Office of Nudear Regulaory
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 pand facilitator, and
Energy Research, Inc. has been respongble for the preparation of the find report.
Individua contributors to this report include:

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

Subgtantia technical input was provided to the panel, by Mr. A. Hidaka of the Japan
Atomic Energy Research Inditute (JAERI), and Mr. J. Evrard of the Inditut de Protection
et de Srete Nucléaire (IPSN).

This work has been peformed 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 pand activities and the preparation of this report.
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1. INTRODUCTION

1.1 Background

The higory of the use of podtulated accidental releases of radioactive materid in the
regulatory practices of the U.S. Nuclear Regulatory Commisson (NRC) is summarized in
Reference[1].

The NRC's reactor dte criteria of 10 CFR Part 100 [2] require, for licensng purposes,
that an accidentd fisson product rdlease resulting from “subdantid metdown” of the
core into the containment be podulated to occur and that its potentid radiologica
consequences be evduated assuming that the contanment remains intact but legks a its
maximum dlowable lesk rate. Radioactive maerid escaping from the contanment is
often referred to as the “radiologica release to the environment.” The radiologica release
is obtained from the contanment lesk rate and a knowledge of the airborne radioactive
inventory in the contanment amosphere. The radioactive inventory within containment
is referred to as the “in-containment accident source term.”

The expresson “in-containment accident source term,” as used in this document is
identicad to that of Reference [1] which is defined as the radioactive materid compostion
and magnitude, as wel as the chemicd and physcd properties of the materid within the
contanment that are available for leskage from te reactor to the environment. It is noted
that the “in-contanment accident source term” is normdly a function of time and
involves condgderation of both fisson products being released from the core into the
containment, and the fisson product remova by various mechaniams including natura
processes and operation of engineered systems (e.g., containment sprays).

For currently licensed plants, the characteristics of the fisson 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 (haf of which are assumed to deposit on
interior surfaces)

= 1% of the remaining solid fisson products

Note that the latter was removed from consderation in Regulatory Guides 1.3 and 1.4.
However, the 1% of the solid fisson products are consdered in certain areas such as
equipment qudification [1].

As dated in Reference [1], Regulatory Guides 1.3 and 14 gpecify that the iodine
chemicd form is assumed to be predominantly (91%) in dementd (I2) 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 ingtantaneoudy into the
containment, following a postulated design badi's accident.
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Using the results of research on severe accidents and fisson product releases since the
publication of TID-14844, NUREG-1465 [1] proposed a revised set of source terms to
the contanment for Light-Water Reactors (LWRs), which are based on more redistic
assumptions as related to release duration, release quantity, fisson product aerosol
retention, and chemical forms, to replace the TID-14844 based source term in licensing
goplications. Regulatory Guide 1.183 (“Alternative Radiologicdl Source Terms for
Evauatiing Desgn Bass Accidents a& Nuclear Reactors’) was developed by NRC to
support the find 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 andytic studies
gpplicable to low burnup (i.e, < 40 GWd/t) UO, fud. 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 andytic sudies in France [6-8] and Jagpan [9], and studies
performed by others [10-13]. The French experimentad programs [6] include the fisson
product redeese HEVA VERCORS experiments, the fisson product vapor depostion
condensation DEVAP dudies, the aerosol behavior TUBA, TRANSAT, PITEAS, and
FUCHSIA expeiments, the CARAIDAS soray experiments, the smadl scde EPICUR,
CAIMAN, and CHIP experiments deding with iodine, and the Phebus-PF integrd
experiments. In addition, data have been collected in France through measurements to
determine the gap inventory of the spent fud rods from reactors at different burnup levels
(up to 60 GWd/t) for UO, and mixed oxide fuds Furthermore, in-pile FLASH
experiments [8] have been performed to measure the fisson product release from a fud
rod under Loss Of Coolant Accident (LOCA) conditions, including one experiment
which involved high burn-up fud (i.e., 50 GWdt).

The VEGA experimentd program [9] a the Jgpan Atomic Energy Research Inditute
(JAERI) is focusang on investigation of fisson product releases from irradiated PWR and
BWR fud with fud burnup ranging from 26 to about 61 GWd/t. Tests are aso planned at
JAERI that will include the spent MOX fuel from severd European power plants with
burnup levels reaching 80 GWdt.

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

= Assssment of individud dose a the Excluson Area Boundary, & the Low
Population Zone distance, and in the control room

= Containment isolation vave closure time (dart time of gap release)
» Integrated dose used to qualify equipment in containment
= Pog accident shielding, sampling, and access

= Hydrogen generated by radiolytic decompostion of water
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In addition, NRC envisons the utilization of the revised source term for other regulatory
goplications.

1.2 Objectives

The primary objective of this report is to assess the gpplicability of NUREG-1465, and if
possible, to define a revised accident source term for regulatory application to reactors
usng high burnup (i.e, burnup up to 75 GWA/MTU) low enriched uranium (LEU) and
mixed oxide (MOX) fuds. Those aspects of the source term as proposed in NUREG-
1465 that are potentialy impacted by the use of high burnrup or MOX fuds will be
addressed. The specific aspects addressed are chemical and physica forms, release
timing, ad relesse magnitude. Otherwise, the recommendations of NUREG-1465 are
expected to be applicable.

1.3 Approach

The gpproach used in this effort is based on recongtitution of the source term pand that
developed the source term uncertainty digtributions for the NUREG-1150 study, which
a0 served as the technical basis for NUREG-1465 [1]; and by considering (8) the data
and indght tha have been generated since NUREG-1465 was published, and (b) the
physica phenomena that affect fisson product release and trangport mechanisms for high
burnup and MOX fuels.

The pand 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
fuds

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

The pand was dso requested to provide specific recommendations on the need for
rescarch to help edtablish appropriate source terms for high burnup and MOX fuds
goplications. Each letter from the pand members on the specific research
recommendations is included in Appendix B.
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2. BASISFOR REVISED (NUREG-1465) SOURCE TERM

In 1995, the U.S. Nuclear Regulatory Commisson published NUREG-1465, “Accident
Source Tems for Light-Water Nuclear Power Plants’ [1], which defined a revised
accident source term for regulatory application. NUREG-1465 utilized current technica
knowledge and understanding of LWR severe accident phenomenology to present, for
regulatory purposes, a more redigic portrayd of the fisson products 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 are characterized by the compostion and magnitude
of fisson product rdease into containment, the timing of the release into containment,
and the physica and chemicd formsin containment.

This chapter provides a summary of the technicd bass for the NUREG -1465 accident
source term. A brief quditative discusson of the phenomenology of fisson product
release and trangport behavior during the progresson of severe accidents is presented and
the technicd bass for characterizing the revised accident source term parameters
(composition, magnitude, timing and physical and chemica forms) is described.

21  Progression of Severe Accident Sequences and Release Phases

Radiologicad releases into containment under severe accident conditions can be generdly
categorized in terms of phenomenological phases associated with the degree of core
damage and degradation, reactor pressure vessdl integrity, and, as applicable, attack upon
concrete below the reactor cavity by molten core materids. The genera phases, or
progression, of asevere LWR accident are shown in Figure 2.1.

Initidly there is a release of coolant activity associated with a bresk or leak in the reactor
coolant sysem (RCS). The radiologica releases during the coolant activity release phase
are negligible in comparison to the reeases during the subsequent release phases
Assuming that the coolant loss cannot be accommodated by the reactor coolant makeup
sysems, or the emergency core cooling sysems, fud cladding falure would occur.
Upon falure of the cladding, a smdl quantity of fisson products that resdes in the gap
between fud pdlets and the fud cladding would be released. This release, which is
termed the gap release, would consst mogly of the volatile nuclides, particularly noble
gasss, iodine, and cesum.

As the accident progresses, core degradation begins, resulting in loss of fue geometry
accompanied by meting and relocation of core materias to the bottom of the reactor
pressure vessel.  During this period, the early in-vessd phase, Sgnificant quantities of the
volatile nuclides in the core inventory as wel as smdl fractions of the less voldile
nuclides are released into containment. The fisson products and other materids, which
are rdeased from the fud, are likely to be transported through the various portions of the
RCS before reaching the containment. As they move through the RCS, fisson products
may be retained as a result of various types of interactions. The extent of this retention
depends on the fission product chemical and physica form and the therma hydraulic
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Figure 2.1 Progression of Severe Accident Sequences and Associated Release Phases

conditions dong the flow path. The more volatile fisson products would tend to enter
the RCS as gases while the less volatile lements would tend to condense. The released
fisson product gases could absorb or condense onto aerosols and RCS surfaces, or react
chemicdly with other species in the RCS amosphere or with RCS surfaces. The
amounts of fisson products rdleased into contanment during the early in-vessdl release
phase are influenced by the resdence time of the radioactive materia within the RCS
during core degradation. High-pressure sequences result in long residence times and
ggnificant retention of fisson products within the RCS, while lowpressure sequences
reult in relatively short reddence times and less retention within the RCS and
consequently higher releases into containment.

If the bottom head of the reactor pressure vessd falls, two additiond release phases (ex-
vesH and late in-vessd) may occur. Following the bottom head fallure, the molten core
debris will be reeased from the reactor pressure vessd to the containment. Contact of
molten core debris with the concrete structural materials of the cavity/pedestd below the
reactor could lead to core-concrete interactions. As a result of these interactions,
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sgnificant quantities of the voldile radionuclides not aready released during the early in-
vesse phase as wdl as lesser quantities of non-voldtile radionuclides are released into the
containment atmosphere. Core-concrete interactions liberate copious amounts of concrete
decomposition gas products. These gases may, in turn, sparge some of the less volatile
nuclides, such as barium and drontium, and smdl fractions of the refractory nuclides into
the containment amosphere. Large quantities of nonradionuclide aerosols may dso be
released as a result of core-concrete interactions. The presence of water in the reactor
cavity/pedestd overlaying any core debris can sgnificantly reduce the ex-vessd releases
(both radioactive and non radioactive) into the containment, either by cooling the core
debris, or at least, by scrubbing the releases and retaining alarge fraction in the water.

Two other phenomena that affect the ex-vessd rdease of fisson products into
containment could also occur. The firsg of these is referred to as “high pressure melt
gection” (HPME). If the RCSis a high pressure a the time of falure of the bottom head
of the reactor pressure vessdl, quantities of molten core materials could be gected into the
contanment a high veocdties In addition to a potentidly rapid rise in containment
temperaiure, a sgnificant amount of radioactive materia could aso be added to the
containment atmosphere, primarily in the form of aerosols. The occurrence of HPME is
precluded at low RCS pressures. A second phenomena that could affect the release of
fisson products into contanment is a possble seam exploson (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 arborne
fisson products. While smdl-scae steam explosions are consdered quiet likely to occur,
they will not result in dgnificant increeses in the arborne activity dready within the
contanment. Large-scae deam explosons on the other hand, could result in Sgnificant
increases in arborne activity, but are much less likely to occur. In any event, releases of
partticulates or vgpors during seam explosons will aso be accompanied by large
amounts of water droplets, which would tend to quickly sweep released materids from
the atmosphere.

Following the falure of the bottom head of the reactor pressure vessd, some of the
volatile nuclides may be rdeased into containment as a result of re-voldilization of the
materid, which had deposted on RCS dructures during the in-vessd phase, or
volatilization of materid remaning in the reactor pressure vessd after vessd breach.
This late in vessdl release phase proceeds smultaneoudy with the occurrence of the ex-
vessel phase. However, the late in-vessel releases have generdly a longer duration than
that of the ex-vessdl releases.

2.2 Accidents Considered

In order to determine revised accident source terms for regulatory purposes, the NRC
sponsored  studies [13-15] that andyzed the timing, magnitude, and duration of fisson
product releases into containment. In addition, an examination and assessment of the
chemicd form of iodine likdy to be found within containment as a result of a severe
accident was aso carried out [16].
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A range of severe accidents that were previoudy andyzed for LWR plants was examined.
Evaluation of a range of severe accident sequences was based upon work done in support
of NUREG-1150 [17] study. The sequences studied progressed to a complete core-melt,
involving falure of the reactor pressure vessel and including core-concrete interactions.

The revised source terms presented in NUREG-1465 were intended to be representative
or typicd, rather than conservative or bounding vaues, of those associated with a low
pressure core met 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 dl potentiad severe accident sequences, or to represent any single
sequence.

2.3  Fisson Product Compostion

WASH-1400 [18] examined the spectrum of fisson products and grouped 54
radionuclides into 7 mgor groups on the bass of dmilaity in chemicd behavior. The
effort associated with the STCP further andyzed these groupings and expanded the 7
fisson products groups into 9 groups.

Both the results of the STCP andyses and the uncertanty andyss reported in
NUREG/CR-5747 [14] indicated minor differences between Ba and Sr releases. Hence a
revised grouping of radionuclides was developed that groups Ba and S together. A study
of reative importance to offste hedth consequences of the radioactive dements in a
nuclear power reactor core, reported in NUREG/CR-4467 [19], found that other elements
such as curium could be important for radiologicd consequences if released in
aufficiently large quantities. For this reason, curium (Cm), americium (Am), and cobalt
(Co) were dso added to radionuclide dements. The revised radionuclide groups used in
NUREG- 1465 including the dements comprising each group are shown in Table 2.1.

Table 2.1 Revised Radionuclide Groups

Group Elementsin Group
Noble Gases Xe, Kr
Haogens [, Br
Alkdi Meds Cs Rb
Tdlurium Group Te, Sb, Se
Barium, Strontium Ba, S
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
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24  Fisson 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.

Table22 BWR Core Inventory Release Fractions for the Revised (NUREG-1465)

Accident Source Term
Group Gap Release Ealy InVesHd Ex-Vessd Late InVess
Noble Gases 0.05 0.95 0 0
Haogens 0.05 0.25 0.30 0.1
Alkdi Metds 0.05 0.20 0.35 0.1
Tdlurium group 0 0.05 0.25 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 Reease Fractions for the Revised (NUREG-1465)

Accident Source Term
Group Gap Release Ealy InVesH Ex-VessH Late In-Vess
Noble Gases 0.05 0.95 0 0
Halogens 0.05 0.35 0.25 0.1
Alkdi Metds 0.05 0.25 0.35 0.1
Tdlurium group 0 0.05 0.25 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

Based on WASH-1400 [18], the inventory of volatile fisson products residing in the gap
between the fud and the cladding is no greater than 3 percent except for cesum, which
was estimated to be 5 percent. NUREG/CR-4881 [13] reported a comparison of more
recently avalable edtimates and observaions indicating that releases of the dominant
fisson product groups were generdly below the vaues reported in WASH-1400.
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NUREG-1465 recognized that for degraded core or core-mdt accidents, the gap release
phase may overlap to some degree with the early in-vessdl release phase. Therefore, the
releese magnitude was taken as an initid rdesse of 3 percent of the volaile fisson
products (noble gases, iodine, and cesum), which are in the gap between the fud pellet
and the cladding, plus an additional release of 2 percent over the duration of the gap
release phase.

The early invessd, ex-vessd and late in-vessd release fractions for the revised accident
source terms were derived from the smplification of NUREG-1150 [17] source terms
documented in NUREG/CR-5747 [14]. NUREG/CR-5747 [14] utilized the current
technicd knowledge and understanding of the source term phenomenology to develop
amplified formulation for redidic estimates of source term reease into contanment in
terms of timing, nuclide types and quantities. Source terms parameters were quantified
based on the dealed examination of avalable information, including results of the
integrated Source Term Code Package (STCP) computer codes caculations and the
ingghts from the NUREG-1150 expet dicitation on source terms issues [20].
Uncertainty andyses were dso peformed for rdeases into containment by utilizing the
probability digtributions for source term parameters used in NUREG-1150 studly.

The early invessdl release fractions presented in Tables 2.2 and 2.3, except for the low
volatile nuclides, are generdly the mean vaues of the uncertanty didributions for a
typica low-pressure core-met accident scenario documented in NUREG/CR-5747 [14].
The range of release edimates for the voldile nuclides, such as noble gases, iodine,
cesum, 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 vaue is a reasonable
esimate of the release fraction. In contradt, the range of release estimates for the low
voldile nuclides, such as barium, drontium, cerium and lanthanum, spans about four to
gx orders of magnitude. For the latter group of nuclides, the mean is controlled by the
upper tall of the digribution, and the detalls of the whole digribution may be more
indicetive of the uncertainty than the “bottom ling’ results such as a mean value. Hence,
in the find NUREG-1465 report, the 75th percentile value was sdected for the low
volatile nuclides on the basis that it bounds most of the range of vaues, without undue
influence by the upper tall of the didribution. It should be noted that , in the find
NUREG-1465 report, the in-vessd rdease fraction for the tdlurium was reduced
somewhat in response to comments that tellurium will be retained via reaction with the
Zircaoy dadding, with magor releases occurring only on extensive oxidation of the clad.

The ex-vessel release fractions for the revised accident source terms are generdly the
mean vadues of the uncetainty digributions for releases associated with core-concrete
interactions documented in NUREG/CR-5747 [14]. The in-vessd releases due to heat up
and degradation of the resdud fuds following the vessd falure were not consdered
explicitly. However, it was assumed that the entire core participates in core-concrete
interactions and therefore the volatile species (Haogens and Alkdi Metds groups)
remaining in the reactor pressure vesse at the reactor vessal breach were assumed to be
rdleased during the ex-vessdl release phase. It should aso be noted that, in the find
NUREG-1465 report, the ex-vessel rdeases for telurium and the low volaile nudides
were reduced as aresult of comments received.
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The late in-vessd release fractions presented in Tables 2.2 and 2.3 are dso generdly the
mean vaues of the uncertainty didributions for a typica low-pressure core-mdt accident
scenario documented in NUREG/CR-5747 [14]. These releases are associated with the
revaporization of radionuclides retained in the RCS and ther subsequent release into the
containment after the vessd failure.

25  Timing of Release Phases

Table 2.4 tabulates 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
initigtion of accident (i.e, time=0). It should be aso noted tha the rate of release of
fisson products into the containment is assumed to be congant during the time duration
shown.

Table2.4 Timing of Release Phases

Release Phase BWRs PWRs
Onset Duration Onset Duration
Gap Release 30sec 05hr 10-30sec’ | O5hr
Ealy InVess 0.5hr 15hr 05hr 13hr
Ex-Vess 2. hr 3hr 18hr 2hr
Late In-Vessal 2hr 10 hr 1.8hr 10 hr

The timing was sdected to be typicd of a low-pressure core-melt scenario, except for the
onst of the rdleese of ggp activity (duration of coolant activity), which was chosen
conservaively to be based on the ealiet cdculated time of fud rod falure under
accident conditions (i.e,, large-break LOCA).

In order to provide a redidic edimae of the shortest time for fud falure, cdculaions
were performed usng the FRAPCONZ2, SCDAP/RELAP5 MOD3.0, and FRAPT6
computer codes for two PWR Plants (a B&W Plant with a 15x15 fuel rod array and a W
Plant with a 17x17 fud rod aray [15]. The minimum time from the time of accident
initiation until first fuel rod falure was caculated to be 13 and 24.6 seconds for the B&W
and W plants, respectively. As noted in Reference 4, these esimate are vdid for a
double-ended rupture of the largest pipe. For a 6inch bresk, the time until firs fud rod
falure was esimated 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
gmilar to the W plants. The review of the Find Safety Andyss Reports (FSARs) for
BWRs indicaed tha fud falure may occur dgnificantly laer, in the order of severd
minutes or more. At the time of the publication of NUREG-1465, no caculations for
BWRs and CE plants had been performed, using the aforementioned suite of codes.

The gap activity phase ends when the fud pdlet bulk temperature has been raised
aufficiently that dgnificant amounts of fisson products can no longer be retaned in the
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fud. NUREG/CR-5747 [14] provided edtimates for the onset of dgnificant fisson
product release into the containment based on the review of STCP caculated results for 6
reference plants.  Significant fisson 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 caculaions [21] 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
(onst of early in-vessel release phase) was selected to be 0.5 hours, for both PWRs and
BWRs. Thisis in contrast to a large-bresk LOCA, during which the onset of sgnificant
fisson product release can be in much less than 30 minutes.

The early in-vessdl release phase ends when the bottom of the reactor pressure vessd
fals, dlowing molten core to fdl onto the concrete below the resctor pressure vessd.
NUREG/CR-5747 provided esimates for the early in-vessd release durations based on
the review of STCP caculated results for seven reference plants. The early in-vessd
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 densty in
BWRs, which would dday the time for core degradation and vessd falure
Representative early in-vessdl release durations were sdlected to be 1.3 hours and 1.5
hours, for PWR and BWR plants respectively.

NUREG/CR-5747 [14] dso provided estimates for the ex-vessal release durations based
on the review of STCP cdculated results. Although releases from core-concrete
interactions are predicted to take place over a number of hours after vessel breach, the
bulk of the fisson product releases (about 90%), with the exception of telurium and
ruthenium, are expected to be released over a 2hour period for PWRs and 3-hour period
for BWRs. For tdlurium and ruthenium, ex-vessd releases extend over 5 and 6 hours,
respectively for PWRs and BWRs. Based on andyss in Reference [14], the ex-vessd
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 lae in-vessd release phase was taken to be 10 hours as
recommended in Reference [14].

2.6 lodine Chemical Form

The chemicd form of iodine and its subsequent behavior after entering containment from
the reactor coolant system was investigated in NUREG/CR-5732 [16]. On the bass of
this work, NUREG-1465 concluded that iodine entering contanment from the reactor
coolant system is composed of at least 95% cesum iodide (Cdl), with no more than 5% |
plus HI.  Once within containment, highly soluble Cd will readily dssolve in water pools
and plate out on wet surfaces in ionic form. Radiationrinduced converson of the ionic
form to dementd iodine could be an important mechanism for revolatilization. If the pH
is controlled to a level of 7 or greater, converson to dementa iodine will be minimd.  If
the pH is not controlled, however, a rdatively large fraction (greater for PWRs than
BWRS) of iodine dissolved in containment pools in ionic form could be converted to
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dementd iodine in the long-term. With the exception of dementd iodine and noble
gases, fisson products are assumed to be in aerosol form.
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3. PANEL RECOMMENDATIONSAND BASISFOR RECOMMENDATIONS
FOR HIGH BURNUP AND MOX FUELS

As dated discussed earlier, the initid “source term” postulated for the purposes of
cdeulaing off-site 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
resctor (LWR) accidents and the resulting behavior of the released fisson products was
developed. NUREG-1465 provided a postulated fisson product source term released into
contanment that was based upon the underganding of LWR accidents and fisson
product behavior developed between 1962 and 1995.

Severd dements of NUREG-1465 ae noted here for comparison with the current
endeavor to deveop source terms for high burnup low enriched uranium (LEU) and
mixed oxide (MOX) fuels.

Fird, the rdease fractions for the source terms of NUREG-1465 were intended to be
representative or typical, rather than conservative or bounding values, of those associated
with a low-pressure core-mdt accident. The source term gpplicability pane employed
the same gpproach in specifying the source terms for high burnup LEU and MOX fuds.

Second, NUREG-1465 recognized that the source term in the report, particularly gap
activity, might not be agpplicable for fud irradiated to high burnup levels, dtated to be
burnup levels in excess of 40 GWdit. Clearly, the same is true for MOX fud, given its
different compaosition.

Third, the source terms appearing in NUREG-1465 were developed after extensve
examinations of both relevant data and caculations that had been developed prior to 1995
combined with expert dicitation. The current development of the source terms for high
burnup LEU and MOX fuds, is best described as soldy an expert dicitation, dbeit an
expet dictation informed by recent test data and indghts available for high burnup LEU
and MOX fuds|[6-9, 12].

3.1 Pand Organization and Elicitation Process

The following process was used to organize the pand and subsequently dicit pand
member input for the gap relesse, early in-vessd, ex-vessd, and late in-vessd releases
into the containment for (1) high burnup PWR fud, (2) high burnup BWR fud, and (3)
MOX fud.

1 Pand members were sdected based upon thelr experttise. Three experts
participated in the deveopment of the NUREG-1150 source term (J. Giseke,
T. Kress, and D. Powers), which were used as the basis for the development of
the revised source terms in NUREG-1465. These pand members were enlisted
to patidly recongtitute the expert's group providing input to NUREG-1150
(and NUREG-1465). The remaning paned members (B. Clement and D.
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Leaver) brought smilar expertise to the source term agpplicability effort. Brief
biographies of each of the pand 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 eicitation process for
each fud.

3. The specific characteristics of the fud and accident sequence type were
established and documented (eg., fue compostion, burnup, cladding type,
low-pressure | oss-of-coolant accident [LOCA]).

4, The dating point for pand ddiberations for high burnup PWR and BWR
fuds and MOX fud was NUREG-1465, which contains tabulations of both
PWR and BWR rdeases into the containment. Releases for nine radionuclide
groups (Noble Gases, Haogens, Alkdi Metds, Telurium, Barium/Strontium,
Nobd Metds, Cerium, and Lanthanides groups) for each of four accident
phases (gap release, early invessd, exvesd, and lae invessd) are
tabulated.

5. The input of each pand member was dicited and recorded for each fud, for
each accident phase and for each radionuclide group.

6. For the PWR source term, each release fraction and the rationale were dicited
from each pane member. If dl pand members agreed on the release fraction
for a given radionuclide group, a sngle vaue was entered into the table. If
one or more pand members offered different values for the reease fraction for
a given radionuclide group, the vaue offered by each expert was entered in
thetable. A summary rationae was prepared for each entry in the table.

The higorica approach to addressing the many radionuclide species has been
to group species with dmilar chemicad properties and behaviors together.
NUREG-1465 employs nine such groups. For the present effort, if one or
more pand members fdt that a subdivison 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
rdlease fractions eicited for the subgroups (see, for example, the Cerium
group in Table 3.1). Subgroups were developed for the origind NUREG-1465
groups of Noble Metas, Cerium, and the Lanthanides.

The gpproach to specifying the source term in France differs from that in the
United States.  In France, a vdue is specified for the gap release, and a second
vaue is gecified for the in-vesse release. However, this latter vaue is the
tota release (TR) used for the remainder of the accident. Thus, vaues for the
ex-vesd and late in-vessd releases were not provided for this effort, by the
French expert (B. Clement). The totd release vaues offered for the in-vessd
phase of the accident are flagged in the gppropriate tables.
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A. Hidaka presented test data collected by the Jgpan Atomic Energy Research
Ingtitute (JAERI) a the first pand meeting. However, a JAERI representative
was unable to attend the find two panel meetings. As these were the meetings
a which the PWR, BWR and MOX source term vaues were dicited, only
five pand members participated in the dicitation.

The PWR rdeasss into contanment for high burnup fud and summary
rationaes are presented in Section 3.2 (Table 3.1 and Tables 3.2 through 3.10,

respectively).

7. For the BWR source term, the value provided by each pand member was
recorded but a rationale br each vaue offered by each pand member was not
elicited because of time condrants. Generad Statements about the similarities
and dissmilaiities of PWR and BWR were discussed and a summary of the
genera statements for the BWR source term is presented in Section 3.3. The
BWR rdeases into containment for high burnup fue are presented in Table
3.11.

8. For the MOX source term, both the vaue and the rationde offered by each
pand member were recorded. The MOX reeases into containment and
summary rationaes are presented in Section 3.4 (Table 3.12 and Tables 3.13
through 3.21, respectively).

0. During the firg pand meetings, the experts indicated that the physcd and
chemicd forms of the revised source terms as defined in NUREG-1465 are
dso gpplicable to high burnup and MOX fuds. Therefore, during subsequent
meetings, the pane members did not discussthisissue.

3.2 PWR Accident Source Term

3.2.1 PWR Accident Sequence

The PWR accident sequence sdlected for NUREG-1465 [1] was a low-pressure core-mdt
accident. The pand 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 evauated.

3.2.2 PWR Fud Characterigtics

Thefadllowing fud characterigtics were pecified for the high burnup PWR fud.
A maximum burnup of 75 GWd/t

A core average burnup of approximatey 50 GWd/t
Zirlo dadding
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As a prelude to the dicitation step, pane members consdered the effect of high burnup
on PWR fud through discussons of governing phenomenologica processes and issues
that can potentialy impact core degradation and fisson product release behavior of high
burnup fuels as compared to LEU fues[11-12, 22].

3.2.3 PWR Accident Source Term

The PWR rdeases into containment, as specified by the source term gpplicability pand,
are summarized in Table 3.1.

The NUREG-1465 vaues for PWR rdeases into containment are shown in parentheses
for each phase for the duration and each radionuclide group. For those cases for which
the pand agreed upon a single vaue, only one vaue is entered eg., the duraion of the
gap release phase or the hdogen release fractions during al four phases. However, when
the pand members did not agree on a single vaue for a given rdease, one vaue was
entered for each pand member. As explained previoudy, the gpproach to specifying the
source term in France differs from that in the United States. A vaue is specified for the
gap rdease. A second vaue is specified for the invessd release.  However, this latter
vaue is the totd release, designated as TR in the table, and there are no further entries for
the later phases of the accident.

Both the rdease fraction for each radionuclide group and an accompanying rdionde
were dicited from each pand member. A summary rationde was prepared for esch
release fraction and the pand reviewed this summary. The resulting rationdes for each
accident phase and for the duration and each radionuclide group are pesented in Tables
3.2 through 3.10.

The pand dso consdered additional research needs during the course of its deliberations.
These are dso summarized in Tables 3.2 through 3.10. In addition, the pand members
were aso asked to consder research needs separately from the panel meetings and to
document these in a letter.  The individud pand member letters identifying research
needs are provided in Appendix B.
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Table3.1

PWR Redeases Into Containment (High Burnup Fue)

Gap Release Early In-Vessel Ex-Vessel Late In-Vessel
Duration (Hours) 04 (05) 14 (1.3 20 (20 10.0 (10.0)
Noble Gases 0.05; 0.07; 0.07; 0.07 (0.05) 0.63; 0.63; 0.63; 0.65 (0.95) 0.3 (0) 0(0)
Halogens 0.05 (0.05) 0.35 (0.35) 0.25 (0.25) 0.2 (0.1
Alkali Metals 0.05 (0.05) 0.25 (0.25) 0.35 (0.35) 01 (0.1
Tellurium group 0.005 (0) 0.10; 0.30; 0.30; 0.30 (0.05) 0.40 (0.25) 0.20 (0.005)
Barium, Strontium 0 (0 0.02 (0.02) 01 (0. 0 (0)
Noble Metals (0) (0.0025) (0.0025) 0
Mo, Tc 0 0.15;0.2;0.2; 0.2, 0.7TR 0.02;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, 0.0025; 0.02; 0.02; 0.02; TR 0.01; 0.01; 0.01; 0.10; TR
0.2TR
Cerium group 0) (0.0005) (0.005) 0)
Ce 0 0.0002; 0.0005; 0.01; 0.01; 0.005; 0.005; 0.01; 0.01; TR 0
0.02TR
Pu, Zr 0 0.0001; 0.0005; 0.001; 0.002; 0.005; 0.005; 0.01; 0.01; TR 0
0.002TR
Np 0 0.001: 0.01: 0.01: 0.01- 0.005; 0.005; 0.01; 0.01; TR 0
0.02TR
L anthanides (one group) 0;0;0;0;,0(0) 0.0005; 0.002; 0.01 (0.0002) 0.005; 0.01; 0.01 (0.005) 0(0)
La Eu, Pr, Nb 0.0002; 0.02TR 0.005; TR
Y, Nd, Am,Cm 0.0002; 0.002TR 0.005; TR
Nb 0.002; 0.002TR 0.005; TR
Pm, Sm 0.0002; 0.002TR 0.005; TR

2
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The numbersin parenthesis are those from NUREG-1465, Accident Source Termsfor PWR Light-Water Nuclear Power Plants (Table 3.13).
TR =total release. The practicein Franceisto assign all releases following the gap release phase to the early in-vessel phase.
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Table 3.2

Rationales for Duration Entriesin Table 3.1

Gap Release

The NUREG-1465 duration for thisinterva is 0.5 hr. The panel concluded that for high burnup fudl, the duration of the
interval is 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 fisson products. Data
from French VERCOR experimental program shows that early in-vessel release starts earlier with high burnup fuel.

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

Early In-Vessel

The NUREG-1465 duration for this interva is 1.3 hr. This phase ends when the bottom head of the reactor pressure
vessd 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, i.e., 1.8 ., thereby fixing the duration of this interval a 1.4 hr. Pane
members thought degradation processes might change with high burnup fuel, but that such outcomes can only be
understood with integrated experiments.

Needs. Need integrated bundle experiments with high burnup fud, e.g., PHEBUS. Need to trandate 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 seeif a qualitatively different core degradation model is needed.

Ex-Vessel The NUREG-1465 duration for this interval is 2 hr. The panel concluded that the same vaue was applicable for high
burnup fuel. The dominant ex-vessal process is the high rate of zirconium oxidation. A significant change in this process
is not expected for high burnup fuel.

Late In-Vessel The NUREG-1465 duration for the late in-vessel phase is 10 hr. The panel concluded that the same value was applicable

for high burnup fuel. Severa processes dominate during this phase. They are (1) revaporization of deposited
radionuclides, (2) degradation of residua fud in core region, (3) air ingress. Existing anadyses only address the first two.
Data to assess the contribution of the third process is lacking. Releases due to degradation of residua fuel to the ex-vessdl
category are considered in the ex-vessel category to narrow the time frame from 10 hoursto 2 hours. Until additional data
are available, the pand has no judtification for changing the duration of this phase.

Needs. Experimental investigation of air ingress to investigate the competition between degradation and fission product
releaseis essential.
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Table 3.3

Rationaes for Noble Gases Entriesin Table 3.1

Gap Release

The NUREG-1465 gap release was 0.05. A magjority 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. The JAERI test featured high reactivity insertion rates characteristic of arod gjection accident. 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 GWd/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 dower rate of energy deposition during alarge 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
prototypicaity of the experimental conditions to alow-pressure LOCA and concluded that alower release rate of 0.05
was more applicable.

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 pane concluded that further experiments with high burnup fuel under conditions more
representative of alarge LOCA are desirable to determine if higher gap releases are realized with high burnup fudl in
sower 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.e., the panel concluded that the release fraction reported in
NUREG-1465 istoo high. The panel noted that only a portion of the coreisinvolved 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 isinvolved in the accident by this stage. A release fraction of 63% was selected.
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Table 3.3 Rationales for Noble Gases Entriesin Table 3.1 (continued)

Ex-Vessel

The NUREG-1465 ex-vessdl release was 0.0. i.e., 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 time. However, the ex-vessel and late in-vessel phases
overlap intime. The panel recognized that releases would occur in-vessd during the late in-vessel phase. However, the
panel eected to bias releases occurring from residua fuel early in the late in-vessal 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 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 tota release through the early in-vessel phase of about 80%. The NUREG/CR-
5747 values were based upon CORSOR calculations, supplemented by expert icitation. The CORSOR calculations are
known to be conservative for noble gases and thus the panel concluded that alower release of 0.70 for the early in-vessel
phase should be used.

Late In-V essel

The NUREG-1465 late in-vessdl release was 0.0. The panel understands that some release of noble gasesin this phaseis
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.
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Table3.4 Rationdes for Hdogen Entriesin 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.
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. Anin-pile experiment for fuel with a burnup of 50 GWd/t and under LOCA conditions indicates a release of
5%.

Early In-Vessel

The NUREG-1465 erly in-vessel release was 0.35. The panel concluded that the same value was applicable for high
burnup fuel. Severa panel members noted that the releases reported in NUREG-1465 were too large. However, because
the NUREG-1465 rel eases were predicated based on CORSOR calculations, which is believed to overestimate Hal ogen
releases, the two effects are thought to offset, and the release fraction remains the same.

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

Ex-V essel

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 phasesin time. However, the ex-vessel
and late in-vessel phases overlap in time. The pand recognized that releases would occur in-vessdl during the late in-
vessel phase. However, the pand elected to bias releases occurring from residud 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 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.

Late In-V essel

The NUREG-1465 late in-vessdl release was 0.1. The panel concluded that the release for this phase should be 0.2. The
increased release was varioudly 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.

Needs: The post-test analyses of PHEBUS data should be reviewed for information and insights regarding revaporization.
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Table3.5 Rationales for Alkai Metds Entriesin Table 3.1

Gap Release

The NUREG-1465 gap release was 0.05. The pand concluded that the same value was applicable for high burnup fuel.
The gap release is 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-vessdl 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 cesum 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 arelease fraction of 0.3 based upon separate effects release rates just dightly below the release rates for iodine.

Ex-V essel

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 residud 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-
vessal 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 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.

Late In-V essel

The NUREG-1465 late in-vessel rdlease was 0.1. The pandl concluded that the same va ue was applicable for
high burnup fud.

Needs. Experiments are needed to better characterize the revaporization of cesium.
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Table 3.6 Rationales for Tellurium Group Entriesin Table 3.1%

Gap Release

The NUREG-1465 gap release is 0. The pandl concluded that a small but increased 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 burnup fuel under LOCA conditions to measure gap releases are needed. The applicability
of the proposed PHEBUS LOCA experiments should be reviewed.

Early In-Vessel

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 vaue of 0.30" was specified by amgjority of the panel. The panel noted that PHEBUS FPT-1 test
results indicate high in-vessal releases of Tellurium, which decaysto lodine. Asthe PHEBUS tests were designed and
directed to fission product measurement, there is justification for basing source term applicability on PHEBUS results.
Other tests show lower Te releases, apparently due to binding of the Te with other materials. The Te releaseis very much
dependent upon the manner in which the accident scenario evolves. This can lead to alarge 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 vaues offered by the panel is between 15% and 35%. The panel noted that even
if select the lowest value of 15% 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.

Needs: The differences between the PHEBUS, VERCORS and ORNL tests should be reconciled. The perception that
Telurium 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-vessdl 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 pand concluded that approximately 60% of the tellurium is released
from the fuel, 40% remains in fuel, which will be released from residua fuel after the vessal head fails or from the core-
concrete interaction. The panel aso 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.

Note: The tellurium releases occur in-vessal but after the time that the bottom head fails and so is counted as an ex-vessd
release. The release is actually occurring in the vessel and during the transit through the vessdl.
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Table 3.6 Rationales for Telurium Group Entriesin Table 3.1* (continued)

Late In-Vessel The NUREG-1465 late in-vessal 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 in 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 tellurium present is significant and it is not
bonded to surfaces. Rather, it is bonded to aerosols and more easily released. Second, once the piping system is opened
and oxygen partia pressure increases, dl the tdlurides are oxidized to TeO and tdluric acid, both of which are highly
volatile.

* The changes in the Tellurium releases from NUREG-1465 reflect new insights from test programs and are not associated with high burnup fuel
specificaly.
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Table3.7 Rationdes for Barium and Strontium Entriesin Table 3.1

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

Early In-Vessel The NUREG-1465 early in-vessel releaseis 0.02. The panel concluded that the same vaue should be retained for high
burnup fuel. Modeling results were considered”. Barium and strontium are modeled separately and arelease of 0.03 is
predicted. Given the modeling uncertainties, there was insufficient justification to alter the NUREG-1465 value. Thereis
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: experimentd 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 potentia that depresses
the volatility of both species were identified as the competing effects.

Ex-Vessel The NUREG-1465 early ex-vessdl release is 0.1. The panel concluded that the same value should be retained for high
burnup fuel. Thermodynamic cal culations performed by the French support a combined release of 0.1 with .01 being
barium and 0.09 strontium. The release of barium and strontium ex-vessd is proportiond to the amount of zirconium

metal that comes ex-vessal. However, the degree to which high burnup affects the amount of ex-vessel meta is unknown.
Lacking this information, which again supported the retention of the NUREG-1465 value.

Needs. An improved understanding of high burnup fuel degradation is needed; experimental datais required.

Late In-Vessel The NUREG-1465 late in-vessdl releaseis 0. The pandl concluded that the same vaue should be retained for high burnup
fuel. 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).

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

! Results were presented to the panel by T. Kress

2 Although barium and strontium behave differently, they are treated as a class and a representative value of the release fraction used. For
background, the pand was informed that in the draft NUREG-1465, barium and strontium were treated separately. They were combined for the
final document because they were judged at that time to have similar behavior.
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Table 3.8

Rationales for Noble Metals Entriesin Table 3.1

Gap Release

The NUREG-1465 gap release is 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 is 0.0025. The range of experimental resultsis high and uncertainties are large.
The ability to differentiate via prediction does not exist. The four speciesin this group exhibit differences in behavior.
Severa 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 is 10% from the fuel and 2% to the containment. The Rhreleaseis
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. Severa factors led to the creation of two groups. Within the origina single grouping, there
were differences in volatility and biological effects. Temperature increases were cited as an important factor affecting
release rates. It was noted that even if 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 MEL COR capabilities and modeling approaches. The choice by the pand to divide the Noble Metals into
two subgroups may impact anaytical 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 severa tests as a function of burnup). Need to distinguish between Ru and Mo).

Ex-Vessel The NUREG-1465 ex-vessdl release is 0.0025. Ruthenium is under predicted in VANESSA by perhaps three orders of
magnitude. However, this information was available to the NUREG-1465 panel and should, therefore, be factored into
the NUREG-1465 release fraction.

Needs: correct code models to handle increased Ru releases.
Late In-Vessel The NUREG-1465 late in-vessal release is 0.0. The noble metals are released and deposited but whether they are

revaporized is unclear (See Needs).

Needs. An improved understanding of revaporization processes for noble metas is needed; experimenta data are
required.
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Table 3.9 Rationdes for Cerium Group Entriesin Table 3.1

Gap Release

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

Early In-Vessel

The NUREG-1465 early in-vessd release is 0.0005. Several of the panel members supported a higher release fraction.
Based on VERCORS and other experiments 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 VI5 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.
Thefirst congists 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. Findly, there were
differences in the inventory of the species that favored creation of three subgroups. The choice by the pandl to divide the
Cerium group into three subgroups may impact anaytical 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 atetravaent species, as are the other species in the Cerium group.

Needs: An improved understanding of how the oxidation potentia in high burnup fuel is behaving. Transent data with
two or more plateaus for use in models.

Ex-Vessel The NUREG-1465 ex-vessd 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 gap release was 0. The panel concluded that the same value was applicable for high burnup fudl.

Thereisno late in-vessel release per the panel findings.

Needs: An improved understanding of the volatilities as well as revaporization of the species in the cerium group is
needed; experimental data are required.
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Table3.10 Rationaes for Lanthanides Entriesin Table 3.1

Gap Release

The NUREG-1465 gap release is 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 0.0002. Three of the panel members concluded that the origina single group
was ill applicable because they exhibited smilar chemical behaviors. Another panel member concluded a different
release rate was warranted only for Nb and only for the early in-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.
The first subgroup consists of La, Eu, Pr and Nb. These species are characterized by a 0.1 release from the fuel and 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 obtained for and processed through models.

Ex-V essel The NUREG-1465 ex-vessal release is 0.005. The panel concluded that the same value was applicable for high burnup
fudl.
Late In-Vessel The NUREG-1465 late in-vessel release is 0. The panel concluded that the same value was applicable for high burnup

fud.

Needs. Assuming the existence of La deposits, an improved understanding of the resuspension is needed; experimental
data are required.
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3.3 BWR Accident Source Term

3.3.1 BWR Accident Sequence

The BWR accident sequence sdlected for NUREG-1465 [1] was a low-pressure core-met
accident.

The pand followed the precedent established for NUREG-1465 and selected a low-
pressure core-met accident, as the scenario for which the source term for high burnup
fud was evauated.

3.3.2 BWR Fud Characterigtics

The following fuel characterigtics were specified for the high burnup BWR fud.

A maximum burnup of 75 GWd.

A core average burnup of approximately 50 GWdit.

The dadding materid is Zircaoy-2, most predominately in the anneded, fully
recrystalized condition with a zirconium-based inner liner, athough cold-worked
gress relieved materia and non-liner gpplications dso exig. The zirconium liner
can contain varying amounts of aloy additions, intended for post-defect corrosion
resistance.

3.3.3 BWR Accident Source Term

The BWR rdeases into containment, as specified by the source term gpplicability pand,
aresummarized in Table 3.11.

The NUREG-1465 vdues for BWR rdeases into containment are shown in parentheses
for each phase and for the duration and each radionuclide group. For those cases for
which the pand agreed upon a single vaue, only one vdue is entered (eg., the duration
of the gap release phase or the halogen releases during the gap release phase). However,
when the pane members did not agree on a sngle vaue for a given release, one vaue
was entered for each pand member.

As France does not deploy BWRs, the French pand member, while contributing to
gengd technica discussons @out the source term, did not participate in the
gpecification of numerical vaues for BWR releases into containmen.

The pand operated under time condraints that limited the collection of rationdes for
vaues offered by each pand member for the BWR releases into containment. In an effort
to accommodate to the time condrants, the pand first discussed PWR and BWR
differences that might affect the source teem. The following items were discussed as a
prelude to diciting vaues for the BWR releases into containment.
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BWRs have a higher zirconium inventory than PWRs due to the presence of
channd boxes. Thisfactor was accounted for in NUREG- 1465.

The BWR power dengty is lower, approximately 60% of a PWR, and the system
contans more water that would tend to dow the progresson of accident
sequences.

Steam separators in the BWR upper plenum can serve as depodtion dstes. A
pane member questioned whether this effect had been consdered in NUREG-
1465.

BWRs employ boron carbide control rods rather than the slver-indium-cadmium
control rods used in PWRs. Severd pand members noted that the different
materias would affect tellurium behavior. This effect was thought to have been
consdered in NUREG-1465.

The BWR power profile is thought to be flatter. This could dter, relative to the
PWR, the fraction of the core affected by an accident and thus the amount of core
experiencing early mdting and relocation. It was the bdief of some pand
members that this factor had not been accounted for in NUREG-1465.

Also considered by the pand was the power upgrade effort for BWRs that will lead to a
20% increase in core power for dl or nearly dl operating BWRs.

Individua rationdes were not dicited for each accident phase and radionuclide group for
the BWR.

The pand did not consder additiond BWR-specific research needs during the course of
its ddiberations. As with the PWR source term, the panel members were asked to
condder research needs separate from the pand meetings and to document these in a
letter. The individud pand member letters identifying research needs are provided in

Appendix B.
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Table3.11 BWR Reeases Into Containment (High Burnup Fuel)
Gap Release Early In-Vessel Ex-Vessel Late In-Vessel
Duration (Hours) 04 (05) 16 (1.5 30 (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) All 0 (0)
Halogens All 0.05 (0.05) 0.25; 0.30; 0.35; 0.40 (0.25) 0.15; 0.2; 0.3; 0.35 (0.30) 0.1;0.1;0.12; 0.2 (0.01)
Alkai Metds All 0.05 (0.05) 0.2; 0.25; 0.3; 0.4 (0.20) 0.1; 0.3;0.35; 0.35(0.35) 0.1;0.1;0.2;0.22 (0.01)
Tellurium group All 0.005 (0) 0.05; 0.06; 0.06; 0.1 (0.05) All 0.25 (0.25) 0.005; 0.01; 0.01; 0.01
(0.005)
Barium, Strontium 0 0.02 (0.02) 01 (0.3) 0; 0; 0; 0.01 (0)
Noble Metals 0) (0.0025) (0.0025) ()
Mo, Tc 0 0.0025; 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
Cerium group ) (0.0005) (0.005) ()
Ce 0 0.0002; 0.0005; 0.01; 0.01 0.005; 0.005; 0.01; 0.01 0
Pu, Zr 0 0.0001; 0.0005; 0.001; 0.002 0.005; 0.005; 0.01; 0.01 0
Np 0 0.001; 0.01; 0.01; 0.01 0.005; 0.005; 0.01; 0.01 0
L anthanides (one group) 0;0;0;0;0(0) 0.0005; 0.002; 0.01 (0.0002) 0.005; 0.01; 0.01 (0.005) 0(0)
La, Eu, Pr, Nb 0.0002; 0.02TR 0.005; TR
Y, Nd, Am,Cm 0.0002; 0.002TR 0.005; TR
Nb 0.002; 0.002TR 0.005; TR
Pm, Sm 0.0002; 0.002TR 0.005; TR

1 Thenumbersin parenthesis are those from NUREG-1465, Accident Source Terms for BWR Light-Water Nuclear Power Plants.(Table 3.12)
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34  MOX Accident Source Term for Light-Water Nuclear Power Plants

The panel agreed upon an gpproach to be taken in consdering the MOX releases into
containment. The approach conssted of the following eements.

The tabulated fisson 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 thermd transient.

The MOX assembly passes through a temperature transgent that damages the fud.

LEU assembly aso passes through atemperature trangent that damages the fud.

At the end of the early in-vessd phase, 50% of the core is badly damaged, some
molten and some otherwise disupted and will be rdleased immediately upon
failure of the vessd lower head.

Some portion of the 50% of the core remaining in the vessd is dso damaged and
paticipates in the early in-vessel rdease.  Three-fifths of the remaining core loses
one-hdf of itsvolatile inventory.

During the ex-vessd phase, 100% of the core eventudly ends up outside the
vessdl and on the concrete floor.

For the late in-vessdl phase (10 hour phase), the materia deposited on the reactor
cooling sysem internals is revaporized.

The pand dso addressed and developed a methodology for gpplying the vaues for the
MOX releases into containment to an entire core containing both MOX and LEU fud
assemblies. The application processis as follows.

To apply results of these tables to a core contaning both MOX and LEU
asamblies, define the fraction of the MOX fud in the core to be “f*. Define the
fraction of LEU to be“1-f".

Imox (i) = inventory of thei™™ radionudidein the MOX fuel

ILeu(i) = inventory of the i radionudlidein the LEU fue

RFwvox (i) = release fraction of the it radionudlide from the MOX fudl
RF_eu(i) = rdlease fraction of theit" radionudlide from the LEU fuel

Then, the rdease fraction from the mixed coreis;

RF(i) = f * REwox () * lvox (D) + (1- )* RFew () * ey ()
fx Imox (l) + (1' f)* lLeu (')

For high burnup LEU fud, the vdues are those in the tables generated by the
pand (i.e., Tables 3.1 and 3.11, for PWRs and BWRs, respectively).
For LEU fud that is not a high burnup, use the vaues from NUREG-1465, even

though some of the vaues could be updated based upon the database now
avalable.
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341 MOX Accident Sequence

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

3.4.2 MOX Fud Characteristics

The following fue characteritics were specified for the MOX fudl.

The MOX fud pelets are 5% PuO, with approximately 95% depleted UO-.

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

The cladding is M5.

The fud assembly isidentica to LEU assemblies, except for the fud pellet.

The cycle legth is 18 months. MOX assemblies are typicdly withdrawn after
two cycles.

The maximum burnup on an assembly basisis gpproximatey 46 GWd/t

Thetypica burnup on an assembly basisis approximately 42 GWd/t

The burnup limit on apinis 50 GWdf.

The planned core loading is for gpproximately 40% MOX assemblies.

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

Severd differences between LEU and MOX fuds were noted. Firg, MOX fud
experiences high power at higher burnup levels Second, the plutonium in discharged
high burnup LEU fud is gpproximady 1%. MOX assemblies are discharged with
goproximately 3% plutonium.

3.4.3 MOX Accident Source Term

The MOX releases into containment, as specified by the source term gpplicability pand,
ae summarized in Table 312. A summary rationde was prepared for each release
fraction, and this summary was reviewed by the pand. The resulting rationdes 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 dicitation of MOX reeases into the contanment, pand
members emphasized that ther input was based upon patid and prdiminary data
regarding MOX characteristics and behavior under severe accident conditions.

MOX releases were provided by al five pand members for the phase duration and for the
noble gases, hdogens, adkai metds, and tdlurium groups. However for the remaning
four groups (barium and srontium, noble metals, cerium group, and lanthanides), some
pand members dected to make no entry because it was fdt that there was insufficient
data avalable upon which to make an informed judgment. The pand members noted that
dl the noble gases, hdogens, dkdi metas and telurium group are reeased from a MOX
fud. Thus it was possble to make judgments as to the phase in which they were
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rdleased. However, for barium and dgrontium, the noble metas, cerium group, and
lanthanides, only fractionad releases occur and the database was deemed insufficient by
some panel members to support a specific vaue for arelease fraction.

The NUREG-1465 vdues 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 vaue, only one vaue is entered eg., the duration of
the gap release phase or the halogen releases during dl four phases. However, when the
pand members did not agree on a single vaue for a given release, one value was entered
for each panel member.

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

The pand only briefly condgdered additiond MOX-specific research needs during the
course of its deliberations. As with the PWR and BWR source term, the pand members
were asked to document their opinions regarding research needs. The individud pand
member |etters identifying research needs are provided in Appendix B.
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Table 3.12

MOX Redeasss Into Containment

Gap Release Early In-Vessel Ex-Vessel Late In-Vessel
Duration (Hours) 0.3;0.4; 0.4; 0.4, 0.4 (0.5) 13;14;,14,14;15 (1.3) 20 (20) 10.0 (10.0)
Noble Gases 0.05; 0.05; 0.05; 0.05; 0.07 0.65; 0.65; 0.75; 0.93; 0.95 0;0.2;0.3;0.3; TR (0) 0 (0
(0.05) TR?(0.95)
Halogens 0.05; 0.05; 0.05; 0.05; 0.07 0.325; 0.35; 0.35; 0.375; 0.15;0.2;0.25;0.25; TR 0.2;0.2;0.2,0.2; TR(0.2)
(0.05) 0.95TR (0.35) (0.25)
Alkali Metals 0.05; 0.05; 0.05; 0.05; 0.07 0.30; 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;0.2; 0.2; 0.2; TR (0.005)
(0.05)
Barium, Strontium NE, NE, NE; 0; 0(0) NE, NE, NE; 0.1; 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; 0.05 NE, NE, NE; 0.01; 0.01 NE, NE, NE; 0.1; 0.01
Ru, Rh, Pd NE, NE, NE; 0; 0 NE, NE, NE; 0.1; 0.1 NE, NE, NE; 0.01; 0.01 NE, NE, NE; 0.1; 0.01
Cerium 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; 0.002; 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; NE; 0.005 NE, NE, NE; NE; 0.01 (0.005) NE, NE, NE; NE; 0 (0)

(0.0002)

The numbersin parenthesis are those from NUREG-1465, Accident Source Terms for PWR Light-Water Nuclear Power Plants (Table 3.13).
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NE = No entry; the panel member concluded that there was insufficient information upon which to base an informed opinion.
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Table3.13 Rationdes for Duration Entriesin Table 3.12"

Gap Release

The NUREG-1465 duration for this interva is 0.5 hr. The pand 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 RT2 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 release and progression of fission gas loading of cladding for representative scenarios.

Early In-Vessel

The NUREG-1465 duration for thisinterva is 1.3 hr.  Three panel members concluded that the time to melt through the
bottom head, i.e,, the total of the gap release and early in-vessal phases, isthe 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. Another panel member also concluded that the time to failure of the lower head was 1.8 hr. Having specified a
duration of 0.3 hrs for the gap release phase, the early in-vessel phase duration was determined to last 1.5 hr. The find
panel member concluded that the total time to vessdl failure was shorter (i.e., 1.7 hr), and having specified a duration of
0.4 hr for the gap release phase, determined a value of 1.3 hr. was appropriate for the duration of the early in-vessel phase

Needs. MOX bundle degradation test to characterize fuel relocation and associated fission product transport.

Ex-Vessel

The NUREG-1465 duration for this interva is 2 hrs. The pand concluded that the same vaue was applicable for MOX
fuel. The release for this phase is composed of two parts. The first is the continued degradation and expulsion of the core
remaining within the vessel at the end d the early in-vessel phase. The second is the release with the core-concrete
interaction. The panel felt that neither 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.

Late In-V essel

The NUREG-1465 duration for thisinterval is 10 hrs. The panel concluded that the same value was applicable for MOX
fuel. Resuspension and revaporization are the key processes for this phase of the accident. The 10 hr. period applies if
the late in-vessal 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 ater the duration of this phase.

1 Panel member inputs for Table 3.13 and the remaining MOX rational e 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.
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Table3.14 Rationaes for Noble Gases Entriesin Table 3.12

Gap Release

The NUREG-1465 gap release for LEU fuel was 0.05. A magjority 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 till applicable. Thisvaueis
based upon the database available to the pane, the limitations on burnup of MOX fuel, and a conclusion that while the
MOX inventories for noble gases are higher than for LEU, they are till 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 avaue 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, i.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 gasesin MOX fuel wasreleased in
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 valueis specified for the gap release. A second value is specified for the in-vessel release. However, thislatter valueis
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. Thetotal 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 in-vessel phase and that subsequent
releases occurred during the ex-vessal 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-vessdl release for LEU fuel was 0.0. Three panel members determined that there would be a
release during this phase with two providing vaues of 0.3 and the third a value of 0.2. One pane member estimated the
release to be 0. Thefina panel member was the French delegate and arelease 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

fudl.
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Table3.15 Rationdes for Haogens Entriesin Table 3.12

Gap Release

The NUREG-1465 gap release was 0.05. A maority 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 ill applicable. This vaue is based upon the
database available to the pand, the limitations on burnup of MOX fuel, and a conclusion that while the MOX inventories
for halogens are higher than for LEU, they are till 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 pand 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-vessal 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.
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 asthe LEU and atotal 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-haf the corein LEU
assemblies and the other half in MOX, assemblies. Médting and/or significant therma damage to 70 percent of the coreis
taken and assuming atotal 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 pane member and this release was for the totality of the remaining
scenario.

Needs: As with the gap release, the panel noted that there is essentialy no data for halogen releases from MOX fuel and
that datais needed. The panel also noted that data encompassing damage progression is crucial.
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Table 3.15 Rationdes for Haogens Entriesin 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 agorithm
used by the panel member. The vaue 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 tota release or TR of 0 was
specified by the French panel member as explained for the early in-vessel phase.

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

Late In-V essel

The NUREG-1465 late in-vessal release was 0.1. The panel concluded that a value of 0.2 should be used for the late in-
vessel release of MOX fudl, dthough 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 caculation agorithm, and the find number was
provided with no discussion. A total release or TR of 0 was specified by the French panel member as explained for the
ealy in-vessal phase.

Needs: The pand identified the of lack information on revaporization but noted that this deficiency is not specific to
MOX; the same deficiency also appliesto LEU. The lack of air ingress data was also noted, i.e., the impact of air on the
revaporization process.
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Table 3.16

Rationales for Alkdi Metds Entriesin Table 3.12

Gap Release

The NUREG-1465 gap release is 0.05. Four pand members concluded that the same gap release was applicable for MOX
fuel and specified 0.05 as the release fraction to the containment. The rationale was that while the 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
akai metas gap inventory of 0.07.

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

Early In-Vessel

The NUREG-1465 early in-vessel release is 0.25. The akali metals release fraction for MOX during the early in-vessel
phaseis 0.30. The pand stated that the MOX akali metals release fraction is greater than for LEU. A total release or TR
of 0.65 was specified by the French panel member and this release was for the totdity of the remaining scenario.

Needs: See gap release

Ex-Vessel The NUREG-1465 ex-vessd 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 panel meeting. The find panel member
was the French delegate and arelease of 0 (TR) was specified per the French convention.

Needs: See gap release.
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 rationale was provided during the meeting for the 0.10
vaue. For the 0.15 release fraction, it was noted that the fractiona releases of the akali metals during the late in-vessel
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.
Thefina panel member was the French delegate and arelease of 0 (TR) was specified per the French convention.

Needs. See gap release.
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Table 3.17 Rationaesfor Tdlurium Group Entriesin Table 3.12

Gap Release

The NUREG-1465 gap release is 0. For MOX fuel, three panel members concluded the gap release is 0. One noted that
based upon its volatility, the tellurium releases should be as large as for the halogens. However, it dso binds with the
metalic elements in the fuel, reducing its voldtility. Two panel members felt that a smal gap release of 0.005 was

appropriate.

Early In-Vessel

The NUREG-1465 early in-vessel releaseis 0.05. Early in-vessdl 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 dightly 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, causng a
significant fraction of the released products to be deposited on the piping system. The release fraction of 0.1 is the net of
all these processes. A value of 0.15 was offered by another panel member who notes that there is an increased release
relative to LEU but not as high as 0.3 offered by ather panel members. Values of 0.3 and 0.35 were offered. No rationale
was provided during the meeting for the former. For the latter, it was assumed that tellurium is released in the same
amount as for the halogens. A tota release or TR of 0.7 was specified by the French pand member and this
release was for the totdity of the remaining scenario.

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

Ex-V essel

The NUREG-1465 ex-vessal 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 met-concrete interactions are well understood as experiments have been 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 early in-vessal.

Late In-V essel

The NUREG-1465 late in-vessdl release is 0.005. Three pand members concluded the late in-vessel release was 0.2 and
one pand member concluded the release was 0.1. The rationale for the 0.2 release fraction was that a lot of tellurium is
released from the fuel and deposited on the piping system during the earlier phases of the accident. For reactors having
ar-filtered containments there will be air ingress and this will react to turn any tellurides into 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, it
won't subsequently be released (revaporized). The final panel member was the French delegate and arelease of 0 (TR)
was specified per the French convention.

Needs: See early in-vessdl.
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Table 3.18

Rationdes for Barium and Strontium Entriesin Table 3.12

Gap Release

The NUREG-1465 gap release is 0. Three 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. One panel member declared there was insufficient data to support avaue. The French panel member aso
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 n-vessd release is 0.02. Two panel members declared they were unable to provide a value.
The 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. Thisis one of the areas currently being analyzed by the French.
The second flag was that the results 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 concert with increasing noble metals in response to the oxidizing environment. The Stated
release fraction was accompanied by a statement that confidence in the value was low. Two panel members concluded
that a release of 0.1 was appropriate, based upon observations and a consideration of qualitative representations of the
French data. Again, confidence in the value was said to be low.

Ex-V essel

The NUREG-1465 ex-vessel release is 0.1. Two panel members declared they were unable to provide avalue. No flags
were provided by the French panel member. Three panel members specified a release of 0.1 and noted that the releaseis
driven by Zr presence in the initia trandent. Zirconium reduces everything down to barium metal and barium metal
vaporizes.

Late In-V essel

The NUREG-1465 lae in-vessel release is 0. Two panel members declared they were unable to provide avaue. 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 were large.

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 al the noble gases, halogens, akali metals and tellurium group are released from a MOX fud. 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 fractiona releases occur and the database was deemed insufficient by some panel members to support a specific
value for arelease fraction.
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Table3.19 Retionales for Noble Metals Entriesin Table 3.12

Gap Release

The NUREG-1465 gap release is 0. Two panel members concluded a release fraction of O was appropriate; no rationae
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 0.0025. 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 meta's group.

For Mo and Tc, the remaining two panel members each concluded a release fraction of 0.1 is appropriate. The rationae
provided for the release was that the uranium matrix surrounding the particles is 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 if the value should be different than that specified for
LEU fudl.

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

Ex-Vessel

The NUREG-1465 ex-vessdl release is 0.0025. Two panel members declined to make an entry. The French pand
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-vessal and late in-vessel phases.

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

For Ru, Rh, and Pd the remaining two members each concluded that a release fraction of 0.01 is appropriate.
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Table 3.19 Rationales for Noble Metds Entries in Table 3.12 (continued)
Late In-Vessel The NUREG-1465 late in-vessdl release is 0. Two pane 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-vessdl and late in-vessel phases.

For Mo and Tc the remaining two members each concluded that a release fraction of 0.1 is appropriate.

For Ru, Rh, and Pd the remaining two members each concluded that arelease fraction of 0.01 is appropriate.

1 The pand member dected to make no entry because it was felt that there was insufficient data available upon which to make an
informed judgment. The pand members noted that al the noble gases, hadogens dkai metds and tellurium group are released
from a MOX fud. Thus, it was possble to make judgments as to the phase in which they were rdleased. However, for barium and
grontium, the noble metds, cerium group, and lanthanides, only fractiond releases occur and the database was deemed
insufficient by some pand members to support a specific vaue for ardease fraction.
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Table 3.20 Rationdes for Cerium Group Entriesin Table 3.12

Gap Release

The NUREG-1465 gap release is 0. Two panel members concluded a release fraction of O was appropriate; no rationae
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-vessal release is 0.0005. The cerium group was further subdivided into two subgroups, the
first containing Ce and Np and the second containing Pu, Zr, and Np. Four panel members declined to make an entry for
the cerium 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 Ce and Np, the remaining panel members concluded a release fraction of 0.01 is appropriate. No rationale was
provided during the meeting.

For Pu, Zr, and Np the panel member concluded that a release fraction of 0.001 is appropriate. The reduced Pu release
compared to the Ce and Np release is 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-vessdl 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 is appropriate. Thisvaue is 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.

Late In-V essel

The NUREG-1465 late in-vessel release is 0. Three panel members declined to make an entry for the cerium group.
For Ce and Np, the remaining panel member concluded a release fraction of O is appropriate.

F or Pu, Zr, and Np the remaining panel member concluded that a release fraction of O is appropriate.

The pand member
informed judgment.
from a MOX fud.

elected to make no entry because it was fet that there was insufficient data available upon which to make an
The pand members noted that al the noble gases, haogens, dkai metas and telurium group are relessed
Thus, it was possble to make judgments as to the phase in which they were rdleased. However, for barium and

grontium, the noble metds, cerium group, and lanthanides, only fractiona releases occur and the database was deemed insufficient
by some panel members to support a specific vaue for arelease fraction.
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Table3.21 Rationdes for Lanthanides Entriesin Table 3.12

Gap Release

The NUREG-1465 gap release is 0. Two panel members concluded a release fraction of 0 was appropriate; no rationae
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 erly in-vessel releaseis 0.0002. One panel member concluded arelease 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 and 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 fud.

Ex-Vessel

The NUREG-1465 ex-vessal release is 0.005. One panel member concluded a release of 0.01 is appropriate. Four
members of the panel declined to make and entry.

Late In-Vessel

The NUREG-1465 late in-vessal release is 0. One panel member concluded arelease of O is appropriate. Four members
of the pand declined to make and entry.

1 The pand member
informed judgment.
from a MOX fudl.

elected to make no entry because it was fet that there was insufficient data available upon which to make an
The pand members noted that dl the noble gases, hadogens, akdi metas and tdlurium group are released
Thus, it was possible to make judgments as to the phase in which they were rdleased. However, for barium and

drontium, the noble metas, cerium group, and lanthanides, only fractiona releases occur and the database was deemed insufficient
by some panel members to support a specific vaue for arelease fraction.
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4. INSIGHTSAND RECOMMENDATIONS

It is emphasized that the radiologica release fractions presented in this report are
intended to be representative or typicd, rather than conservative or bounding vaues, of
those associated with low-pressure core damage scenarios, except for the initid
gopearance of fisson products from faled fud, which has been chosen consarvatively.
Thee release fractions into the containment are not expected to bound al potentid
Severe accident scenarios, or to represent any single scenario/sequence.

It is noted that the pand did not have the benefit of the results of accident sequence
andyses usng accident andyss models vdidated by comparison to pertinent test results
involving high burnup or MOX fuds In addition, in many aress, the pand identified
gaps in experimenta data to support specific pand recommendations.  Therefore, the
members of the pand have attempted to mentaly integrate the results of recent tests to
predict fisson product releases during accidents at nuclear power plants. They have
extrapolated phenomenology of core degradation based on exiging <sudies for
conventiona burnup of LEU fuds to anticipate fisson product releases from fud at
burnup levels in excess of about 60 GWdit. The pand members have dso extrapolated
the behavior of LEU fuds with conventiond Zircaoy cladding to etimate the behavior
of mixed oxide fud with zirconium-niobium-tin aloy (M5) dadding.

In formulating the proposed changes to the NUREG-1465 source term, for agpplication to
reactor accident analyses for high burnup and MOX fuels, atention was dso given to the
changes in our underdanding that have come &bout because of mgor experimenta
investigations of fisson product behavior under reactor accident conditions, including the
Phebus-FP and the VERCORS experiments.

41  High Burnup Fud

The proposed accident source terms are listed in Tables 3.1 and 3.11, for gpplication to
PWR and BWR design basis accident anadyss, respectively.  Also shown on these tables
are the release fractions as proposed in NUREG-1465 [1], for LWRs & lower leves of
fud burnup.

411 PWRs

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

1. The release durations ae not conddered to be dgnificantly different from the
edimates in NUREG-1465. The shortened duration for the gap release phase
reflects the expectation that the dtart of ggnificat rdease of fisson products is
accderated with high burnup fud, as evidenced from the French VERCORS
experiments.  However, since the pand concluded that the tota time for accident
initiation to the end of the early in-vessd phase should be the same as the vdue in
NUREG-1465, i.e, 1.8 hours, the duration of the “early in-vessdl” phase was
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increased to 1.4 hours. The potentiad impact of fud burnup on core damage
progresson has been recognized as an area requiring further integral experiments.
The duration of releese for the late in-vessdl and the ex-vessdl phases remain
unchanged as compared with NUREG-1465.

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

3.  The fisson product releases in the early in-vessel phase show changes as compared
with NUREG-1465 for al the fisson product groups, except for the hadogens, the
dkdi metds, and the barium/strontium groups. The reduction in the rdease of
noble gas group reflects the current understanding that a near complete degradation
of reactor fud prior a the time of vessd breach is not consdered to be plausble.
Furthermore, the higher rdeases for telurium as recommended by the pand, is
influenced by the results of the Phebus experiments. The paned recommended
regrouping the remaning nucides to better reflect the differences in
thermodynamic and chemicd behavior of the vaious condituents in these groups.
Higher releases are estimated for Mo/Tc; however, lower (as compared with Mo/Tc,
but smilar or higher as compared with NUREG-1465) releases are recommended
for Ru, Rh and Pd. These rdease magnitudes were influenced by the observetions
from the French VERCORS experiments.  Smilarly, the pand dso recommended
dividing the cerium group into three subgroups consging of Ce Pu and fisson
product Zr'; and Np. Here again, due to the large uncertainties associated with the
ealy invesse rdesse of these nuclides, the range of releases to the containment
assgned by the pand members spans over two orders of magnitude for Ce, and
PuwZr; however, the mgority of the pand members have suggested release
magnitudes for Np which are higher than that in NUREG-1465 for the cerium
group. The varidbility in the rdease estimates for the semi-volatile and refractory
nuclides reflects the large uncertainties associated with these fisson product groups.
These changes as recommended by the pane are independent of fud burnup and are
aso gpplicable to fuels a lower burn-up leves.

4.  The changes in the recommended releases for the late in-vessel and the ex-vessel
phases follow the observeations as noted earlier for the in-vessdl phase, where
generdly, no burnup dependence was noted. The most notable change is due to
higher potential for reveporization for haogens, tdlurium and noble metad groups,
which are dso expected to be gpplicable to lower burnup levels The varidions in
the pand recommended releases for the semi-refractory and refractory nuclides as
compared to NUREG-1465 reflect the genera uncertainties associated with the
release of these nuclides during core-concrete interactions, and are not indicative of
expectations for any sgnificant burnup dependence.

" Fission product Zr was moved from the lanthanide group dueto very low volatility and the tetravalent
nature of Zr
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412 BWRs

The panedl recommended source terms to the containment for BWRS, were developed
consdering the differences in BWRs and PWRs that can impact the progresson of severe
accidents, radionuclide releases and their trangport characteristics.  The recommended
changes to the NUREG-1465 rdeases into BWR containment are aso greatly influenced
by factors such as the indghts from the more recent experimental data, and the impact of
new fud design, and not by differences due to the higher fud burnup.

The results of the pand recommendation for BWR high burnup fud as liged in Table
3.11 show that:

1. The release durations ae not conddered to be congderably different from the
esimates in NUREG-1465, and the rationae for the shortened duration for the gap

release, and subsequently longer duration for the early in-vessd phase follows that
for PWRs discussed earlier.

2. Asfor PWRs, an increase in the gap release, as compared to NUREG-1465, isdso
noted for the noble gases and the tellurium groups.

3. The fisson product releases in the early in-vessel phase show changes as compared
with  NUREG-1465 for dl the fisson product groups, except for the
barium/srontium  group. These changes reflect more recent  experimentd
observations and the current expectation for more incomplete core degradation prior
to vessel breach. Note that the range of recommended releases are Smilar to those
for PWRs as shown in Table 3.1, except for tellurium group, where a lower estimate
for invessd release is recommended by the pane (NOTE TO PANEL MEMBERS
— Please provide the rationde for this lower rdlease of Te in BWRS). Here again, the
recommended changes are not influenced grestly by the change in fud burnup,

rather by the more recent experimental evidence and results of current code
caculations

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 generdly, no
sgnificant burnup dependence was identified. The most notable changes are due to
higher potentia for revaporization of the haogens, the tdlurium and the noble
metal groups, which are aso expected to be agpplicable to lower burnup levels. As
for PWRs, the variaions in the pand recommended releases for the semi-refractory
and refractory nuclides as compared to NUREG-1465 reflect the generd
uncertainties associated with the release of these nuclides during core-concrete
interactions, and ae not indicative of expectations for any dSgnificant burnup
dependence.

Energy Research, Inc. 49 ERI/NRC 02-202 (DRAFT)



42  MOX Fues

An gpproach has been proposed to caculate the source term to containment for an entire
core containing mixed oxide and low enriched uranium fud assemblies (see Section 34
for detalls). 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 reease fractions for the MOX assemblies can follow the pand source
term recommendations listed in Table 3.12.

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

In generd, the duratiion of rdease for the various phases are essentidly identicd to the
LEU fuds, with the generd 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 312 shows tha some pand members concluded that there was insufficient
information upon which to base an informed opinion; therefore, these pand members did
not provide specific recommendations for the reease fractions for other than the more
volatile radionuclides. The pand members noted that dl the noble gases, hdogens, dkdi
metas and tellurium group are released from a MOX fud. Thus, it was possble to make
judgments as to the phase in which they were rdeased. For the remaning radionuclide
groups, only fractiond releases occur and the database was deemed insufficient to
support a specific release fraction.

In generd, the pand concluded that the gap release fractions are amilar or dightly higher
than those for LEU fuds.

The degree of variability in the recommended release parameters for noble gases,
haogens, and dkai metds are not vastly different from those for PWRs and BWRs usng
LEU fuels. Nevertheess, some of the pand members were of the opinion that higher in-
vessd releases (and faster rate of releases) are expected for MOX fuds as compared with
LEU fuds Note that some of the identified uncertainties are not specific to MOX fuds
and are equaly applicable to LEU and high burnup fuels (i.e, lack of data for effects of
revgporizetion and ar ingresson, which impact lae invesse releases). The largest
quantitative differences are noted for telurium, where the effect of zirconium-nicbium
(M5) cladding for MOX fuds is the mogt notable reasons listed by the pand members for
the higher rdease fractions. In addition, there is a generd opinion that there will be a
higher concentration of the reactive forms of tdlurium in the reease, causng a
ggnificant fraction of the release to be deposted on reactor coolant system structures,
with a higher propengity for late revaporization (late in-vessal phase).
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The uncertainties in the rdlease of semi-volatile and refractory species are stated as being
veay lage, hampering the &bility of the pand members to recommend estimates of
quantitative relesse fractions with any confidence.

Findly, there is a generd expectation tha the physcd and chemicd forms of the revised
source terms as defined in NUREG- 1465 are gpplicable to high burnup and MOX fuels.

43 Pand Recommendations on Research Needs to Confirm Changes to the
Revised Source Term

The limitations of the andyds and the avalable data make additiond research to confirm
the pand’'s edimaes important. This section provides a summay of the specific
recommendation by the pand members for research needs to confirm changes to the
revised source term, as developed in the present report.

The following gpecific research recommendations are extracted from the letters
reproduced in Appendix B, and ranked in accordance with the following prioritization
scheme:

(NOTE TO PANEL MEMBERS. PLEASE CHANGE THIS PRIORITIZATION
SCHEME AS NEEDED. THERE MAY BE A NEED TO ITERATE ON THIS
SCHEME BEFORE WE SETTLE ON A FINAL PRIORITIZED LIST)

High Priority — Research is required to develop confidence in the edtimated
releases to containment.

Medium Priority — Research, if conducted, should hdp reduce some of the
uncertainties in releases to containmen.

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

NOTE TO PANEL MEMBERS: PLEASE PROVIDE YOUR RECOMMENDATIONS
FOR RANKING. PLEASE REFER TO ITEM NUMBER, WHEN MAKING
RECOMMENDATIONS FOR RANKING. ALSO, PLEASE ADD TO THE LIST OR
EXPAND ON THE SPECIFIC RECOMMENDATIONS, AS APPROPRIATE (THIS IS
ESPECIALLY IMPORTANT FOR THOSE PANEL MEMBERS THAT HAVE NOT
YET SENT USTHEIRLETTERS)

High Priority

1. Vdidaton of accident andyss tools (i.e, MELCOR, VICTORIA) by comparison
of predictions with results of mgor source term tests (eg., PHEBUS-FP, VEGA
and VERCORS with fud of various burnup levels and MOX fud) is needed. These
comparisons that will lead to improvements and ultimaidy vdidaion of the
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computer codes are essentid steps before analyses of significant accident sequences
using accident anadysistools.

Experimentd invedigation of in-vessd core degradaion following vessd falure is
important in verifying the impact of ar-ingresson on producing radicaly different
source term (eg., veificaiion of the Canadian tests showing a nearly complete
releese of radioactive ruthenium in ar). This is dso an important issue for the
assessment of spent fuel pool accidents, fud trangportation and dry cask storage of
fud.

Acquire any avalable database on fisson product reesse rates from high burnup
and MOX fuds, in order help the pand to update the pand recommendations
included herein. This data will dso hdp to parameterize the avalable fisson
product release models in the systems codes used to andyze reactor accidents (see
item 1 above).

Fud burnup is expected to have an impact on the fud mdting point and fud
liquefaction process. The interaction of mdting dadding with the fud can be
affected by the development of a redtructured ‘rim’ region and by the formation of a
dgnificant oxide layer on the inner surface of the dadding. Perhgps of more
dgnificance is the posshility that the degradation of high burnup fud will involve
‘fud foaming' rather than fud candling as observed with fud a lower burnup
levels. This could change the core degradation process and consequently the release
of fisson products from the degrading fud in quditative ways that cannot be
gopreciated by smply extrgpolating the results of tests with lower burnup fud.
Therefore, experimental invedtigation of fud & high burnup, and with cladding
materid that indude tin and niobium (Zirlo) or zirconium-niobium-tin dloys (M5),
are essentid in confirming the radiological release characterittics (eg., effects of tin
in M5 cdadding on telurium release) of fuels a high burnup and with new cladding
meaterid.

Revaporization is an important dement of the revised source term as documented in
NUREG-1465 and the present report. The actua magnitude of the revaporization
component depends on the vapor pressures of the deposited radionuclides and these
vapor pressures depend on the chemica form of the deposted radionuclide.
Unfortunatedly, there is a limited underdanding of the chemicd forms of the
deposited radionuclides. Consequently, empiricd data ae required on the
vaporization of deposted radionuclides for comparison with predictions of modes
of the revaporization process.

M edium Priority

6.

Assess the oxygen potentia of MOX fuel in order to develop a better understanding
of the chemica forms and volatility of various reeased condituents.
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7. Paform separate-effects tedts to resolve the issues of tdlurium rdease in
paticular, the potentid dependence of telurium reease on the interaction of
tellurium with zirconium in the dladding needs to be assessed experimentaly.

8. Teds of core degradation with MOX fud in order to assess damage progression
behavior. These tests need to be done with fud rod bundles to investigate the fud
liquefaction, fud relocation and fisson product releases during the degradation
Process.

9. Applicadility of MOX data and models needs to be established. In particular, the
differences, if any, in the fud degradation behavior between the MOX fud tha has
been prepared with reactor-grade plutonium dioxide to the fud tha has been
prepared from weapons-grade plutonum dioxide (of primary interest in the United
States), need to be assessed, andyticaly and/or experimentaly.

10. Assess the accident sequence-specific aspects of releese by consdering therma-
hydraulic conditions other than low-pressure LOCA events in developing revised
source terms for licenang gpplications.

11. Andyses of risk dgnificant accident sequences in reectors fuded with MOX that
follow a sysematic code assessment process as recommended earlier for high
burnup fuels.

Low Priority

12. The redructuring of high burnup fud in the peripherd regions was identified as an
issue that could lead to higher ggp inventories of volatile radionuclides and higher
rdlease fractions of noble gases in the ‘gap reeas? phase of an accident.
Information on the gap inventories of fisson gases (Xe and Kr), certanly, and
possbly volatle radionuclides (Cs, I, and Te) and maybe even moderately volatile
radionuclides (Ba, Sr, Sh, Mo) might aso be derived from work being done in the
Haden program on fues taken to high burnup levels. If loss of coolant accident
(LOCA) tests of high burnup fud are to be done, some effort should be made in
these tedts to vdidate the predictions of the expert pand with respect to the gap
releases including the prediction that the gap releases of cesum and iodine would
not be affected sgnificantly by high burnup Tess with longer rods will adso provide
information on the longer term fraction of the gap release fraction.

13. The understanding of fisson product release during core debris interactions with
concrete is farly complete. Refinement of this undersganding and the predictions of
the release are not crucid for the revisons of the accident source term. This is true
if for no other reason because the releases a this late sage of an accident are
seldom used. Nevertheess, some of the known shortcomings of the codes used to
predict the releases of fisson products during core debris interactions with concrete
should be addressed.
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14. The only BWR core damage progression test to date was DF-4. Yet one-third of the
US. fleet is BWR. Gengrdly, it is thought that BWR core damage progresson
phenomena can differ from PWRs (eg., candling of mdt vs. forming a crucible,
different control rod materids, larger amount of Zr which could make the accident
environment more reducing, lower power dendty). While these differences may not
meke BWR rdeases subgsantidly different from PWR releases (NUREG-1465
BWR releases do not differ from PWR releases other than a smdl difference for
iodne and cesum), to the extent that additiond Phebus tests are beng
contemplated, it makes sense to consider having one of these tests be for BWR fuel.
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Dr. Bernard Clément Ingtitut de Protection et de SOrete Nucléaire (IPSN)
Dr. James Gieske Consultant

Dr. David E. Leaver Polestar Applied Technology, Inc.

Dr. Thomas S. Kress Consultant

Dr. DanaA. Power Sandia National Laboratories (SNL)

A.2  Facilitator
Dr. Brent Boyack Los Alamos Nationa Laboratory (LANL)
A.3 Vitaeof Panel Members

Bernard Clément
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James Gieske
TO BE PROVIDED
David Leaver
TO BE PROVIDED

Thomas S. Kress

Thomas S. Kress is past charman of USNRC's Advisory Committee on Reactor
Safeguards (ACRS) and is currently serving his third term on tha committee. He
acquired a BS and MS in Mechanicd Enginegring and a PhD in Engineering Science
from the Univerdty of Tennessee. Before his retirement in 1994, he worked for 35 years
in various capacities a Oak Ridge National Laboratory (ORNL) where he was involved
in desgn and safety aspects of LWRs, LMFBRs, Molten-Sat Reactor, Gas-Cooled
Reactors, and Space Nuclear Applications. For several years, he managed ORNL'’s
Severe Accident Programs for NRC which dedlt with al 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 specid source term
report for CSNI. He was a technica expert dicited for NUREG 1150 and helped NRC
develop NUREG-1465 (the current LWR design basis source term). He served as a
technica expert for IAEA’s evduation of the Chernobyl accident and, more recently,
helped develop an IAEA TECDOC on design basis source terms for future LWRs.
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with concrete. In 1991, Powers became the acting Manager of the Nuclear Safety
Depatment at Sandia that was involved in the study of fisson reactor accident risks and
the devdopment of plasma-facing components for fuson reactors. In this capacity, he
supervised the development of the VICTORIA modd of fisson product reease and
trangport in reactor coolant systems under accident conditions. Powers has dso worked
on the Sysems 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 Scientis at Sandia in 1997. Dr.
Powersisthe author of 103 technicd publications.

From 1988 to 1991, Dr. Powers served as a member of the Department of Energy’s
Advisory Committee on Nuclear Fecility Safety (ACNFS). In 1994, he was gppointed to
the Advisory Committee on Reactor Safeguards (ACRS) for the U.S. Nuclear Regulatory
Commission. He was Vice Chairman of the ACRS in 1997 and 1998. He was eected
Chairman in 1999 and 2000. In 2001, Dr. Powers received the Digtinguished Service
Awad from the US Nuclear Regulatory Commisson. Dr. Powers has served on
committees for the National Research Council involved with the safety of Department of
Energy facilities and the nudear safety of reactors in the former Soviet Union. He has
been an ingructor for courses on reector safety and accident management held by the
Internetional Atomic Energy Agency in severd countries.
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APPENDIX B:

PANEL RECOMMENDATIONS ON RESEARCH NEEDSTO
CONFIRM CHANGESTO THE REVISED ACCIDENT SOURCE TERM
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Mr. Jason Schaperow February 27, 2002
U.S. Nuclear Regulatory Commission

Mail Stop T-10-K-8

Washington, DC 20555

Re Resear ch Needsto Confirm Revisions to the Reactor Accident Source Term
Dear Mr. Schaperow:

Over the lagt severd weeks our pand has been developing revisions to the reactor
accident source term described in NUREG-1465. This effort to develop revisons to the
reactor accident source term were prompted by interest in having source terms gpplicable
to conventiond reactor fuel taken to high burnups (55 to 75 GWd/t) and to mixed-oxide
fud (MOX) made with weapons-grade plutonium dioxide. In formulaing the revisons,
however, atention was aso given to the changes in our understanding that have come
about because of mgor experimentd investigations of fisson product behavior under
reactor accident conditions such as the PHEBUS-FP program, the VERCORS tests, and
VEGA teds. The assessments were done, however, without the benefit of accident
sequence andyses using accident anadlysis modes vdidaied by comparison to pertinent
tests involving fud taken to higher burnups or MOX.

Members of the pane developing the revisons to the NUREG-1465 source term have
attempted, then, to mentally integrate the results of specific, recent, tests to predict source
terms during accidents a nuclear power plants. They have extrgpolated phenomenology
of core degradation known from sudies of fue taken to modest levels of burnup to
predict the source terms from fud burned to levels in excess of about 60 GWdit. The
paned membes have adso extrgpolated the behaviors of conventional fuds with
conventiond  Zircdoy dadding to edimae the behavior of mixed oxide fud with
zirconium-niobium (M5) cladding.

The limitations of the andyss and databases avaladle to the expert pand make research
to confirm the pand’s estimates important. | outline below what | believe to be important
confirmatory research to undertake to subgantiste the experts recommendations for
changes to the reactor accident source term. | present these suggestions for research in
approximate priority order beginning with the highest priority tasks In deveoping the
priorities, | have been aware that the more used portions of the accident source term are
the gap releases and the invessel releases. | have aso recognized that nearly dl reactors
now plan to take fued to very high leves of burnup (at leest 60 GWd/it and perhaps,
someday, as high as 75 GWd/t), whereas only two reactors now plan to use mixed oxide
fud. A different approach to the prioritization could dter the order of the list. Especidly
the priority of work on mixed oxide fud issues could be changed if different criteria had
been used.
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Task 1: Validate accident analysis tools by comparison of predictions with results
of major sourceterm 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 his source term was published. These tools
have not been validated, however, by comparison of ther predictions with the results of
maor tess in the PHEBUS-FP program including the recent FPT-2 tes 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 fud of various burnups and mixed oxide fud
fabricated with reactor-grade plutonium dioxide need aso to be done. These comparisons
that will lead to improvements and ultimaey vdidation of the computer codes are
esentid  deps before the next high priority, confirmatory research task - andyses of
ggnificant 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 integra
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 modds of radionuclide release from the degrading fud.

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
dggnificant concern snce so few data directly applicable to accidents in boiling water
reactors are available. This concern is being ameiorated in recent years as fud and fud
configurations used in boiling water resctors have evolved to become more like the fud
and fud configurations found in pressurized water reactors. An gpproximation that has
been made in devedoping the recommendations that follow is that boiling water reactor
gpecific data are not needed. That is, phenomenological tests recommended below will be
suiteble for vaidating codes for andyss of accidents in either pressurized water reactors
or boiling water reactors. Explicit vadidation of this assumption is probably needed at
some point.

! R.O Gauntt, et al., MEL COR Computer Code Manuals, NUREG/CR-6119, VVolumes
1 and 2, SAND 2000-2417/1,2, Sandia National Laboratories, Albuquerque, NM,
December 2000.

2 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 Nationa Laboratories, Albuquerque, NM, December 1998;
T.J. Heames, et d., 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.

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



Task 2. Reanalyze risk significant accident sequences using the validated accident
analysistools.

The origind NUREG-1465 accident source term was developed based on examination of
a variety of accident andyses most of which were done with the old Source Term Code
Package. Smilar sats of analyses obtained using improved, vdidated andytic tools need
to be the basis of the revisons to the accident source term. One redly must use accident
andyses to define the source terms rather than the results of teds. Reeases of
radionuclides depend on time and temperature as well as accident phenomena. The times
and temperatures of reactor accidents are not usudly mimicked in tests to the accuracy
needed to edtimate source terms. Crucia issues that need to be consdered in these
andysesinclude:

. fraction of the core that remains within the core region following rupture of the
reector pressure vessd; this will have dgnificant implications on the nature of
the source term following vessd rupture.

. evidence from tha the tests that fud relocation, gas flow and gas compostion
ae as important as fue temperaure in determining the rates of radionuclide
releases.

. maximum temperatures reached by fud prior to liquefaction and relocation
which will have important ramifications on the rdease of the more refractory
radionuclides.

. development of regions and periods of steam davation in the core region
which will affect the vaporization of dkadine eaths (Ba &) as wdl as
refractory radionuclides such as Ce, Pu, and La.

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

. duration of core debris retention in the reactor pressure vessd.

An important outcome of these andyses will be determingtion of the need to draw
additiond didinctions within classes of radionuclides such as the didinctions drawn
between Mo and Ru in the noble meta group and between Ce and Pu in actinide group.
Predictions of prolonged retention of core debris within the reactor vesse might
necesstale some changes in the timing of the accident source term and even the
definition of new regimes of release.

Task 3: Experimental investigation of invessel cor e degradation following vessel
rupture.

Modern accident anadyses appear to predict with great consstency that a substantial
fraction of the reactor core remains within the core region after reactor pressure vessdl
falure. The degradation of this resdua fud following penetration of the reactor vessd
by core debris has been the subject of some speculation recently but little detalled
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andyss The degradation of this fud is often known as the ‘air ingression’ issue® because
it is likdy that ar will interact with this fud following vessd falure. Air interactions
with the resdud fud has the potentid of producing a radicdly different source term
based on results of tests in Canada showing nearly complete release of radioactive
ruthenium in ar®. But, we suspect that there is a competition between the rate of fue
liquefaction by interaction with molten cdadding and fud oxidation leading to extensve
releases of ruthenium and tdlurium. Competition arises because the reection of ar with
the fud cladding produces so much heat tha it is possble tha the fud will mdt and
relocate from the core region before there is an opportunity for extensve fud oxidetion
and rdeases of radioactive ruthenium and telurium. This competition probably cannot be
reolved based drictly on andyss. Experimentd invedtigations will be needed.
Experimental studies of this later phase of the core degradation process would not
ordinarily rise so high in priority, but ar interactions with fud are adso important to
issues of spent fud pool safety, fue transportation and dry cask storage of fue. These
needs in combination with the dgnificant potentid change in the ex-vessd dtage of the
accident source term, experimental studies of core degradation in ar are recommended
with high priority.

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

The purpose of this task is to assemble data suitable for the parameterization of models of
fisson product rdleese used in accident analyss codes to account for the effects of
elevated burnup. To be useful, the data must be for fud that has sufficiently high burnup
that a dgnificant ‘rim’ region of restructured fue has developed. This typicdly means
that the fuel pellet average burnup must exceed about 55 GWd/it and should preferably be
in excess of 70 GWd/t. The data that are most useful are for semi-voldile and low
volatile fisson products. (Volatile fisson products such as Cs and | ae essentidly
completely released by fud that is heated to the point of liquefaction and relocation.
Details of the release rates for these volatile species are, then, less crucid to e accurate
edimation of release fractions for the revised accident source term.) The best data will
involve a least two temperature plateaux where substantiad release occurs so that
temperature dependencies can be determined.

Task 5: Experimental investigations of core degradation with high burnup fud.

The profound, quditative differences between the degradation of unburned uranium
dioxide fud and fud tha has been taken to burnups of 30-40 GWd/t have been

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

* F.C. Iglesias, C.E.L. Hunt, F. Garisto, and D.S. Cox, “Measured Release Kinetics of
Ruthenium from Uranium Oxidesin Air”, Proceedings I nter national Seminar On

Fission Product Transport Processes During Reactor Accidents, JT. Rogers, editor,
Hemisphere Publishing Corp., Washington, D.C., 1990.
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remarkeble. Even though burnup only modestly affects the mdting point of the fud,
burnup very serioudy dffects the liquefaction of the fud. Smilar quditative changes in
the degradation of fuel that has experienced very high burnup are possble. Clearly, the
interaction of mdting cdad with the fud can be affected by the devedlopment of a
redructured ‘rim’ region and by the formaion of a dgnificant oxide layer on the inner
surface of the cladding. Perhgps of more dgnificance is the posshility that the
degradation of high burnup fud will involve ‘fud foaming rather than fud candliing as
obsarved with fud a lower burnups. Fud foaming even if it is important only for
trangent periods could change the core degradation process and consequently the release
of fisson products from the degrading fud in quditative ways that cannot be appreciated
by smply extrapolating the results of tests with lower burnup fud.

The suitability of the fud for tests of high burnup fud degradaion are smilar to those
mentioned above. That is, the fud mugt have a wel-developed ‘rim’ dructure. Tests with
fud 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 Zircdoy dad fuel. It agppears that many licensees are migrating toward
cadding dloys involving both tin and niobium (Zirlo) or zirconium-niobium dloys (M5).
Tedts of core degradation with high burnup fud should be done with a type of cladding
that will get widespread use in the future.

Task 6: Analysisof accident sequencesinvolving high burnup fuel.

Once reliable, vaidated accident andyss models are available, a range of representative
accident sequences must be andyzed to devdop 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 dso include the
range of paterns for loading fuels of various levels of burnup into the reactor core. An
effort must be made to identify those things that quditatively affect the progresson of
core damage and the releases of fisson products to the containment.

Task 7: Revaporization Tests

A sge feature of the NUREG-1465 source term is the recognition that fisson products
deposited in the reactor coolant syssem my revoldtilize later in the accident. The inclusion
of this long-term, late source of radionuclides to the containment has been based on
andyses. The actud magnitude of the reveporization source term will depend on the
vapor pressures of the deposited radionuclides and these vapor pressures depend on the
chemicd form of the deposted radionuclide Unfortunatdy, we have a limited
understanding of the chemicd forms of the deposted radionuclides. Experimenta
determination of the chemicd forms of radionuclides on surfaces is quite difficult
because concentrations can fal below the limits of common methods for determination of
chemicd form. Consequently, empiricd data ae required on the vaporization of
deposited radionuclides for comparison with predictions of modes of the revaporization
process.
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The tests that ae needed involve heating deposts of radionuclides from prototypic
surfaces in flowing amospheres of the type to le expected in the reactor coolant system
late in accident sequences. Such amospheres could be quite oxidizing if the reactor
coolant sysem has been penetrated by core debris and ar circulates by natura
convection through the reactor coolant system. Temperatures that need to be investigated
are modest and certainly do not exceed the mdting point of sted or even the temperatures
a which heavy sections of sted creep rapidly.

Fortunately, it is probably not necessary to develop new test plans for the study of
revaporization. Some revaporization tests are planned for the PHEBUS-FP program.
Asauming that these tests do not fdl victim to limitations of the budget, the tests should
involve the revaporization of radionuclides from rather prototypic mixtures of deposited
materids. It is, however, dill important that once these test results come avalable tha
they are compared to predictions of models and appropriate adjustments to the models be
made. Then, the modds have to be used to predict the reease fractions from
revaporization in risk sgnificant accident sequences.

Task 8. Separate-effectsteststoresolvetheissuesof tellurium release.

The release of tdlurium from degrading reactor fud remains a mydery. Based on its
physicd and transport properties, tdlurium should be as voldile as cesum and iodine
from overheated reactor fud. It is found, however, in some tests that tellurium release is
gredly inhibited - as though it were interacting with the clad and would not release until
the clad has been extensvely oxidized. In other teds, it gppears that telurium is bound
within the fud marix in some form tha exhibits limited voldility. In the recent
PHEBUS-FP teds, there is evidence of rather extensve telurium release, but this relesse
may have been deayed ether until sufficient cladding oxidation has occurred or until
aufficient fud oxidation or degradation has occurred.

It appears some experimenta resolution of this date of limited understanding of tdlurium
rdlease is required. The need for this resolution may be even greater if there is an
evolution within the nudear industry away from dadding with high tin content to
cladding made with zrconium dloyed with dements that interact less srongly with
tdlurium than tin.

Task 9:  Acquireany test data on the release of fission productsfrom MOX fuel.

The purpose of this task is to provide the data needed to parameterize the modes of
fisson product release to account for the unique feeture of mixed oxide fud (MOX). The
requirements for useful data are smilar to those discussed for a amilar task in connection
with high burnup fud (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) releases occur so that temperature dependencies
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can be determined. At least some useful data are available from the VERCORS progran®
underway in France, though it may be necessary to obtain additional data to properly
parameterize the models of release especiadly for the releases of actinides such as Pu, Cm,
and Np. Rdeases of these actinides have been the subject of some public concern over
the plan to use MOX in commercia nuclear power plants’.

Task 10: Testsof core degradation with MOX fud.

There are not test data now on the degradation of MOX fudl 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 possble that degradation of MOX
could be quite different than the degradation of conventiona reactor fuels. Indeed, MOX
may be more susceptible to fud foaming types of degradation than candling degradation
because of the high gas content of locdized, plutonium-rich regions of the fud. Such
quditative changes to the degradation process will affect the release fractions of fisson
products in a systematic way. Tests are needed, then, of the degradation of MOX. Such
tests need to be done with fud rod bundles to investigate the liquefaction and relocation
of fuel. Fisson product releases during the degradation process need to be monitored.

Task 11: Applicability of MOX data and models.

Data on fisson product rdease from MOX fud and degradation of MOX fud will come,
amost 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 gze didribution of plutonium dioxide rich particles within the fud to be used in
the US will be different than the sze didribution of particles in fuel prepared in Europe.
Anayses 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 fud of primary interest. Whether
this task can be done andyticaly or requires prototypic testing redly cannot be
adjudicated until there are more data on some types of MOX fud and some better
phenomenologicd 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 is much like task 6 for high burnup fud and task 2 for generd changes to the
source term. Once rdigble, vaidated models of core degradation involving MOX and

® P.P. Magouyres, M.P. Ferroud-Plattet, G. Ducros, C. Poletiko, M. Tourasse, and D.
Boulaud, “Influence of MOX Fud in Fission Product Release Up to Metdown
Conditions’, Communications at the NURETH 9 ANS Meseting.

® E.S. Lyman, Public Health Consequences of Substituting Mixed-Oxidefor
Uranium Fud In Light-Water Reactors, Nuclear Control Ingtitute, January 21, 1999.
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fisson product rdease from MOX are available, these codes must be used to andyze
representative accident sequences for the plants that will use the MOX. This task is
amplified 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 condder a range of patterns for the loading of MOX into the core, perhaps a
range of MOX concentrations in fud, and ranges of fud burnup. The anadyses of the
representative accident sequences will provide the informaion in which a meaningful
accident source term can be derived.

Task 13: LOCA testswith high burnup fud.

The expert pand agued that restructuring of high burnup fud in the peripherd regions
should lead to higher gap inventories of volatile radionuclides and higher release
fractions of noble gases in the ‘gap releasg phase of an accident. Information on the gap
inventories of fisson gases (Xe and Kr), cetanly, and possbly volatile radionuclides
(Cs, I, and Te) and maybe even moderately volatile radionuclides (Ba, S, Sb, Mo) might
adso be deived from work being done in the Haden program on fuds taken to high
burnup levels. But, inventories are not eadly trandated 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 tedts to validate the predictions of the expert pand with respect to the
gap releases including the prediction that the gep releases of cesum and iodine woud not
be affected ggnificantly by high burnup. Such vdidation 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 edimate the loss of inventory. It may not matter whether tests
are done with dngle rods or with multiple rods. More important will be the length of the
rod. The gap release is composed of a prompt inventory venting and a longer term gap
diffuson fraction. Releases from short rods will be dominated by the inventory venting.
Tess with longer rods will dso provide informaion on the longer term fraction of the
gap release fraction.

Task 14: Upgrade modds of fission product release during core debris interactions
with concr ete.

The underganding of fisson product release during core debris interactions with concrete
is farly complete. Refinement of this understanding and the predictions of the release are
not crucid for the revisons of the accident source term. This is true if for no other reason
because the releases a this late stage of an accident are seldom used. Nevertheless, there
are some nagging anachronisms in current codes used to predict these releases of fisson
products during core debris interactions with concrete. For example, it is known that the
exiging models underpredict the releases of ruthenium observed in tests because of
inaccurate partitioning of ruthenium among the phases of core debris and omisson of an
important vapor species. The codes may aso overpredict the releases of dkaine earths
(Ba and &) because of improper activity coefficients. If resources are available some
limited effort to correct these code deficiencies should be undertaken.
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Sincerdly yours,

Dana A. Powers

Senior Scientist

Nuclear and Risk Technologies
Center

Sandia Nationa Laboratories
Albuquerque, NM 87185-0744

CC:
R. Gauntt, SNL
RY.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 paned addressing the NUREG-1465 update for high burnup
and mixed oxide (MOX) fuels, it was requested that paned members submit a letter
discussing research needs. This letter is to provide my thoughts on this matter. In
preparing this letter, 1 have received input from or discussed this subject with Duke
Energy, the Electric Power Research Inditute (EPRI), and Poletar people with
experience in source term phenomena

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

(1) Daa 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

Observations on Short-Term Resear ch

In the first category, there are severd issues which have been discussed by the pand and
which warrant discusson here:

French MOX fud fisson product release data From information presented by the French
representatives, it is evident that there are Sgnificant 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 pand should have the benefit of reviewing this data before concluding its work on
the NUREG-1465 update if at dl possble. Tables for RT 1, RT 2, and RT 7 amilar to the
HT 1 table entitled, “VERCORS HT1: FP release baance” which was in the French
presentation would be very useful.

Oxygen Potentid of MOX Fuel  Figure 2. of reference [1] shows oxygen potentid vs.
temperature for LEU fud materids. While ggnificant differences are not expected, it
would be useful to make some egtimates of how the oxygen potentid for MOX fud (i.e,
PuO, rich agglomeraes in a UO, matrix) compares with this figure. As fud damege
progresses, oxygen potential of the damaged fue is determined by the H/H,O ratio in the
gas ace in the core region. Assuming chemica equilibrium exiss a the high core
region temperatures, oxygen potentids required for formation of oxides of various core
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materials can be used to assess fisson product chemicd form. The chemicd form of a
materia (metd vs oxide) affectsits voldility.

Phebus FPT-2 data Phebus FPT-2 was performed in October, 2000. While data andysis
takes dgnificant time, perhaps a quick look report of FPT-2 release data could be made
avalable to the pand in the next fev months One interesing qudlitative observetion
from FPT-2 isthe 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 gpplicability of French MOX source term data, which is
for RG MOX, to the U.S. Materid Dispostion program which will use WG MOX. The
following is noted regarding RG MOX vs. WG MOX:

Per reference [2], the MOX fud fabrication process (master blend mix) will be
adjused for WG MOX fud to produce plutonium-rich particles with gpproximately
the same fissle content as RG MOX plutonium-rich particles, consstent with the
European experience base. Thus the fisson densty and the fisson product inventory
will be the same in WG and RG MOX.

The WG MOX fud composition and neutronic performance tends to be in between
that of RG MOX and low enriched uranium (LEU) fud. This is illusrated in Fgures
7410 7.8 inreference[2].

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

The DCS Fud Qudification Plan incdludes a WG MOX fud lead assembly program —
prototypicd WG MOX fue assemblies in one of the McGuire or Catawba reactors.
The plan cals for irradiation of a leest one assembly for three cycles (burnups in
excess of 50,000 MWD/t), and hot cel PIE approximaey one year following the
third cycle. The hot cdl PIE is intended to be confirmatory in nature — i.e., the NRC
would issue alicense for batch-scae irradiation of MOX fue 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 additiona research in te short-term. The
ATR and MOX fud lead assembly programs should be monitored to confirm that the
datado not indicate significant differences between WG and RG MOX fud.

Observations on L onger-Term Resear ch

Effect of M5 Clad Materid The MOX fud assembly design will employ M5 cdadding.
M5 is an advanced bi-medlic (zirconium-niobium, no tin) cladding materid. There was
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gpeculation at the last meeting regarding the effects of M5 clad on source term, the main
possible effect being on Terelease.

There are severd points relevant to this discussion:

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

This dad sequestering effect will not be present without tin. In this case there are
three possbilities (1) the Te is in a reactive form (dementd Te or H,Te) which
will sgnificantly increase the Te depostion velocity and thus decrease Te rdease,
(2) some of the Te reacts with other materids such as siver (for PWRs with Ag-
InCd control rods) which results in sequestering, or (3) some of the Te reacts
with Slver aerosol to form Ag,Te aerasol which behaves like SnTe

A find point is that use of M5 dad (and thus the aosence of tin) is not exclusvely
a MOX fud source term issue since M5 is being used in operating plants in the
U.S. (LEU fudl) and Europe today.

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

NonLOCA events The pand’s scope is limited to LOCA release. The gap release
fraction is a relatively smdl part of the LOCA source term, most of the release being fud
release. Thus, changes in the gap release will not have a mgor effect on the total release
for the LOCA. This is not the case for nonLOCA events (such as FHA, locked pump
rotor, MSLB, SGTR, rod gection) where mogt if not dl of the reease is the gap.
Furthermore, these non-LOCA events involve different therma conditions which can
affect rdlease FHA involves a cool rod; locked pump rotor, MSLB, and SGTR involve a
dowly heated rod; and rod gection involves a rapidly heated rod. Thus, a some point in
the future the NRC should consider updates for the non-LOCA rel eases.

BWR fud releese The only BWR core damage progression test to date was DF-4. Yet
one-third of the U.S. fleet is BWR. Genedly, it is thought that BWR core damage
progresson phenomena can differ from PWRs (eg., candling of mdt vs. forming a
crucible, different control rod materids, larger amount of Zr which could make the
accident environment more reducing, lower power densty). While these differences may
not make BWR releases subgtantidly different from PWR releases (NUREG-1465 BWR
releases do not differ from PWR relesses other than a smdl difference for iodine and
cesum), to the extent that additiona Phebus tests are being contemplated, it makes sense
to condgder having one of these tests be for BWR fud.

Energy Research, Inc. 72 ERI/NRC 02-202 (DRAFT)



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

need for a MOX fud core damage progresson test. Such a test is consdered low priority
based on the following:

The MOX fud assambly desgn is a state-of-the-at fud assembly desgn by
Framatome. A very amilar desgn (without M5) was used for more than a decade
in the McGuire and Catawba units, and is currently being used a Sequoyah. The
same dedgn (except for fud pdlet materid) will be deployed a the North Anna
units in about one year. Other than fud pedlet materid, there is nothing specid
about the fuel assembly design, rdaiveto LEU PWR fuel.

MOX fud has only smdl differences in thermd properties compared to LEU fud
(digntly lower decay heat, dightly lower thermd conductivity, dightly higher
gpecific heat below ~2300 K, dightly lower specific heat above ~2300 K, dightly
higher fue temperature). These differences would not be expected to cause
ggnificant differences in severe accident behavior of MOX fuel compared to LEU
fud.

The only aspect of MOX fud which could impact severe accident progression is
the fud pelet microstructure (i.e, the occurrence of Pu fissons in PuO, rich
agglomerates in the UO, matrix). However, this impact is expected to be minor
gnce pdlet microgructure will have little or no effect once fud mdting begins In
addition, any potentia effect of MOX fud is mitigated by the fact that the core is
predominantly LEU fud.

In any event, the VERCORS data, oxygen potentid information, and the PIE from ATR
WG MOX fud irradiaions noted above in the short-term research discusson should be
used in deciding the priority of any MOX tests.

| 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 Neshit, Duke Energy
Jack Haugh, EPRI
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