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ASSTRACY

The purpose of this report is to provide technical support for the
physically-oased source term which is proposed as the licensing design basis
fission product release from a major core accident for the Passive Advanced
Light Water Reactor (ALWR) in Volume 111, Section 5 of the ALWR Requirements
Document. While TID 14844 and evolving, related regulatory guidance have
served the industry well, a substantial body of new research motivated by the
Three Mile Island (TMI) accident is maturing, and the ALWR Requirements
Document provides an opportunity to incorporate this experience in an updated
source term. This update will provide a more rational basis for Passive ALWR
accident mitigation system designs, particularly where the designs afford
opportunities for improvement and innovation.

Great attention has been paid to accident prevention in the ALWR
Requirements Document which will reduce the 1ikelihood of core damage by an
order of magnitude or more compared to earlier LWR designs. Nonetheless, for
defense-in-depth the Passive ALWR source term is based on evaluation of a core
damage eveu, Selection of this core damage event «nd the associated
quantification £ the fissio. product release were <one in a conservative, yet
physically-based manner so as to provide significes* margin to the expected
releases, given an ALWR accident, while avoiding non-physical assumptions
which could produce mitigation system designs not well-suited to the
important accidents.

The physically-based source term presented in this report is intended
for use in ALWR design basis analysis (i.e., offsite consequence analysis per
the Standard Review Plan, Section 15.6.5, Appendix A), def iing the
radiological environment for plant systems and equipment 1.e., equipment
qualification), and evaluating the offsite dose for emer ,ency plannineg
considerations. A summary of source term results follows.

§-6C 7200004 iv
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SUMMARY OF COURCE TERM RESULTS

The results for the physically-based source term are as follows:

§-G03200- 004
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The event used to define the source term involves large scale core
damage with coro debris penetrating the reactor vessel lower head,
but does not assume a large break LOCA initiated core melt which,
on the basis of past PRAs and the ALWR design requirements and
preliminary ALWR PRA studies, is not an important accident,

The neble gas and iodine release magnitudes to containment are
roughly equal to that from current regulatory guidance.
Significant fractions of remaining elements (not included in
current regulatory guidance) are al:to released to the containment
atmosphere in the physicaliy-based source term.

Release timing for the physically-based source term occurs over a
period of hours based on the time required to lose primary coolant
invertory and the time required for core heatup and fission
product release, This contrasts with the instantaneous release
assumption it current regulatory guidance.

Fission product chemical form is defined as primarily aerosol
based on extensive analytical and experimental evidence for
conditions corresponding to ALWR core damage sequences. This
contrasts with regulatory guidance which includes very little
fission product aerosol.

Natural fission product (primarily aerosol) removal processes in
containment are credited based on extensive analytical and
experimental evidence. Such processes are not addressed in
current regulatory guidance since the current regulatory source
term has so little aerosol.

Modest credit for fission product retention in secondary buildings
is taken, again based on analytical and exrerimental evidence, and
building design requirements. Such credit is addressed in current

v



regulatory guidance for plants with active secondarv building
filtration systems, whereas the ALWR approach involves natural
removal and holdup.
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1. INTRODUCTION

1.1 Background

The purpose of this repert is to provide technical support for the
physically-vased source term which 1. proposed for the Passive Advanced Light
Water Reactor (ALWR). As specified in Volume 111, Chapter 5, Section 2 of the
ALWR Requirements Document,'' a physically-based source term shall be used as
the design basis for passive plant accident mitigation systems. Volume 111,
Chapter 5, Appendix B of the Requirements Document defines the physically-
based source term, and this report provides supporting technical details. The
report nas been prepared by the Department of Energy (DOE) - sponsored
Advanced Reactor Severe Accident Program (ARSAP) in support of the
Utility/Electric Power Research Institute (EPRI) ALWR Program.

1.2 Qbjectives In Developing a Physically-Based Source Term

The Passive ALWR source term is based on evaluation of a core damage
event which is defined for purposes of estimating the source term and which
results in a conservative, yet physically-based source term for the important
sequence types for a given standard plant design. Figure 1-1 provides a
qualitative comparison of the physically-based source term with the current
10CFR Part 100 source term which is based on TID 14844, "7

The ALWR Utility Steering Committee (USC) has two main objectives in
developing a physically-based source term for the passive plant. The first is
to factor in the source term experience of the nearly 30 years since TID-14844
was cited as a guideline document in 10CFR Part 100 and the 12 years since the
Thiee Mile Island (TMI)-2 accident. The second objective is to provide a more
rational basis for Passive ALWR accident mitigation system design.

With respect to the first objective, the industry has used TID 14844 as
the basis for fission product release in the source term used for s¢iting dose
and other applications since the early 1960's. While TID 14844 and related
regulatory guidance have served the industry well, resulting in a strong
containment and associated engineered systems for accident mitigation, much

§-G03200- 004 11
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has been learned from the evaluation of the TMI-2 accident and subsequent
severe accident research. The ALWR Requirements Document, with its emphasis
on ALWR safety being based on the best available techn'cal information,
provides an idea)l opportunity to incorporate this exper.ence.

With respect to the second objective, use of a physically-based source
term will lead to design features which enhance overall safety compared to
that which would result from a non-mechanistic source term such as TID 14844,
Steam condensation driven fission product deposition, main steam isolation
valve (MS1V) leakage control, and secondary building fission product leakage
control are examples of passive mitigation functions and systems for which a
non-mechanistic source term could potentially produce non-optimal designs,

1.3 Uses of the Source Term

Design basis accident source terms are used in three ways in today's
regulations:

1. as an input to licensing design basis analysis and to
assess the effectiveness of accident mitigation
functions and systems;

to define the radiological environment for certain
plant equipment &nd systems; and

1. for siting evaluations as required by 10CFR100.'"

Even if the rulemaking currently being contemplated by the Nuclear
Regulatory Commission (NRC) staff'"* eliminates the use of the desig~ basis
source term for siting evaluations, the first two applications will remain,
The source term is intended s a replacement for TID 14844 in deriving offsite
consequences associated with the design basis LOCA required for Chapter 15 of
the FSAR. Key passive plant equipment and systems affected by the
radiological environment include the control room (i.e., habitability
considerations) and equipment inside containment which must function during
and after release of radiocactivity.

$-G03200-004 1-3
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The ALWR Program also is proposing that the physically-based source term
be applied tn evaluate dose for emergency planning considerations.

In addition to these uses other Chapter 15 analyses may also be
affected by various aspects ~¢ the proposal source term, Examples include fuel
handling accidents and transients and accidents which potential leaks are
limited to coolant and gap activity release such as main steam line break and
steam generator tube rupture. Further discussions ont he use of the proposed
source term for these purposes would be useful in determining the benefits of
pursuing these other applications.

1.4 Standard Plant Design

It 1s intended that each Fassive ALWR design be 1icensed as a standard
plant under 10CFRS2."® As noted in Section 1.6 below, design requirements
for the passive plants were considered in developing the physically-based
source term, Thus there are differences in the source terms for the
Pressurized Water Reactor (PWR) and the Boiling Water Reactor (BWR), although
these differences are not major. The differences can be accommodated in the
10CFRS2 design certification rulemaking for each standard plant.

1.5 Role of ALWR Requirements Document

As specified in Commission policy guidance, '® the Passive ALWR
Requirements Document fs Lo be the lead ALWR document for NRC -eview of the
ALWR. It is therefore expected that the Requirements Document and associated
Safety Evaluation Report (SER) wil)l be the primary vehicles for industry-NRC
dialogue and ultimate agreement on the definition of the physically-based
source term. In this manner, the important fssues associated with the
physically-based source term will be resolved well ahead of certification of
standard plant designs.

1.6 Steps in Developing Physically-Based Source Term

As noted in Section 1.2 above, the physically-based source term is based
on evaluation of a core damage event which is conservatively defined for the

§-GO3200- 004 144
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purpose of estimating the source term, Passive ALWR design requirements make
the likelihood of any core damage 2vent extremely remote. Examples of such
requirements are the greatly improved man-machine interface, passive safety
systems which do not depend on ac power and other support systems, and the
reduced need for operator action. Nonetheless, for defense-in-depth, Volume
111 of the Requirements Document specifies that containment performance under
severe accident conditions be evaluated and that a core damage event be
defined for use in developing a phvsically-based source term,

This core damage event and associated source term were defined so as to
be consistent with the Passive ALWR design requirements. This is signifizant,
since the requirements were developed to meet the ALWR safety policy that
states that, even in the event of a severe accident, containment integrity
should be maintained and the fission product release to the environment should
be very low. Accordingly, the following steps were used to define the core
damage event and associated scurce term. Several companion reports to this
report are being prepared to address in more detail the technical basis for
some of these steps. The purpose ano interrelationships of these reports is
f1lustrated in Figure 1-2.

1. Review the passive plant design requirements provided to eliminate
containment failure sequences. Iterate as necessary on these
requirements to assure that such sequences are e‘fectively
precluded through properly ergineered means (e.g., multiple,
independent, passive systems).

i Define and implement a qualitative, engineering screening
criterion, supplemented by a guantitative Probabilistic Risk
Assessment (PRA) criterion, for defining and deciding upon
functional sequence types most appropriate for containment
performance evaluatica and source term definition. This
functional sequence selection process concludes that low Reactor
Coolant System (RCS) pressure core damage sequences shouid be
selected. Appendix | summarizes the results of the selection
process.

§-G03200- 004 145
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Define the characteristics of the representative core damage
evert(s) to be used in quantifying containment performance.
These characteristics are based on the functional sequence
type(s) selected above, but are defined to produce a severe
accident containment response that will envelope that from
all accident sequences associated with the selected
functional sequence type(s).

Perform analyses of the representative core damage event in
order to assure that the 10CFRS0.34(f) steam plus hydrogen
requirement on containment loads is met (i.e., service level
C for steei containments, unity factored load for concrete
containments), and to provide thermal-hydraulic response of
the RCS and the containment as a starting point for
estimating the source term,

Define the characteristics of the representative core damage
event to be used in guantifying the physically-based source
term. These characteristics are based on the functional
accident tequence type selected above, but are defined to
produce a source term which will envelope that from accident
sequences associated with the selected functional sequence
type. Appendix ] discusses these characteristics.

Quantify the physically-based source term from the
representative core damage events so as to preduce a robust
envelope of the individual source terms from the accident
sequences associated with the selected functional sequence
type. The approach to quantification which provides this
robust envelope includes the following:

. core damage event characteristice which provide an

enveloping source term (e.g., large scale core melting,
vapor pathway from core to RCS);

1-7



. physically-based estimates of source term phenomena;

* avoiding significant credit for reductions in release
(e.g., RCS retention of only 50%) eacept where the physical
process is well understoou and uncertainties ."e not large;
and

. through a combination of design features and the quantifica-
tion, assuring that the sensitivity of the environmental
release to reasonable changes in individual arpects of the
source term are not large (e.g., early cavity/lower drywell
flood scrubs ex-vessel release even if it were to be non-
negligible).

Require the Plant Designer to use the standardized piant PRA
performed as part of design certification to check for any
hidden vulnerabilities which covld cause containment
challenges exceeding those rrom the selected accident
sequences and to confirm the physically-based source term
specified in the Requirements Document.

1.7 Margin in Physicaliy-Based Source Term

Consistent with the ALWR design philosophy described in Voiume | of the
ALWR Requirements Document, it is desired to have margin between the design
basis source term and that which would occur, given a core damage event.
However, it is al-o desi~ed that the source term be based on a physical
avaluation of a core damage event. The process described in Section 1.6 above
is considered to provide appropriate margin while retaining the physical basis
of the source term. Quantification of the individual aspects of the source
term which is summarized in Section 2 and described in detail in Section 4
reflect this margin as well as incorporating 2 physical basis.




1.8 Qrganization of Report

This report is organized along the lines of the breakdown of the
individual aspects of the source term. This breakdown is as follows:

* Definition of core demage event used to develop the
physically-based source term

. Activity release from coolant and gap
. Early in-vessel release magnitude

‘ Late in-vessel release magnitude

’ RCS retention of aerosols

. Revaporization release

« Ex-vessel release magnitude

« Chemical form

. Water pool scrubbing

. Primary containment azerosol removal

Holdup and retention in secondary structures

The core damage event iacluding thermal-hydraulic characteristics are
defined in Appendix 1 and the various individual aspects of the source term
are quantified in Section 4. The PWR and BWR integrated source terms are
presented in Section 2. Section 3 presents a comparison of the ALWR
physically-based source term with the NUREG-1150"7 expert elicitation on
source term.

$+G03200- 004 1+
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2. SUMNARY OF INTEGRATED SOURCE TERM FOR THE PASSIVE PWR
AND PASSIVE BWR

¢.1 Introduction

As specified in the ALWR Requirements Document ., ' a physically-based
source term shall be used as the design basis for passive plant accident
mitigation systems. Since each standard plant design will be different, the
associated physically-based source term will be specific to that design. This
report describes the bases for the source terms for the passive PWR and
passive BWR designed to the ALWR requirements. This section provides a
summary of each of the important aspects in deriving the source term and
specifies the physically-based source term quantitatively. Detailed basis for
each of these aspects is presented in Section 4.

The Passive ALWR source term is based on evaluation of a representative
core damage event which recults in a conservative, yet physically-based source
term for the important sequence types. As noted in Section 1, a physically-
based source term (vs. the current non-mechanistic approach embodied in the
regulations) is considered to be necessary to provide a more rational basis
for Passive ALWR mitigation system design and to incorporate the body of
source term knowledge gained in the 30 years since TID 14844%°% was issued.

2.2 (ore Damage Event for fstimating Source Term

The physically-based source term is developed from evaluation of a
representative core damage event. Passive ALWR design requirements make the
1ikelihood of any core damage event extremely remote. Examples of such
requirements are the greatly improved man-machine interface, passive safety
systems which do not depend on support systems, and the reduced need for
operation action. Nonetheless, it is necessary to assume that a core damage
event occurs in order to estimate a physically-based source term.

The core damage event defined for the purpose of estimating the source
term is not intended to be a specific, PRA core damage sequence. Rather, it
represents a more general, functional sequence with certain characteristics
estabiished to derive a conservative, yet physically-based source term, An

§-G03200- 004 241
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went representative of a more general, functional sequence type is preferred
over an individual PRA sequence since it does not depend upon the details of
specific sequences or upon precise probabilistic quantificatior of such
sequences.

Appendix 1 provides a summary of severe accident characteristics
associated with sequences selected for the purpose of establishing the Passive
ALWR source term. A complete set of functional sequence types for 1ight water
reactors was considered in identifying ihese characteristics. The functions
considered to be important in establishing containment conditions associated
with the source term are out)ined in Chapter 5 of the ALWR Requirements
Document and include the following:

Reactivity Control

Reactor Pressure Control

Fuel/Debris Coola™ility

Containment Pressure/Temperature Control
Combustible Gas Control

Containment lsolation

Containment Bypass

Taking into account the ALWR design requirements for prevention and
mitigation of severe accidents, selection of the functional sequence type(s)
that should be considered in quantifying the physically-based source term was
performed. Since multiple, independent means, at least one of which is
passive, exist to perform each or the funcifons required to assure containment
integrity in the Passive ALWR, the functional sequence type selected for the
purpose of estimating the physically-based source term was a low RCS pressure
core melt into an intact containment,

A representative core damage event was then defined based on the
individual accident cequences associated with the selected functional sequence
type. To provide margin in the physically-based source term, the
characteristics of the core damage event have been established so as to give
an enveloping, conservative estimate of the source term for these individual
sequences. These characteristics are as follows:

§-G03200-004 22
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. Chemical form;

. Scrubbing removal;
- Primary containment aerosol removal;
. Secondary building passive removal and holdup.

The core damage event timing, consistent with the above core damage
event characteristics and relevant Passive ALWR design requirements, 1s
defined in Table 2-1.

2.3 Physically-Based Source Term for ine lassive PWR
2.3.1 Coolant and Gap Relgase

Coolant activity is being addressed since it is the earliest release
into containment in the event of a LOCA. Potentially, the release of coolant
activity could govern the containment isolation time. The radioactive element
of concern is iodine. The evaluation focused on the passive PWR.

Current plant operating experience suggests that the peak plant
equilibrium fodine concentration will not exceed about 0.1 uli/g with the
average plant being much lower. For these equilibrium levels, the data
indicate that fodine spikes above 10 uCi/g are not credible. Given this
experience together with the operating performance expected for the Passive
ALWR, a reduction in the existing plant limits of 1.0 wCi/g and 60 uCi/g for
equilibrium and spiking, respectively is warranted for the ALWR., A reduced
equilibrium fodine 1imit of 0.3 uCi/g is proposed, together with a reduced
spiking 1imit of 20 wCi/g with both limits applied to dose-cquivalent 1-131.

The release of this coolant activity at the start of a core damage
accident has a negligible effect on source term compared with the fuel release
initiated one hour into the event. Further, it is conciuded that the initial
coolant dose would be a small fraction of applicable dose 1imits and thus the
doses would not control the containment isolation valve designs with either
the existing or the proposed, reduced coolant activity limits,

§-GO3200-004 26
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TABLE 2-1.

CORE DAMAGE EVENT TIMING

Event

Core Uncovery

Reactor Vessel
Lower Head
Penetration

Ex-Vessel
Debris
Flooding

Fx-Vessel
Release
from Fuel
Debris

Revaporization
and Late In-
Vessel Release

Time After
Inftiating Event

~1 hour

~3 hours (BWR)
«5 hours (PWR)

At Lower Head
Penetration

At Lower Head
Penetration

~3-24 hours (BWR)
~5-24 hours (PWR)

Relevant Requirements

Large RCS Inventory,
passive RCS hez. removal
which slows inventor
loss, depressurized RCS,
leak before break tending
to Timit size of RCS
break, liquid break below
core (BWR).

Same as 1. Up to 75% of
the reactor core material
assumed to participate in
the early stages of the
melt progression.

Cavity/lower drywel)
flooded prior to or
immediately upon lower
head penetration,

Limited due to debris
coolinT from flood; water
pool also scrubs any
release.

Remaining 25% of reactor
core material relocates
to cavity/lower drywell;
assumed to begin
immediately upon lower
head penetration and to
be complete by 24 hours;
assumes a flooded
cavity/lower drywell.

5-0G03200- 004
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TABLE 2-2. ALWR IN-VESSEL FUEL RELEASE ESTIMATES

ganie eeugase At segase ‘2

£ L omont , -m(o:‘;;m"’ “."::s'l)mlm Total‘® .-":‘n‘l:mm totel ‘¥
Nobles 1.0 0.25-0.30 0.80 1.0 0.20
1 0.9 0.25-0.30 0.7% 0.9 0.1%5
Cs 0.9 0.25-0.30 0.7% 0.9 0.15
Te 0.20 0.08 0.03
Sr 0.01

Ha 0.01

Ru 0.01

La 0.0001

Ce 0.0001

Other 0.0001

1) Constant early release rate from ~1 hour to 5 hoyrs after accident
PWR), and from -1 hour to ~3 hours (HWR),

{
(
(2) Constant late release rate from -5 hours to 24 hours after accident
(PWR), and from -3 hours to 24 hours (BWR).

(3) Numbers are fraction of the original fission product inventory
associated with the molten relocated fuel.

(4) Numbers are fraction of the original fission product 1nvontor{
:ssociatod with the fuel remaining intact early, but melting and relocating
ate.

$5) Numbers are fraction of the fission product inventory associated with
uel remaining in- vessel (after early releases are complete).

(6) Numbers are fraction of the original total core fission product
inventory.

§-GO3200- 004 2-7
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TABLE 2-3. RCS RETENTION FRACTION FOR THE PWR

Aerpsol Retained fraction (1)
] 0.5
A1l Other 0.6

FRACTION NF MATERIAL ORIGINALLY DEPOSITED IN RCS FOR THE PWR

lodine 0.38
Cesium 0.45
Tellurium 0.12
Sr, Ba 6E-3
Ru 6E-3
Other 6E-5

(1) Number is the fraction of material released from the fuci which is
retained in the RCS.

§- 603200004 -8
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TABLE 2-4, FRACTION OF MATERIAL DEPOSITED IN RCS THAT REVAPORIZES OVER 5-24
HR. TIME FRAME FOR THE PWR

Aerosol Met Cavity Dry Cavity'”
lodine 0.06 0.15
Cestum 0.085 0.10
Tellurium 0 0
Other 0 0

FRACTION OF ORIGINAL CORE MATERIAL THAT REVAPORIZES FOR THE PWR'®’

Aerosol Wet Cavity Dry Cavity'"
lodine 0.02 0.06
Cesium 0.03 0.04

(1) The dry cavity case is included for perspective only and does not apply
to the Passive ALWR due to the early cavity/lower drywell flooding feature.

(2) Fractions are the product of the material originally deposited in RCS
{Table 2-3) and the fraction of that which revaporizes from the table above.

$-603200- 004 2-10







release fractions to containment as a function of time are

he chemical form of radionuclide releases to the containment 1

caveloped in Section «.7 The nobles are gaseous form lodine 1s 97%
particulate, 2.85% elemental, and 0.15% organic The remaining nuclides are
particulate. This {s based on recent experimental data including that from
the SFD tests, LOFT, STEP tests, TMI-2 post accident examination, and

as well as an ertensive review of the potential chemical reactic

and containment Also, ALWR requirements such as early tloodi

the sump are cons.gered

ehavior

fission product behavior in the Passive
containment atmosphere has been performed using NAUA and 1s presented in
fon 4.9, Aerosol fission product removal from the containment atn are
was calculeted considering gravitational settling on hor.zontal surfaces ..d

plateout, principally diffusiophoresis The diffusiophoretic effect

¢

significant because of the pas- .ve containment heat removal system which

" +

‘apidly condenses steam generated from decay heat and from guenching of
debris .SOH hygroscopicity was also considered in the treatment of parti
growth Ail removal processes were consistent with the thermal hydraulic
conditions for an intermediate size LOCA with IRWST gravity drain failure, and
were based on physical processes of aerosol mechanics which have been
incorporated in calcuiational m~<~1- and benchmarked against experimenta
data The rission product rele te and the steaming rate from
uring boiloff and in-vessel core melt progression were assumed to be
varametric studies indicate that the total fission product leakage from

primary containment is not particularly sensitive to this release rate

ssumption. The original core inve.tory was assumed to be that at

. amiit 14k s ] AV AR A
an equiiiorium, ¢ year operating cycle




TABLE 2-6 PWR RELEASE FRACTIONS TO PRIMARY CONTAINMENT ATMOSPHERE
y 1
1 » £ M . £ » s e » \
-Yu‘ Ill’ ! L l,"' ] ¥ r E X - ﬂ'\" ;’I

Activity Vessel Vessel Vessel ta

Nobles See Note (° 0.8( 0.20 1.0
| 0.38 Bi17 0.55
5 0.30 0.18 0.48
@ 0.0¢ 0.03 ]
' Sr, Ba U 0.004

o
remainder 0.00004 » 0.00004

< 1 T R . S PR G -0 : ~ A DrC w "

: 1) Assumes in-vessel releases from Table 2-2 and RCS retention of a part of

oAy . 1 - p a4 Y - -

the early releases d givyen r able ¢
¢) All nobles released either early or late in-vessel Remaining fission
products retained in quenched debris or scrubbed through overliying water p¢
in reactor cavity

i}

" %) + i r ¢ 1 ¢ - 0 ] $ ¢ ) Tah)

J) Ldile vesse edases are Um ofr atl ate ue releases aD1e -«
ana ‘\"(7)‘-‘(1:;(‘”'\‘7&‘7 10N releases v'"r wet ;iyi?ﬁ ‘Ya!\1'x : 4)
4) AS noted in Section 4.1, the gap activity ncluded in the 1-5 hr

A

5) oolant activity limits are quantified in Section 4
f steam generator tube rupture and steamline break

”
ivity makes a negligible contribution to tha rce term from

gamage




Results of the analysis are presented in Figure 4-10. e dsol leakage
from containment wver the irst 24 hours of the accident totals 99 gm.
Sensitivity studies were performed on various assumptions regarding the
accident sequence progression. Most notably, the containment aerosol
concentration is significantly reduced by condensation which occurs during the
short quenching period following entry of the debris into the reactor cavily
(or alternatively, by that associated with quenching the core debris in-vessel
had the vessel not been penetrated). Aerosol leakage was shown to be
relatively insensitive to large variations in the steam injection rate
associated with this quench. Aercsol leakage rate as a function of time was
used as input to the secondary building retention and holdup analysis.

2.3.5 Secondary Structure Fission Product Holdup and Retention

The following summarizes an evaluation of the potential for secondary
structure holdup and retention presented in Section 4.10. Treatment of
fission product aerosols leaking from containment to secondary building rooms
and piping systems is similar to containment aeroscls in that it is based on
physical processes of aerosol mechanics which have been incorporated into
benchmarked calculational models. Removal mechanisms, primarily gravitational
settling, are considered consistent with the thermal hydraulics of the
secondary building room into which the leakage occurs. A1)l leakage pathways
from Lhe primary containment into the secondary building (i.e., from the
primary containment atmosphere directly into » secondary building room, and
from piping systems penetrating the primary containment with a potential leak
location *n the secondary b . ‘ng) must be included. Also, bypass pathways
direct's from the containe ¢ .o the environment must be addressed.

Given a well-designed building and proper modeling of the holdup and
retention characteristics, it is 1:kely that an effective building
decontamination factor of six o» more can be demonstrated. Thus, the 99 gram
integrated, 24 hour fission product release from containment calculated for
the PWR in Section 4.9 would result in about a 15 gram release to the
environment.

Preliminary dose calculations were performed considering the secondary
structure holdup and retention. For containment leak rates at or slightly

§-G03200-004 214

020791R91A



under 0.5%/day, the median 24 hour dose would not “e expecied to exceed the
Protective Action Guidelines (PAGs) at 0.5 miles from the reactor.

2.4 Physically-Based Source Term for the Passive BWR

2.4.1 (oolani and Gap Release

The separate treatment of coolant and gap releases was not expected to
be significant for the physically-based source term. To confirm this
expectation, evaluations were performed that focused on the passive PWR,

While coolant activity in the passive BWR was not investigated in
detail, improvements in BWR operating activity levels are expected to be
comparable to those for PWRs (Technical Specification limits reduced by a
factor of three). The release of this coolant activity at the start of 1 core
damage accident has & negligible effect on source term coinpared with the fuel
release initiated one hour into the event. Further, it is concluded that the
initial coolant dose would be a small fraction of applizablie dose limits and
thus the doses would not control the containment isolation valve designs with
either the existing coolant activity limits or &ny reduced limits that may b-
proposed.

The Passive ALWR requirements specify that there shall be no fuel damage
(ang hence no gap release) for coolant breaks up to 6 inches in diameter,
Hence, the physically-based source term assumes a gap release delayed until
core uncovery. The gap release is treated together with the fuel release
beginning one hour into the event. Given this approach, the design basis
accident source term for BWRs is also appropriate even though gap release was
not specifically evaluated for the passive BWR.

2.4.2 Release Fractions fo Primary Containment Atmosphere

The BWR release fractions from the fuel to the RCS are the same as for
the PWR, defined in Table 2-2 and established in Section 4.2 (early releases)
and 4.3 (late releases). The RCS retention is slightly higher (Table 2-7)
than the PWR due to the large surface area of the steam separators and dryers.
No credit is taken for the isolation condenser in removing early in-vessel

8?8;‘8%04 2-15



TABLE 2-7. RCS RETENTION FRACTION FOR THE BWR

Aerosol Retained fraction
1 0.6
A1l Other 0.7

FRACTION OF MATERIAL ORIGINALLY DEPOSITED IN RCS FOR THE BWR

Aerosol =~ FEraction Deposiied
lodine 0.45
Cesium 0.53
Tellurium 0.14
Sr, Ba 7E-3
Ru 7E-3
Other 7E-5

(1) Number is the fractic.: of material released from the fuel which is
retained in the RCS.

§-603200-004 2:1&
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aerosol release. Thus, the BWR early in-vessel release tc containment is
obtained from the product of the fuel release and RCS retention.

The late in-vessel release tu containment is the sum of the late in-
vessel fuel release (Table 2-2) and the BWR revaporization release. The
revaporization release is the product of fuel release, RCS retention, and
revaporization fraction. The revaporization fractions are defined in Table
2-8 and discussed in Section 4.5, As discussed for the PWR, the relatively
low ambient corZitions resulting from water and condensing steam and the lack
of buoyancy firiven flow due to flooding the lower drywell and reactor vessel
Tower heau «ssists in Timiting the magnitude of revaporization.

With regard to ex-vessel releases, the PWR debris coolability and core
debris water pool scrubbing discussion above and in Sections 4.6 and 4.7 are
equally applicable to the BWR. Further, as noted below, a fraction of the
aerosol which is suspended in the drywell will be scrubbed in the suppression
pool due to drywell pressurization from steaming. Thus, the BWR ex-vesse!
contribution to the release fraction in the 3-2Z4 hour period in Table 2-9 is
also shown as negligible.

Table 2-9 presents the total fission product release fractions to the
containment atmosphere.

2.4.3 Chemical Form

The chemical form for the BWR fission products is considered to be the
same as for the PWR based on the Section 4.7 discussion.

2.4.4 Containment Fission Product Behavior

The treatment of BWR containment fission product behavior is similar to
that of the PWR. The BWR also has scrubbing .n the suppression pool. Like
the PWR, an expli.it analysis of BWR fission product behavior in the
containment was performed (see Section 4.9).

§ 603200004 2417
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TABLE 2-8. FRACTION OF MATERIAL DEPOSITED IN RCS THAT REVAPORIZES OVER 3-24
HR. TIME FRAME FOR THE BWR

Aerosol

lodine 0.10
resium 0.05
Tellurium 0
Others 0

FRACTION OF ORIGINAL CORF MATERIAL THAT REVAPORIZES FOR THE BWR'"

Agrosol
lodine 0.0%
Cesium 8.03

(1) Fractions are the product of the original material deposited (Table 2-7)
and the fraction of that which revapcrizes from the table above.

$-G03200-004 2-18
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The treatment of fission product removal in the suppression pool is
based on experimental data for pool scrubbing and results of calculational
models, together with the thermal hydraulic conditions in the drywell and
wetwell. For aerosols forced through the pool, a high enough fraction is
scrubbed that the residual aerosol leakage after pool scrubbing is negligible
over a 24 hour period.

Flow of fission product aerosols through the drywell vents to the
wetwell has been assumed to occur only at the time of reactor vessel lower
head penetration. At ~3 hours, steaming from the ex-vessel debris is assumed
to rapidly force 2 significant fraction of the drywell contents through the
drywel)l vents to the suppression pool where scrubbing occurs.

No credit was taken for scrubbing of aerosol which flows through the
isolation condenser vent to the suppression pool due to the shallow
submergence of the sparger (-1 foot).

Results of the analysis are presented in Figure 4-9. Aerosol Leakage
over the first 24 hours of the accident total 35 ¢. This is about one-third
that presented for the PWR and is attributed to early suppression pool
scrubbing during periods in which relatively significant steam addition to the
drywell 15 occurring and the fact that MSIV leakage is not included.
Sensitivity studies were performed on various assumptions regarding accident
sequence progression. Like the PWR results, aerosol leakage was shown to be
relatively insensitive to substantial veriations in steaming rate during the
quenching period following debris relocation to the lower drywell. Also, the
fission product removal through operation of the isolation condenser is likely
to be a significant contributor to aerosol reduction that is not credited in
the analysic.

2.4.5 Secondary Structure Fission Product Holdup and Retention

Treatment of fission product aerosols leaking from the containment to
the BWR reactor building and piping systems is similar to that of the PWR.
Section 4.10 provides an evaluation of ntential release paths through the BWR
reactor building. There are three possible pathways: (a) from the primary
containment atmosphere to the reactor building, (b) from the primary

$-G03200-004 2-20
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TABLE 2-10.

COMPARISON OF RELEASE TO CONTAINMENT FOR PASSIVE ALWR SOURCE
TERM AND EXISTING REGULATORY SOURCE TERM

Release Timing

Release
Magnitude to
Containment
Atmosphere

¢ Nobles

¢ [odine

¢ Cesium

¢ Tellurium

¢ Ba, Sr, Ru
¢ Remainder
Chemical fForm
in Containment

¢ lodine

¢ Cesium

¢ Tellurium
and remaining
Semi- and Low
Volatiles

Passive PWR  Passive BWR

Release over a
24 hr period
beginning 1 hr
after initiat-
ing event

100%
55%
48%
11%

0.4%

0.004%

2.85% elemental
97% particulate
3.15% organic

100%
particulate

100%
particulate

Release over a
24 hr period
beginning 1 hr
after initiat-
ng event

100%
50%
41%

0.3%
0.003%

2.85% elemental
97% particulate
0.15% organic

100%
particulate

100%
particulate

Existing Regula-
tory Source Term

Instantaneous
release at time
of initiating
event

100%

25% (1)

1% (to sumn)
1% (to sump)
1% (to sump)
1% (to sump)

91% elemental
5% particulate
4% organic

Not Specified

Not Specified

Notes: (1) The 25% figure is arv'ived at by the Regulatory Guide 1.3, 1.4
assumptions that 50% of the iodine inventory is released to the
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organic iodine fraction is correspondingly less for ALWR due to the low
fraction of elemental iodine.

In general, the ALWR integrated release to containment is significantly
higher than the existing regulatory source term. This difference is due in
part to the ALWR objective that the source term be based on a physically-based
evaluation of a core damage event (hence, the release over a period of hours,
the release of cesium and other elements, and the particulate form of iodine).
It is also due to the desire expressed above that the ALWR physically-based
source term incorporate margin beyond the source term expected from an actual
ALWR core damage event,

2.6 format of the Physically-Based Source Term Expression

The sections above have described the fission product release and
transport associated with the Passive ALWR physically-based source term. In
fact, the source term may be expressed as a transient release to the
environment for a given standard plant design (1.e., containment Jesign,
design leak rate, and secondary building design). This provides a simpler
expression and may be preferable as a format for characterizing the source
term for a given standardized plant design or for source term regulatory
guidance.

§-G03200-004 2:23
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3. COMPARISON OF PASSIVE ALWR SOURCE TERM
WITH NUREG-1150 RESULTS

The purpose of this section is to provide a comparison of NUREG-1150%"
source term results with the ALWR physically-based source term. NUREG-1150
documents a PRA study of five U.S. commercial nuclear power plants. The
second uraft of the study was published in April, 1989 and represents an
update, extension, and improvement upon the 1975 risk study, WASH-1400.%?
Thus, NUREG-1150 refiects current NRC staff and contractor thinking regarding
source term.

Two types of comparisons are provided. The first is a comparison of
individual aspects of the source term, e.g., ALWR in-vessel release vs. NUREG-
1150 in-vessel 1elease. The second is a comparison of the integrated source
term as measured by the core fraction released from the containment.

3.1 Comparison Of Individual Aspects Of Source Term

NUREG-1150 develops source terms for individual accident sequences as is
normally the case for a PRA. Probabilistic density functions were developed
for the principal aspects of the source term by eliciting the judgments of
expersis in various relevant phenomena. [t was intended that the uncertainty
ranges represent the modeling uncertainty associated with the phenomena and
not the variability that exists for different accident sequences. Thus, more
than one density function was often obtained for a single aspect of the source
term associated with different accident sequences.

As noted in Sections | and 2 above, the Passive ALWR source term was
developed to provide a single, enveloping vaiue for representative accident
sequences u:ing physically-based estimates of source term phenomena. Thus,
the individial aspects of the ALWR source term are best compared with a
central valie of the closest corresponding NUREG-1150 distribution. The
NUREG-1150 nedian was used for the comparison. In addition, the effect on the
overall AL'R source term (i.e., release to the environment and the resulting
offsite dose) of uncertainties reflected in the NUREG-1150 distributions is
evaluated,

$-G03200- 004 31
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3.1.1 Comparison of In-Vessel Release

The ALWR in-vessel release fractions are compared with the NUREG-1150
values in Table 3-1 and with the NUREG-1150 distribution in Figure 3-1. The
early and late periods of in-vessel release for the ALWR source term have been
added. The specific NUREG-1150 case selected for comparison was the PWR low
zirconium oxidaticn case. The only significant difference for other cases
wouid be a greater tellurium release for high zirconium oxidation.

The agreement between the ALWR and NUREG-1150 releases is very close for
all elemental groups. Although the overall NUREG-1150 uncertainty is quite
large, the uncertainty in the direction of higher release for the more
volatile elements that tend to dominate accident consequences is very small,
The only exception is tellurium, although increases in tellurium release do
not have a major effect on dose. For example, an increase in the tellurium
release by a factor of 2 (i.e., to 0.44) increases whole body dose by only
about 15%. Similarly, for the low volatile elements, increases in the in-
vessel release do not have a significant effect on release to the environment
and offsite dose. For example, increasing the in-vessel release fractions of
Sr, Ba, Ru, La, and Ce as a group by a factor of § over the ALWR estimate
would be expected to increase offsite acute whole body dose by only about 50%.

3.1.2 Comparison of RCS Retention

The ALWR and NUREG-1150 values for RCS retention are in close agreement
as indicated in Table 3-2. Figure 3-2 illustrates a compasison between the
ALWR values and the NUREG-1150 distributions for a typical PWR case. The BWR
distribution is similar.

§+603200- 004 3.2
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TABLE 3-1. COMPARISON OF ALWR IN-VESSEL RELEASE WITH NUREG-1150 MEDIAN
flement ALWR'" NUREG-1150 Median‘®’
Nobles 0.9 0.9
| 0.9 0.74
Cs 0.9 0.5¢
Te 0.22 0.1%

Sr 0.01 0.0064

Ba 0.01 0.0086

Ru 0.001 0.00486

La 0.0001 0.0001

Ce 0.0001 0.00015
Other 0.0001 nes

(1) Numbers represent the .um of the early and late in-vessel release

fractions.

(2) PWR low Zr oxidation.

$-603200-004
020791R91A
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TABLE 3-2. COMPARISON OF ALWR RCS RETENTION WITH NUREG-1150 MEDIAN

ALWR NUREG-1150 Median
Element PWR BWR PR
Nobles 0.0 0.0 0 0
1 0.5 0.6 0.48 0.59
Cs 0.6 0.7 0.60 0.70
A1l Others 0.6 0.7 0.67 0.74
$-603200-004 3.5
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Although the NUREG-1150 uncertainty range is broad, lower RCS retention
in the ALWR is not expected to have a significant effect on offsite dose since
the fraction of aerosol retained is only about half. For example, reducing
the RCS retention by a factor of two would increase the early (i.e., 1-5 hours
for PWR) release to the containment atmosphere by about 50%. Since the early
release constitutes about half of the total release from containment, the
increase in offsite ¢cse would be only about 25%.

3.1.3 Comparison of Rev:oorization Release

The ALWR and NUREG-1150 median values for revaporization following
reactor vessel lower head penetration are in close agreement as indicated in
Table 3-3. Figures 3-3 and 3-4 provide a comparison of the ALWR value with
the NUREG-1150 distribution for the PWR and BWR, respectively.

Again, although the NUREG-1150 uncertainty range is broad, higher
revaporization in the ALWR is not expected to have a significant effect on
offsite dose, largely because the contribution of revaporization to total dose
is small, i.e., on the order of a few percent. For example, a factor of §
increase in revaporization would be expected to increase the late (i.e., 5-24
hours for PWR) release to the containment atmosphere by about 50%. This in
turn would increase the offsi‘e dose by about 25%.

3.1.4 Comparison of Ex-Vessel Release

As explained in Section 2 above, it is expected that the ex-vessel
aerosol release from the core debris for the Passive ALWR will be negligible
due to the requirement for early flooding of the cavity/lower drywell.
Further, even if some release from the core debris were to occur, scrubbing
from the ovarlying water pool would largely remove the aerosc] and prevent its
release to the containment atmosphere. Therefore, ex-vessel releases for the
ALWR are not directly comparable to the NUREG-1150 values.
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TABLE 3-4. COMPARISON OF ALWR EX-VESSEL RELEASE (DRY CAVITY) WITH NUREG-1150

MEDIAN

£lement ALWR'" NUREG-1150 Median‘®
Nobles 1.0 )

l 1.0 1

Cs 0.9 l

Te 0.45 J.588
Sr 0.002 0.034
Ba 0.002 0.025
Ru 0.001 5.6(-9)
La 0.001 0.00071
Ce 0.001 0.00097

(1)  Numbers represent ALWR estimates of ex-vessel releases (fraction of
radioncludes in the debris as it exits the reactor vessel) if cavity were to
be dry for -~30 minutes after reactor vessel lower head penetration.

(2) PWR, low Zr oxidation, no water in cavity.
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Table 3-5 shows the comparison. The following points are relevant:

$-G03200- 004
020791R91A

The ALWR release is for an intact containment and the WASH-1400
release is associated with basemat melt-through which, in effect,
is an intact containment insotar as release to the atmosphere is
concerned. On the other hand, the NUREG-1150 release includes a
late overpressure failure which has a non-trivial reiease of
iodine.

The ALWR release includes natural removal of aerosol inside
containment (but no spray system). The ALWR releases compare
reasonably closely with WASH-1400 except for iodine and cesium.
The difference is in part due to the fact that the WASH-1400
releases include the effect of sprays. The ALWR secondary
building effect noted in footnote (2) to Table 3-5 wru! « make the
actual I and Cs release to the environment compara' le fcr ALWR and
WASH-1400.

The ALWR and NUREG-1150 releases compare reasonably closely, again
except for the late iodine release in NUREG-1150.

The early containment failure releases illustrate two points.
First, the NUREG-1150 releases are significantly lower than
WASH-1400, due for the most part to better understanding of source
term phenomena (e.g., higher retention of aerosols within
containment), and due to higher failure pressure ascribed to the
containment in NUREG-1150.°* Second, even with the large
reduction in the NUREG-1150 release compared to WASH-1400, the
early containment failure release is still significantly higher
than the intact containment cases.
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TABLE 3-5. COMPARISON OF INTEGRATED SOURCE TERM FOR ALWR, WASH-1400, AND

NUREG- 1150

Intact Containment tailed Containment

ALWR WASH-1400 NUREG:-1150 WASH-1400 NUREG-1]150

(1,2) (1,4) (1,3,4) (1,4) (1,4)
Nobles 3E-3 6E-3 .. 0.9 .e
1 2t-4 4€-5 2E-2 0.7 4t-2
Cs 2E-4 1E-§ <1E-5 0.5 1€-2
Te 4E-5 2E-$ <1E-5 0.3 SE-3
Sr 2E-6 1€-6 <lE-5 0.06 2E-4
Ru 2E-7 1€-6 1E-5 0.02 1£-4
La 2E-8 1E-7 <1E-5 0.003 3E-5

(1) A1l numbers represent core fraction released from the containment.

(2)  To obtain the actual release to the environment, the ALWR aerosol
release fractions would need to be reduced by a factor of about six to account
for secondary building holdup and removal.

(3) These NUREG-1150 releases are for an intact containment early in the
uczidintéwith a late overpressure failure as noted in Poferance 1-7, Volume 1,
pane 1U-4,

(4) Median values werc used for NUREG-1150. Only median data were available
from WASH-1400.

i $-603200-004 315
| 0208918914

R e R L R



ntainment

rea

jamag

el







Figure 4-1, for example, shows the fuel performance of Westinghouse-
designed cores, as reported in Reference 4-3, for the period 1972 to 1988,
This figure shows & steady improvement during the 1980's by the absence of
entries in the higher coolant activity categories for the more recent years,
For the years 1987-1988 less than 17% of these plants cperated with coolant
activity (I-131) above 0.0) pCi/g, and only a single plant exceeded 0.03
uCi/g.

Figure 4-2 shows historical trends in the number of assemblies with fuel
defects normalized t~ installed capacity as reported in Reference 4-4. The
BWR data shows a steady improvement to a range comparable to tiue experience
with PWRs. The PWR data shows no trend in normalized number of defects
implying thet other factois such as defect size, defective assembly residence
time, or cleanup system operation account for reduced equilibrium activity.
EPRI and the industry are pursuing programs to achieve improved fuel
perfortiance in the 19%0's (see Reference 4-4). INPO has also focussed
attention on coolant activity (PWRs) and the related off-gas release activity
(BWRs) by “dopting these measures as indicators of both fuel and plant
operating performance.

Table 4.1, also from Reference 4-3, shows the number of iodine spikes
reported in the years 1980-1989. Note that while insignificant spikes occur
frequently, the threshold for a reportable spike 1s the equilibrium
corcentration limit in the Technical Specifications as discussed further
below. The total number of spikes reported dropped from . total of 26
observations &t thirteen plants in 1982 to a total of 2 in 1987, and one each
in 1988 and 1989. This dramatic reduction in the number of reportable iodine
spikes 1s the result of improved fuel performance, (i.e., fewer number of fuel
defects in operating plants) and of greater stability of operation
(1.e., fewer large spike-inducing transients).

Technical Specifications and Modeling of lodine Spikes

The course of an ifodine spike, once initiated, progresses to a peak
concentration followed by a more gradual return to a normal concentration,
Increasing the cleanup flow rate is the only mitigating action available to

§-603200- 004 3
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TABLE 4-], IODINE SPIKING OR RADIOACTIVE GAS RELtASE EVENTS'

2 Nuglenr Steam Systen lodine Spiking or

-l .l.h.l‘..ﬂlﬂu_‘ ——b L0 I ve_Gas Reicase (Mo Of Cvents)
——ithCiot . B AR AC BAY Cf GE C 1000 190) JPE2 1983 1904 1905 1986 1987 om0 199
Arkarses- ! . .
Arkerwes 2 " . X
Big Reck Point . . X
Brurswick-2 . - X ¥ X
Coalvert CLiffg-
Colvert Cliffg-2
Latowbe -\
Cook- 1
Cook-2
Crystal River-3
Dovie Besse-!
Fariey\
ft. Colhoun-t . x(1)
Ginve . XN
Weteh 2 . . X
L Crosse . « X
Limer ekt . . LIG}]
Millgrone 2 . L5 PR (¢35
North Armna- . X X&) #n ¥
Palisnces X2 XN
Prairie Islong |
Prairie [slwer2 X3
Sen Onofre? X1

. Xy
. (IS ]
X2

X1
. X X X X(s)

S Orotre-d . X3 x(W0 x5 w1
t, Lmie) . X X ey  xX(2)
Surry- . . KT x(13) x(3) Eed) I xth) XV x(Y)
Swry 2 . . X
Trojen . . X
Yonkee Ko . . X L{Q )
o, of Resctors: ] 13 13 10 4 . $ 2 1 i

* Events of reportable magnitude, i.e. larger spiking events that caused
coolant concentrations above the Technical Specification for equilibrium
concentration,
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the operators, but an increased cleanup flow rate can not prevent & peak
concentration above the equilibrium 1imit for & larger spike. This fact is
reflected in the two-tier structure of the Standard Technical Specifications
(875).* While the upper, or spiking, limit {s set such that off-site doses
due to coolent release accidents do not exceed established limits, the lower,
or equilibrium level of the technical specifications is set such that a spike,
once initiated, can exceed the equilibrium level and still remain within the
spiking limit.

The STS establish an equilibrium concentrat‘on 1imit of 1 uli/g (based
on dose equivalent iodine-131) and a spiking limit of 60 wCi/g (spike duration
less than 48 hours). The specific values incorporated into the STS were based
on plant operatira data ava‘iable in the mid-1970's, (see Reference 4-1) and,
therefore, do not reflect the improvement in fuel performance in recent years
discussed above. During the subsequent 15 years of operating experience, no
fodine spike exceeding, or even approaching the STS spiking limit has been
reported. Further, as not~d above, the number of reportable spikes has
declined sharply and the average coolant concentrations have declined over the
same period of time, as well.

From this operating experience, it is evident that coolant iodine
concentrations in the 20 to 60 uCi/g range are not realizavle, given typical
initial coolant concentrations below the Technical Specification equilibrium
level, even with an iodine spike. Although peak spiking concentrations above
10 uCi/g have been observed in a few instances, these peaks were all reached
from equiliorium concentrations above 0.3 uCi/g (see Reference 4-1). For
plants operating with egquilibrium coolant concentrations mere than an order of
magnitude lower than that, as is typical for fuel loaded in the last several
years, iodine spikes of that magnitude (i.e., above 10 uCi/g) are not
credible. Therefore, a value of 10 uCi/gm would represent a reasonable
envelope for iodine spike concentrations in such current plants,

Agplication to Passive ALWR

A preliminary evaluation of potential coolant activity in a passive PWR
has been performed which demonstrates that passive plant design features which
affect expected coolant activity ensure less coolant activity in a passive

§+G03200- 004 &7
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plant for the same level of fuel defects.'® The evaluation began with the

maximum level of fuel defects that is being specified for passive plant
shielding design, 0.25% of the fuel.® The passive plant evaluation

considered the operating power level (55% of the four loop value), thu letdown
system design flowrate for coolant cleanup (133% of the four loop vaiue), and
the coolant inventory (64% of the four loop value). The coolant activity
level that was calculated to correspond with 0.25% fuel defects wus 0.4 to 0.5
uCi/g depending on the dose conversion factors used to determine [-131 dose
equivalence. This vulue is well below the comparable value for a four loop
plant (which would be above 0.9 yl /g dose equivalent [-131 for a 0.25% fuel
defect level).

A similar evaluation of the effect of increased passive plant fuel
operating margins on fuel integrity over design life is not presently
available. The increased operating margins should certainly be beneficial,
however, assuming comparable fuel burnups. Moreover, the effects of extended
burnups are not expected to erode this margin entirely, i.e., fuel integrity
experience at least as good as current plants is expected for passive plant
designs, considering improvements in the fuel assembly design, such as
increased fission gas plenum volume.

Given Passive ALWR fuel performance that ‘s at least as good as current
plants and lower coolant activity for the same fuel defect rate, the
equilibrium coolant activity in operating passive plants would be expected to
be below the level of about 0.1 uCi/g that is at the high end for current
plants. Similarly, passive plants wouid be expected to show improvement
relative 1o the suggested spiking envelope value of 10uCi/g based on current
plant data.

b. Note that traditionally, the Technical Specification limit on coolant
activity has been more restrictive than the shielding design basis; for example,
in current Westinghouse four loop plants, the shielding design is based on 1%
fuel defect level which corvesponds to about 3.74 Ci/g, well above the 1.0u4 Ci/g
coolant activity Technical Specification.

§-G03200- 004 8
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4.1.3 Gap Activity Phenomena and Assymptions
Gap Release Modelirg

For transients which cause fuel cladding fatlure, volatile fission
products may be released from the fuel-cladding gap and plenum to the
containment atmosphere. Only that fraction of the fission products which
migrates from the fuei matrix to the gap and plenum regions during normal
operation would be available for immediate release in the event of clad
damage. The criteria in Appendix K to I0CFRSO govern the modeling of {OCA
transients to predict cladding failure, while various Standard Review Plan
sections and Regulatory Guides apply to the evaluation of gap release for
other accidents. For conservative, regulatory calculations, the gap inventory
is generally assumed to be 10% of the total volatile fission products present
in the pin,

The total inventory of volatile fission products in the pin iy a
function of the rate of production during power operation, radioactive decay,
and other applicable processes. The inventery reaches an equilibrium level
within weeks for shorter lived isotopes, while it increases with fuel burnup
for others.

The release of volatile fission preducts from the fuel matrix into the
gap, expressed as a percentage of the total available inventory, is known t9
depend on diffusion and grain structure. The linear heat generation rate, the
local temperatures, and the 1ife-cycle transient history are significent
operating parameters that affect the volatile fission product transport
phenomena within the pin. Recent evidence indicates that the percentage of
the total volatile fission product inventory which is released from the fuel
matrix is only weakly burnup dependent (see experience in the following
section). Cesium and fodine tend to collect as deposits on the cladding inner
surface and their release following ciadding breach will depend on temperature
or dissolution by the coolant.

Analytical models have been developed for fission gas release and the
American Nuclear Society has proposed a corresponding standard (ANSI/ANS 5.4-
1982)*"7 that addresses the abundance of many (but not all) volatile

$-G03200- 004 i
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radioisotopes. Vendor fuel performance models are more current, but they
focus on tota) gas production (not specific radioisotopes) to demonstrate
conservatively that regulatory 1imits on peak pin gas pressure are satisfied.

Recent Operating Experience

Exserimental data on volatile fission product release from the fuel to
the gap and pienum regions have been reviewed. ludine and cesium fractional
releases are generally expected to be similar to those of the noble gases.“®
Recent measurements of noble gas gap inventory and fodine and cesium
deposition on the inside surface of the clsuding of spent fuel rods confirm
that fodine and cestum releases from the ,uel are no greater than the noble
gas release.*®

Figure 4.3 presents fission gas release data from 17 x 17 fuel
irradiated in the Surry reactor.* ' The data are presented as a function of
burnup, and an observed threshold in linear heat generation rate of 7 KW/ft
(230 W/cm) 1s shown to separate the higher release data points from the lower
release points. The release from fuel rods operated below 7 KW/ft is less
than 2%. The data includes burnups up to 45,000 Myd/tu.

Fission gas release measuremenis on BAW 15 x 15 fuel irradiated in the
Oconee-]1 reactor to burnups approaching 50,000 MWd/tU are presented
in Table 4-2 from Reference 4-11. The 16-rod average values are less than 2%
over the burnup range from 30,940 to 49,570 MWd/tU. Individual rod reiease
values range up to 3.8%, which may reflect operation early in 1ife at linear
heat generation rates up to 8 KW/ft and s|ightly higher operating temperatures
due to the increased fuel pellet diameter relative to 17 x 17 fuel.

Fission gas release measurements from rods irradiated in Calvert Cliffs
1 to burnups of up to 54,000 MWd/tU do not exceed 2% as shown in Figure 4-4
from Reference 4-12.

Fission gas release measurements from the Zorita Research and
Development Program are presented in Table 4-3." volatile fission product
releases are less than 2% for pins whose 1inear heat ratings are consistently
below 7 KW/ft. Burnups are up to 39,400 Mwd/tU.

§-GO3200- 004 610
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TABLE 4-2. EXTENDED BURNUP FISSION GAS RELEASE, OCONEE-1
Release Release Burnup
"‘;“ Fods Ava. (%) Range (%) (MWd/ty)
6 0.6 0.1-2.4 31,940
N 16 1.5 0.5-3.4 39,180
5 16 1.6 0.7-3.8 49,570
§-G03200- 004 412
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TABLE 4-3, FISSION GAS RELEASE DATA, ZORITA TEST RODS

Percent

Avg. Power Fission
Nominal Level (Kw/ft) Average Gas

Enrich- Initial in Cycle® End of Release

ment (w/0 | Pressure Life Measured

Rod No. v-23%) (psia) - = " - 3 Burnup (Xeskr)

Mwd/tV
330 6.60 15 8.5 9.1 8.2 57,000 26.5
332 §.60 500 [8.5 9.1 8.4] 57,500 220.9° J

334 6.00 15 7.4 9.3 8.3 53,600 23.0
344 5.81 500 8.4 8.2 7.7 53,800 16.9
379 5.81 1% 8.8 8.3 7.4 55,100 19.9
383 5.8] 19 8.6 8.4 7.4 54,800 20.4
384 6.00 15 7.4 9.4 8.2 54,100 23.9
385 5.8] 500 8.6 £.4 7.4 55,000 sy -
386 6.00 500 7.4 9.4 8.2 54 400 22.6
326 5.8) 15 6.6 9.1 .. 35,100 8.3
T 5.8] 500 |65 9.0 -- | 34,900 11.7
8.8 8.0 .. 40,300 7.6
8.8 8.0 - 40,800 7.3
8.6 8.2 40,000 8.5

a. At 510 MWt Reactor Power,
b. Lower limit; some gas lost during puncturing.
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TABLE 4-3.

FISSION GAS RELEASE DATA, ZORITA TEST RODS (Continued)

Percent

Avg. Power Fission
Nomina) Level (KW/ft) Average Gas

Enrich- Initial in Cycle® End of Release

ment (w/0 | Pressure Life Measured

Rod No. U-235) (psia) - - . Burnup (Xes+Kr)

Mwd/ty
33% 5.8] 500 8.6 8.2 40,500 12.4
345 6.31 15 6.5 y.8 - 35,700 11.6
313 3.6 500 5.4 6.4 6.5 39,100 1.3
314 3.6 500 5.2 6.5 6.6 38,600 0.7 A]

316 3.6 500 5.4 6.4 6.5 39,100 0.8
317 3.6 500 §.2 6.4 .6 39,000 1.1
318 3.6 500 5.2 6.3 6.6 38,900 2.0
363 3.6 500 5.4 6.4 6.5 39,500 0.9
364 3.6 500 5.2 6.5 6.5 38,800 0.4
365 3.6 500 5.2 6.5 6.6 39,100 1.7
368 3.6 500 $.2 6.4 6.1 37,700 0.2
3.6 18 5.4 6.4 6.0 35,600 1,2
3.6 15 1“4.0 6.6 7.0 35,800 1.1
3.6 18 4.0 6.6 7.0 35,700 1.1
3.6 15 5.9 5.0 6.1 39,400 1.0
3.6 15 5.6 6.0 6.0 38,500 0.9

a. At 510 MWt Reactor Power.
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ITA TEST RODS (Continued)

Percent

Avg. Power Fission
Nominal Level (Kw/ft) Average Gas

Enrich- Initial in Cycle® End of Release

ment (w/0 | Pressure Life Measured

Rod No. U-238) (psia) | 1. 2 3 Burnup (Xe+Kr)

Mwd/tU
307 3.60 15 5.9 6.4 28,400 0.2
121 3.60 15 4.0 6.6 22,600 0.1
230 4,32 15 9.2 1.3 5.3 50,600 7.1
293 4,08 15 8.8 7.2 5.3 49,300 3.3
254 4.08 500 8.8 7.3 $.3 49,300 2.5
281 4,53 500 8.9 1.7 41,100 9.1
284 4.32 15 9.1 7.6 41,400 7.3
280 4,32 18 9.1 30,600 2.9
282 4.32 500 9.1 30,400 5.9
28° 4.08 15 9.0 29,400 2.8
«85 4.08 500 9.0 29,600 1.0
292 2.40 500 1.0 21,600 0.15
266 2.9 500 6.8 6.2 31,200 0.2
a. At 510 MWt Reactor Power,
§-G03200- 004 416
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The NRC sponsored an assessment of the effects of using extended burnup
fuel in current 1ight water power reactors.* '™ The effects of increasing peak
burnup from 33,000 MWd/tU to 60,000 MWd/tU on expected fission gas release
were specifically addressed, including ANS 5.4 calculations. The assessment
concluded that 95-99% of extended burnup fuel would yield gas release in the
range 1.5-2.5%. Peak pin gas releases were bounded at 10-12% by calculations
assuming that overall gas generation resulted in end-of-1ife pin pressures at
the allowable 1imits. The fuel design calculations which will determine
actual peak pressures include regulatory conservations that are not
appropriate for the physically-based source term. Thus, best estimate values
would be lower and the core average gas release va'ue (appropriate for a core
damage event) would be expected to be below 2. 5%.

Application to Passive ALWRs

The core designs for Passive ALWRs afford substantial margins in fuel
performance when compared with current plants. The passive AP600, for
exainple, is designed for an average fuel rod )incar heat rating near 4 KW/ft
using 17 x 17 fuel assemblies. This value is about 25% below the value for a
current four loop plant (5.4 KW/ft). Thus, this passive PWR reactor would
trip on overpower prior to reaching the operating condition of current plants,
With a radial peaking factor no greater than 1.65, even the peak pin in the
passive PWR will operate below 7 KW/ft.

Based on these fuel design parameters, the calculations and experience
from current reactors are conservative if applied directly to the ALWR. ALWR
specific calculations are not presently available but will be performed when
fuel design parameters and fuel cycles are finalized. The 2.5% gas release
value for most of a core load in Reference 4-14 is judged to envelope the core
average release of radioisotopes to the gap and plenum regions of Passive APWR
fuel pins for the physically-based source term.

§-G03200- 004 &7
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4.1.4 Conclusions

Coolant Activity

Given the operating performance expected for the Passive ALWR, a
reduction in the existing STS limits is warranted for these plants. Such a
reduction reflects the expectation of lower dose rates due to coolant activity
during normal operation and accident conditions. A reduced equilibrium
concentration 1imit of 0.3 uCi/g, and a lower spiking 1imit of 20 uCi/g (both
1imits apply to dose equivalent [-131) are judged to provide adequate margin
for Passive APWR designs. The proposa) margins above the enveloping values
derived in Section 4.1.2 are judged sufficient to preclude Technical
Specification limitations on intended plant operation and to permit use of
these values in conservative, licensing design basis analysis. While in the
past the spiking 1imit was applied only to the pre-existing spike, it is
appropriate to use the same limit for an accident initiated spike.

Such reduced 1imits reflect the observed improvements in current plant
fuel performance and the expectation of even lower coolant activity levels in
an ALWR. These reduced 1imits might also make predicted doses from accidents,
such as steam )ine break and steam generator tube rupture, more realistic
while retaining appropriate conservatism for Passive ALWR designs. The
proposed changes would probably not have a significant impact on the design
features affecting the timing of containment isolation. While the closure
time for some isolation valves may be slowed to the range 30-60 seconds to
improve their reliability, the coolant dose during this period would be a
small fraction of appiicable dose limits and thus the doses would not control
the valve designs with either the existing or the proposed, reduced coolant
activity limits.

The potential for coolant activity at the proposed Technical
Specification level was assumed in developing the Passive ALWR design basis
accident source term, as defined in this report. While the passive BWR was
not specifically evaluated, based on the noted reduction in current BWR fuel
defect rates and the industry-wide emphasis on fuel performance, comparable
reductions in operating off-gas release and coolant activity would be
expected.

§-G03200- 004 PERY
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Gap Activity

Based on recent fuel performance experience and the conservative fuel
design parameters for Passive ALWRs, a volatile fission gas release fractien
of 3% of radioisotopes is judged to provide adequate margin for use in the
design basis source term for Passive APWRs. The proposal margin above the
2.5% enveloping value derived in Section 4.1.3 1s judged appropriate for this
purpose.

The designs of Passive ALWRs are required to preclude fuel damage (and
hence gap release) for coolant breaks up te 6 inches in diameter. A medium
LOCA was selected as the maximum credible break size for the physically-based
source term. Hence, the design basis accident source term is based on gap
release delayed until core uncovery. The gap release \s treated together with
the fuel release beginning one hour into the event. Given this approach, tb
design basis accident source term for passive BWRs 15 also appropriate even
though differences in BWR fuel design may affect the expected gap release
magnitude.

Qther Design Basis Accident Applications

The reduced coolant activity for passive ALWRs should be applicable to
the safety evaluation of specific design basis accidents such as steam
generator tube rupture (PWR) and main steamline break (BWR). The peak gap
activity and the chemical form of releases should be evaluated, given the
large margins in Passive ALWR fuel operating conditions, to provide an
appropriate degree of conservatism for other accidents such as fuel pool
accidents.

4.2 farly In-Vessel Release Magnitude
4.2.1 Introduction

In this section, fission product releases from the fuel to the RCS are
estimated and justifications for these releases are provided. The assumptions
made on the extent of core melt progression for the representative core damage
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events described in Section 2.0 and Appendix | are identical for the passive
plants of PWR and BWR design and the timing is similar. As a result, the
early in-vessel release magnitude will be the same for both plants.

4.2.2 mportant Phenomena and Assumplions

The core damage event defined for purposes of estimating the source term
assumes that core melt progression (75% core meit) leading to reactor vessel
lower head penetration takes place over a three-hour period (BWR) or five-hour
period (PWR), beginning one hour after the initiating event. The rate at
which fission products will be released from the fuel to the RCS during this
period will tend to varv depending on the details of the core melt progression
phenomena taking place, such as core heatup rate, location and extent of
metallic melt relocation from molten control materials, extent ¢f zircaloy
oxidation upon cladding melting, rate and extent of candling and accumulation
of liquefied fuel, extent of molten pool formation, ceramic crust thickness
surrounding the molten pool, timing and location of crust thinning and
failure, and duration of core melt relocation to the lower plenum and
interaction with water. However, as a first approximation, tie rate of
fission product release is assumed to be constant over the period of core melt
progression (3 hours BWR, or § hours PWR).

4.2.3 Resulls

Releases from fuel are proposed, and the technical bases are discussed,
according to volatility groupings of fission products.

Noble Gases, lodine and Cesium:

Analysis of fission product releases from the TMj-2 accident® s thru &8
and from severe fuel damage experiments*'® ™™™ % jindicate that the releases
of noble gases, iodine, and cesium are approximately equal and are closely
related to the fraction of the fuel that becomes molten in the accident
sequence. In the TMI-2 accident, about 45% of the core was molten and the
releases of noble gases, iodine, and cesium were in the neighborhood of 55%.
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Measurements of residual fission products in previously molten fuel
indicate that up to ~10% of the orvginal cestum inventory and somewhat less of
fodine can be retained by the formation of chemical species that are stable at
high temperatures and/or geometries having low surface-to-volume ratios (see
References 4-16 and 4-27). On the basis of these results, releases of 90% of
todine and cesium from molten fuel are proposed. No residual fission gases
were found in molten fuel debris from TMI-2 (see Reference 4-15), so 100%
release of noble gas from molten fuei is proposed.

The early release of fission products from the 25% of the fuel which
does not melt early should also be considered. The release of noble gases,
fodine, and cestum increases with the extent of oxidatinn by steam of the
unmelted U0, fuel during the heatup in an accident. In addition, fission
product release may occur as a result of fuel pellet cracking during reflood.
A release of 25-30% of noble gases, fodine, and cesium from unmelted fuel in a
terminated accident appears to be a reasonable bound based on data from TM]-2
and the severe fuel damage tests conducted at the Power Burst Facility at
Idahu National Engineering Laboratory (INEL).

Fission product releases from fuel in the TMI-2 accident and in the
severe fuel damage tests are presented in Tables 4-4 and 4-5. These data
support a release of about 80% for noble gases (100% from melted fuel and 25-
30% from unmelted fuel) and 75% for iodine and cesium (90% from melted fuel
and 25-30% from unmelted fuel) given an accident with about 75% fuel melting.

Tellurium

Considerable study has resulted in the understanding that tellurium is
released from the fuel at about the same rate as noble gases, iodine, and
cestum, but is largely retained by the surrounding metallic zircaloy cladding
and 1s then released during ovidation of the cladding.*®**® Tellurium has a
chemical affinity for metallic zircaloy and most other metals.

Oxidation of the claddiny has the effect of increasing the concentration
(and therefore the chemical activity) of tellurium in the remaining metallic
zircaloy, thereby increasing the partial pressure of tellurium. When the
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TABLE 4-5.

FUEL RELEASE FRACTIONS FROM PBF SEVERE FUEL DAMAGE TESTS

Element/

Kr, Xe 9.50 0.026- 0.08-0.19 0.23-0.44
0.093

I 0.5] 0.12 0.18 0.26
Cs 0.32 0.09 0.18 0.44-0.56
Te 0.40 0.01 0.01-0.09 0.03
Ha 0.011 0.006 0.004 0.008
Sr n.00002 0.00024 0.0088
sb 0.00019 £.0013
Ru 0.0003 0.0002 0.00003 0.00007
Ce 0.000002 0.00009 0.00008 0.00013
Actinides <0.000] <0,00001
% Ir

Oxidized 78 26 22 32
% Fuel

Melted 15 16 18 18
$ 603200 - 004 23



loca)l oxidation of zircaloy is equivalent to less than about 90% active clad
conversion to 2r0,, the release rate of tellurium has been found to be 1/40

that of fodine and cesium, but equivalent to that of iodine and cesium when

zircaloy oxidation exceeds 950%.

A value of 0.2 for in-vessel tellurium release from the fuel is
suggested for use in the physically-based source term and will provide margin
to the actual release expected based on the Table 4-4 and 4-5 data. This is
based on the fact that a realistic evaluation of in-vessel clad oxidation for
a core dzmage event is in the neighborhood of 30 to 60%. For example, at TMI-
2 where clad oxidation was ~50%, the tellurium release was -0.06.

semi-Volatiles and Low Volatiles

The releases of strontium, barium, antimony, and ruthenium have been
found to be quite low as demonstrated in Tables 4-4 and 4-5 and are bounded by
a value of 1% Barium and strontium exist as oxides within the UQ, under
accident conditions and have low volatilities (see Reference 4-25). Antimony
and ruthenium are present as metals which are insoluble in (e oxide fuel
matrix and tend to separate from the fuel, concentrating with moi.on metallic
debris (see Reference 4-27).

Cerium, lanthanum, and the actinides (uranium, plutonium, americium,
curium) are oxides with very low volatilities which are dissoived in the fuel
matrix and thus are released to a very small extent (<0.01%). (See Reference
4-25.)

Suggested Release Magnitudes

The proposed releases from fuel are listed in Table 4-6 along with the
late in-vessel releases which are discussed in Section 4.3,

4.2,4 (Conclusions

The proposed releases are a result of the assumptions of 75% core meit
and 30-60% cladding oxidation and are based on experience gained in the
analysis of core melt progression experiments and the TMI-2 accident. The
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larger coolant volume in the RCS per unit power in the Passive ALWR relative
to that of the Evolutionary ALWR and current 1ight water reactors (LWRs)
protracts coolant boiloff, and, therefore, extends the period of time over
which in-vessel core melt progression takes place. Otherwise, the Passive
ALWR cores should behave similarly to these of the Evolutionary ALWR and
current LWRs, including in-vessel fission product releases from the fuel.

4.3 Late [n-vessel Release Magnitude

¢.3.1 Introduction

In this section fission product releases from the fuel remaining in the
core following vessel lower head penetration and the relocation of moiten core
debris into the cavity are discussed.

4.3.2 Important Phenomena and Assumptions

It is a¢..%e0 that the design requirement to flood the reactor cavity by
the time of reactor vessel meltthrough has been met and that flooding occurs
to a height covering the opening in the vessel lower head. This means that an
opening which can draw air into the reactor vessel does not exist and a steam
environment remains within the reactor vessel. However, it is not assumed
that the depth of the reflood will be sufficient to cool the fuel remaining in
the core. Fuel remaining in the reactor vessel, primarily at the core
periphery and near the bottom of the core, is heated by decay heat and loses
heat to the reactor vessei walls and out the top and bittom of the core. It
is not certain, without a detailed analysis, what the temperatures might be in
this material. However, examination of similar material remaining in the TMI-
2 core (see References 4-15 thru 4-18) revealed that in much of this material
net only were cladding melting temperatures not reached, cladding oxidation
was minimal, and cladding ballooning did not occur. Cladding temperatures
were less than the transition from alpha zircaloy to two-phase alpha plus beta
zircaloy (1105 K), and fission product releases were small to none. [t is
expected that the low power density in the Passive ALWR cores would tend to
revuce temperatures in the fuel rods remaining at the periphery of the core
(relative to TMI-2) following vessel meltthrough and melt relocation to the
cavity., This supports the assumption that a large fraction of the fuel (~25%)
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may remain relatively intact within the reactor vessel following early melt
relocation and vessel penetration.

The TMI event was terminated by reflonding the vessel. In-vesse)
recovery or flooding of the containment to the top of the remaining fuel is
also a 1ikely possibility for the ALWR. However, as this is not an explicit
utility requirement in the ALWR Requirements Document for severe accident
conditions, scenarios can be postulated where the fuel remaining irn vessel 13
only partially reflooded. For this reason, the fuel remaining in vessel is
assumed to melt and relocate to the vessel lower head and reactor cavity/lower
drywell over the remainder of the first 24 hours of the accident.

In the evaluation of early in-vessel relenses from fuel 1t was assumed
that volatile and noble gas fission product releases from unmelted fuel were
25-30%. Noble gases and volatile fission products in the fuel remaining in
vessel are assumed to be released over the remainter of the 24 hour period in
the same proportion as the release fractions assumed for the early part of the
accic ot. This results in all of the noble gases and 0% of the (s and |
being released. Given relatively low temperatures, oxidation of the fue!
cladding should be minimal and tellurium releases during this phase should be
a small fraction of the volatile releases. A tellurium release of about 10%
of that in the fuel remaining in the core is assumed. Releases of the less
volatile fission products from the fuel remaining in the core should be
negligibly small during this phase of the accident seguence.

4.3.3 Results

The assumptions and phenomena discussed above lead to a recommendation
of a late in-vessel reiease (based on initial core inventory) of 20% each for
noble gases, 15% each for iodine and cesium ani 3% fur tellurium in the period
3 to 24 hours (BWR) or 5 to 24 hours (PWR). These results are shown in Table
4-6 along with the recommendations for early in-vessel releases.

4.3.4 (Conclusions
The recommended values for the late in-vessel volatile fission product
release are bounding and may actually be somewhat lower than the values (25-
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30%" assumed for the early release from the unmeltec fuel bec.use of the
exnectation, based on measurements of materials removed from the periphery of
the TMI-2 core and the lower power density of Passivi ALWR cores, that the
fuel material remaining at the puriphery of the core will be relatively ool.

4.4 RCS Retention

4.4.1 Jotroduction

Fission products released from the fuel during core damage eviits will
be affected by physical and chemical procasses during transport through the
RCS to the break location., Depending upon the break location and the thermil-
hydraulic conditions in the transport path, substantial auaniities of fission
products may be deposited in the RCS correspondingly reducing the source term
to containment.

The NRC and the commercial nuclear industry have deveioped computer
codes (e.g., TRAP-MELT*™ and MAAP*?') which predict the extent of deposition
in the RCS for various sccident sequences and have urdertaken experimental
programs for the purptse of validating these calcniational methsds. Detailed
analyses using these best-estimate computer models, supported by exper mental
evidence from in-pile wnd out-ef-pile tests, indicate that iodine, cesium and
less volatile radionuclides will condense on or interact with other structural
materials released frum the damaged core to genevate aerosols.

Although some retention of fission product vapors would occur as the
result of condensation on and chemical reaction with surfaces, the traniport
and deposition behavior of these fission-produci bearing .erosols will zontrol
the quantities of radionuclides released from the RCS to containment.
Important aerosol processes such as imoaction, gravitational settling,
thermophoresis, and diffusiophoresis wili be very effective in forzing aerosol
deposition under many accident conditions. Iv certain scenarios scrubbing of
aerosols in water reservoirs and liquid streams will further reduce the
transported materials,
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¢.4.2 important Phenomena and Assump.iras

The parameters known to be most imi/rtant for effective aerosol
deposition are residence time in the RCS, neyative temperature gradients (cold
spots), the presence of large quantities of condens ng steam, and impaction
I0*ses generated by turbulent deposition at pipe bends. Thus, accident
scendr'ot that lack these characteristics wiil minim/2e deposition and allow
higher rofius 5 to containment., Only large pipe br.ak scenarios that have a
short pathwiy tv tie break will have short residence time-. and little or no
steam condenat on or impaction in the transport path. A1l other scenarios
are expected to ocluce strong .eposition forces that limit aerosol transporti.

Large bra accident scenarios that lead to extensive core damage are

unlikely £c10"/yr). Therefore, as described in aipendix 1, it is
assumed tnat the RCS thermal-hydraulic conditions are those 15 the
répresentative core damage events, i.e., an intermediate s.7e¢ '» "A. These
events will Io characterized by longer transport paths and gre:fir impaction
and turbu.ent dweiition losses, as well as cold spots in the tra*-.srt path
to force s 4pn congy sation and diffusiophoretic and thermophorwi iz
deposition. ¢ tima\t of the magnitude of these depositior affects “an been
made (<ing best-estia (L2 computer models supported by e-.tensive in-pile a.»
out-of-piie test data. Estimates have also been made based on the engineering
Judagement of expercs famil'ar with the limitations of certain compiL'er models.
The Yollowing <ections present these estimates and the L.chnical bases used to
develop them,

4.4.0.1 ogiimental fviy ce_on RCS Retention. Experimental evidence

of aerosol retentic' processes . the RCE is provided by the LACE* **® and
Marviken*'* aerosol t: nsport Uasts as well as by the SFD 1-4 test (see
Veference 4.23) and the <™ " £P.2 test.* ™ Table 4-7 summarizes the measured
denosition results, Aerosor -etention in the piping system of about 80% was
measured in LACE tests LA3A an¢ LA3C which had soluble/nonsoluble aerosol
ratios on the order of that exy- <tea from core damage accidents. Tests LA3B
had a lower retention, probably .ue to a very low soluble/nonsoluble aeroso)
ratio  The Marviken tests used ¢ ototypic core mat ~ials and found ~74%
retenticn in the simulate RCS. [hese large retent . 1 fractions are
repres.ntative of that expected when a piping system * included in the
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TABLE 4-7. SUMMARY OF EXPERIMENT RETENTION FRACTIONS (% OF SOURCE)

REPOSITION
to Fuel

2RECIES

L S-UH M'\’\)n

(_ 5 OH Mﬂ\"'

CSDH/MnD=

CsOH/MnD=

lodine
Cesium

lodine

Cesiun




4 ¢}
ransport p2ch, and deposition at bends due to particle impaction \
jominany removal mechanism Retention fractions of the rder of 2§ ¢t ¢
percen. were noted for the first few meter:s f piping in the LACE AA and
I test

(he SFD 1-4 test measured fission product deposition on surfaces
downstream of the damaged fuel region arge tactions of xaine and cesium{ug
to 30%) were found to deposi s to the fuel, although small amount:¢ \
material (rine aerosols) were able to migrate ong distances (~20m) before
being deposited otal system retention was 95%

The LOFT FI 2 test imulated a ICA without emergency ant makeut I
which Tission products were transported from the RCS throuach a na low
pressure injection system Pl ne gring the pre-reflood phase of the
test 2-3% of the volatile f on products were released from the fue
Approximately 2/3 of the released iodine and 1/2 of the cesium were deposited
N the reactor vassel and hot leg pipe, and nearly 75% of this material was
retained in combined RCS piping and the LPIS line Because these experiment
were performed with real fuel and control rod materials within a prototypic
geometry, the fission product deposition behavior is expected to be
representat P f RCS deposition behavior n an actua) ',‘.ldHf

Additional eviaence of ftission product retention juring sever accidents

provided by the TMI-2 accident evaluation. Water pathways that existed

throughout the duration of the accident retained nearly 100% of iodine cesium
and other aerosols generated during the accident For accident enarios In
which a water pool is tiie pathway t ontainment (e.qg the IRWST in the
AP600 ttle release of fi n products to the containment other than nob
ASeS wouid occur

4.4.2.2 Analytical Results on RCS Retention. The experimental evidence
1§ quite supportive of the argqument that larqge fractior f iodine esium andg
ess volatiie radionuc 185 W | aeposit n ySLén rrace uring transport
through the R( However the amount of RCS retent jependent -
the design detaf r the transport pathway and the thermal-hvdrau f the
accident equences f ipport f NUREG 150.° % 4y NRI RAP.MFI 1 de
one or the n Je f the rce 'erm ¢ Yackaqe 1) wa eda t
303200004 11
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estimate the amount of RCS retention that can be expected for a variety of
accident requences in modern, operating PWRs and BWRs.“Y" The predicted
retention factors for aerosols in the RCS range from approximately 15 percent
to 85 percent. The lowest values are associated with large, hot-leg nipe
break accidents in PWRs and luw-to-intermediate pressure sequences in BW  in
which core uncovery occurs early (about one hour after shutdown). Three
considerations must be factored into the evaluation of these compu.e, c.Je
results relative to severe accidents in Passive ALWRs: low prohah ity of
large primary pipe breaks, limitations in the computer codes used to calculate
these retention factors, and differences in Passive ALWR designs vs. the
operating plants evaluated in NUREG-1150. These considerations, as discussed
belnw, suggest that the low values of RCS retention are not applicable to the
Passive ALWR.

Extensive experimentation and PRA analysis have shown that iarge RCS
pipe break-initiated corz damage sequences are very low in probability
(s 107 per year). Such sequences are reduced even further in likelihood by
application of Leak Bufore Break technology. Extensive investigations of the
fracture mechanics of pining provide confidence thet a leak in primary system
piping would precede a rupture, thus allowing the plant to be shut down and
the RCS depressurized before a large break would develop. The NRC has
recently issued an amendment to General Design Criterion 3 which acknowledges
the need to address application of Leak Before Break to requirements other
than dynamic effects of pipe rupture. This further reduction in likelihood of
an already very low probability core damage sequence suggests that very large
pipe breaks located close to the reactor vessel need not be part of the basis
for determining RCS retention for Passive ALWR source term estimates.

The version of TRAP-MELT used in the Source Term Code Package is
recognized to underpredict aerosol retention within the RCS because of
unmodeled phenomena. In particular, this version does not model the effect of
bends on particle deposition, a process that has been shown to be important in
experiments. Figure 4-5 illustrates a post-test comparison of deposition
measured in LACE Test LA3B versus predictions with versions of TRAP-MELT that
do not contain models for predicting deposition in bends. Figure 4-6 shows
the same test results compared with calculations of codes which do model bend
deposition. The rapidly rising sections of the experimental curve represent
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regions of high deposition at bends. The TRAP-MELT 2.2 code, which was quite
successrul in predicting deposition in the LACE LA3 test series, is an
advanced version of the code which incorporates a turbulent deposition model
for treating aerosol deposition at bends. On the basis of the Figure 4.5,
Figure 4-6 comparison, it 1s evideni that RCS retention estimated by codes
Tike TRAP-MELT 2.C (used in support of NUREG-1150) will be underpredicted.
Thus, the retention fractions used for Passive ALWRs should be greater than
the values obtained with the STCP in support of NUREG-1150 for current plants.

An uncertainty analysis was performed as part of NUREG-1150 in which
ranges were determined for uncertain parameters such as the RCS retention
fraction by polling source term experts. In their evaluations the experts
recognized the limitations of existing RCS deposition codes. Table 4-8 shows
the median values obtained by evaluating the expert responses for different
types of accident scenarios. The lowest values are again associated with low
pressure accidents and accidents involving early core melt and revaporization,
but these values are higher than the TRAP-MELT predictions and thus appear to
have been corrected for the underprediction.

A final point regarding the applicability of the TRAP-MELT results and
NUREG-1150 estimates is that both the PWR and BWR passive plant designs have
automatic depressurization systems (ADS) which would be used to depressurize
the RCS in the event of a core damage accident. The ADS for both the BWR and
PNR include a path through SRVs to a water pool (suppression pool and [RWST,
respectively), as well as a path directly to the containment atmosphere. For
events requiring depressurization, most of the blowdown will occur through
these large pools of water. Following depressurization, a portion of accident
scenarios are postulated to occur as a result of incomplete depressurization.
For these events continuous fission product releases to containment through a
pool of water with substantial retention of aerosols will occur.

Other accident sequences may exist, however, in which there is compiete
depressurization but core damage occurs due to failure of active and passive
reactor inventory makeup. As the ADS may be open to the containment
atmosphere for this type of event, credit for pool scrubbing of fission
products from the RCS should be conservatively ignored. Consideration of
depcs.tion and retention within the ADS blowdown path is appropriate.
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TABLE 4-8.

NUREG-1150 EXPERT ELICITATION MEDIAN RETENTION FACTORS

PERCENT RETENTION
Low Volatility

Lase Conditions lodine Cesium Aerosols

PWR Setpoint Pressure 91 96 97

PWR 2/3 High and Intermediate Pressure 59 71 76

PWR 4 Low Pressure 48 60 66

BWR | High Pressure, Early Melt 91 97 97

BWR 2 Low Pressure, Early Melt 59 70 74

BWR 3 High Pressure, Delayed Melt 72 75 92
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In addition to the potential availability of pools to scrub releases as
they occur from the RCS, Passive ALWRs also tend to have slightly larger RCS
volume to power level ratios than the current geneation of LWRs, which leads
to delayed uncovery of the core and longer residence times during the period
of release.

4.4.3 Resylts for RCS Retention

Table 4-9 summarizes the assessment of RCS retention factors to be used
in the Passive ALWR source term. The basis for these retention factors is the
experimental and analytical results noted above applied to the representative
accidents for the passive plant.

4.4.4  Conclysions

For reprasentative accident sequenuces, the RCS retention for Csi appears
to be on the order of 70% for both BWRs and PWRs, based upon STCP and MAAP
calculations. Experimental results from Marviken, SFD, LOFT, and LACE also
support these high retention fractions. However, the RCS retention is a
function of the accident sequence and the design of the RCS (number of pipe
bends and lengths of pipe). Therefore, to provide margin, the 70% value is
reduced (o 50% and 60% for iodine in advanced PWRs and BWRs respectively. The
retention factor used for all other aerosols is also reduced to 60% in PWRs,
but because BWRs have a larger RCS surface area (e.g., dryers) the 70% value
is retained.

For the representative accident sequences, the RCS retention will be the
product of these RCS retention factors and the fuel release fractions.

These RCS retention values are considered to provide margin to the best
estimate retention over a range of accident sequences based on the following:

. Experimental evidence indicating 70% or higher for aerosol
retention in vapor pathway piping systems where the aerosol
material and the controlling thermal-hydraulic conditions are
similar to that of actual reactors.

§+G03200- 004 4-37
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TABLE 4-9. SOURCE ERM EXPERT GROUP RECOMMENDED RCS RETENTION FACTORS FOR
SEVERE ACCIDENTS

ERACTION OF IN-VZSSEL FUEL RELEASE RETAINED IN RCS

AEROSOL
CHEMICAL

SPECIES PWR EWR

I 0.5 0.6
A1l Other 0.6 0.7
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® Experimental evidence and TMI-2 evidence indicating nearly
complete aerosol retention in liquid pathways.

] The extremely low 1ikelihood of a core damage accident initiated
by large, close-to-vessel pipe breaks. Extensive investigation of
the fracture mechanics of piping provides confidence that leaks in
primary system piping would precede ruptures and would be
detectable, allowing the plant to be shut down befaore a break
could occur. This will significantly reduce the already very low
frequencies of Targe LOCA initiated severe accidents obtaired in
PRAS .

. Extrapolation of analytical results and NUREG-1150 expert
judgement to account for the extremely low 1ikelihood of large
size, close-to-vessel pipe breaks and for enhanced deposition by
impaction.

. ALWR design features which would tend to increase aerosol
retention beyond that expected for existing LWRs, e.g., internal
retueling water storage tank, larger RCS volume.

4.5 Revaporization Release
4.5.1 Introduction

During the period of in-vessel melt progression prior to reactor vessel
lower head penetration, a significant fraction of the fission products
released from fuel will deposit on reactor coolant system surfaces either by
aerosol or vapor deposition. Subsequent heating of these surfaces can lead to
the revaporization of volatile fission products from surfaces, their
redistribution to other surfaces furtner down the flow path and, for some
fraction of the originally deposited radionuclides, release to the containment
atmosphere. The revaporization and transport of radionuclides that occur
prior to vessel failure is accounted for in the RCS retention factor discussed
earlier. This is, in part, the reason for smaller retention factors for
iodine than for the bulk of other aerosols. Thus the revaporization release
term described in this section is only intended to represent the release that

$-G03200-004 439
020791R91A




occurs after vessel lower head penetration. The duration of this release can
be over a period of hours or days.

4.5.2 ]mportant Phenomens und Assumptions

A number of aspects of fission product behavior, plant design, and the
thermal-hydraulic characteristics of an accident sequence influence the
potential for revaporization. The chemical form of the volatile radionuclides
and possible chemical reactions with surfaces are key aspects of
revaporization. As discussed in Section 4.7, the principal form of iodine is
expected to be cesium iodide, and the balance of the cesium will primarily be
in the form of cesium hydroxide. Even though the majority of the deposition
on surfaces is likely to be as aerosols, substantial contact may be
established with the underlying surface since a large fraction of the mass of
fission product constituents is liquid at RCS temperatures. Based on
experimental evidence, some of the cesium hydroxide will react with the steel
surface, possibly to form a silicate. This cesium will not be subject to
revaporization.

The amount of the deposited fission products that will revaporize
depends on the temperature of the surface and the volatility of the chemical
species. Figure 4-7% {1lustrates the equilibrium concentration of cesium
iodide and cesium hydroxide (in kg/mP) for the vapor above a pure liguid of
that species as a function of temperature. If cesium hydroxide and cesium
jodide are mixed according to their inventorie. (approximately ten times as
much cesium as iodine), Raoult’s law (i.e., the partial pressure of solvent
vapor in equilibrium with a dilute solution is directly proportional to the
mole fraction of solvent in the solution) indicates that the vapor pressure of
the cesfum iodide will be substantially reduced. In order for 2z - ignificant
fraction of cesium and iodine (i.e., kilogram quantities) to trar rt within
the reactor coolant system, the surface temperature must exceed approximately
1000°K.

The ambient atmosphere within the RCS can also affect fission product
revaporization. In an accident that involves an open flow path (two holes in
the system), air can be drawn through the vessel, potentially oxidizing the
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Figure 4-7. Calculated effect of mixing of cesium hydroxide and cesium
todide condensate on equilibrium vapor concentrations,
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fission products if the temperature is sufficiently high and sweeping airborne
vapors and aerosols into the containment.

The data base to support the prediction of revaporization is limited.
The chemical forms of the key elements, iodine and cesium, are known as are
the equations of state for the pure species. Data have been collected by
Sallach and Elrick®™ on interactions of these species with steel surfaces but
little information is available on subsequent revaporization.

The Sour-e Term Code Package models revaporization prior to vessel
failure but not following vessel failure. MAAP and MELCOR‘“® have very simple
revaporization models that tend to over-predict revaporization.

No specific computer analyses have been performed for the Passive ALWR
to estimate the amount of revaporization that would be expected. In the
'ndustry Degraded Core Rulemaking Program (IDCOR) analyses‘™' of the Mark I
BWR design, complete revaporization was predicted for deposited iodine and
cesium over an extended time period. This was the result of very high
estimated dryweil temperatures in the absence of drywell sprays or other means
of heat removal. In contrast, some features of the passive designs would tend
to substantially limit or prevent revaporization. Because of the automatic
depressurization features of the plants, the reactor would be at or near
containment pressure. The reactor cavity/lower drywell would in all cases be
flooded with water prior to or immediately upon reactor vessel lower head
penetration, up to or above the bottom of the vessel depending on the
combination of failures that may have led to core damage. The temperature of
the containment atmosphere would be at or below the saturation temperature
It is 1ikely that the decay heat would be convected from the RCS surfaces
without achieving very high temperatures. In many scenarios water would
eventually rise in the vessel, quenching the heated surfaces and removing the
potential for further revaporization.

4.5.3 Results

It is necessary to rely on expert judgement at this time regarding the
extent of revaporization for characteristic sequences in the ALWR. The
revaporization fractions have been based on NUREG-1150 expert elicitations.
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The values shown in Table 4-10 were taken from the median estimates for cases
most similar to the passive plant conditions and are judged to provide margin
to expected ALWR revaporization based on ALWR containment conditions. The
revaporization of tellurium is estimated to be negligible.

4.5.4 (Conclysions

The extent of revaporization that would occur in a severe accident
depends on the details of the plant design and the accident scenario.
Although methods for the analysis of revaporization are not well developed,
the mechanisms are known well enough to provide assurance that under the
conditions of a flooded cavity and low containment temperature that would
exist in the passive designs, the potential for revaporization is small.
Revaporization is thus likely to be a small contributor to containment fission
product concentration as reflected in Table 4-10 values.

4.6 Ex-Vessel Release Magnitude
4.6.1 Introduction

In this section fission product releases from core debris exiting the
reactor vessel lower head into the reactor cavity/lower drywel)l are estimated.

4.6.2 Important Phenomena and Assumptions

Fission product release from core debris which has penetrated the
reactor vessel lower head and ‘s located in the cavity/lower drywell will he
significant only if the debris is allowed to be dry with no cooling or
scrubbing by an overlying pool of water. This would permit the potent‘ai for
core concrete interaction and the crntinue. ‘reration of .dditional aerosols.
The ALWR requirement for early cavity/lower drywell flooding will provide
rapid debris quenching thus minimizing core concrete interaction and ex-vessel
release. Further, even if some ex-vessel fission product release were to
occur, the cavity/lower drywell would have significant water overlying the
core debris such that there will be scrubbing of aerosols.
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TABLE 4-10, REVAPORIZATION RELEASE
(Fraction of Elemental Group Initially Deposite’)

lodine fralum
PWR 0.06 0.05%
BWR 0.10 0.0%
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4.6.3 Resylts

Because of the ability of the Passive ALWR to provide ample coolant to
the reactor cavity/ lower diywell prior to or immediately upon vessel
penetration, little or no fission product release to the containment
atmosphere is expected from ex-vessel debris. A1l of the noble gases from the
molten material are assumed to have been released as a par. of the in-vessel
core melt progression. The remaining volatiles and low volatiles will be
retained within the cooled debris or even if some release were to occur,
largely removed by pool scrubbing.

[f ex-vessel releases were to be estimated for a given scenario, some
period of time for uncooled core concrete interaction would need to be
assumed. Table 4-11 provides such an estimate under the assumption of
approximately 30 minutes delay in providing coolant to the debris. All of the
remaining [ and Cs are assuned to be released. The amount of tellurium
released is based upon a review of worst case VANESA calculations which
indicate that over a 30 minute period about 35% of the tellurium is the
maximum that can be released and corresponds to the time when zircaloy
oxidation may be occurring.*"** The remainder of the radionuclide releases
were estimated from the results of the ACE corium concrete tests.**® The
results of these tests were extrapolated to envelope the releases which might
be expected from either basaltic or limestone concrete.

4.6.4 Conclusions

Little or no fission product release to the containment atmosphere from
ex-vessel debris is expected due to the ALWR design requirement for early
flooding of the cavity/lower drywell. Even if a short period of core concrete
interaction were to occur, only a limited fission product addition to the
containment atmosphere would be expected over and above that already being
assumed for the in-vessel releases.
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TABLE 4-11. RELEASE ESTIMATES FROM EX-VESSEL UNCOOLED rUEL DEBRIS

Fraction Released ‘3

Chemical Species
I, Cs 1.0
Te, Sb 0.35
Ru 0.01
Sr, Ba 0.002
Remainder 0.001
3 In the event that debris bed is uncooled for a period approximately 30

minutes in duration,

2. Numbers are fractions of the fission product inventory contained in the
core debris as it exits the vessel lower head.
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4.7 Chemical form
4.7.1 Introduction

The chemical forms for important fission products in the physically-
based source term may be defined by carefully considering the chemical
environment which the fission products experience after being released from
the fuel. This environment is determined by conditions existing in both the
RCS and the containment region during representative accident sequences.

Early (few hours) as well as long term (days) conditions and phenomena must be
considered in defining the chemical forms, which have a strong influence on

the fission product transport and deposition behavior, and thus on the fission
product inventory in the containment atmosphere that is available for leakage.

4.7.2 lmportant Phenomena and Assumptions

At the high temperatures characteristic of core damage accidents the
fission products are usually assumed to escape from the fuel as atomic or
simple molecular species and enter the steam-hydrogen mixture flowing up
through the core. As this mixture moves downstream and cools thermodynamic
analyses generally have been successful in predicting the stable end products.
Except for the noble gases, the end products tend to consist of various
condensed compounds including salts, hydroxides, oxides, and intermetallics
which would be in aerosol form at the expected RCS exit conditions. The
aerosol character of this source material should remain essentially unchanged
during its airborne lifetime in the containment atmosphere.

In such cases, the considerable body of aerosol data and models which
have been developed over the last decade or more can be applied to reliably
estimate the time dependent behavior of the source material during an
accicent. This is true even though changes in chemical species may occur,
provided the new species are also condensed compounds (and hence aerosols) at
prevailing conditions,

In cases where chemical changes can produce species which are gaseous at
prevailing conditions, the modeling will have to reflect the unique transport
and deposition properties of these forms. This situation is particularly
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relevant for radio iodine because processes are known which can generate
several volatile forms of iodine during severe accidents. The purpose of this
section is to describe the important phenomena and to evaluate their effect on
the overall chemical composition of the iodine source materiai, first in the
RCS and then in containment.

4.7.2.1 RCS Conditions and Reactions. There is significant analytical

and experimental evidence that Csl will be the dominant chemical form of
fodine in a core damage event. As the steam-hydrogen gas mixture and
entrained fission products move from the damaged core to cooler regions of the
RCS, thermodynamic analyses predict that Csl and CsOH will be the stable end
products,* 44448

The results of several experimental programs are in agreement with the
above predictions. In the STEP tests,* ™ fission product iodine was
frenuently found to be collocated with fission product cesium on deposition
coupons and aerosol collection samples. In addition deposit morphology was
consistent with the presence of CsOH which would have been a 1iquid dropiet
aerosol at test conditions. The investigators concluded that (sl was the
principal iodine-containing species in the tests, and they also concluded that
flow blockages in two of the tests probably had been caused by accumulation of
viscous CsOH plus structural component aerosol material at constrictions in
the downstream flow systems.

In the SFD tests,**” the deposition patterns of Cs and I fission
products were very similar and it was concluded that the overall behavior of
jodine in these tests was consistent with that predicted for Csl, but
inconsistent with the assumption that the iodine was elemental or hydrogen
iodide. CsOH was also identified as the dominant cesium form.

In the LOFT FP-2 test the deposition pattern of fission product iodine
indicated that it existed as an aerosol rather than a gas in the upper plenum
(see Reference 4-35). Analysis of the test results indicates that Agl was
probably the dominant chemical form of iodine in that particular experiment
(i.e., Tow burnup fuel, low pressure RCS, and Ag-In-Cd control rod failure in
the upper core region prior to fission product release). No evidence was
found for volatile forms of iodine.
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In a series of out-of-pile fission product release experiments with high
burnup fuel at Oak Ridge National Lab.ratory (ORNL).“" the investigators
conciuges from analysis of thermal gradient tube depesition profiles that (sl
and CsOH were the u.=inant downstream fodine and cesiuw species for conditions
which simulated LWR core damage conditions. Finally, measurement of the
iodine speciation in the containment sump water from the TMI-2 accident
followed by an analysis of how the species could have been produced conc)uded
that fission product fodine entered the water primarily as iodide and not as
eiemental iodine (see Reference 4-18).

Notwithstanding the above evidence for Csl, there are two potential
reactions within the RCS which can potentially convert Csl into volatile
hydrogen iodide (MI) and need to be explicitly addressed. The first is
thermal hydrolysis by steam which can be expressed as

CsI (g) + H,0 (g) = CsOH (g) + HI(g). (1)

This gas phase reaction causes measurable conversions only at higher
temperatures (>1000K) where Csl begins to have significant vapor pressure. At
these higher temperatures experimental work has also shown that the reaction
can be permanently shifted to the right in a stainless steel flow system
because the CsOH tends to be retained at reaction sites in the oxide corrosion
film which is present on interior metal surfaces.****®® fven with this
shift, however, the amount of HI formed by reaction (1) should be small in the
reactor accident case. This is because of the excess CsOH which is expected
to accompany Csl during ‘ts early transport through the RCS. (On a molar
basis, the fission yield of cesium is about ten times that of iodine.) The
CsOH will tend to shift the reaction equilibrium to the left and also occupy
reaction sites on the metal surfaces.

The second reaction which can produce HI within the RCS is the reaction
between Csl and boric acid. The condensed phase resction is most simply
expressed as
Csl(s) + HyBOy(1,5) = CsBO,(s) + H,0(s) HI(s). (2)
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the RCS will not occur, the potential for molecular fodine release from this
mechanism has been considered to assess the margin for this aspect of {odine
chemistry. Thermodynamic analysis using the SOLGASMIX computer code*™
indicates that temperatures greater than about 1000°K would be needed and the
principal oxidized iodine species would be atomic iodine (1) at these
temperatures rather than molecular iodine. The analysis also shows that the
presence of excess cesium would reduce the amount of Csl decomposition,
Furthermore, as the reaction mixture would flow to cooler locations of the
RCS, cesium iodide would reform if the | or Cs had not been removed by
reactions such as with structural surfaces. Any | that might react with a
surface would be removed from the gas phase and thus cease to be a volatile
form. Loss of Cs from the mixture would be minimized by resident cesium that
would be expected to be deposited throughout the RCS flow circuit. On this
basis, air (oxygen) entry into the RCS would probably not cause escape of
significant amounts of volatile iodine.

4.7.2.2 Containment Conditions and Reactions. The thermal-hydraulic

conditions in containment during a core damage accident can be characterized
in general as consisting of a steam saturated atmosphere at moderate pressures
accompanied by condensate wetted surfaces and various standing water pools or
reservoirs. The large, passive heat transfer surfaces and the large amounts
of water inside containment assure these conditions for the passive plant.
Steam condensation on the cooler, heat transfer surfaces will result in
diffusiophoresis which drives suspended aerosol particles to the condensed
water film on these surfaces. The abundance of moisture will also tend to
increase the size of suspended aerosols and hence their sedimentation rates.
For non-hygroscopic mater‘als the aerosol particles will serve as nuclei for
steam condensation provided the atmosphere is supersaturated (since there is
no solubility to drive absorption). For hygroscopic materials water
absorption will readily occur, even in sub-saturated atmospheres, to form
droplets composed of concentrated electrolyte solutions.

The latter case applies to Csl, HI, CsOH, and any other chemical
compound that is highly water soluble. The resulting aerosol droplets will
participate in all ongoing aerosol removal processes. This will effectively
lead to a steady buildup of fission product iodine, cesium, and other
materials in the various containment water reservoirs and to a lesser extent
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on containment structural and equipment surfaces. In the water reservoirs
soluble materials will be dissociated into non-volatile ionic species while
insoluble materials will settle out as a precipitate sludge. Surface
deposited material will tend to remain fixed because of physical adhesion
and/or chemisorption phenomena. The generation of volatile fission product
species under these circumstances requires consideration of further chemical
reactions that may take place in the aqueous phase, on surfaces, or even in
the gas phase (i.e., while fission product material is airborne).

As noted earlier, the consideration of volatile fission product species
essentially reduces to an evaluation of iodine behavior. Other fission
products have little or no tendency for forming volatile species at
containment conditions and the radiological significance of possible
exceptions to this generality are minor when compared against iodine. In the
case of icdine the volatile species of concern historically are elemental
iodine and organic iodides (principally methyl iodide). The remainde. of this
section will attempt to provide perspective on the various processes which can
generate these species in containment during the course of a severe core
damage accident.

The iodine specie formed when either Csl or HI first dissolve in water
is the iodide ion (I-). However, even if a substantial fraction of the core
iodine inventory should dissolve in available containment water reservoirs the
resulting aqueous concentration would be quite low; typically in the range of
10° molar. At such concentrations a variety of reactions with other
substances in the water (i.e., dissolved gases or other minor impurities) can
occur which will produce additional iodine species. The relationship between
important aqueous iodine species at low concentration can be illustrated
through use of the following equation® ™

30, + 3H,0 = 51" + 107y + 6H'. (4)

This expresses a global equilibrium situation which really involves
numerous intermediate reactions and species that will have different rates and
lifetimes depending on the specific thermochemical conditions. However, it
also illustrates the observed fact that solution pH has an important influence
on iodine speciation. High H' concentrations (low pH) tend to shift the

$-G03200-004 4-52
020791R91A



equilibrium to the left (i.e.. higher relative molecular
concentrations) while low H' concentrations (high pH) te
reiative concentrations of the ionic species iodide and

A very important process that can affect iodine speciation in
containment water reservoirs is radiolysis. At the radirtion levels
would be expected in core damage accidents (tens of kilogray per hour)
radiolysis generates appreciable aqueous concentrations of 0x1dizing
such as hydroxyl free radicals, hydrogen peroxide, etc.. These can
oxidize I to I, and further through HIO to 10,". The steady-state

concentrations of the different iodine species depend upon ambient

particulavrly pﬁ_”“” g Ll In general low pH conditions favor formation
while high pH tends to stabilize | The production of |
significant consequences. First, its limited solubility in water wil
some 2f it to volatilize (partition) into the overlying gas space where
become available for leakage from containment. Second, [, in sulution as
as i, in the gas phase can participate in reactions with a variety
materials (i.e

.y paints, oils, cable insulation, volatile solvents, methane,

etc.) to low molecular weight organic iodides such as methy]

(CHy 1). Since these species are only slightly soluble in water anc

have relatively long airborne lifetimes in containment, they
another potential leakage form.
importance of minimizing radiolytic I, formation by controi]
Thus the ALWR design requirements specify that the pH of
be maintained in an alkaline state for
This may require addition of a relatively strong

long term acid sources such as nitric acid

is of moist air*™ or perhaps carboxylic acid generation

decomposition of oxygenated organic substances (paints,
might be in containment. Sodium borate or any other similar
be used for this purpose
of aqueous iodide, which tends to
system, there are several
1dered which are more

suspended Csl during




combustion events,*®' 1, formation during evaporation to dryness of shallow
water puddles (see Reference 4-56), radiolysis of acidic droplets containing
Hl which may have been released from the RCS,*"* and possible oxidation of
iodide species that could be evolved should corium-concrete interaltions occur
in the reactor cavity/lower drywell following penetration of the reactor
vessel lower head. Limited experimental data on the relevant phenomena
combined with uncertainties in accident progression make precise
quantification difficult, but 1, yields from each of these processes are
expected to be small.

With regard to the first process, any Csl that has dissolved in a water
pool would not be affected by a hydrogen deflagration. In order to produce a
significant effect, a large energetic hydrogen deflagration would have to
occur early in an accident when most of the Cs] aeroscl is still suspended in
the containment atmosphere. At early times steam partial pressures tend to be
sufficiently high to preclude global combustion. Furthermore, recent
experimental work show: that relatively low steam concentrations will act to
protect airborne Cs! from oxidation even if a hydrogen deflagration should
oceur.*®

Concerning the second process, experimental work has indicated that
appreciable volatile iodine is produced when iodide solutions evaporate to
dryness in a high radiation fieid. Alkaline conditions reduce but do not
eliminate 1iberation of volatile iodine which is presumably I,. However, the
Passive ALWR plant has such a large inventory of water in the containment that
only an insignificant fraction would be expected to experience evaporation to
dryness, It follows that I, generation from this process should also be
insignificant.

Radiolysis of suspended aerosol droplets containing HI could in
principie generate [, if they were to remain acidic. However, interactions
between these droplets and the alkaline aerosol droplets which are expected to
be in greater abundance should minimize the I, yields from this process. [n
addition, a recent scoping experiment with a concentrated Hl solution
indicated very low rates of radiolytic I, formation.*® Thus, this process

should not be a significant source o containment I[,.
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Finally, any fission product iodine that may remain in the core debris
that would be discharged from the reactor vessel at lower head failure would
be readily released if the reactor cavity remains dry such that the high
temperature core-concrete interaction could proceed unchecked. The vaperized
iodine species would encounter oxidizing cond’'tions upon entry into the
containment atmosphere which would favor [, tormation. However, Passive ALKR
design requiremerts will result in cavity flooding before or coincident with
core debris entry. Under these circumstances, even if any iocine shouid
escape the core debris it would be expected to dissoive in the overlying water
and not experience any significant contact with the containment atmosphere.
Thus [, formation by this process would not occur to sny significant extent.

4.7.3 Results

The qualitative description and assessment of phenomena given above must
be translated into quantitative fission product chemical form compositions.
The noble gases will, of course, exit from the RCS und exist in containment
entirely as chemically ne: gases during the course of z reactor acrident.
With respect to other fission products, all except iodine can be assumed to
exit the RCS anu *ransport in containment entirely as mixed aerosols during an
accident. Specifications for iodine are as follows.

Almost all the iodine leaving the RCS during a core damage accident
should be in particulate (aerosol) form. The domirant chemical species will
b Csl but some other metallic iodides could be present as well. The therma)
tydrolysis of Csl and reaction with boric acid (if present) could produce som2
R which might escape from the RCS. The expected yield is relatively
uncortain but, on the basis of the discussion above, we estimate only & few
percent of the fodine would leave the RCS as HI. In containment, the Kl would
effectively beiave as an aerosol due to (a) its hygroscopic nature, and/or (b)
‘vs sorption by the accompanying/existing suspended aeross). Finally, the KCS
is expected to discharge a negligible amount of [, (<0.1%) to containment
during either the early or later phases of an accident.

Within containment, the four processes discussed earlier could each
produce a small amount of [,. Even with control of aqueous phase pH as
assumed, radiolysis is judged to represent the most important and persistent
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source. The steady-state I, level reached in the containment atmosphere will
Jepend upon the net effect of many competing rate processes and upon plant
specific design parameters. towever, it is considered that the pH control
specified in the Requirements Document will be adequate to assure that the
airborne I, will not exceed 1.5% of the cure iodine inventory as a result of
agqueous radiolysis reactions. The other three potential sources «f airtorne
I, are together judged capable of generating !.5% as well so the peak [, leve:
in the containment atmosphere would be about 3.0%.

It is generally recognized that therwal and/or radiolytic reactions
between 1, and a wide ranye of organi. substances which may be present in
containment vessels are responsible for tne appearance of organic todides in
these systems (see References 4-58.4-59). Measured yields depend on a varie.y
of parameters which include I, concentration, temperature, radiation dose,
type of organic, and geometry effects among others. No :atisfactory
mechanistic model of organic iodide generation in reactor accidents has been
developed as yet although research on the problem has been going on for many
years. However, an empirical procedure was devised some time ayo which tands
to overpredict steady-state organic iodide leveis in containmerts.* ®
Application of the procedure, which relates percent trganic iodide formation
to airborne iodine concentration, to ALWR conditions would indicate conversion
of roughly 5% of the airborne I, into organic species. This amount of organic
iodide wou'ld thus correspond to about 0.15% of the ccre iodine inventory
(t.e., 5% of 3% is 0.15%) and tne amount of I, would then be reduced to &.85%.
The remainder of the iodine inventory, 97% cf the core inventory, would exist
as non-volatile species. These would be either particuiate aerosols or
deposited material (attached to surfaces or trapped in water).

4.7.4 Conclusions

The discussion above has attempted to summarize the important factors
involved with determining the fission product chemical forms in water reacior
core damage accidents and to make use of the available data on important
phenomena tu develop quantitative estimates for Passive ALWR physically-based
source term applications. As indicated, it is difficult to precisely quarntify
some of the phenomena effects but in most cases this difficulty probably has a
minor impact on accident source term predictions. For exanple, fission
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Vroduct csoum (L rroected to exist 10 @ number of different chemical species
depending upon the « tatis of an accident, tie specific point in an accident,
and perhaps the particvlar reactor design, However, the general transport
et vior of cestit wi hin the system and its leakage characteristics will not
b: sensitive to these details because the ¢‘fferent species have very similar
physical and chemical properties.

In thr case of iodine, which can form dissimilar volatile species, the
abundance c¢f wate: in the Passive ALWR combined with aqieous pH control is of
considerable heip in simplifying the chemical issues requiring guintification.
The foriner eiiminates significant core-concrete interaction and the nced to
Assess accompanying volatile iodine generatian and the la.ter tends ‘.
stabilive nor-volatile aqueous iodine upecies and' limit partitioning 1v¢ *he
gas phase. quantivi:i¢iion of organic icdide formation is the most uncer:aif
asvect of the evaluat on but the procedure used shuu'd ovarpy: fict s oh
yields, providing margin in the orgaric iodine fraction. The ievels or
organic jodide measured in the TMI-2 containment atmosphere followiny that
accident /~bout 0.73%) would indicate that this is true.

4.8 Scrubbing In Water Poo)s
4.8.1 Iatroduction

The atcenuation of radionuclides in water psols is usually expressed as
a "decontamination vuctor' (DF), which is defined as the ratio of the quantity
injectad intn the puol divided by the quantity which escapes the surface of
the 2001, Aithoush it has bwen generally ascepted that large pools of water
can o¢ very nffective in scvubbing contemizants Srom a gas stream passing
through ther (for exwmpie, n iodine scrubb’rg 1n the spent fuel poel), it is
recognized that tha effectiveness saries signif cantly with a number of
parameters. The Raactor Safuty S.udy (WASH-1400) assumed a DF of 100 for
subcooled suppression pools, «nd 1.0 for steam saturated pools. Since that
time, defailed modeis for the aralys‘s of aerosol rvewmoval during gas transport
through the suppression pool have been developed by the NRC (i.e., the SPARC
code*®®) and EPR1 (the SUPRA code*'™”) in the U.S., as well as by several
foreign countries (e.g., BUSCA* %),
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of poel saturation to be much less than anticipated, as a result of additional
removal mechanisms (such as diffusiophoresis) associated with high steam
fractions above t. e surface of the pooi (se¢ Reference 4-70),

The injection configuration can have a signivicant effect on scrubbing
in the pool entrance region. In contrast to the bubble rise region, where
bubble dynamics and aerosol phenomena are well characterized by the models, in
the entrance region the breakup of the gas <tream entering the pool is more
difficult to model. As a result, conservative models have neglected the
scrubbing in this region of bubble formation, breakup and interaction. This
entrance region is much more pronounced for large horizontal vent
configurations than for multi-port quencher injection configurations.

However, pool scrubbing experiments (see References 4-69,4-7C) have shown that
scrubbing at the injection site can be significant, and should be included in
suppression pool scrubbing analyses. An analytical model for scrubbing at
pool injection sites,*™ developed under EPR! sponsorship, also concluded that
scrubbing at the injection site can be appreciable.

Although this model requires validation, it indicates that
decontamination factors between 2 and 5 (depending on the steam fraction)
could be expected for particles of 0.3 micron size. Battelle Northwest
Laboratory has attempted to model the entrance effects, and has concluder thut
entrance effects would not extend beyond ten diameters of the vent pipe for
horizontal vent injection configurations (i.e., Mark [li-type suppression
pools).*7®

For any given set of the important parameters identified above, the
existing models permit a reasonably acrcurate determination of the
corresponding pool DF. With high steam content carrier gas, an anticipated
aneu o rticle size (e.g., 1-5 microns), and sufficient pool depth to minimize
the o' fect of the entrance region, pool decontamination factors well above
1000 are calculated and have been observed experimentally.
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During any specific accident sequence several important parameters may
change significantly. In particular, fission products may be carried to the
drywell and into the suppression pool in a hydrogen-rich gas mixture,
However, low steaming rates during such periods would also reduce the total
gas flow rate resulting in a slower transport, and hence additional aging, of
the fission product aerosols prior to injection into the suppression pool.
Therefore, the reduction in scrubbing efficiency resulting from the higher
non-condensihle fraction is 1ikely to be balanced by an increase in efficiency
resulting from increases in thi aerosol size distribution. Suppression pool
models incorporated into integra! severe accident codes will produce time
varying suppression pool decontamination factors which quantitatively account
for such changes in the important parameters.

4.8.3 Results for Scrubbing DF

With regard to the timing and flow paths through water pools in the
passive ALWR there are four locations where scrubbing of fission products in
water pools needs to be considered:

3 the aischarge of the reactor coolant through the safety
relfef valves into the IRWST or suppression pool, via the
quenchers;

s flow from the drywel)l to the suppression pool through the
horizo~tal vents;

3. the discharge of non-condensible gases from the isolation
condenser vent line into the suppression pool; and

4. the bubbling of core-concrete interaction gases through the
overlying water pool in the reactor cavity or lower drywell,

A discussion of each of these pathways follows:
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Any aerosols carriec from the reactor vessel to the [RWST or suppression
pool via the guenchers will experience conditions resulting in maximum pool
scrubbing effectiveness as a result of the high steam fraction of the carrier
fluid, injection into the pool through quenchers (which results in small
bubble formation), deep submergence, and subcooled poo) temperatures.
Decontamiration factors expected on the basis of code calculations as well as
experimental observations for these conditions are on the order of 1000, Any
aerosols carried to the suppression pool via this pathway, therefore, are 2
negligible contribution to the source term.

Horizonal Vents (BWR)

Effective decontamination (although at a somewhat fower DF) can also be
expected for fission products other than noble gases and oraanic fodide swept
into the suppression pool during periods uf high pressure in the drywell. The
DFs are expected to be somewhat lower as a result of the higher content of
aon-condens*hle gases and an injection configuration less optimum than the
queincher system. Conversely, the aerosols carried by this flow stream are
characterized by a significantly larger particle size as a result of aging
(i.e., growth in aerodynamic size characteristics resulting from
agglomeration) and the absorption of water vapor by hygroscopic matery.ls such
as cesium hydroxide. DFs on the order of 100 are estimated for this flow
path.

lsolation Condenser (BWR)

A third pathway for fission products to enter the suppression pool and
wetwell gas space is the non-concensible gas vent line from the isolation
condenser. This line has a shallow submergence in the suppression pocl, and
the carrier gas for aerosols transported this way has a low steam fraction,

As a result, the DF estimated for this pathway is very small. Some scrubbing
is expected as a result of the inclusion of very large particle sizes caused

by the long pathway from the reactor vessel through the isoiation condenser at
the top of the reactor building, and back again to the suppression pool. As a
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Recent experiments conducted by the A’.c Luisortium (see Reference 4-71)
provide a useful baseline for the scrubbing of aerosols from a core-concrete
interactior. These tests (Test No. AAl and AA3) were conducted with very low
steam fractions (0.012-0.013), submergence by 1.38 and 2.62 meters of water
and temperatures between 26 and 86 *C. The aerosols were generated by plasma
torch and inciuded Cs, [, and Mn. The decontam.~ation factors obtained varied
between 11 and 160 for the 1.38 meter submergence, and 75 to 330 for the 2.62
meter depth. The lower values >f DF were associated with the Mn aerosol,
which is insoluble in water, while the higher DFs were measured for the highly
soluble Cs and 1. These experimental results are entirely consistent with the
expectation that the scrubbing effect of the overlying deep water pool will
reduce fission product releases from a core-concrete interaction by at least
an order of magnitude.

4.9 Primary Containment Aerosol Removal

4.9.1 lntioduction

Previous sections of this report have dealt with the release of fission
products from the fuel and their transport through the RCS to the containment.
The dominant physical form of the fission products (other than noble gases and
a smal)l fraction of the iodine) upon release to the containment is expected to
be particulate. The size distribution of this particulate will be in the
aerusol range (i.e., Tess than 100 um in diameter) with an estimated
concentration in the containment less than several g/m’.

The principal means of removing the suspended fission products from the
containment atmosphere traditionally include use of containment spr.y and pool
scrubbing. As a part of plant simplification, the Passive ALWR design
requirements do not specify a containment spray system. Other means of
fission product removal therefore become important in determining the overall
concentration of aerosols in the containment.

Scrubbing in the [RWST or wetwell remains effective for scenarios in
whkich releases from the RCS (BWR and PWR) or drywell (BWR) are directed to
these pools. The effectiveness of pool scrubbing is presented in the
preceding section (Section 4.8) of this report.
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In this section, natural mechanisms for depleting the containment
atmosphere of particr'ate are evaluated and an estimate of the aeroso)
concentration and potential leakage as a function of time is derived. These
natural processes include sadimentation and diffusion of aerosols.

4.9.2 Important Phenomena and Assumptions

In this section a brief definition of important physical processes in
the removal of aerosols is provided followed by a description of the
evaluation performed on the PWR and BWR containments to determine overall
aerosol concentrations resulting from these effects,

4.9.2.1 Phenomena Associated with Natural Depletion. The following is

a brief discussion of the physical processes of aerosol mechanics which could
be taken into account in establishing the source term. These p:Jcesses
provide a basis for crediting the "natural® depletion of fission product
material in the containment atmosphere.

4.9.2.1.1 Agglomeration--Agglomeration is the process by which
the size distribution of airborne particulate tends to shift with time to

larger sizes until an equilibrium condition is reached. It is not a separate
removal process, but affects several removal processes: sedimentation, poo)
scrubbing, and spray removal. There are three agglomeration mechanisms that
are generally treated, which include:

1. Brownian - the random movement of particles and the
resultant collisions

2. Gravitational - the relative movement of particles of
different size under the influence of
gravity

3. Turbulent - the result of localized mixing with an
effect of relative movement similar to
gravitational

$-603200- 004 ‘85
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In containment, Brownian agglomeration is impurtant for submicron
particles while gravitational agglemeration is important for particles larger
than one micron. Turbulent agglomeration is generally unimportant in
containment

4.9.2.1.2 Sedimentation--Sedimentation i1s deposition due to the
effects of gravity on the particles, with accumvlation generally on horizontal
surfaces. In “"stirred" systems, sedimentation stil]l occurs, because if the
system 1s closed, there is always a net downward movement of the particles.
If the system is turbulent, both agglomeration and deposition will be
enhanced.

4.9.2.1.3 Hyaroscopicity--Hygroscopicity is the term used to
characterize the affinity of a substance for water. Substances that can
maintain Targe quantities of water in solution are termed "hygroscopic.” As
noted earlier in this report, the dominant chemical form of fission product
cesium released to the containment in the course of a severe accident would be
CsOM (1.e., cesium hydro.ide), and CsOM i¢ one of the most hygroscopic
materials known. If in pz ,iculate form and in the acrosol size range, and it
is exposed to atmospheres near saturation (saturation ratios greater than
about 0.95), it can absorb factors of ten to one hundred times its mass in
wier,

Hygroscopicity can be credited in aerosol removal if it can be
demonstrated that the containment atmosphere is maintained near saturation.
The effect of hygrescopicity is to increase the rate of particle growth and
the sedimertation.

4.9.2.1.4 Qiffusiophoresis--As steam condenses on a surface,

aerosol particles will migrate with the flux of water vapor moving to the
surface and be deposited. This deposition process is referred to as
diffusiophoresis, or sometimes Stefan flow. The importance of
diffusiophoresis depends on the amount of condensation occurring i+ the
accident sequence. If the surfaces in the containment are not cocled, the
structures will tend to saturate thermally, steam condensation on the walls
will slow, and the amount of diffusiophoretic deposition will decreace with
time. Diffusiophoresis is a well-established phenomenon that is modeled in
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Up to 50 species of particles can be handled. Any specie
can be assumed to be hygroscopic. Injection of each aerosol
specie into the containment can be continuous, at a user-
specified rate as a function of time, or can be a "puff" at
user-specified times, or any combination of these.

The source size distribution of each aercsol specie is
assumed to be log-nermal, and is charac.erized by an average
particle radius and geometric standard deviation for that
specie. These parameters are input as functio.s of time,
(Note that only the source size distribution is assumed to
be log-normal; the suspended aerosol is not necessarily log-
normal and has whatever distribution evolves in the
calculation). NAUA is a "sectional" code; the suspended
aerosol size distribution is apportioned into size "bins.”
The number of bins and their upper and lower limit radii are
user-specified. (Calculations reported herein use 3) bins,
Foin ® (0025 um, v = 50 um).

The aerosol processes tracked are:

. Brownian and gravitational agglomeration
. Brownian diffusion

. Stefan flow diffusiophoresis

. Sedimentation

. Leakage

The processes are affected by the following thermal-
hydraulic phenc: na, which are calculated at each time step:

. Steam condensation on the wall
. Steam condensation on the particles

A steam mass balance is calculated in each time step, which
permits determination of the relative humidity. This in
turn supplies the driving force for both condensation
processes (particle and wall),

4 68



8. The following outputs are provided (among others, all as
functions of . me):

‘ suspended mass of each aeroscl specie, and of water
condensed on the particles;

U integrated sedimented mass of each specie;

¢ integrated diffused mass of each specie;

‘. integrated leaked mass of each specie;

’ number and mass size distribution, both total and of

each specie (mass only), of the suspended aerosol;

U aerodynamic mass median diameter (AMMD) of the total
size distribution;

U geometric standard deviation of the total size
distribution; and

. varfous thermal-hydraulic parameters (relative
humidity, atmosphere and wall temperatures, etc.).

It s ould be noted that EPR]’s version of NAUA has been well validated
against th: LACE-2, -4, and -6 experiments.

4.9.2.2.2 Passive PWR Calculations - Input Assumptions--

Calculations for the passive PWR were done for the Westinghouse AP600 design
as an illustrative example. The containment is t._.4deled as a cylinder of
height 43.1 m and radius 18.3 m. The volume is 45,300 m*. The surface area
for sedimentation (floor area) is 1050 m’, for Brownian diffusion 7040 m‘, and
for wall steam condentation 4940 m’. (Condensation and diffusiophoresis are
assumed to take placr. only on the vertical wall surface, while Brownian
diffusion occurs over the entire surface area of the cylinder, including the
floor and ceiling’.
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The accident sequence timing and thermal-hydraulic inputs correspond to
a sequence initiated by an intermediate LOCA. In the base case, core uncovery
is assumed to begin at one hour after accident initiation, with vessel lower
head penetration at five hours. Note that hereafter. because of convenience
in the NAUA calculation, 30 is the start of core uncovery, and all times will
be referred to this.

Consistent with the Passive ALWR design requirements, flooding of the
cavity 1s assumed to occur either before or just at vessel failure, so the
core debris is quenched. As a result, no molten core-concrete interaction is
assumed to take place. Over the first 30-minute period following vessel
penetration, only the heat addition from debris quenching 1s assumed with no
additional heat generation from zirconium oxidation considered as a resuit of
rapid querching of the debris. After this period, further steam 1s produced
from decay heat. Aerosol release following vessel penetration occurs from
late in-vessel release and revaporization., No aerosol release from the core
debris and concrete is assumed because of the quenching assumption and because
the flooding water will scrub any released aerosol.

Table 4-12 shows the assumed steam injection rates to the containment.

Containment atmosphere temperatures and wall temperatures were adapted
from MAAP calculations for a similar scenario for the AP600.* ™ They are
shown in Table 4-13. Leak rate was assumed to be approximately the
Requirements Document proposed limit of 0.5%/day.

Nineteen aerosol species were considered, including CsOH, Csl, Te, TeO,,
Ba0, Sr0, Ce0,, La,0y, Ru, Sb and various structural and concrete materials
(while it is considered that debris ,uenching will occur in the passive plant
design, the concrete materials were included to allow core-concrete
interaction sensitivity studies). For all species at ali source injection
times tne assumed log-normal distribution parameters were r(average) = 0.1 .um,
geometric standard deviation = 2. CsOH and Csl were assumed to be
hygruscopic; all others were non-hygroscopic. (As it turned out, the relative
humidity in this problem was always low enough that steam condensation on the
particles was not important),
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TABLE 4-13. PASSIVE PR CONTAINMENT TEMPERATURE

t(sec) Toe (°€) Teur (°0)
0 89.4 66.0
(core uncovery)
3600 89.4 66.0
5040 104.3 66.6
9000 87.8 58.1
10800 90.0 60.0
14400 90.0 60.0
(vessel penetration)
16200 106.3 82.2
18000 95.1 77.1
25200 90.4 2.9
12400 87.8 71.1
35600 86.0 0.1
50400 84 .4 68.8
82800 84.4 68.8
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TABLE 4-14. PASSIVE BWR SEQUENCE TIMING

Lime (hoyrs)®" Accident Status Siean-Lpjection fate.

0-2 Boiloff of
reactor
inventory from
TAF to vessel
penetration

2 - 2.5 Debris 1.1E8
quenching in
Tower drywell

2.5 - 10 Long term 3.5E4
relocation of

10 - 23 remaining fuel 2.5E4
to lower
drywe)l and
steam
generation due
to decay heat.

(1) t=0 is start of core uncovery. Vessel penetration is t = 2 hrs.
(2) Steam injection rates have been reduced by fraction entering iC.
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TABLE 4-15. PASSIVE BWR CONTAINMENT TEMPERATURE

Time (sec) Containment Temp. (C) Mall Temp. (C)
0 127 n
(eare uncovery)
2300 129 109
R . M 154 129
12800 157 187
17300 167 174
22300 176 186
27300 189 198
32300 201 08
37300 212 218
42300 224 228
47300 233 237
52300 244 245
57300 250 252
62300 260 260
67300 268 269
72300 N 277
77300 283 285
82300 288 294
87300 296 302
$-603200- 004 476
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Fractions of core inventory that are released to containment as a function
of time are presented below. These values were developed i1n Sections 4.] througn
4.8. Derivation of these fractions are presented in Section 2. Again, time zero
is placed at the time of core uncovery for convenience in deriving NAUA results.

0-2 hours 2+-23 hours
l .30 .20
Cs .23 18
Te .06 02
S?‘. BI .003 "
Ru .003 e
Remainder 00003 .“n

4.9.3 Results

Table 4-16 presents thz 24 hour integrated leaked masses for the passive
PWR analysis, Figure 4-8 contains the results of the ~ontainment aerecso)
concentration as a function of time. The 24-hour integrated leaked masses for
the passive BWR are shown in Table 4-17. Figure 4-10 shows the suspended aerosol
mass as @ function of time. I[n Figure 4-10, the sharp drop in the suspended mass
at ~12,000 seconds it due to hygroscopicity effects, in contrast to the PWR case
in which they were of no importance, as mentioned earlier, In the BWR
caiculation, the relative humidity is close to saturation at this time.

4.9.4 Conclusions

Several variations of the base cases were calculated ir order to obtain
some idea of the sensitivity of the integrated leaked mass to various assumptions
made in the analysis. The PWR sensitivity analysis results are summarized in
Table 4-18.

In the first variation, an additional contribution to the steaming rate
assuming continued Zr oxidation during the 4-4.5 hr period following vessel
failure was added. This approximately doubles the total steam injection during
that period.

$-GO3200- 004 7
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TABLE 4-16. PASSIVE PWR AEROSOL MASS LEAKAGE

24-Hour Integrated Leaked Mass (gm)
CsOM 46.8
sl 8.8
Te + TeO, 1.8
Total 99.0

TABLE 4-17. PASSIVE BWR AEROSOL MASS LEAKAGE

24-Hour Integrated Leaked Mass (am)
CsOM 19.2
Csl 3.8
Te + TeQ, 0.6
Total 4.5
$-u03200-004 478
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Figure 4-9. Containment Aerosol vs. Time for PWR Medium LOCA, Base Case.
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In Variation 2 (early fission product release), the in-vessel fission
product release during the core degradation period (0-4 hr) was assumed to
take place only over the first hour, at a rate four times the base case rate.
The additiona) steam addition assumed for Variation ] was also included in the
analysis.

In Variation 3 (late fission product release), the in-vessel fission
product release was assumed to take place over the period 3-4 hr, at a rate
four times the base case rate. Again, extra ex-vessel steam addition was also
assumed.

Variation 4 assumed zero late in-vessel and revaporization releases from
4 to 23 “ours. The additiona) steam addition from Variation | was also
included.

Variation 5 assumed that late in-vessel and revaporization releases
occurred from 4 to 13.5 hours, at twice the rate of the base case. Additional
ex-vesse) steam generation was included for this case, as well,

Results of Variation 1, which addresses the sensitivity of the leaked
mass to the steaming rate at the time of reactor ves:al lower head penetration
(1f, for example, some of the ex-vessel core debris energy were to go into
core-concrete interaction vs. steaming to the containment), indicate that
increasing steaming rate by a factor of 2 decreases the leaked mass by only
about 10%. Variation 2 (early fission product release) gave the highest
leaked masses, while Variation 4 (no late fn-vessel release or revaporization)
gave the lowest. Overall, the variations illustrate the robust nature of the
source term, since the changes in leaked mass are relatively minor.

A set of sensitivity studies was also performed using the BWR data and
is summarized in Table 4-19. As noted in Section 4.9.2.2.3 above, the BWR
leakage does not inciude the MSIV leak path. MSIV leakage is discussed in
Section 4.10.
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changes in input assumptions such as steamin, raf ird timing of
aerosol source injection.

. The EPRI NAUA single compartmert, simple geometric shape
assumptions provige margin from the standpoint that more
comp) icated, multi-compartment geometries would tend to promote
aerosol removal due to additional surface area and irregular flow
paths,

. As noted above for the BWR, no credit has been taken for
aerosol/removal in the isolation condenser.

4.10 Eission Product Holdup and Retention in Secondary tructures
4 10.1 Introduction

Pravious sections of this report have dealt with the release of fission
products from the fuel, the transport of fission products through the RCS and
release to the containment atmosphere, the expected chemical forms in the
comainment atmosphere, and the release from the containment. This section
deals with the release paths from the containment and the potential for holdup
(delayed release to the environment) and permanent retention of fission
products in structures contiguous to or surrounding the containment
("secondary structures").

Since holdup and retention in socondary structures is the last modeling
step for the environmenta) source term, this section alse includes a
discussion of the final environmental source virm ano the associated offsite
dose calculations. This discussion {s for the PWR, but the results are
considered generaliy applicable to the BWR., [n addition, the BWR MSIV leakage
holdup and retention in the main steam lines and condensor are discussed.
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\mportant Phenomena ang A

following phenomena and related assumptions are key with re

uantification of holdup and retention in the secondary plant

The previous Zection treats the

aeroso! component ¢ the

fission product reiease from the containment This releasts
includes all radionuclides (and "inert" or non-radioactive
aervosols) except for the noble gases and the smal! fraction

of the radioiodine considered gaseous form

(discussed in Sectinn 4 7 o det~rmine the contributior
from the relvase of tie gaseous comporent (nobles and 1odine)

from the containment, a rate established by the concentrat

in the containment atmosphere and the containment Jesign [(eak

rate 1s assumed Derivation of the transient concentration
of nobles und gaseous iodine in the containment atmosphere

based on the following:
Noble gases and organic iodine are not removed

For the passive PWRs, elemental iodine 1s removed

according tn the vcdel presented in Standard Review
Plan 6.5.2 which accounts for diffusiophoretic

deposition. In ac_ordance with that model, a typica

elemental iodine re.qova) coefficient (A) is 1.7 hr

with a maximum decontamin on factor (DF) of 20(

200
(Elemental iodine concentration derived in this manner

1S used and input to the Secondary building analysi

of Section 4.10.6

BWRs, elemental iodine would be

same way as particulate iodine and

ke setad bi : 0
be subjected to suppression pool

the same DF. (Rerer to Section 4.8 on water

(&)

alals
pUQi

scrubbing)

9
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¢ As with the ntainment discussed 1n the Hrevious ect ! ne
NAUA code (o ne other equivalent treatment of aeroso may
D8 used to calcuiate the aere removal coefficient r
econdary structire as & rtunction of time However, unlike
the containment ase, hygrescopicity and diffusiophoresi not
expected to be gniticant) are not cregited in secondary
structures Moreover, the particle size distribution from the
containment rejease 1 hanged to remove al ondensed watt

t(; '."{w"“‘ marain in accounting *"'\y 1ry ;'ayty( }‘.((. !',(‘
congensed watler 1s removed mainly because of the OwWw expectied
numigity within the secondary structure

n "1"”!1"6‘ § 1S00U Fie n product: s not r ided t W
econgary bulriding retentior aicuiations niy | up

¢ The secondary structure internal partitioning and flowpatt
may be taken into account in calculating the holdup and
retention, with individual internal, well-mixed control
volumes being defined These control volumes can be defined
as "source volume one or more) where containment leakage
ntroduced into the building as well as "sink volumes" (one or
more) with a given exchange rate between the source and nk
volumes and between the INK volume 4nd the environment
L A relatively large exchange rate betweer the environment and
the secondary structure (as well as between control volume
within the secondary structure) should be used to provide
margin in assessing offsite doses in order to reduce the need
ror secondary structure room leaktightness Note that laraqe
exchange rates may not be conservative for assessing onsite
accident management exposure and accigent management need
must alsc be recognized in the desigr f the secondary
tructure This ex nange rate \v(!l’ e "{l\t:‘, take nto
account the t wing




Seismic design (non-seismic structures are not
credited)

. Containment leakage into interior rooms

- Sealed penetrations in rooms with potential
containment leakage

. uwaskets in doorways
. Trip for forced ventilation on high radiation signal

. Spring- loaded, bubble-tight dampers in ventilation
ducts

- Floor drain provisions

- Demonstration of lTeakage performance by analysis,
pre-operational testing, ard/or mainta.ning neyative
pre-sure in the secondary building by operation of
the normal ventilation system.

A conservative estimate of an exchange rate which can be used
in evaluating the holdup/retention characteristics of a

secondary structure would be 200%/day. This assumed value is
supported by the discussion presented in Section 4.10.3 below.

. Leakage assumed to bypass the secondary structure is limited
to tiat which leaks through the containment isolation valves
in any 1ine penetrating the containment and terminating
outside the secondary structure or potentially leaking within
the secondary structure in a room which has a door or other
penetration (e.g., for ventilation) which communicates
directly with the environment., Important corollary
assumptions include:

§-603200- 004 4-88
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. Negligible leakage through flanged containment
penetrations (such as the equipment hatch) which
exist outside the secondary structures

Negligible Teakage through the steel containment
shell (for the passive PWK, as discussed further in
Section 4.10.4 below).

A special case of bypass leakage is that which passes through
the steamlines for the passive BWR. The treatment of this
leakage is discussed in Section 4.10.5. For all other valve
leakage bypassing the secondary structures the following
assumptions may be made:

valve leakage may be assumed to be at the ASME/ANSI
OM-10*"®*" 1imits of 7.5 SCFD/inch of valve diameter

. Valve leakage leading to bypass may be integrated and
then subtracted from the design leak rate - the
difference being assumed to enter the secondary
structure,

- For certain of the 1ines bypassing the secondary
structure, HEPA filters (with a particulate
efficiency of 0.99) may be installed to 1imit the
bypass leakage dose.

Effect on Magnitude of Environmental Source Term

In order to estimate the overall effect of Lhe assumptions listed above
on the calculation of secondary building holdup/retention, a preliminary study
was performed on AP600 for an example of a passive PWR auxiliary building.
This study involved the following:

¢ The aerosol source term from the containment (both
radioactive and inert) is taken from the passive PWR
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analysis presented in Sectior 4.9. The total mass leaked
in 24 hours was calculated to be approximately 99 grams.

¢ A review of all containment penetrations was made to determine
their points of termination outside containment. A1l flangec
joints and valves were included as potential Teak points.
Using the definition of secondary building bypass given above,
the "bypass" leakage was determined to be about 14 Standard
cubic feet per hour (SCFH), or about 4% of the assumed
constant leak rate of 0.5%/day (333.3 SCFH).

. The auxiliary building has a total volume of approximately 3.5
x 10* ft*. Excluding the volume which includes containment
jeak points and which could communicate directly with the
environment about 10% of the total), the remainder of the
building is divided into two control volumes; one containing
the rest of the containment leak points (about 10% of the
remaining volume), and the other mixing with the environment
at a rate of 200%/day. The mixing rate between the two
volumes is alsc assumed to be 200%/day (of the smaller
volume).

¢ Aerosol removal was calculated with NAUA as described ahove.
The aerosol removal coefficient (1) was observed to vary
(during the 24 hour period of interest) from about 0.15 hr’'
near the start of release to a value about half that at the
end of the calculation.

The overall effect of these assumptions on the aerosol reiease to the
environment was observed in this study to be as follows:

o Of the 99 grams released from the primary containment, about 4
grams bypassed the secondary structure. About half of this
amount could be filtered prior to release by placing HEPA
filters on the shutdown purge supply and exhaust lines,
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guidance. The building "DF" (the ratio of what enters the building to what
leaves it) is equal to:
1/7(1-e)

where "e" reprosents the efficiency for the filter used in tne active system
exhaust. No degiee of bypass is acceptable and radionuclide retention from
natural removal mechanisms is not addressed in the regulations, leading to the
need for subatmospheric building pressure and a filtered exhaust. ('t should
be noted here that the sffective reactor building DF obtained with filtration
in curreatly operating BWR r .ctor buildings is of the order of 20 - 100,
corresponding to the 95 to 99 «fficiency of the filters being used. This can
be compared with the PWR auxiliary building assessment presented here which
establishes an effective OF of about 6.) An important factor in the
determination of the need for active filtration in operating BWR reactor
buildings (as opposed to dependence on natural depletion mechanisms within the
building) is the present requirement that the fission product release from the
containment be considered primarily gaseous.

Given that the fission product release from the primary containment is
now understood to be principally particulate, it is now possible to
demonstrate an effective DF for the Passive Plant secondary structure that is
somewhat lower than for the operating BWR reactor buildings, but still
significant, Moreover, adequate DFs can be shown without the need for
subatmospheric pressures and active filtration. However, the buildings must
still be "tight", and much can be learned abou: the degree of "tightness”
achievable from the BWR reactor building experience,

Appendix 2 of this report includes the three technical specifications
pertaining to the Shoreham reactor building integrity, 3/4.6.5.1, 3/4.6.5.2
and 3/4.6.5.3. The first defines "integrity" and provides the limiting
conditions for operation in terms of the negative pressure that must be
maintained by the normal ventilation system, the monitoring of building
access-ways and penetrations, and the performance requirements of the safety-
related standby ventilation system. The second establishes the operability
requirements for the reactor building isolation valves; the third Lhe
operability requirements for the reactor building standby ventilation system
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(RBSVS). Of these, the first is the one that bears most directly on the
question of what can be achieved in terms of building leaktightness.

The RBSVS, with a nominal single-train exhaust flowrate of 1160 cfm,
must be capable of achieving (within 120 seconds of the loss of normal
ventilation) and maintaining a reactor building negative pressure of 0,25
inches of vacuum water gauge. This pressure is defined such that for any
condition of low-to-moderate windspeeds (where y/0 values and, therefore,
offsite doses coula be expected to be high), the pressure difference between
the outside of the reacter building (even with consideration given to the
pressure distribution created by the wind) and the inside of the building can
be assured to be negative at all points. In other words, the design negative-
pressure cperating point of the RBSYS exhaust fans must be such that it will
ensure a reactor building negative pressure lower than the most negative
pressure created by the wind 2t or below the windspeeds of concern.

In practice, this means that the forced exhaust flowraic from the
building needed to create this very negative pressure would greatly exceed the
flow through the building if only the "natural" wind-induced pressure
distribution (positive to negative) existed around the structure. Therefore,
the design flowrate of a single RBSVS train can be used to characterize the
maximum through-flow that would be expected without an active system. In the
case of the Shoreham reactor building, this value (as noted above and in
Appendix 2) is 1160 cfm. This value was demonstrated in the pre-operational
testing of Shorenam,

The Shoreham reactor building is relatively "open" inside, with an
internal free volume of the order of 1.5 x 10° ft*. With a “through-flow" of
1160 cfm, the exchange rate between the building and the atmosphere would be
approximately 100%/day.

The Shoreham reactor biilding is mostly above grade. It includes a
truck-access lock as well as several doors and ventilation penetrations.
While it is mostly concrete, the upper (refueling floor) area includes
gasketed, metal siding and a metal, truss-beamed roof. Given the size,
function, and design of this structure, it would appear to be a reasonable
analog for secondary structures associated with the passive plants.
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Therefore, it would seem that a mixing rate twice that specified and confirmed
for the Shoreham reactor building (i.e., 2 x 100%/day or 200%/day for the
passive plants) is a reasonable maximum value to be assumed in the evaluation
of passive plant secondary structure holdup and retention.

4.10.4 Leakage through Steel Containment Shells

An important issue regarding the effectiveness of secondary structures
in mitigating radionuclioe ~2'2ises to the environment is the degree to which
primary containment leakage can bypass the secondary structure. In Section
4.10.2 a method to quantify the bypass leakage is described, but it assumes
that essentially all bypass leakage is through containment penetrations, not
through the body of the containment itself. In the case of the passive PWR
the containment structure is a 1.5" thick steel shell. This sub-section
provides the basis for assuming that leakage through the steel shell will
contribute only a negligible amount to the bypass leakage already considered.

Construction Inspection and Testing

The design leak rate will be 0.5%/day or less, and is referred to as L,.
In Section 3.10.2 it was shown that bypass leakage can be controlled to 4-5%
L, as long as the leakage is not through the steel shell. For purposes of
discussion, "negligible" can be viewed as leakage on the order of 20-25% of
the bypass leakage already included in the analysis, or approximately 1% L,.
In absolute terms "negiigible" bypass leakage would be 0.005%/day or less.

At a design leak rate of 0.5%/day the absolute leak rate would be
approximately 0.1 cfs. One percent of that value would be 0.00]1 cfs
(approximately 1.7 cubic inches per second) and would correspond to a leakage
area on the order of 0.0005 in®. While this would seem to be a very small
number it is well within the capability of non-destructive examinations to
detect (e.g., ¢ 0.010 inch crack nearly 1/16 of an inch long), and would
certainly be expected to be found during the construction inspection and
testing program,

A number of containment construction inspection programs have used leak
chase channel testing of containment pressure boundary welds. These leak
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Given the above, it is viewed as extremely unlikely that non-negligible
leakage through the steel containment shell would occur.

Potential for Plugging of Through-Shell Leakpaths

As noted in Section 4.7 above, the vast majority of the activity
suspended in the containment a*mosphere will be in aerosol form, and aerosols
do not readily pass through nathwiys that are long relative to hydraulic
radius (i.e., "capillaries") ».d which would typicaily be described as
tortuous, such as a very sms |1 weld defect in a 1.5" thick shell. For this
reason, even if a non-negligible leak path were to exist, it is expected that
plugging would occur. Another effect which should be noted is that the irnside
of the steel shell will be acting as a condenser, and any capillaries which
might exist would tend to fill with water under containment pressure,
preventing or greatly limiting gas leakage.

The question of aerosol plugging can be addressed using the
Vaughn/Morewitz plugging model that was incorporated into the MAAP code as
described in Section 13 of Reference 4-83. The Vaughn/Morewitz plugging model
is based on experimental observations that small capillaries passing aerosols
with concentrations of 2 g/m’ and above will become plugged when the total
aerosol having entered the passage exceeds a mass defined by the expression
Kd*, where K is an experimentally-determined constant equal to 30 g/‘cm3 + 20
g/cms and d is the capilliry diameter in cm. For the representative accident
sequence, the aerosol concentration in the containment atmosphere is close to
or exceeding the threshold of the range tested (1 to 2 g/m3 or slightly
higher) during the period that the bulk of the 99 grams of aerosol is released
from the primary containment (refer to Figure 4-9). In the worst case, if all
of the leakage (i.e., the full containment design leakrate of 0.5%/day or a
hole of area 0.05 in’ and 0.25" in diameter) were concentrated in @ single
leakpath through the steel shell (the most conservative representation), only
about 13 grams (or 13%) of the 99 grams released would be needed to plug the
leak. (This value was obtained using the upper bound value for K, 50 gm/cm’).
For an opening correspond.ng to 1% of this total area only 0.013 grams or
0.013% of the release would be needed to plug the leak. For this reason,
sustained leakage through small and tortuous leak paths such as those that
might result from weld defects in the containment structure is viewed as
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virtually impossible. Sustained leakage is 1ik-ly to occur only through leak
paths which could properly be characterized as “orifices.”

Conclusions

From the material presented above it is evident that the amount of
leakage through the ~1.5 inch steel containment shell would be expected to be
negliigible; i.e., less than 1% of L,. Even in the extremely unlikely event
that gas flowpaths greater than 1% L, did exist, it is expected that they
would be sealed by the flow of condensed water or, if dry, by the passage of
aerosol from the containment atmosphere. Therefore, leakage through the steel
containment shell is not included in the secondary building holdup and
retention assessment presented in Section 4.10.2.

4.10.5 BWR MSIV Leakage

The discussion in sections 4,10.2, 4.10.3, and 4.10.4 apply to secondary
structures and bypass pathways. A special case for bypass pathways, due
primarily to its large size, is the MSIV leakage in a BWR.

As specified in the Passive ALWR requirements, it is intended that main
steam 1ine and main condenser holdup and retention be utilized to reduce the
environmental source term from MSIV leakage, and thus, active MSIV leakage
control systems would not be necessary. A methodology for crediting fission
product aerosol retention and holdup (and gaseous fission product holdup) in
the steam lines and main condenser has been developed for operating BWRs. The
BWR Owners Group has submitted this analysis to NRC for review. Once the
review of this analysis is complete, the passive BWR evaluation will be
completed and included in the physicall: -based source term. This passive BWR
evaluation will factor in the methods and results from the BWR Owners Group
analysis, and will determine the environmental source term and associated
contribution to cffsite dose which is expected from MSIV leakage.
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4.10.6 Results

Presented above are the basic assumptions underlying a technically sound
approach to quantifying the effect of secondary structures on the release of
radionuclides to the environment (i.e., the effect on the environmental source
term for a representative accident). This subsection describes the
application of that approach to the determination of offsite doses associated
with the physically-based source term. Two points must be covered; first, the
dose calculation methodology, and second, the actual dose calculation.

Dose Calculation Methodology

The dose caiculation methodology used for a particular application must
be consistent with the requirements of that application. Ffor exampie, dose
calculations done to demonstrate compliance with 10CFR100 must conform with
the requirements stated in that rule and should also be performed in
accordance with regulatory guidance. In the case of 10CFR100, for example,
plume dispersion (as expressed by the instantaneous values of y/Q) should be
calculated in accordance with Regulatory Guides 1.3*® or 1.4°% (BWR and PWR,
respectively) or Regulatory Guide 1.145%  as applicable, depending on the
availability of site-specific meteosplogical data. The dose calculations
presented below were performed with an assessment of the potentia. for
emergency planning simplification ir mird; accordingly, the method described
below is consistent with the dose caiculation approach used to establish the
current emergency planning requirements. iJose calculations for 10CFRIO00
purposes will be performed by the Plant Designer as part of design
certification.

The basis for the current emergency planning requirements is presented
in NUREG-0396.%" NUKcG 0396 includes calculations of the potential for
exceeding speci’ic dose levels (as a function of distance from the plant) for
a range of source terms using representative site meteorological data, [t was
observed in both NUREG 0654°® and NUREG 0396 that the probability of
exceeding the protective action guidelines (PAGs) at a distance of 10 miles
was less than 50% given a core melt accident (i.e., that the PAGs would not be
exceeded for "most" core melts). The fact that the median core melt accident
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by the Plant Designer to quantify the actual holdup and
retention characteristics for a given standardized desian.
Secondary structures should be laid out to effect holdup and
retention and to prevent the spread of containment leakage (to
the extent it occurs) throughout the building.

By including detailed modeling of holdup and retention
characteristics of secondary structuves, it is likely that a
building decontamination factor of at least 10 can be
demonstrated. [f careful attention is paid to minimizing
building bypass, it is likely that the "effective" DF (that
which includes the effects of bypass) should not be less than
about 70% of the building DF.

Special leak rate testing for secondary structures used for
retention and holdup is not required to demonstrate adequate
leak tightness., As is the case for BWR ieactor buildings
already in cperation, the negative pressure maintained by the
normal ventilation system can provide assurance that the
required secondary structure leakage limits are being met.
This assurance can be increased by periodic (e.g., monthly)
inspection of hatches, doorways, and other important isolation
features.

Holdup and retention of radionuclides in secondary structures
should be sufficient to assume that, given the maintenance of
containment integrity and leak rates at or slightly under
0.5%/day, the median dose will not exceed the PAGs at a
distance of 1/2 mile from the plant for a period of 24 hours
after the start of the accident.
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APPENDIX 1

CORE DAMAGE EVENT FOR PURVOSES OF QUANTIFYING
THE PHYSTCALLY-BASED SOURCE TZRM
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It should be noted that the actual Passive ALWR designs may go beyond
the ALWR requirements, perhaps reducing low pressure core melt scenarios to
probabilistically insignificant levels. However, even if screening of
functional accident sequence types for specific designs were to eliminate all
sequence types based on additional design features, ALWR requirements still

“tablish low pressure core damage events as an accident sequence which, as &
minimum, must be addressed by the Plant Designer in evaluating severe accident
containment performance and source term,

A.2 fvaluation o” Functional Sequence ITvpes Against Requirements

Table A< provides a 1ist of nearly more than twenty potential
challenges to a 1ight water reactor containment which potentially threaten its
integrity. This 1ist of containment challenges encompasses initiating events
which by definition result in bypass of containment, random system and
equipment failures which may compromise containment independent of the reasons
for core damage and potential dependent failures that could be caused by
phenomena resulting from a severe accident., The 1ist is broken into two
groups. The first 12 challenges are those which might precede or occur for
reasons other than the effect of the core damage event. The remaining
challenges are associated with severe accident phenomena and would occur as a
result of the effects of the core damage events. |isted with the challenges
are Passive ALWR requirements that are directed at imiting the potential for
the challenge, accommodating the cha'lenge should ft occur, or both. A number
of Passive ALWR design requirements exceed capabilities for the current
generation of light water reactors and are noted with an asterisk in the
table.

The various challenges presented in Table A-1 can be grouped under a
number of functions important in assuring the integrity of the containment
during severe accident events. These functions, presented in Table A-2, are
those established in Chapter 5 of “he ALWR Requirements Dozument a&s being
important to the prevention and mitigation of severe accident challenges. The
following discussion provides a summary of specific utility imposed ALWR
design requirements which accomplish each of these functions thereby assuring
integrity of containment under postulated accident conditions.
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TABLE A-1. (Continued) POTENTIAL CONTAINMENT FAILURE MODES THAT ARE INDEPENDENT OF OR PRECEDE CORE DAMAGE

Limit Potential

Chal lenge Timing Design for Challenge Accommodate Chailenges
Catastrophic RPy faliwe Short Term PR B Ductite Materialis
*Nc welds in beltline region
Relief Capacity
Excessive Vaciam Long Term EC Yacuzsm Sreskers
= Design for external
pressure |osds
Turbine Missiles Short Term P B Turbine overspeed protection Separation of Systems
Turbine disk integrity Turbine orientation or
Missile protection
Tornade and Tornado Missiles Short Term P B Conformance with ANSI 2.12 and ANS! *Passive systems
5.5 loceted within
containment
Seismic Short Terms Pus SSF at _3g

Evelustion ar >55E

* Passive Plant design features which exceed requirements for current Lills.
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TABLE A-7. POTENTIAL CONTAINMENT FAILURE MODES RESULTING FROM CORE DAMAGE

Limi® Potentiatl
Chal lenge Timing Design for Chel'lenge Accommodate Chailenges
High Pressure Melt E jection Short Term 2 Piverse Depressurization Systems Suppression fool
{WPNE *Passive I9R inecied corteirment
(no combus?t ion hest
addition)
P Diverse Depressurization System *Cavity Cunfigurat ron
o entrain core debris
Hydrogen Generation to Short Term FedE Irerted
Detonatat.le Limits
s Limit generaton
izetion
Systems
*Cavity Floading
*“Contairment Size
< ogen Deflagration Short Term s inerted
o *Contarrment §ize
in-Vessel Steam Explosion B R Phenomena | imited n probabiiity WPV Capabi ity
Ex-vessel Steam Explosion Short Term BuR /PR Phenomena {imited in prabability *2ugged |ower drywei|
reactor cawity
Core Concrete Interaction tong Term BuR *Coolable lower drywell geometry Contatrment 5ize
NonCondensibie GCas *Lower Drywell Flooding
Generat ion “sater addition from sources external
Ssse Mat Penetration o containment
Vessel! Support
s *Coolable resctor cavity geometry Contarrment Size
*Overfiow from Incontainment
Refurling Water Storage Tank
(IRwsT)
*dater addition from sources externsi
o contairment
Sump (ine Faiture Short Term R e Sump Configuration

*Reactor Cavity/Lowsr Dryweil
Flooding
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TABLE A 1 (Continued. POTENTIAL CONTATNMENT FAILURE MODES RESULTING FROM CORE DAMAGE

Chat lenge

Timing

Limit Potentisi

for Challenge

Liner Meit Through

Decay #eat Generation

Tube Rupture from Hot Cases

Short Term

Long Term

Short Term

. ]
B
B
o~

*Liner protected by concrete
*Lower Dryweli 7iooding

Ma:n Condenses
“Resctor Water (leamp System
*Passive RNR

* Passive Plant design features which exceed reguirements for current LERs.



TABLE A-2. LIGHT WATER REACTOR FUNCTIONS

Reactivity Control

Reactor Pressure Control

Fuel/Debris Cooling

Containment Pressure/Temperature Control
Combustible Gas Control

Containment Isolation

Containment Bypass
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A.2.1 AWM Reguirements
Reactivity Contrel

Fatlure to scram accident sequences are assumed to result in high
pressure challenges to the RCS and the containment. Therefore, the ALWR
Requirements Document includes provisions to assure that such failures are
prevented and that there are effective means to mitigate the -ailure to scram
in the unlikely event it occurs.

. In the BWR, design features to prevent ATWS include the RPS and
hydraulic control rod drives. In addition, an Auxiliary Rod
Injection (ARI) System is provided to assure diversity in the
electrical portion of the RPS. Beyond existing regulatory
requirements, the Passive BWR also provides independent means of
rod insertion in the form of electrically driven motor drives.
Sti11 further diversity is provided in the reactivity control
function through the operation of SLC. Many of these functions
(such as hydraulic drive insertion and SLC injection) are passive
in nature requiring no continuously operating components and
limited dependence on support systems.

. In the PWR, multiple means of rod insertion are provided in the
form of gravity insertion into the PWR, which provide an
alternative to the motor drives. The PWR aiso has the potential
for rigaing out an ATWS through implementation of a negative
moderatoer coefficient throughout the entire operating cycle and
use of steam generators and backup feedwater to remove the power
being generated in the core. Means of shutting down the reactor
independent of control rods are provided by Chemical Volume and
Control System (CVCS) and if necessary borated passive Safety
Injection. Like the BWR, rod insertion and boron injection
through safety injection are passive, having little or no
dependence on support systems,

§+ 603200004 A0
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Given the above design features to preclude and eccommodate ATNS,
number of which exceed ciurrent LWR capabilities and are passive in nature,
centainment challenges from ATWS are comsidered to be effectively eliminated.

Reactor Pressure Control

RCS pressure control impacts severe accident conditions within the
containment in that core Samage at high primary system pressure can
potentially lead to high pressure melt ejection should an event progress to
the point that reactor vessel lower nead penetration occurs. The potential
impact of high pressure core melt on containment heatup and pressurization has
been substantially addressed in the ALWR requirements.

5-G03200- 004
0208910914

Both PWR and BWR designs require safety grade RCS automatic
depressurization systems (ADS) in the passive plant. These
systems are automatically inftiated and designed for relfability,
having multiple trains sufficiently independent so as not to be
vulnerable to common cause. The ADS is effectively independent of
passive plant support systems except dc power. Furthermore,
concern regarding the dc power dependence is obviated by the fail-
safe capability of the passive residual heat removal (RMR) system
to provide the capability to remove decay heat and thus gradually
depressurize the primary system, Passive RHR requires no o\ “er
support systems for operation. Also, the probability of a LOCA
which requires ADS together with a complete loss of dc power 1s
very remote. Thus, based on the depressurization system design,
the driving force necessary for high pressure melt ejection would
not be present in a Passive ALWR in the event of a severe
accident.

Mitigation of the effects on containme.t of ejection of core
debris from the RCS is also provided in Passive PWRs by cavity
design features which preclude transfer of significant core debris
to areas of containment outside the reactor cavity, For BWRs a
number of design features (including the reactor lower internals
structure and penetrations design, the inerted containment,and the

AN



suppression pool) also act to mitigate the impact of meit
ejection.

Given these passive plant preventive and mitigative features, 1t is
concluded that high pressure core melt ejection effects have been precluced as
a significant challenge to the integrity of the containment.

Luel/Debris Cooling

In the Passive ALWR, & number of means are provided to assure adequate
reactor inventory control. In the BWR, these include a motor driven feedwater
system, & control rod drive system capable of making up for more than decay
heat losses, a passive RHR system to li="* -~ ~~vent reactor inventory loss,
and a gravity injection system capabl- . y the reactor upon
depressurization., PWR requirements in..ude steam generator inventory makeup
from both motor driven feedwater anrd backup feedwater to prevent inventory
loss during transients, a passive RHR system which also prevents or limits
reactor inventory losses, a low pressure injection capability from the
shutdown cooling system, and gravity injection from the IRWST once (he RCS is
depressurized. In t'.e unlikely event that all of these systems fail to
maintain reactor inventory and core damage orogresses to the point of lower
head penetration, still other provisions are made for cooling core debris in
the reactor cavity or lower drywell. These design features, listed below,
preclude potential long term severe accident containment challenges which
could result from core concrete interaction such as non-condensible gas
generation, containment overtemperature, basemat penetration, and loss of
reactor vessel supporting structures.

. A number of ALWR design requirements are directed at assuring a
coolable geometry for the core debris should it penetrite the
reactor vessel lower head. These include a large reactor
cavity/lower drywell spreading area, equal to or greater than 0.02
m'/MNt. This provides a relatively thin debris bed depth which
can be guenched and remain coolable given an cverlying pool of
water,

§-G03200-004 A-12
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. Passive means to flood the lower drywell/reactor cavity prior to
or immediately upon vessel penetration are required for the ALWR
design. The means of floo'ing are required to be independent of
the causes for core damage and the amount of water supplied must
be capable of quenching the debris and removing decay heat.

Given these features to provide cooling of core debris, at least one of
which is passive with no support system dependencies, core concrete
interaction related containment challenges are considered to be effectively
eliminited.

(ontainment Pressure Control

Given Passive ALWh ‘apabilities to preclude containment challenge from
non-condensible gas generation, the principal means of fong term containment
pressurization comes from decay heat generation. Passive plant requirements
provide significant redundancy and diversity in the ability to remove decay
heat during transients and design basis accidents as well as during severe
accident events, thy eby assuring that pressurization of containment from
steaming caused by decay heat generation does not significantly contribute to
the risk of containment failure in the passive plant. The BWR and PWR passive
heat removal system capabilities are adequate for both an intact core in the
reactor vessel and a damaged core in the reactor vessel or relocated to the
cavity/lower drywell,

It should also be noted that traditional active systems are available
for decay heat » m vzl (and thus containment pressure control). These systems
include the main condenser (BWR) and steam generators (PWR), and additiona)
active systems in the event these systems are unavailable,

. For the passive BWR, passive RHR in the form of isolation
condensers are automatic, single failure proof, independent of ac
power, fail safe on loss of control power, and sized to have a
capacity sufficient to remove decay heat for 72 hours without
makeup to replenish the witer stored as a heat sink for the
system. This passive neat removal (PDHR) affords a diverse,
assured backup to the normal non-safety shutdown cooling system

§£-G03200- 004 A-13
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which is provided by the reactor cleanup system and can be placed
i» service at any reactor pressure. In addition, the fuel pool
cleanup and cooling system provides capability to remove heat from
the suppression pool.

v The PWR passive contairment cooling system, 1ike that for the EWR,
is an automatic single failure proof, fail safe system that is
independent of normal decay heat removal systems and capable of
limiting containment pressurization for 3 days. While diversity
to passive containment cooling is provided by systems such as the
steam generators and reactor shutdown cooling, additional
assurance of the passive function is provided by requirements
affording the capability to supply fire water flow to the
containment shell or even heat transfer through the shell directly
to the atmosphere ocutside contzinment.

These requirements provide substantial assv~ . e that pressurization of
containment from steaming caused by decay heat ge - ation does not
significantly contribute to the risk of containment failure in the passive
plant. The capabilities of decay heat removal by the BWR and PWR passive heat
removal systems is adequate regardiess of the location of the core i.e.,
whether it is being cooled normally in the reactor or has relocated to the
reactor cavity/lower drywell as a result of a severe sccident.

Combustible Gas Control

Protection of containment from challenges associated with hydrogen 1s
provided by design requirements wi:ich Timit the amount of hydrogen generated
and which accommcdate the loads which could result from hydrogen. These
requirements are as follows:

. Size containment so as to nct exceed 13% dry concentration of
hydrogen assuming the equivalent of 75% active clad oxidation, or
inert the containment.

§-603200-004 LRl
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. Meet Service Level C (steel containments) or Unity Factored Loud
(concrete containments) fur the maximum steam plus hydrogen load
from 75% equivalent active cled oxidation.

. Provide redundant, diverse RCS depressurization and early reactor
cavity/lower drywell flooding in order to minimize the amount of
hydrogen generated in the event of an ex-vessel accident.

¢ Either demonstrate that Jocal accumulations of detonable hydrogen
concentrations will not occur or that these detonations can be
accommodated.

The above requirements, while sti1] evolving for the Passive ALWR, wil]
assure that containment challenges from hydrogen are effectively eliminated.

Containment Isolation Requirements Summary

Given both regulatory based requirements as well as those imposed by the
industry, the passive plant containment isolation system has been
significantly improved over current plant designs and is considered to be
extremely reliable,.

. Fewer penetrations exist in the Passive Plant containment than in
current plants; many of these are normally closed during power
operatien limiting the Tikelihood that they would have to actuate
to accomplish isolation,

. Specific ALWR utility requirements ensure that each penetration is
protected from single failures which would result in containment
bypass.

. A1l automatic valves are fail safe or dc powered; this effectively

eliminates dependencies on support systems and makes the
containment isolation system essentially independent of failures
which initiate the event or otherwise might contribute to reducing
the reliability or loss of core cooling capabilities.

5-603200- 004 A8
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. Remotely operated valve position is indicated in the control room
permitting fregquent verification of their position by the
operator. f[ffective administrative controls are required to
provide assurance that jocal manual containment isolation valves
are locked in position with access to the valve and valve
configuration such that 1t is easy to verify their position,

. A means of periodic, gross leakage check, with the plant on-line
is required,

Based on these requirements, it is concluded that containment isolation
failure sequences are effectively precluded and will not be a significant
contributor to loss of containment integrity.

tontainment Bypass

Passive ALWR requirements exist which are explicitly directed at both
the prevention and mitigation of containment bypass due to interfacing systems
LOCA.

. Because of the design and ocation (within containment) of Passive
ALWR safety systems, few high pressure/low pressure interfaces
exist in the passive plant,

. Low pressure systems have been designed to withstand pressures and
temperatures which would be associated with exposure to RCS
conditions,

. Interlocks are required to prevent inadvertent opening of the nigh

and low pressure boundary.

. Pressurag relief capability is provided in low pressure systems t¢
mitigate an interfacing LOCA event 'hould it occur,

Given these reguirements, which prevent ind accommodate interfacing LOCA
events and which go well heyond the requirements in existing LWRs, the threat
to containment from interfacing LOCA is essentially eliminated.

§-G03200- 004 A lb
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A.2.2 Selection of Functional Sequence Type

Based on requirements addressing the complete list of containment
challenges in Table A-2, and briefly discussed in Section A.2.1, it is
concluded that if a core damage event occurs in the Passive ALWR, the reactor
would be shutdown and substantially depressurized. Should the accident
progress ex-vessel, debris cooling would be provided independent of the means
for core damage. Containment would be isolated (also independent of the
reasons for core damage) and combustibie gas concentrations would be limite’
or the containment inerted. Decay heat removal would be capable of limiting
containment pressurization for days without makeup or other intervening
operator action,

The characteristics of this type of event is one in which core damage at
low RCS pressure occure into an intact containment.

A.3 Definition of Core Damage Lvent Characteristics

As r’ted in the previous section, the functional sequence type selected
to define the core damage event for the purpose of estimating the physically-
based source term for the Passive ALWR is a low RCS pressure core melt,
progressing to vessel lower head failure, with an intact containment. A LOCA
1§ a representative initiator,

To provide margin in the physically-based source term, the
characteristics of the core damage event have been selected so as to give an
enveloping estimate of the radioactive release to containment and the
associated off-site dose. These characteristics are as follows:

. rapid core damage progression to provide early fission
product release and thus less time for radioactive decay and
more Lime for leakage from the primary containment;

’ a vapor pathway in the RCS (i.e., from the core to the
containment) to maximize fission product release to the
containment atmosphere;

§-303200- 004 A7
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U a large scale core melt involving all or nearly all of the
core; and

. the potential for ex-vessel core damage progression,

For the passive PWR a core damage event with these characteristics could
be caused by a small or intermediate size LOCA with successful fourth stage
depressurization but failure of IRWST gravity drain. For the passive BWR, the
core damage event could be caused by a steamiine break or a liguid break below
the core with successful RCS depressurization but failure of the gravity drain
cooling system to inject,

The selected core damage event is further defined in Table A-3, which
il1lustrates the core damage event timing for both BWRs and PWRs. The related
thermal hydraulics for each reactor type are discussed in more detail below.
In-vessel characteristics are presented first followed by containment
response., The emphasis is on sequence characteristics important to developing
the source term,

A.3.1 PMR Thermal Hydraulics

Response of the pessive PWR is presented in this section and is based on
preliminary analysis performed by Westinghouse for the AP-600.%*

PWR In:-vessel Thermal Hydraulics

As noted above, the representative sequence type for the Passive ALWR
begins with a loss of ¢ .iant accident. A medium break (6 inches) in the hot
leg of the PWR - Nated as the initiating event. A medium size break is
selected as it results in a rapid loss of reactor inventory. This leads to a

§-G03200-004 A-18
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TABLE A-3. CORE DAMAGE EVENT TIMING

Time After
Event Inftiating Event Relevant Requirements
1. Core Uncovery =1 hour Large RCS Inventory,
passive RCS heat removal
which slows inventory
loss, depressurized RCS,
leak before break tending
to 1imit size of RCS
break, liquid break below
core (BWR) !
2. Reactor Vessel ~3 hours (BWR) Same as 1.
Lower Head =5 hours (PWR)
Penetration ‘
& Ex-Vessel At Lower Head Cavity/lower drywell
Debris Penetration flooded prior to or ‘
Flooding immediately upon lower
head penetration |
4. Ex-Vessel At Lower Head Limited due to debris
Release Penetration coolin? from flood; water
from Fuel pool also scrubs any
Debris release |
5. Revaporization ~3-24 hours (BWR) Assumed to begin |
and Late In- ~5-24 hours (PWR) immediately upon lower
Vessel Release head penetration and to |
be complete by 24 hours:
assumes a wet |
cavity/lower drywel)
|
|
|
$ 603200 004 A-19
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TABLE A-4.  SUMMARY OF EVENTS FOR PASSIVE PWR MEDIUM LOCA

Exent Lime
LOCA 0 sec
Reactor Scram 3 sec
RCS Depressurization <§ min

(<200 psig)

Accumylator Depletion 5 min

Core Uncovery 1 hr

Vesse' Failure 5 hr
$ - 603200 - 004 A2
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Following core makeup tank and accumulator injection, reactor inventory
begins to drop due to boiloff and completion of depressurization to a pressure
near or slightly above containment pressure, Given the capacity of
accumulators and/or core makeup tanks, the top of the core does not uncover
until more than an hour into the event. Inventory depletion rate at this
point 1s relatively slow as passive RHR operation returns condensate to the
vessel 1imiting the losses due to boiloff. Steam cooling of the upper part of
the fuel rods 1imits the extent of heatup and cladding oxidation. As non
condensibles begin to coilect in the passive RHR heat exchanger, however, heat
transfer and condensation of steam becomes less effective, core uncovery and
heatup become more significant and the zirc-water reaction rate increases.
More than four hours into the event, fuel melting begins, molten fuel flowing
into Tower regions of the core where the remainder of the reactor coolant
causes 1t to solidify. Eventually, however, inventory depletion occurs to the
point where molten fuel relocates to the core support plate. Approximately
five hours into the event the core support plate fails allowing molten debris
to contact the lower head. This eventually leads to penetration of the vessel
and relocation of core debris into a submerged reactor cavity,

Total hydrogen generation in the period of time up to vessel penetration
is dependent on the rate of fuel uncovery and assumptions regarding fuel
blockage during melt progress‘~a., At most, 30% to 60% oxidation will occur
in-vessel for a relatively slowly evolving event (slower than the medium $i1zed
LOCA postulated in this scenario) depending on the degree to which channel
blockage limits steam flow and cladding oxidation,

For the purpose of deriving the source term, it is assumed that
approximately 75% of the original reactor core has participated in the melt at
the time of vessel penetration. The remaining 25% of the fuel remains at the
core periphery and lower water covered regions within the vessel. The lower
power density of the Passive ALWR core, the potential for radiation to cooler
components such as the vessel wall and steam cooling from submerged fuel and
core debris permit this fuel to remain intact within the vessel. However, it
is also assumed that the remaining 25% of the fuel continues to heat up,
eventually melting and relocating to the reactor cavity, conservatively
providing a basis for late in-vessel releases. These releases occur
subsequent to early removal mechanisms for fissicn products in the containment
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associated with condensation of steam from the blowdown and debris quench in
the reactor cavity.

Conditions within the reactor coolant system following vessel
penetration are follows:

. RCS at approximately the same pressure as the containment
due to the initial primary system pipe rupture, ADS
operation and penetration of the lower head by core debris,

. Lower head submerged due to condensation of reactor coolant
inventory and inftial ECCS flow from the core makeup tanks
and accumulators.

. Steam filled RCS due to submergence of vessel, debiis in
lower head and possibly the lower portions of fuel
assemblies,

These conditions are important in that they result in in-vessel
conditions near saturation, with limited driving head from the vessel to the
containment providing long transport times for fission product release. Only
limited buoyancy driven flow exists from containment through the vessel to
sweep out fission products or promote further oxidation of remaining zircaloy
within the vessel.

PMR Ex-vesse] Thermal Hydrauligs

Containment pressure as a function of time for the medium LOCA Just
described is presented in Figure A-2,

Mass and energy release from the initial blowdown of the RCS cause a
pressure spike to approximately 35 psia. This pressure increase result in
actuation of the passive containment cooling system (PCCS) resulting in water
flow down the outside of the containment shell. This provides a heat sink for
steam condensation on the containment walls and a reduction in containment
pressure. Active system backup to the PCCS is provided by the ability to
initiate fire protection system flow to the top of the containment shell, In
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adequate to prevent containment faillure even without water flow on the
containment shell,

Following core makeup tank and accumulator injection, energy release to
containment slows. PCCS operation and other heat sinks slowly reduce
containment pressure as the reactor depressurization 15 completed.

Zirc water reaction in the vessel and heat addition from the oxidation
begins at approximately two hours. Slumping of the core debris into the lower
vessel and vessel penetration occur approximately 5 hours into the event
causiing a pressure rise to 35 psia resulting from quenching the debris in the
1o essel and reactor cavity,

Early in the event, two phase flow from the pipe rupture in the loop
compartment caused the reactor cavity to begin collecting water. In addition,
as condensation of steam occurred on the containment walls and heat sinks,
flow of condensate is channeled back to the [RWST causing it to overflow to
the refueling cavity. The refueling cavity in turn overflows to the loop
compartment and reactor cavity. This IRWST overflow contributes to the
filling of the reactor cavity as reactor inventory is depleted within the
vessel. The volume of the normal inventory in the vessel plus the core makeup
tanks and accumulators permit collection of water in the reactor cavity to
several feet above the bottom of the reactor vessel even before slumping of
debris to the lower heac.

At the time that vessel penetration occurs, the reactor cavity is
submerged and the containment atmosphere is saturated. Quenching of debris
occurs in the flooded reactor cavity as it leaves the vessel. This minimizes
the potential for molten core concrete interaction and scrubs any further
fi.sion product releases. Steam from debris quenching and decay heat is
condensed through passive heat removal on the containment walls and returned
to the reactor cavity through the IRWST to provide long term cooling.

A.3.2 BWR Thermal Hydraulics

Response of the passive BWR is based on preliminary analysis performed
by General Electric for the SBWR.**
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BMR In-Vessel Thermal Hydraulics

The representative sequence for the source term guantification beains
with a loss of coolant accident. A failure of the two inch drain Iine n tne
lower head of the reactor vessel 1s postulated as the initiating event  This
break location is selected as it results in a fairly rapid Y¢ss of res .or
inventory. This leads to a relatively early core uncovery and releas of
fission products from the fuel, as compared to small, or even medium size
LOCAs at higher elevations in the RCS. As noted in A.3.1 above, large LOCAs
are assumed to be effectively precluded through the implementation of Leak
Before Break piping design, material, and detection features.

Because the break locatfon 1s low in the containment and likely to be
submerged as the accident progresses, the vapor pathway directly to the
containment atmosphere is provided by successful operation of the
depressurization valves (DPVs). Small breaks in the resctor coolant piping
without DPV initiation would permit significant releases from the fuel to be
directed through safety valves to the suppression pool. The assumption of DPV
actuation effectively maximizes the releases from the reactor coolant system
to the containment, as a result.

A Tist of significant events within the RCS as a function of time is
presented in Table A-5.

At time zero, the pipe break is assumed to occur. Within seconds,
reactor trip occurs as a result of reactor Tow level and drywell high pressure
signals. Within tens of seconds of the pipe rupture, MSIV closure on low
steam line pressure terminates main steam line flow from the reactor, and low
reactor level initiates operation of the isolation condensers (IC). Isolation
condenser operation begins depressurization of ‘he reactor and returns
condensate to the vessel, thereby limiting the rate of inventory loss from the
primary system,

Approximately ten minutes into the event, inventory depletion to the
reactor low level permissive for ADS occurs. Depressurization of the reactor
to the suppression pool through SRVs and to tne upper drywell through DPVs
completes primary system blowdown to near containment pressure.
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For the nurpose of this discussion, passive means of inventory makeup to
the vessel from the supgression pool is assumed to fail. [n addition, it s
assumed that active safety injection 1s not operable throughout the event,
Initiation of any of these systems during the remainder of the accident will
begin providing coolant injection to the vessel permitting recovery of core
cooling and terminating the event within the vessel.

Following reactor depressurization, reactor level is still significantly
above the top of the fuel. More than an additional hal‘ hour of boiloff and
drainage through the lower head drain line is necessary before the top ¢f the
fuel 1s reached., Steam flow past the upper portiun of the fuel rods provides
cooling as reactor level continues tc drop, the rate of depletion being
limited by low reactor pressure near that of the containment and the continued
return of condensate to the reactor vessel through steam condcnsation in the
isolation condensers.

Fuel heatup commences more than an hour ‘nto the event, with relocation
of the hotter regions of the core beginning at 1-1/2 to 2 hours. Slumping of
core material into the water in lower regions of the vessel occurs, quenching
the debris and generating steam. Relocation of core debris to the core plate
occurs on the order of three hours into the event, at which time failure of
lower head penetrations is assumed. At that point, core material would begin
flowing into the lower drywell,

Total hydrogen generation in the period of time up to vassel penetration
is dependent on the rate of fuel uncovery and assumptions regarding fuel
blockage during melt progression. A maximum of 30% to 60% oxidation occurs
in-vessel for a relatively slowly evolving event (slower than the medium-sized
LOCA postulated in this scenario) depending on the degree tu which channel
blockage 1imits steam flow and cladding oxidation.
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TABLE A-5.

SUYLARY OF EVENTS FOR THE PASSIVE BWR LOWER HEAD LOCA

Eveut

LOCA

Reactor Scram

Resctor Low Level (ADS)

Core Uncovery

Vessel Failure

Time

0 sec

3 sec

<10 min

~45 min

-2.‘ h"

A28



Up to this point, approximately 75% of the original reactor core
participates in the melt. The remaining 25% of the . uel is located at the
core periphery and lower water covered regions within the vessel. The lower
power density of the Passive ALWR core, the potential for radiation to cooler
components tuch &s the vessel wall and steam cooling from submerged fuel and
core debris permit this fuel to remain intact within the vessel. However, for
the purpose of deriving the magnitude of the source term for the Passive BWR,
the remaining 25% of the fuel is assumed to continue to heat up, eventually
melting and relocating to the lower drywell. This assumption conservatively
provides a basis for late in-vessel releases. These releases occur subsequent
to early removal mechanisms for fission products in the containment associated
with condensation of steam from the blowdown and webris quench in the iower
drywell.

Conditions within the reactor coolant system following vessel
penetration are assumed to be as follows:

. RCS at approximately the same pressure as the c~~tainment due to
the initial primary system pipe rupture, ADS operation and
penetration of the lower head by core debris,

. Lower head submerged due to condensation of reactor coolant
inventory and inftial ECCS flow from the suppression pool to the
Tower drywell.

¢ Steam filled RCS due to submergence of vessel, debris in jower

head and pessibly the lower portions of fuel assemblies,

These conditions are important in that they result in in-vessel
conditions near saturation, with (imited ¢riving head from the vessel to the
containment providing long transport times for fission product release, and no
thermally driven flow through the vessel to sweep out fission products or
promote further oxidation of remainirg zircaloy within the vessel,
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A.3.3 Summary

A representative event has been defined that incorporates generalized
severe accident melt progressions for Passive ALWRs, This event definition is
bated on the representative core melt scenarios for an advanced plant design.
The event definition includes sufficient conservatism to envelope the most
Tikely scenarios while avoiding a greater degree cof conservatism that would
lead to an unrealistic basis for engineered safety feature design and
evaluation, Both the unique plant design features and the applicable severe
accident uncertainties are considered in determining what are the more
credible core melt scenarios and in defining the generalized enveloping event,
The Passive ALWR source term event also reflects the conclusion that the
expected source terms from the most likely core melt scenarios will be
releases into an intact coitainment,.
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APPENDIX 2

SHOREHAM TECHNICAL SPECIFICATIONS
PERTAINING TO REACTOR BUILDING INTEGRITY
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(QNTATNMENT SveTeMs

1J4. 8.5 SECONDARY CONTAINMENT

iSCONDARY CONTAINMENT INTEGRITY
+AMITING CONDITION FOR OPERATION

1.6.8.1 SECONDARY CONTAINMENT INTEGRITY sha)) be maintaires.

APPLICABILITY: OPERATIONAL COND!ITIONS 4, 2, 3, ane *
AQTIQN:
Without SECONDARY CONTAINMENT INTEGRITY:

& In OPERATIONAL CONDITION 1, 2. or 3, restore SECONDARY CONTAINMENT
INTEGRITY within & hours or be {n at Teast HOT SHUTDOWN within the
next 12 hours and 1n COLD SHUTDOWN within the following 24 hours.

©. In OPERATIONAL CONDITION *, suspend hanaling of irradtated fua) in

the secondary containment, CORE ALTERATIONS and operations with
potential for araining the reactor vesse). The provisions of
Specification 3.0.2 are not app)icadle.

SIRVEILLANCE REQUIREMENTS

4.6.5.1 SECONDARY CONTAINMENT INTEGRITY shall be demonstratec by:

Verifying at least once per 24 hours that the pressure within thy

SSSINSary sentaioment (i less Lhan ur equail 0 1.0 inen or vacuun
water gauge.

verifying at least once par 31 days that:

1

L A1l secondary containment equipment hatches are closed and
sealeq,

2. At Teast one coor in each access to the secondary containmert
s closeg except for routine entry and exit,

3. A1) secongary containment penetrations not capable of being
closed by OPERABLE seconcary containment automatic 1solatior
valves and recuired to be closed during accident cenaitions are

closed by valves, bling flanges, or desctivated cutomatic
vaives secured in position,

At Teast onca per 18 months:

.

. Verifying that one reactor butlding standdy ventilation system
will mafntain the secondary contaimment to greater than or
equal to 0.25 ineh of vacuum water gauge fn Tess than or egqual

to 120 saconds, and

2. QOperating one reactor building standby ventilation system for
one hour and maintaining greater than or equal to 0.25 inch
of vacuum water gauge fn the secondary containment at an exhaust
flow rate not sxceeding 1160 cfm.

"wWhen irradiated fuel !¢ deing handled in the seconaary containment and during
”

CIRE ALTERATIONS
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EQLTA]NN‘NY SYSTEMS

PEACTOR BUILOING AUTOMATIC ISOLATION VALVES
SJULTING CONDITION FOR OPERATION

3.6.5.2 The reactor dutlding vent:latien system gutomatic isoiation valves
shown 1n Table 3.6.5.2+1 snal) be OPERABLE with “solation times less than o
equal to the times shown in Table 3.6.8,2-1

APPL;;AI]L]TY: OPERATIONAL CONDITIONS 1, 2, 2, ang *
ACTION:

With one or more of the reactor building ventilation system autusytic isolatien
valves shown in Table 3.6.5.2«1 {noperable, maintain at least one isclation

valve OPERABLE 1n each affected penetration that s open eang within & hours
either:

&, . Restore the 1moperadle valves(s) to OPERABLE status, or

b. Isolate each affected penetration by use of at least one ceact!vated
valve secured fn the {solation position, or

¢, lsolate each affected penetration by use of at )east one ¢losed manual
valve or bling flange.

Ctharwise, in OPERATIONAL CONDITION 1, 2, or 3, be in at least HOT SHUTDOWN
within the next 12 hours and {n COLD SHUTDOWN within tha following 24 hours.

Otharwise, n OPERATIONAL CONDITION * suspend handling of {rraciated fuel fn
the secondery containment, CORE ALTERATIONS anc operations with a potentia)

for araining tne reactor vessel. The provisions of Specification 2.0.3 are
not applicadle.

SURVEILLANCE REQUIREMENTS

€ £.5.2 Each reactor duilding ventilation system automatic fsolaticn valve
shewn 1n Table 3.6.5.2-1 shall ba cemonstratea OPERABLE:

&, Prior to returning the valve to service after maintenance, repair,
or replacement work i performed on the valve or 1ts ass0ciated
actustor, control, or power circuit by cycling the valve through at

least cne complete cycle of fu)) travel and verifying the specified
fsolation time,

e, During COLD SHUTDOWN or REFUELING at )east once per 18 months by
varifying that on a containment fsolation test signal each fsolation
valve actuates to its {solation position,

¢ By verifying the isolation time to be within its 1imit when tested
pursvant %0 Specification 4.0.8,

"Whan ‘rraciatec fuel s Deing handled {n the secondary containment and during
CORE ALTERATIONS anc oparations with a potential for draining the reactor viasse,
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TABLE 3.6.8.2-3
REACTOR alNG VEN ATION SYSTEM AUTOMATIC 15'LATION VALVES

MAX] ‘UM
ISOLATI N TIME

VALYE FURCTION (Se_onas)
1. Reacter Butlding Norma! ventilation

Supply Valve 1T48"AOV3SA 10
Ri Reactor Buildging Norma) Ventilatien

Supply Valve 1TE6™ADVISE W0
3. Reactor !u11din¥ Normal Vestilatien

Exhaust Valve 1T4B®AQVIVA 10
4. Reector Bui\ding Nermal Vent:latien

Exhaust Valve 1T46™AOVITE 10
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SONTAINMENT SYSTEMS
RELCTOR BUILDING STANDBY VENTILATION SYSTEM

LIMITING CONDITION FOR OPERATION

3.0.8.3 Two {ncepencent reacter builging stanaby ventilatien systems (RBSVS)
shell be OPERABLE.

APPLICARILITY: OPERATIONAL CONDITIONS 1, 2, 3. ang *
ACTION:

8. With one RBSVS {noperable, restore the inopersdle system t2 OPERAILE
stetus within 7 days, or!

1. In OPERATIONAL CONDITION 1, 2, or 3, be in at least HOT SHUTIOWN
within the next 12 hours and in COLD SHUTDOWN within the following
24 raurs.

2. In OPERATION CONDITION ™, suspeng hanaiing of irraciates fusl
in the seconcary containment, CORE ALTERATIONS and operations
with o potantial for graining the reactor vessel. The
provisions c¢f Specification 3.0.3 are not appliicadle.

b,  with both RBSVS ‘noperable n OPERATICNAL CONDITION ™, suspenc
nandling of {rragiated fuel in the seconcary containment, CORE
ALTERATIONS or ccerations with & potential for draining the resctor

vesse), The provisions of Specification 3.0.3. are not applicadie.

SUNRVETLLANCE RECUIREMENTS

4 49,83 Each RBSVS snall be o, vonstrated OPERABLE:
a. At least once per 3L cays by fnitiating, from the control room, flow
through the WEPA f{iters and charcual aasorvers and verifying that the
system operates for at least 10 hours with the heaters OPERABLE.

-

*when {rradiated fusl is being handlea {n the secondary containment and during
CORE ALTERATIONS and operations with a potential for draining the reactor vessel.
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CONTATNMENT SYi.iﬂi

SURVETLLANCE REQUIREMENTS (Continued)

b. AL Yeast once per 18 months or (1) after any structurt] maintenance
on the HEPA fiiter cr charcoa) agserper hausings, or (2) following
painting, fire, or chemica) reiease ‘n any ventilation zene
communicating with the svstem Dy:

.
-

verifying that the system satisfies the in=place penetraiion
anc dypass leskage testing scceptance criteria of less than
X and uses the test procedure guidance n Pagulatory
Positions C.5.8, C.5.c, ane C.5.d of Regulatory Guide 1. 82,
Revision 2, Mareh 1378, at a system exhaust flow rate of
1160 ¢fm 2 10X,

verifying within 31 cays after remova) that a ladoratory ana ysis
of a representative carpon sample odtained in sccordance witt
Regulatery Position C.6.b of Regulatory Guice ) .52, Revision 2,
Merch 1878, meets the laboratory testing criteria of Regulatory
Position C.6.a of Regulatery Guice 1.52, Revision 2, March 1178,
for a methy! fodide penstration of less than X, and

ver{fying & system exhaust flow rate of 1160 c¢fm = 10% during
system cperation when tested in accorcance with ANSI N810-19''5.

¢, After evary 720 hours of charcoa)l adsorcer operation by verifying
withir 31 cays after removal that a lauoratory analysis of & reprie
sentative carbon sample odbtained in accordance with Regulatery
Position C.6.b of Regulate~y Guide 1.52, Revision 2, March 1878,
meets Lhe laboratory tasting criteria of Regulatory Position C.6.u
of Regulatery Guide 1.52, Revision 2, Marcn 1978, for a methy! fodide
senetration of ‘ess than 1X,

(81

\

-

"~

At 'east once per 13 months by:

verifying that the pressurs drop across the comeined HEPA
f{1ters and charcca! agscrper banks 15 less than 4.2 inches
water gauge while cperating the filter train at a system eshiust
flow rate of 1160 ¢fm 2 10X in the single train operating mole.

Verifying that the filter train starts ana isolation dampers
cpen on each of the following test signals:

a. Manual {nfti{ation from the control room, and

b. Simulated automatic initiation signel,

verifying that the neaters cissipate 5.7 ¢ 1 kv when tesed
{n accorgance with ANS] N510-19875.
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(ONTAINMENT EvETIMS '

SKRVEILLANCE REQUIREMENTS (Continued)

LAORENAM ©

After esach complete or partial replacement of a WEPA filter Dank by
AriTying that the mEPA f1l1ter Dank satisfies the inplace penetras
tien and bypass Teakage testing scceptance criterta of less thar X
‘n opccorcance with ANSI NB10+1975 wnile operating the system at '
systom exnaust flow rate of 1160 ¢fm 2 10X {n the single train
operating moQe.

Aftar each complete or partial replacemant of 4 charcoal agsorder
dank by verifying thnat the charcosl agsorder dank satisfies the
inplace penetration ang bypass ‘eakage testing acceptance criteria
of teds than 1X ‘n accoroance with ANSI N510-197% for & halogensted
nygrocarbon refrigerant test ges while operating the system at o
system exhaust f'ow rate of 1160 ¢fm 2 10X {n the singie train cpere
ating mode.
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