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A!)STRACT ;

The purpose of this report is to provide technical support for the
physically-cased 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 Ill, 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 likelihood 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 eveen Selection of this core damage event and the associated
;quantification f the fissior, product release were done in a conservative, yet
physically based manner so as to provide significaM. 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 ming the
radiological environment for plant systems and equipment .t.e., equipment

. qualification), and evaluating the offsite dose for emer,ency planning
considerations. A summary of source term results follows.

$ 00'200 004 Iv
020891991A
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SUMMARY OF COURCE TERM RESULTS

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

c e 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,4 ,

e The noble 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 also released to the containment
atmosphere in the physically based soetxe term.

e ' Release timing for the physically-based source term occurs over a-

period of hours based on the time required to lose primary coolant
inverstory and the time required for core heatup and fission
product release. . This contrasts with the instantaneous release
assumption in current regulatory guidance. ;

e fission product chemical form is defined as primarily aerosol
based on extensive analytical and experimental evidence for :

conditions 1 corresponding to ALWR. core damage sequences. This

contrasts with regulatory. guidance which includes very little- t

fission product aerosol.
F

e Natural fission product (pr.imarily 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 buildingse

'is taken, again based on analytical and exrerimental evidence, and
building design requirements. Such credit is addressed in current

3 G03200 004 v
020e91R91A
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regulatory guidance for plants with active secondarv butiding
filtration systems, whereas the ALWR approach involves natural
removal and holdup. !

,
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ACRONYMS AND ABBREVIATIONS
>

ADS Automatic Depressurization System
ALWR Advanced Light Water Reactor
AMMD Aerodynamic mass median diameter

ANS American Nuclear Society
.

ANSI American National Standards Institute
ARI Auxiliary Rod injection
ARSAP Advanced Reactor Severe Accident Program

ATWS Anticipated Transient Without Scram
BWR Boiling Water Reactor
CFR Code of Federal Regulations
CRDM Control Rod Drive Mechanism
DF Decontamination factor
DOE Department of Energy '

DPV Depressurization Valve
ECCS Emergency Core Cooling System

EPRI Electric Power Research Institute
GE General Electric
HEPA High Efficiency Particulate Air
IC Isolation Condenser
IDCOR Industry Degraded Core Rulemaking Program

INEL Idaho National Engineering Laboratory
IRWST In containment Refueling Water Storage Tank
LDB Licensing Design Basis
LOCA Loss of Coolant Accident
LPIS- Low Pressure Injection System
LWR Light Water Reactor
MSIV Main Steam Isolation Valve
NDE Non destructive Examination
NRC Nuclear Regulatory Commission

ORNL Oak Ridge National Laboratory
PAG Protective Action Guideline j
PCCS Passive Containment Cooling System
PDHR Passive Decay Heat Removal

PRA Probabilistic Risk Assessment
PWR Pressurized Water Reactor
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:

RBSYS Reactor. Building Standby Ventilation System |
RCS. Reactor Coolant System |

RHR Residual Heat Removal [
RPS Reactor Protection System :

,

RPV Reactor Pressure Vessel $

SER Safety Evaluation Report |
SFD Severe fuel Damage |
SRV Safety Relief Valve ;

STCP. Source Term Code Package
.

STS Standard Technical Specifications |
fTAF Top of Active Fuel

TMI Three Mile Island t

! .

L USC. Utility Steering Committee t

p i

atm atmosphere

; cfm= - cubic feet per minute 1

|. Cl- Curie

|: cm :entimeter
f.p. fission' product

| ft foot (feet) {
| gm or g gram-
i-

i .' in, inch (es)
3 'kg/m kilogram per cubic meter.

kw kilowatt.
'

kw/ft kilowatt per foot
m meters !

-max maximum'

min minimum ;

| mwd /tu megawatt days per ton Uranium

-MWt- megawatt' thermal }

L : psi pounds per square inch
psia . pounds per square inch absolute
revap. . revaporization-

scfd standard cubic feet per day
scfh standard cubic feet per hour
sec- second

site,o 80* percentile site
~

'
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site,,, ALWR reference site
t time

uCi micro-curie
W/cm watts per centimeter
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1. INTRODUCTION

1.1 hekoround

The purpose of this report is to provide technical support for the
physically 'oased source term which li 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 0 of the Requirements Document defines the physically-
based source term, and this report provides supporting technical details. The

report has 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 Ob.iectives In Develooina 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.'''

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

Three Mile Island (THI)-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 siting 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

l
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has been learned from the evaluation of the THI 2 accident and subsequent

severe accident research. The ALWR_ Requirements Document, with its emphasis |

on ALWR safety being based on the best available technical information,
; provides an-ideal opportunity to incorporate this experience. |

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. i;

. Steam condensation driven fission product deposition, main steam isolationL

valve (MSIV) 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.

I

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;

:

,

2. to define the radiological environment for certain
*

plant equipment and systems; and

3. for siting evaluations as required by 10CFR100.''3

Even.if the rulemaking currently being contemplated by the Nuclear ,

|- Regulatory Commission'(NRC) staff '' eliminates the use of-the desi r basisi

source term for siting evaluations, the first two applications will remain. '

The source term is intended es 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 *

_

Iradiological environment include the control room (i.e., habitability
considerations) and equipment inside containment which must function during

|
and after release of radioactivity,

i

|

3 G03200 004 13
020791t91A
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The ALWR Program also is proposing that the physically-based source term
"

be applied to evaluate dose for emergency planning considerations.
,

in addition to these uses other Chapter 15 analyses may also be
affected by various aspects c' the proposal source term. Examples include fuel
handling accidents and transients and accidents which potential leaks are !

ilimited 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,

i

1.4 Standard Plant Desian

i
lt is intended that each Fassive ALWR design be licensed as a standard- i

plant under 10CFR52.'*5 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. TSe differences can be accommodated in the
10CFR52 design certification rulemaking for each standard plant.

1.5 Role 'of ALWR Reouirements Document

.

As specified in Commission policy guidance, ''' the Passive ALWR
Requirements Document is to be the lead ALWR document for.NRC eview of the l

ALWR, It is therefore expected that the Requirements Document and associated
Safety Evaluation Report (SER) will be the primary vehicles for industry-NRC

_

3

dialogue-and ultimate agreement on the definition of the physically based
-source term. In this manner, the important issues associated with the
physically based source term will be resolved well ahead of certification of
standard plant designs. .

!
1.6 Steos in Developino Physically-Based Source Term 4

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

S G03200 004 14 ,

020791891A
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purpose of estimating the source term. Passive ALWR design requirements make
.

the likelihood of any core damage avent extremely remote. Examples of such

: requirements are the grkatly 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

!!! of the Requirements Document specifies that containment performance under
severe accident conditions be evaluated and that a core damage event be f
defined for use in developing a physically 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 significant,
since the requirements were developed to meet the ALWR safety policy that -

states that, even in the event of a severe accident, containment integrity
sho'uld 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 source term. Several companion reports to this
report are being prepared to addrest, in more detail the technical basis for

'

some of these steps. The purpose and interrelationships of these reports is
illustrated in Figure 1 2. i

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 effectively i

precluded through properly er.gineered means (e.g., multiple,
independent . passive systems).

,

2. Define and implement a qualitative, engineering screening
._ criterion, supplemented by a quantitative Probabilistic R_isk
Assessment ~ (PRA) criterion, for defining and deciding upon
functional sequence types most appropriate for containment
performance evaluatic, and source term definition. This !

functional sequence selection process concludes that low Reactor ]
Coolant System (RCS) pressure core damage sequences should be |

|

selected. Appendix l-summarizes the results of the selection j

process.
i

3 G03200 004 1.s
020791R91A
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3. Define the characteristics of the representative core damage
event (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).

4. Perform analyses of the representative core damage event in
order to assure that the 10CFR50.34(f) steam plus hydrogen
requirement on containment loads is met (i.e., service level
C for steel containments, unity factored load for concrete
containments), and to provide thermal hydraulic response of p
the RCS and the containment as a starting point for
estimating the source term.

| 5. Define the characteristics of the representative core damage
event to be used in quantifying the physically-based source
term. These characteristics are based on the functional
accident sequence type selected above, but are defined to
produce a source term which will envelope that from accident
sequences associated with the selected functional sequence

i

type. Appendix 1 discusses these characteristics.
I

i
6. Quantify the physically-based source term from the

representative core damage evonts so as to produce a robust
envelope of the individual source terms from the accident

j sequences associated with the selected functional sequence
j type. The approach to quantification which provides this

robust envelope includes the following: ,

,

|

| e core damage event characteristics which provide an

|
enveloping source term (e.g., large scale core melting,

! vapor pathway from core to RCS);

S G03200 004 17
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e physically-based estimates of source term phenomena;

e avoiding significant credit for reductions in release
(e.g., RCS retention of only 507.) except where the physical
process is well understood ano uncertainties o.*e not large;
and

e 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).

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

1.7 thrgin in Physically-Based Source Term

Consistent with the ALWR design philosophy described in Voiume 1 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
9 valuation 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 a physical basis,

s G03200 004 18
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l.8 Oraanization 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 damage event used to develop the ,

physically based source term

!e Activity release from coolant and gap

,

e- Early in vessel release magnitude
,

. .

* Late _in-vessel release magnitude

e RCS retention of' aerosols

*

e Revaporization release

* Ex vessel release magnitude

,

o Chemical form f

e Water pool scrubbing
,

o Primary containment aerosol removal-
,

[ e HoldupLand retention in secondary-structures

-The core damage event iaciuding thermal-hydraulic characteristics are
- defined in_ Appendix l- and the various individual! aspects off the source term
fare _ quantified in Section 4. The PWR and BWR integrated source terms are ,

presented-in Section 2. Section 3 presents a. comparison of the ALWR
1. physically based source term with the NUREG-Il50 '7 expert elicitation on

-source term.
.

e
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2. SUMMARY OF INTEGRATED SOURCE TERM FOR THE PASSIVE PWR

AND PASSIVE BWR

2.1 Introduction

As specified in the ALWR Requirements Document,21 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 results 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 2 was issued.2

2.2 Core Damaae Event for Estimatina Source Ter_m

The physically-based source term is developed from evaluation of a
representative core damage event. Passive ALWR design requirements make the

likelihood 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
established to derive a conservative, yet physically-based source term. An

5 G03200 004 21
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. .

;

|
|

avent representative of'a more 9tneral, functional sequence type is preferred j
over an individual'PRA sequence since it does not depend upon the details of I

specific sequences or upon precise probabilistic quantification of such j
sequences, i

!

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 light water |
reactors was considered in identifying these characteristics. The functions !

~Econsidered to be important in establishing containment conditions associated
-with the source term are outlined in Chapter 5 of the ALWR Requirements {
Occument and include the following: ;

e Reactivity Control
e Reactor Pressure Control
e Fuel / Debris Coolahility !

e ' Containment Pressure / Temperature Control

* Combustible Gas Control *

* Containment Isolation
*' 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 of the functions' 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 sequences 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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e - Rapid core damage progression to provide.early fission product
release and thus less time for radioactive decay and more time for
leakage from primary containment,

o A vapor pathway in the RCS (i.e., from the core-to the
containment)tomaximizefissionproductreleasetothe
containment atmosphere.

2

* A large scale core melt involving all or nearly all of the core.

*- The potential-for_ex vessel core damage progression.

For the passive PWR,--a core damage event with these characteristics
could be caused by a medium size-loss of coolant accident (LOCA) with
successful fourth stage depressurization but failure of the in containment

-refuelingwaterstoragetank(IRWST)gravjtydrain. For the passive BWR, the i

core damage-event- could be caused by a liquhi break below the core with
successful RCS depressurization but failure of the gravity drain cooling
system to inject.

The: individual aspects of the physically-based source term are as
-f0110ws:

* Activity release to containment from the coolant and gap; ]

e- Early in vessel release magnitude (from the fuel to the RCS_ prior
to reactor vessel lower head penetration);

Late in vessel rel' ease magnitude (from the fuel remaining in thee

reactor vessel to the RCS after reactor vessel lower head
penetration);

e RCS retention;

- -

:

* Revaporization release;
!

* Ex-vessel release magnitude (from the ex-vessel debris);
i

.$*003200 004 23
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e Chemical formt !

!

e Scrubbing removalt-

e Primary containment acrosol 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, is. {
defined in Table 2-1. ;

2.3 Physically-Based Source Term foi ine Passive pWR

:

2.3.1 Coolant an'd Gan' Release
i

i.

iCoolant activityois 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.i ,

. .. ;

Current plant operating experience suggests that the peak plant
'

equilibrium iodine _ concentration will not exceed about 0.1 pCi/g with the
average plant being muchilower. For these equilibrium levels, the data |
indicate that iodine' spikes above 10 pCi/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 pCi/g and 60 pCi/g for
. equilibrium and spiking, respectively is warranted for the ALWR. A reduced
equilibrium iodine limit of 0.3 pCi/g is proposed, together with a reduced
spiking limit of 20 pCi/g with both limits applied to dose equivalent 1131.

|-

The release of- this coolant-activity at the start of a core damage
Iaccident has a negligible' effect on source term compared 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 applicable dose limits and thus the
doses would not control the containment isolation valve designs with either

-

the-' existing or- the proposed, reduced coolant activity limits.

5 G03200 004 24 1
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fTABLE 2-1. CORE DAMAGE EVENT TIMING

L

Time After
Event Initiating Event -Relevant Requirements-

1. Core Uncovery -1 hour Large RCS Inventory, j
passive RCS hett removal-

which slows inventory <

loss, depressurized RCS,
leak before break tending
to limit size of RCS
break, liquid break below ,

core (BWR).
i

2. Reactor Vessel ~3 hours (BWR) Same as.1. Up to 75% of
Lower Head -5 hours (PWR) the reactor core material

.

Penetration assumed to participate in '

the early stages of the- ,

- melt progressione
.

3.- 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 cooling from floodi water
from fuel pool also scrubs any

-Debris release.

5. Revaporization ~3-24 hours (BWR) Remaining 25% of reactor
,

and Late In- ~5 24 hours (PWR) core material relocates "

Vessel Release 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. -

i

e
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Gap activity was also addressed, focusing again on the passive PWR.
Based on recent fuel performance experience and the conservative fuel design
parameters for Passive ALWRs, a volatile fission gas release fraction of 3% is
judged:to provide adequate margin for use in the design basis source term for
passive PWRs.

The Passive ALWR requirements specify that there shall be no fuel damage
-(and hence no gap release) for coolant braaks 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.

2.3.2 Release Fractions -to Primary Containment Atmosobere

Release fractions from the fuel to the RCS consist of early in vessel
releases-(prior to reactor vessel lower head penetration) and late in vessel
release (subsequent to reactor vessel lower head penetration). Table 2-2

defines these release fractions. Detailed discussion of the bases for these
release fractions are provided in Section 4.2 for early in vessel release
magnitude and Section 4.3 for late in vessel releases. The release fractions
are based on the most recent experimental fuel release data from the Severe |
Fuel Damage (SFD) Tests at the Power Burst Facility, the LOFT source term
measurements, and the THI-2 post accident examination. Releases to the

. reactor coolant system from the-fuel are assumed to occur uniformly over time
as early, releases begin with the onset of core damage and late releases occur
subsequent to vessel penetration.

These fuel release data were combined with experimental and analytical
estimates of-RCS retention for an intermediate size LOCA- initiated core melt
(estimated to be 50% for iodine and 60% for other aerosols in the PWR as noted
in Table 2-3) to define the early in-vessel fission product release to
containment. These retention factors are a result of ALWR configuration which
permits long residence time in the RCS following release from the fuel,

. turbulent deposition along potential release paths, such as the automatic
depressurization system (ADS), and the presence of water and condensing steam
-in the RCS. No credit is taken for fission product aerosol flow through the
depressurization lines to the IRWST since the fourth stage depressurization

S G03200 004 26
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1ABLE 2 2. ALWR IN-VESSEL FUEL RELEASE ESTlHATES

UI tatt ettt ASE (2)tatty etttsst

III Rtete(ning f wL 'I Remaintne futtI IbInotten fvei
tlement ( 75%) (251) fotel(OI (251) toteL(6)
,

Nobles 1.0 0.25 0.30 0.80 1.0 0.20

1 0.9 0.25 0.30 0.75 0.9 0.15

Cs 0.9 0.25 0.30 0.75 0.9 0.15

Te 0.20 0.08 0.03

Sr 0.01

Ba 0.01

Ru 0.01

La 0.000)

Ce 0.0001

Other 0.0001

(1) Constant early release rate fr?m -1 hour to -5 hoprs after accident
(PWR),-and from -1 hour to -3 hours (BWR).

(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 inventory
associated with the fuel remaining intact early, but melting and relocating
late.

(5) Numbers are fraction of the fission product inventory associated with
fuel remaining in vessel (af ter early releases are complete).

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

$*G03200 004 27
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TABLE 2 3. RCS RETENTION FRACTION FOR THE PWR

Aerosol Retained Fraction (1)

1 0.5

All Other 0.6

FRACTION OF MATERIAL ORIGINALLY DEPOSITED IN RCS FOR THE PWR

Aerosol fraction 0500 sited

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 fuel which is
retained in the RCS.

'"
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location is currently in the loop compartment. Analytical and experimental
bases for these retention factors are provided in Section 4.4.

The late in vessel release to containment is the sum of the late in-
vessel fuel release (Table 2-2) and the PWR revaporization release. The
revaporization release is the product of the fuel release, the RCS retention,
and the revaporization fraction.

The revaporization' fraction is shown on Table 2-4 and is estimated for a
wet cavity due to ALWR requirements for flooding the cavity during an
accident. A discussion of the bases for the revaporization fraction is
presented in Section-4.5. - Revaporization is limited in the ALWR due to-the
presence of relatively low ambient conditions within the RCS due to available

,

water and steam and the limited potential for buoyancy driven flow through the
vessel- following lower head penetration as a result of reactor cavity flooding

_

- to above the lower head. ,

.The ex vessel releasn magnitude is considered to be very small (i.e.,
release from the molten fuel debris which has penetrated the reactor vessel
lower head and is located in the cavity / lower dryNell). Release fractions
from an uncooled, dry debris bed have been esticated in Table 2 5. These

releases are based on a combination.of ACE corium concrete tests and VANESA
analyses as discussed in Section 4.6. However, ALWR requirements for

cavity / lower drywell spreading area and water flooding provide rapid core
debris quenching.and thus will prevent significant core concrete interaction>

and ex vessel release. For this reason, the ex-vessel contribution to fission
products in the containment atmosphere in the 5-24 hour period is considered )
negligible. In addition,_it-has been noted that the passive PWR cavity has '

significantly_ more water present at the time of lower head penetration than
needed. simply to cool the debris. Even if some ex-vessel release from-the
debris occurs, there will be scrubbing of. aerosols. The effects of pool-
scrubbing are presented in more detail in Section 4.8. Experimental and

analytical studies indicate-that for core-debris water pool conditions (i.e.,
several meters deep, and either low steam fraction and subcooled, or high

-

steam fr6ction and saturated) a pool decontamination factor of 10 or more is
reasonable. Thus, the release to the containment atmosphere, should any
release from ex vessel debris occur, would be minimal. Total fission product

): cos20o.co' 29
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TABLE 2-4. FRACTION OF MATERIAL DEPOSITED IN RCS THAT REVAPORIZES OVER 5 24 !
HR. TIME FRAME FOR THE PWR- t

Aerosol Wet Cavity Dry Cavityd) !

Iodine 0.06 0.15

Cesium 0.055 0.10 I

-Tellurium' 0 0

Other 0 0 ;

;

FRACTION OF ORIGINAL CORE MATERIAL THAT REVAPORIZES FOR~THE PWR(2) j
t

(d''
Aerosol Wet Cavity Dry Cavity

-Iodine 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.

.

- Fractions are the product of_the material originally deposited in RCS'
(2)ble 2 3) and.the fraction of that which:revaporizes from the table above.(Ta

-

,

'T

i

e

s

t
#
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TABLE 2-5. RELEASE ESTlHATES FROM EX-VESSEL FUEL DEBRIS FOR THE ALWR IN THE
EVENT THAT DEBRIS BED 15 UNC00 LED

fraction of Original Core Inventory
Chemical Species Released From Debris

I, Cs 0.10

Te, Sb 0.35

Ru 0.01

Sr, Ba 0.002

Remainder 0.001

.
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release fractions to containment as a ' function of time are presented in
r
* Table 2-6. i

2.3.3 Chemical Fqm

The chemical form of radionuclide releases to the containment is
developed in Section 4.7. The nobles are gaseous form. Iodine is 97%
pirticulate, 2.85% elemental, and 0.15% organic. The remaining nuclides are
particulate. This is based on recent experimental data including that from
the SFD tests, LOFT, STEP tests, THI-2 post accident examination, and the ACE
tests as well as an extensive review of the potential chemical reactions in
the RCS and containment. Also, ALWR requirements such as early flooding of
the cavity and basic pH in the sump are considered.

2.3.4 Containment Fission Product Behavior

Explicit analysis of fission product behavior in the Passive ALVR
containment atmosphere has been performed using NAVA and is presented in
Section 4.9. Aerosol fission product removal from the containment atne ^ere
was calculeted considering gravitational settling on horizontal surfaces ..d

plateout, principally diffusiophoresis. The diffusiophoretic effect is
significant because of the pashve containment heat removal system which
rapidly condenses stehm generated from decay heat and from quenching of core
debris. Cs0H hygroscopicity was also considered in the treatment of particle
growth. All remov:al 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 calculational W+ and benchmarked against experimental
data. The r'ission product relt. -te and the steaming rate from the core
during boiloff and' in-vessel core melt progression were assumed to be uniform,
r>arametric studies indicate that the total fission product leakage from
primary containment is not particularly sensitive to this release rate
P.ssumption. The original core inve# ory was assumed to be that at the end of
an equilibrium, 2 year operating cycle.

[-

t
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' TABLE'2 6 7_ PWR' RELEASE FRACTIONS TO- PRIMARY CONTAINMENT. ATMOSPHERE"3

0 1. hr. . 1 5 hr.II*'I $ heg2) 5 24 hr.(3)-

- Cool ant' Early In- Ex- Late-In-*

-Nuclidel ' Activity Vessel Vessel Vessel- Total

; Nobles: s not. (5) 0.80 0.20 1.0--

l- 0.38 0.17 0.55--

!

Jt Cs- 0.30 0.18 0.48--

=Te 0.08 0.03' O.ll:-

;Sr,Ba) 0.004- 0.004-- --
.

. _

!
=Ru 0.004 0.004-- ---

_ ,

~ Remainder. 0.00004 0.00004---- --

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

the early releases'asigiven in Table 2-3.'
'

i.(t) s.Allinobles released either- early or late-in-vessel.: Remainingefission
| products retainediin quenched debris or scrubbed through overlying-water pool' -)iin1 reactor cavity.

L(3)1 Late :inivessel rdeases- are, sum of all late fuel releases-(Table 2-2)-
and< revaporization releases; for wet -cavity. (Table 2-4)' <

.

L(4) ' As noted in:Section 4.1, the . gap activity is included in the-l 5.hr.
-release.

(5)- Coolant activity. limits are quantified in Section 4.1.- Although:
'

important for steam generator tube rupture and steamline break, coolant
| |'

,

Lactivity makes'a. negligible contribution'to the source term from a core damage;-

event'and'so'is-not_ included here.

.(6) -Ail numbers are fraction of original core fission product inventory.

S G03200 004 2 13
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Results-of the1 analysis are presented:in Figure 4-10. 2ensol leakage- a

from containment over the first 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 cavity
(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. Aerosol _ 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 Holduo 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 sy:;tems is similar to containment aerosols in that it-is based on- a

physical processes of aerosol. mechanics which have been incorporated into

benchmarked-'c'alculational models. Removal mechanisms, primarily gravitational

:ettling, are considered consistent with the thermal hydraulics of the
secondary building room into which the leakage occurs. All leakage pathways

from the primary containment'into the-secondary building _-(i.e., from the

, primary containment-atmosphere directly.into i secondary building room, and
from piping-systems penetrating the primary containment with' a potential leak-
location in the secondary be 'ng) must be included. Also, bypass pathways

directly from the containn, t ,o the environment must-be addressed.

Given a well-designed building and proper modeling of the holdup and
retention. characteristics, it is likely that an effective building
decontamination factor of six or 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 grara release to the

environment.

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

S c03200 004 2 14
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under 0.5%/ day,_the median 24_ hour dose would-not be expected to exceed the

Protective Action Guidelines _(PAGs) at 0.5 miles from tN reactor.

2.4 Physically-Based Source Term for the Passive BWR

2.4.'l. Coolant and Gao 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, i

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 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 concluded that the
-initial coolant-dose would be a small fraction of applicable dose limits and
thus -the-doses would not control the containment-isolation valve designs with
either the-existing-coolant activity limits or any reduced'11mits that may be
proposed.

The Passive ALWR requirements specify that there shall be no fuel damage
-(ana 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 to Primary Containment Atmosobert

The BWR release fractions from the fuel to the RCS are the same as for
tne 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

SC0320804 2 15
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- ,. y i g-TABLEL2-7. RCS. RETENTION' FRACTION FOR THE BWR:.

. -- , ;1
.. .

J

Aerosol: Egtained Fraction
..I

n

e _ =1 0.6' i

j

All Other 0.7

;.

l |

FRACTION OF; MATERIAL ORIGINALLY DEPOSITED IN RCS FOR THE.BWR-
,

t

Aerosol Fraction Deoosited

Iodine 0.45-,.

u-

-Cesium- 0.53: e, . ,
t

c .h

1'+ Tellurium 0.14: .

*
L ,

"! , ,

Sr, Ba- 7E-3-'
. i ,

-o
!

. _

Ru '. 7 E-34 > .

,

m
u

:0ther 7E-5-
,

-t
a
,

'
'|

4 f(l)t Number is the fractica of material released from the fuel which is-
'

f retained in-the RCS.'
,

.;

f c.

ij

@

t

I! ( '

i)
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- aerosol release. .Thus, the BWR early in-vessel release to containment is
~

- obtained from-the product of the fuel-release and-RCS retention.

!The late in-vessel release to containment _ is the sum offthe-l' ate 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 conditions resulting from water and condensing steam and the lack
of buoyancy firiven flow due to flooding the lower drywell and reactor vessel
lower head assists in limiting 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-vessel

contribution to the release fracHon in the 3-24 hour period in Table 2-9 is s

also shown as negligible.

Table 2-9 presents the total fission product release fractions to the *

containment atmosphere.
6

'2.4.3L 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. -T_he BWR also has scrubbing in the suppression pool. Like-

the PWR, an explh.it analysis of BWR fission product behavior in the
containment was performed (see Section 4.9).

.

S c03200-004 2 17
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-: TABLE'2-8? FRACTIONl0F MATERIAL DEPOSITED IN RCS THAT REVAPORIZES OVER 3 24-

-

~ HR. TIME-FRAME FOR THE-BWR-"
1

__. -

#

/terosol<4

Iodine:- .0.10

Cesium. -0.05
,

'

' Tellurium '0-
i

Others: 0 .

._ ;

FRACTION'0FORIGINALCOREMATERIALTHATREVAPORIZESFORTHEBWk!" -i

y-
Li- Aerosol

Iodine .0.05-

: Cesium- 0.03 ,

--

-;

:-( l ) - Fractions are the product of the original material deposited (Table 2-7) .

.and the fraction'of that which revaporizes from the table above.
.-

!

_

l.

.i

|'
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TABLE 2-9. BWR RELEASE FRACTIONS TO PRIMARY CONTAINMENT ATHOSPHERE ")
I

0 1 hr. 1 3 hr.II''I 3 hr.(2) 3 24 hr.I3)

Coolant Early In- Ex- Late-In
Nuclide Activity Vessel Vessel Vessel Total

Nobles see note <s) 0.80 0.20 1.0--

1 0.30 0.20 0.50--

Cs 0.23 0.18 0.41--

Te 0.06 0.03 0.09--

Sr, Ba 0.003 0.003-- --

Ru 0.003 0.003-- -

Remainder 0.00003 0.00003-- --

(1) Assumes in-vessel releases from Table 2-2 and in-vessel retention of a
part of the early releases from Table 2-7.

,

(2) All nobles released either early or late in-vessel. Remaining fissio:i
products retained in quenched debris or scrubbed through overlying water pool
in lower drywell.

(3) Late in-vessel releases are sum of all late fuel releases (Table 2-2)
and revaporization releases (Table 2-8).

(4) As noted in Section 4.1, the gap activity is included in the 1-3 br.
release.

(5) Coolant activity limits are discussed in Section 4.1. Coolant activity
makes a negligible contribution to the source term for core damage events and
so is not included here.

(6) All numbers are fraction of original core fission product inventory.

i

s G03.200 004 2-19
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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 1

wetwell. For aerosols forced through the pool, a high enough fraction is ' I

1 scrubbed that the residual aerosol leakage after pool scrubbing is negligible
over a 24' hour period. I

|

Flow of fission product aerosols through the drywell vents to the l

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 a significant fraction of the drywell contents through the
'

drywell 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 (-l foot).

Results of the analysis are presented in Figure 4-9. Aerosol Leakage ;

over the first 24 hours of the accident total 35 g. 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 is 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 variations in steaming rato during the
quenching period- following' debris relocation to the lower drywell . Also,-the

fission product removal through' operation of the isolation condenser is likely 4

to be a significant contributor to aerosol reduction that is not credited in
the analysis.4

;

2.4.5 Secondary Structure Fission Product Holduo 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 ,mtential release paths through the BWR :!

reactor building. There are three possible pathways: (a) from the primary j
containment atmosphere to the reactor building, (b) from the primary !

$ G03200 004 2 20
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containment atmosphere through purge lines to the environment, and (c) through
the HSIVs.

The HSlv fission product leakage flows into the main steam lines and
ultimately to the main condenser. Fission product removal and holdup will be
evaluated under these conditions once the results of the NRC review of the BWR
Owners Group effort on existing plants in this regard are available. The

quantification of the direct leakage through the purge lines should take into
account features to minimize this leakage. Finally, the leakage into the
reactor building should consider the building arrangement which requires the
leakage to pass thrnugh several separate areas before reaching the
environment,

i

Altt.ough the Section 4.10 feasibility assessment was performed for the
passive PWR, the technical basis developed for quantifying retention and
holdup is considered equally applicable to the passive BWR. Thus a factor of
six or greater would be expected for the passive BWR reactor building DF.

;

2.5 Comparison of physically-Based Source Term Containment Release

with Exis. Lino Reaulatory Guidance

Table 2-10 provides a compariton of the timing, magnitude, and chemical
-form of the release to the containment atmosphere for the Passive ALWR
physically based source term vs. the existing regulatory source term.

The ALWR release is over a period of 24 hours (although most of the

release occurs in the first several hours of the accident) vs. instantaneous
release for the existing regulatory source term. The magnitude for nobles is
identical. The iodine release is 50% for ALWR vs. 25% for existing
regulatory, although the ALWR iodine release is spread out over a period of
hours as noted above. The ALWR source term releases roughly half of the core !

inventory of cesium and lesser amounts of remaining elements, whereas the
existing regulatory guidance has no other release to the containment

;

atmosphere. The ALWR iodine chemical form is roughly a reversal of the
elemental-particulate ratio for the existing regulatory source term. The

i
S G03200 004 2-21 l
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; TABLE 2e10.=. -COMPARISON OF RELEASE TO. CONTAINMENT TOR PASSIVE ALWR SOURCE,
1

; TERM-AND_ EXISTING REGULATORY _ SOURCE TERM :

.

Existing Regula-
Passive PWR. Passive BWR- tory Source Term-

'

~ Release Timing Release over a Release over a Instantaneous
24 hr period 24 hr' period release at time-
beginning'I hr beginning I hr of initiating

'

after initiat- after-initiat- event
ing event- ing event t

Release-
Magnitude to

. Containment'

; Atmosphere .

E e Nobles 100% 100% 100%

.e Iodine- 55% 50% 25%(1) ,,
m

o Cesium! 48% -41% 1%(tosump)
>

e-Tellurium 11%- 9% 1% (to sump)'

eBafSr,Ru 0.4% 0.3% 1% (to. sump)-
y

4 e Remainder: 10.004%. 0.003% 1% (to sump) J

l

: Chemicalfform
|-- in Containment:
u , ,

2.85% elemental' 2.85% elemental 91% elemental a<e Iodine '

97% particulate .97% particulate 5%_ particulate-,

c _

0.15% organic- 0.15% organic 4% organic
,

* Cesium- 100% 100% -Not Specified-
particulate -particulate-

'o Tellurium 100% 100% Not Specified .

.and remaining . particulate particulate
Semi 'and= Low-
Volatiles -

-

- Notes: (1). The 25% figure is' arrived 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 (i.e., containment design,
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.

S G03200 004 2 23
020891R91A



.- . . - ..- .- . . . - - .- -. - . . - . . . . . --

. .

3. COMPARISON OF PASSIVE ALWR SOURCE TERM-

WITH NUREG-ll50 RESULTS

- 3The purpose | of this section is to provide a comparison of NUREG-ll50 ''
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 draft of the study was published in April, 1989 and represents an
update, extension, and ir.1provement upon the 1975 risk study, WASH-1400,3 2

Thus', NUREG-Il50 reflects current NRC staff and contractor thinking regarding 1

'

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-
Il50 in-vessel ielease. The second is_a comparison-of the integrated source
term as measured-by the core fraction released from the containment.

3.1 Comoarison Of Individual Asoects-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
experts in various relevant phenomena. It 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 i

term-associated-with different accident sequences.

As noted in-Sections 1 and 2 above, the Passive ALWR source term was

developed to-provide a single, enveloping value for representative accident--
-sequences uting-physically-based estimates of source term-phenomena. Thus,

the individi al aspects of the -ALWR source term are best- compared with a
central value of the closest corresponding NUREG-1150 distribution. The

-

NUREG-ll50 nedian was used for the comparison. In addition, the effect on the-

overall AU.lR source term (i.e., release to the environment and the resulting

offsite dose) of uncertainties reflected in the NUREG-1150 distributions is
- evaluated,

n
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3.1.1 Comoarison of in Vessel Release

The All'R in-vessel release fractions are compared with the NUREG-1150
values in Table 3-1 and with the NUREG-ll50 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 oxidation case. The only significant difference for other cases
would be a greater tellurium release for high zirconium oxidation.

The agreement between the ALWR and NUREG ll50 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 5 over the ALWR estimate
would be expected to increase offsite acute whole body dose by only about 50%.

3.1.2 Comoarison of RCS Retention

The ALWR and NUREG-ll50 values for RCS retention are in close agreement
as indicated in Table 3-2. Figure 3-2 illustrates a comparison between the
ALWR values and the NUREG-ll50 distributions for a typical PWR case. The BWR

distribution is similar.

5 G03200 004 32
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TABLE 3-1. COMPARIS0N OF ALWR IN-VESSEL RELEASE WITH NUREG Il50 MEDIAN

O c2
Element ALWR ) NUREG-1150 Median )

Nobles 0.9 0.9

1 0.9 0.74

Cs 0.9 0.59

Te 0.22 0.15

-Sr 0.01 0.0064

Ba 0.01 0.0086

Ru 0.001 0.0046

La 0.0001 0.0001

Ce 0.0001 0.00015

Other- 0.0001 ---

(1) Numbers represent the .5um of the early and late in-vessel release
fractions.

(2) PWR low Zr oxidation.
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TABLE 3-2. COMPARISON OF ALWR RCS RETENTION WITH NUREG-1150 MEDIAN

ALWR NUREG-ll50 Median
Element PWR BHE EMB HEB

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

All Others 0.6 0.7 0.67 0.74

,
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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 j
release constitutes about half of the total release from containment, the

increase in offsite dose would be only about 25%.

3'.1.3 Comoarison.of Revnorization Release
~

:

The ALWR and NUREG-ll50 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-ll50 distribution for the PWR and BWR, respectively. ,s

,

Again. although the NUREG-1150 uncertainty-range is broad, higher
revaporization in the ALWR is:not expected-to have a significant effect on
offsi.te 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 5

-

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 offsite dose by.about 25%.

3.1.4 - Comoarison 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 aerosol and prevent its

,

release to the containment atmosphere. Therefore, ex-vessel releases for the

[ ALWR- are not' directly comparable to the HUREG-1150 values.
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TABLE 3-3, COMPARISON OF ALWR REVAPORIZATION FRACTION WITH NUREG-ll50 MEDIAN

ALWR(" NUREG-Il50 Median ("
Element IE BWB PWR Sg

lodine 0.06 0.10 0.06 0.11

Cesium 0.055 0.05 0.055 0.05

Tellurium 0 0 0 0

(1) Numbers represent the fraction of the mass deposited in the RCS which is
revaporized by 24 hours.

e.
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Estimates have-been made-for a scenario in which there is a period of
dry core concrete interaction and these estimates are compared with the NUREG-
Il50: median value for ex-vessel release with no cavity flooding in Table 3-4.
The NUREG ll50 distributions are shown in-Figure 3-5. It is noted that the
addition to:the containment atmosphere sourca term from the ex-vessel release
is .relatively minor since most of the volat :4s have already been released,
and since the additional low volatile release is small.

3.1.5 Summary of Comoarison |

Four of the main aspects of the source term have been compared for the
ALWR physically-based source term and NUREG ll50 results. Other aspects, such
as engineered safety feature effects and natural removal of aerosols 'n
containment, are very dependent upon plant design features which are quite
different for'the Passive ALWR and the NUREG-ll50 plants. Further, the fact

that design requirements have been provided so as to essentially preclude
containment failure in the Passive ALWR allows.much greater opportunity for
fission' product removal inside containment than in the NUREG ll50 evaluations.

Ba',ed on the four comparisons which were made, the ALWR values are in
reas9nah e agreement with the NUREG-ll50 median values. Further, changes in-t

the ALWR values to reflect the uncertainties existing in- the NUREG-ll50
distributions do not have a large effect on the-integrated release to the
environment.

3.2 Comnarison of Intearated Source Term ,

To1 provide additional perspective, a comparison of the core fraction
released to the environment for ALWR, WASH-1400, and NUREG-ll50 has been made.

For WASH-1400, a PWR 7 case is used, i.e;, an intact primary containment with
,

containment sprays operating. For NUREG-1150, a directly comparable case 'is
not available, so the closest case was used, i.e., containment intact early,
with late overpressure failure. Also included in the comparison are the
releases for early containment failure cases from WASH-1400 and NUREG-1150.
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TABLE 3'4._ COMPARISON OF ALWR EX VESSEL RELEASE (DRY CAVITY) WITH NVREG-ll50
-

MEDIAN

=Llement ,A_Lj ' ) (ELR[G-1150 Median )
'tz

Nobles 1.0 1

I 1.0 1

Cs 0.9 1

Te 0.45 0.55

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 coreparison. The following points are relevant:

* The ALWR release is for an intact containment and the WAS4-1400
release is associated with basemat melt-through which, in effect,
is an intact containment insofar 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 release 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 MSH-1400
releases include the effect of sprays. The ALWR secandary

building effect noted in footnote (2) to Table 3-5 wnu!4 make the
actual I and Cs release to the environment comparable fcr ALWR and
WASH 1400.

* The ALWR and NUREG-ll50 releases compare reasonably closely, again

except for the late iodine release in NUREG-ll50.

* 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-ll50.3'3 Second, even with the large
reduction in the NUREG-ll50 release compared to WASH-1400, the

ehrly containment failure release is still significantly higher
than the intact containment cases.

1

i
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|

|
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JTABLE 3 Sh- LCOMPARISON '0F: INTEGRATED' SOURCE TERM FOR ALWR, WASH-1400,; AND<

'

' NUREG-ll50_-y ,

Intact Containment Eailed containment'

*
,-

'

ALRB WASH 1400 NUREG-1150 WASH-1400 -NUREG-1150.

& f(1,2)- .(1,4); -(1,3,4), '(1,4) (1,4)- !

.
.

0.9Nobles- 3E-3 6E'3 ---
-

-

1.: 2E-4- 4E-5. 2E-2 0.7 4E-2- ,

: Cs:- 2E-4- lE-5 <1E-5 0.5 lE-2'
-

' lE-5 0.3 5E-3 5m Te- '4E-5> :2E-5 <

S r -- >2E-6--- IE-6 <lE-5- -0.06 2E-4-
-

Ru '2E-7 -lE-6- 'lE-5 0.02 lE-4.

-

:La .2E 8 . lE-7 - <1E-5 0.003 3E-5-

,

,.

_.(1); - All: numbers represent coreifraction released from the containment.
.

-(2). Torobtain:the actual release to- the environment, the 'ALWR aerosol
' release: fractions-would need.toLbe reduced by a-factor of about six to account<

for secondary building holdup:and removal. -

/(3)' iThese NUREG-!Il50 releases 'are for; an intact contaimnent'early Lin the
h " accident =with a 1 ate overpressure failure assnoted in Refer 1ncell-7, Volume 1,-

ipage 10-4.

(4) Median values: werr( used forWJRlG-1150. Only median data were available*

from~WASHp1400.
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14L _ INDIVIDUAL ASPECTS OF-THE PHYSICALLY-BASED SOURCE TERM

-4.1 -Coolant and Gao Activity Source Terms 9

4.1.1 Introduction

hIntheeventofaLOCAthefirstreleasetothecontainmentisthe
activity. circulating in the RCS. The element of primary concern (because of--
its' biological-effect) is iodine. Although the total quantity _of-iodine
released during this phase of the accident,- i.e.,- prior to any fuel failure, i

-is_small, the: fact that this release occurs rapidly makes it potentially -;
important for such issues as containment isolation _ time. For this reason, the I

- release of coolant prior.to the occurrence of fuel failure is addressed in
- thi_s-section.

.

'

.It isf also possible during a LOCA and certain transient conditions to
relhase gap activity to the containment prior to more extensive fission
product release from widespread core -damage. -For this reason, the release.of j

-gap activityJis also addressed in this section.
1
a

: Releases from the coolant andLgap are most significant for design. basis- '

Jaccidents-that areiterminated without'more extensive fuel damage though'such 1
-

accidents are;beyond-the scope of this report. The contributia 4fedistinct -

coolantiand gap releases to the physically-based source term for an assumed
,

core damage event is not expected to be important. Nevertheless,-an
'

evaluation was performed, focussed on the passive PWR, to confirm this
; expectation forLan advanced, passive. LWR.

1

4.l~.=2=LCooiant Activity phenomena and Assumotions
j

-Nuclear-plants tre' designed to operate with some cladding defects which permit
the release of rasiioactive fission gasses to the reactor coolant system. For
a given. defect level, an equilibrium activity tends to be established in the
reactor coolant system based on the rate of radioactive fission gas production
and release and the operation of installed cleanup systems.

,

- s c03200 004 41
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[igbnt lodine Snikes

Under certain conditions, the reactor coolant iodine .oncentration has
beer observed to increase rapidly (i.e., over a period of several hours)
dur N normal operatior. I" hough there is no consensus regarding the
characterization of the spcific mechanisms causing such " iodine spikes" in
the RCS, observations of numerous occurrences in operatti plants show that
spikes eter, be correlated with changes in the condition of the fuel, such as'

thermal transients cauted by rapid power changes (e.g., reactor scram), and
depressurizations of the RCS.'''

Therefore, it is not unreasonable to postulate that the reactor scram
and subsequent depressurization of the RCS during a loss of coolant accident,
or similar conditions in the RCS (e.g., steam generator tube rupture) could

cause an iodine spike to occur. In addition to such " consequential" spikes,
regulatory guidance requires the assumption that an accident occuts at the
point in time that a previously initiated, unrelated iodine spike has reached
a peak, i.e., a pre existing spike.

Recent Operatina Exoerience

A necessary condition for an iodine spike is the existence of one or
more fuel rods with cladding defects or failures. The changes in power and

RCS pressure cause an incremental release of activity from such rods. For a

plant operating with significant fuel defects or failures, there is a
potential for spikes when the RCS conditions exist for a release of iodine
from the defected fuel rods. Conversely for a plant with essentially all fuel
cladding intact, there is no potential for iodine spiking to occur, regardless
of changes in reactor operating conditions. (Note that fuel failure as a
result of the postulated accident is not considered an " iodine spike." Such

failures are discussed as " gap releases" in Section 4.1.3). This relationship
is borne out by the plant operating experience over the last several
ye ars .'''' ''3 Steady improvement in fuel performance, as evidenced by low
coolant iodine concentrations, have resulted in a significant reduction in the
magnitude, as well as in the number of reportable iodine spikes.

t C03200 004 42
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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 a 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 operated with coolant
activity (1 131) above 0.01 pC1/g, and only a single plant exceeded 0.03
pCi/g.

Figure 4 2 shows historical trends in the number of assemblies with fuel
defects normalized to installed capacity as reported in Reference 4 4. The

BWR data shows a steady improvement to a range comparable to the experience
with PWRs. The PWR data shows no trend in normalized number of defects
implying that other factors 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
perforn.ance in the 1990's (see Reference 4 4). INP0 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 41, also from Reference 4 3, shows the number of iodine soikes
reported in the years 1980 1989. Note that while insignificant spikes occur
frequently, the threshold for a reportable spike is the equilibrium
cor. centration limit in the Technical Specifications as discussed further
below. The total number of spikes reported dropped from c total of 36
observations at 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 is the result of improved fuel performance, (i.e., fewer number of fuel
defects in operating plants) and of greater stability of operation
(i.e., fewer large spike inducing transients).

Technical Soecifications and Modelina of lodine Soikes

The course of an iodine 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
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Figure 1-1. REACTOR COOLANT ACTIVITY DISTRIBUTIONS FOR WESTINGHOUSE-
DESIGNED CORES (for all plant data to be on a common
comparison activity basis, all plants with an increased
coolant letdown rate have their coolant activity
normalized to a single letdown rate; the iodine 131
uncorrected (i.e.,usesnormalizedmeasureddatawithno
adjustments for tramp uranium) values are for the end of
each year (December basis); and all data have been
normalized to 100% power and the same cleanup rate).
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TABLE 4 1. 10 DINE SPIKING OR RADIDACTIVE GAS RELEASE EVENTS *

# * ' " "
Beector lodine spikire or
h hamtime tw1111 Radianctive Can Release (bo. of tvente)

I'*f'0F If DE h.$ $ M N E III.1 E E 120$ 1EM li.h 12fI 1?B M

Arkansas *1 e e x

Arkansee 2 e e x x

lig Rock Point e o x

Brm swick 2 e e x x x

~ Calwrt Cliffs 1 e o X

Cetvert Cliffs.2 e e x(9)
Cateadas 1 e o x(1)
Coot *1 e e ut2)
Cook *2 e e x x

Crystal River *3 * * x x x(1)
Davie 6eese 1 e e x x x x(5)
Farley 1 e. e x

7t. Ceth e t 'e e x(t)
Cinns e e x(1)

i' Watch 2 e e x

'Le Crosse o e x

timerick 1 e o X(1)
mittstone*2 e e x(3) x(2)
north Ama 1 .e e x x(4) x(T) x(t)
Pollsides e * x x(2) x(1)
Pretrie Island 1 e o X

Protrie latend 2 e e x(3)
Sen Onofre 2 x(1)
ten Centre 3 e e x(3) x(10) x(5) x(1)
*t. L w ie 1 e e x x x(6) x(2).

Swry 1 * * x(T) x(13) x(3) x(4) x(3) x(4) x(i) X(1)
twry 2 e e x

Trojan e e x

~ f ankee tem e o X X(1)

so, of Reactors $ 13 13 to 4 4 5 2 1 1

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 a peak
concentration above the equilibrium limit for a larger spike. This fact is
reflected in the two-tier structure of the Standard Technical Specifications
(STS).''S While the upper, or spiking, limit is set such that off-site doses
due to coolant 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 limit of I uCi/g (basedi

on dose equivalent iodine-131) and a spiking limit of 60 uCi/g (spike duration

less than 48 hours). The specific values incorporated into the STS were based
on plant operatir.i data available in the mid 1970's, (see Reference 41) and,
therefore, do not reflect the improvement in fuel puformance in recent years
discussed above. During the subsequent 15 years of operating experience, no
iodine spike exceeding, or even approaching the STS spiking limit has been
reported. Further, as not-d above, the number of reportable spikes has
declined sh:rply 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 pCi/g range are not realizaale, given typical
initial coolant concentrations below the Technical Specification equilibrium
level, even with an iodine spike. Although peak spiking concentrations above
10 pCi/g have been observed in a few instances, these peaks were all reached
from equiliorium concentrations above 0.3 pCi/g (see Reference 4-1). For

plants operating with equilibrium coolant concentrations more 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 pCi/9) are not
credible. Therefore, a value of 10 pCi/gm would represent a reasonable
envelope for iodine spike concentrations in such current plants.

Acolication to Passive ALWRs

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

S G03200 004 47
020791t91A



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

t . f

"

!

,

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.6 The passive plant evaluation ,

considered the operating power level (55% of the four loop value), the 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 i

!level that was calculated to correspond with 0.25% fuel defects was 0.4 to 0.5
ipCi/g depending on the dose conversion factors used to determine 1 131 dosei

equivalence. This value is well below the comparable value for a four loop
plant (which would be above 0.9 pCi/g dose equivalent I-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, 1

l 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, l

&

Given Passive ALWR fuel performance that is 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 pCi/g that is at the high end for current
plants. Similarly. passive plants would be expected to show improvement
relative to the suggested spiking envelope value of 10pci/g based on current

. plant data.

.

4

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-l%
fuel defect = level which corresponds to about 3.7 Ci/g, well above the 1.0y Ci/g
coolant activity Technical Specification.

$ G03200 004- 48
020791R91A

. ~ . . _ _ . - . - _ _ . . - ~_ ,_ ._2.._ _ _ _ _ . _ u _ - _ . - _ _ . _ _ . . - _. - -. ~ .. _ _ _



. . . _ . . _ . . _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . - . _ . . _ . _ . .
'

. . ,

,

!
:

4.1.3 Gao Activity Phenomena and Assumotioni i
:
;

Eao Release Modelira
'

For transients which cause fuel cladding failure, volatile fission
products may be released from the fuel-cladding gap and plenum to the t

Icontainment atmosphere. Only that fraction of the fission products which
migrates from the fuel 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 10CFR50 govern the modeling of LOCA
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 is a
function of the rate'of production during power operation, radioactive decay,

!and other applicable processes. The inventory reaches-an equilibrium level
within weeks for shorter lived isotopes .while it increases with fuel burnup

,

for others.

-The release of volatile fission products from the fuel matrix into the
'

gap, expressed as a percentage of the total available inventory, is known to
depend on diffusion and grain structure. The linear heat generation rate, the
local temperatures and the life-cycle transient history are significant
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 iodine tend to collect as deposits on the cladding inner
surface and.their release following cladding 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)''' that addresses the abundance of many (but not_ all) volatile
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radioisotopes. Vendor fuel performance models are more current, but they
focus on total gas production (not specific radioisotopes) to demonstrate
conservatively that regulatory limits on peak pin gas pressure are satisfied.

Recent Operatina Exoeriencg

Experimental data on volatile fission product release from the fuel to
the gap and plenum regions have been reviewed. lodine and cesium fractional
releases are generally expected to be similar to those of the noble gases.4 s
Recent measurements of noble gas gap inventory and iodine and cesium
deposition on the inside surface of the clPJding of spent fuel rods confirm
that iodine and cesium releases from the tuel 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) is 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 M9d/tu.

Fission gas release measurements on B&W 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 /tV. Individual rod release
values range up to 3.8%, which may reflect operation early in life at linear
heat generation rates up to 8 KW/ft and slightly 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.'"3 Volatile fission product
releases are less than 2% for pins whose linear heat ratings are consistently

below 7 KW/ft. Burnups are up to 39,400 mwd /tU.
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TABLE 4-2. EXTENDED BURNUP FISSION GAS RELEASE, OCONEE 1

Release Release Burnup
Cycle Eqdi Ava. (%) Ranae (%) (mwd /tV)

3 6 0.6 0.1-2.4 31,940
4 16 1.5 0.5-3.4 39,180
5 16 1.6 0.7 3.8 49,570

,

|

l

l
'
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' TABLE 4 3. FISSION GAS RELEASE DATA, 20RITA TEST RODS '

Percent
Avg. Power Fission ;

Nominal Level (KW/ft) Average Gas
'

Enrich- Initial in Cycle' -End of Release
ment (w/o Pressure Life Measured

Rod No. U-235) (psia) 1 .jL 3 Burnup (Xe+Kr)
#1Wd/tu

330 6.60 15 8.5 9.1 8.2 57,000 26.5 *

b
332 6.60 500 8.5 9.1 8.4 57,500 220.9

,

'

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 15 8.8 8.3 7.4 55,100 19.9
'

383 5.81 15 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 5.81 500 8.6 8.4 7.4 55,000 !*.2

386 6.00 500 7.4 9.4 8.2 54.400 22.6
,

35,100 8.3326 5.81 15 6.6 9.1 -

34,900 11.7328 5.81 500 6.5 9.0 --

40,300 7.6329 5.81 15 8.8 8.0 --
,

40,800 7.3331 5.81 500 8.8 8.0 --

40.000 8.5333 5.81 15 8.6 8.2 --
,

..

>

l

!

a. At.510 HWt 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

Nominal level (KW/f,t) Average Gas
i

Enrich- Initial in Cycle. End of Release
ment (w/o Pressure- Life Measured i

'

Rod No. U 235) (psia) 1 ,_L 1 Burnup (Xe+Kr)
mwd /tU

40,500 12.4335 5.81 500 8.6 8.2 --

35,700 11.6345 6.31 15 6.5 9.8 --

-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

316- 3.6 500 5.4 6.4 6.5 39,100 0.8 i-

317 3.6 500 5.2 6.4 6.6 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 5.2 6.4 6.1 37,700 0.2

369 -3.6 15 5.4 6.4 6.0 35,600 1.2
.,

370 3.6 15 4.0 6.6 7.0 35,800 1.1

371- ' 3. 6 - 15 4.0 6.6 7.0 35,700 1.1

387- 3.6 15 5.9 6.0 6.1 39,400 1.0

388 3.6 15 5.6 6.0 6.0 38.500 0.9 -

,

;

a. At 510 MWt Reactor Power.
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TABLE 4 3. FISSION GAS RELEASE DATA, ZORITA TEST RODS (Continued)

Percent
Avg. Power fission

Nominal Level (KW/ft) Average Gas

Enrich- Initial in Cycle' End of Release
ment (w/o Pressure Life Measured

Rod No. U 235) (psia) ,_). _ _.P,_ 3 Burnup (Xe+Kr)
mwd /tu

28,400 0.2307 3.60 15 5.9 6.4 -

22,600 0.1321 3.60 15 4.0 6.6 --

230 4.32 15 9.2 7.3 5.3 50,600 7.1

293 4.08 15 8.8 7.2 5.3 49,300 3.3

294 4.08 500 8.8 7.3 5.3 49,300 2.5

41.100 9.1281 4.53 500 8.9 7.7- --

41,400 7.3284 -4.32 15 9.1 7.6 --

30.600 2.9280 4.32 15 9.1 -- --

30,400 5.9282 4.32 500 9.1 -- -

29.400 2.8
281 4.08 15 9.0 -- --

29,600 1.0iB5 4.08 500 9.0 - -

21,600 0.15292 2.40 500 7.0 -- -

31,200 0.2266 2.9 500 6.8 6.2 --

4

i

i

a. At 510 MWt Reactor Power.
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The NRC sponsored an assessment of the effects of using extended burnup
fuel in current light 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 life pin pressures at
the allowable limits. 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%.

Apolication to Passive ALWRs

The core designs for Passive ALWRs afford substantial margins in fuel
performance when compared with current plants. The passive AP600, for

example, is designed for an average fuel rod lincar 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.

I

l

|

|
|
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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 limit of 0.3 pCi/g, and a lower spiking limit of 20 pCi/g (both [
limits apply to dose equivalent 1 131) are judged to provide adequate margin ;

for Passive APWR designs. -The proposal 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 limit was applied only to the pre existing spike, it is
appropriate to use the same limit for an. accident initiated spike.

|

Such reduced limits reflect the observed improvements in current plant
fuel-performance and the expectation of even lower coolant activity levels in -

an ALWR. These reduced limits might also make predicted doses from accidents,
such as steam line break and steam generator tube rupture, more realistic i

while retaining appropriate conservatism for Passive Al.WR 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 applicable 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.
F

S G03200 004- 4 16
020791R91A

- , _--- -_..;__w..___ __ . _ , . _ _ . _ , . . . .. -. - _ _ _. _ _ _ . _
-



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

. .

Gao 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 is judged appropriate for this
purpose.

The designs of Passive ALWRs are required to preclude fuel damage (and
hence gap release) for coolant breaks up to 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 is treated together with
the fuel release beginning one hour into the event. Given this approach, tF
design basis accident source term for passive BWRs is also appropriate even
though differences in BWR fuel design may affect the expected gap release
magnitude.

Other Desian Basis Accident Acolications

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 pe6k 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 Earl y In-Vessel Release Maanitude

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

$ G03200 004 4.t9
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1

events described in Section 2.0 and Appendix 1 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 Imoortant Phenomena and Assumptions |

The core damage event defined for purposes of estimating the source term
assumes that core melt progression (75% core melt) leading to reactor vessel i

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 i

period will tend to vary 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 of 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, ti.e rate of
fission product release is assumed to be constant over the period of core melt
progression (3 hours BWR, or 5 hours PWR).

4.2.3 Results

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 THI-2 accident .15 thru 418s

and from severe fuel damage experiments'''' th'"''2' indicate 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 THI-2 accident, about 45% of the core was molten and the
releases of noble gases, iodine, and cesium were in the neighborhood of 55%.

$ G03200 004 4 20
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Measurements of residual fission products in previously molten fuel4

] indicate that up to -10% of the original cesium inventory and somewhat less of
' iodine 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
,

J iodine and cesium from molten fuel are proposed. No residual fission gases
were found in molten fuel debris from THI 2 (see Reference 4 15), so 100%
release of noble gas from molten fuel 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,
iodine, and cesium 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, iodine, and cesium from unmelted fuel in a
terminated accident appears to be a reasonable bound based on data from THI-2

and the severe fuel damage tests conducted at the Power Burst f acility at
Idahu National Engineering Laboratory (INEL).

Fission product releases from fuel in the THI 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
cesium, but is largely retained by the surrounding metallic zircaloy cladding
and is then released during oxidation of the cladding.4 ra,4 29 Tellurium has a
chemical affinity for metallic zircaloy and most other metals.

Oxidation of the cladding 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

$ G03200 004 4 21
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TABLE 4 4.-RELEASES FROM THE CORE IN THE THI 2 ACCIDENT

Fraction of Core
isotooe Inventory Rel qn dt

85 Kr 0.54

1" 1 0.55

13' Cs 0.55
132

Te 0.06

" Sr 0.00l*
'0'

Ru 0.005
'25 Sb 0.016

'" Ce 0.0001

*
Leaching from damaged core after reflood increased Sr release to 0.03.

two months after accident.

[-

$*G03200 004 4 22
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TABLE 4-5. FUEL RELEASE FRACTIONS FROM PBF SEVERE FUEL DAMAGE TESTS

Element /
Exo. Cond. SFD ST SfD121 SFDI 3 SFDI 4

Kr. Xe 0.50 0.026- 0.08 0.19 0.23 0.44
0.093

1 0.51 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
Ba 0.011 0.006 0.004 0.008
Sr 4.00002 0.00024 0.0088
Sb- 0.00019 0.0013
Ru 0.0003 0.0002 0.00003 0.00007
Ce 0.000002 0.00009 0.00008 0.00013
Actinides <0.0001 <0.00001

% Zr

Oxidized 75 26 22 32

% fuel

Melted 15 16 18 18

s 003200 004 4 23
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local oxidation of zircaloy is equivalent to less than about 90% active clad
,

conversion to Zr0,, the release rate of tellurium has been found to be 1/40 ;

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

- zircaloy oxidation exceeds-90%.
t

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 damage 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 VO, under

accident conditions and have low volatilities (see Reference 4 25). Antimony

and ruthenium are present as metals which are insoluble in t?,e oxide fuel ,

- matrix and tend to separate from the fuel, concentrating with monien metallic

debris (see Reference 4 27).
-

Cerium, lanthanum, and the actinides (uranium, plutonium, americium,
curium) are oxides with very low volatilities1which are dissolved in the fuel
matrix and thus are released to a very small extent (<0.01%). (See Reference

4 25.) :

Suaaested Release Maanitudes |

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

Th'e proposed-releases are a result of the assumptions of 75% core melt
and 30 60% cladding oxidation and are based on experience gained in the
analysis of core melt progression experiments and the THI-2 accident. The

- $*G03200 004 4 24
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TABLE 4 6. ALWR IN VESSEL FISSION PRODUCT RELEASE ESTIMATES '3)

ALWR Eari ALWR Lat
Elenent Release (f Release (y)

Noble Gas 0.80 0.20
1 0.75 0.15
Cs 0.75 0.15
Te 0.20 0.03
Sr 0.01
Ba 0.01
Re 0.01
L6 0.0001
Ce 0.0001
Other 0.0001

")
Constant release rate fra 1 hour to 3 (BWR) or 5 (PWR) hours after

accident.

(2)
Reflood of RPV to 1 meter above TAF reduces the in-vessel release to

zero except for noble gases which are released in proportion to fuel cladding
failure and gap activity.
(3)

Ex vessel releases need to be added to these to determine total release.
All numbers are fractions of original core fission product inventory.

.

|
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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 light 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 those of the Evolutionary ALWR and
current LWRs, including in vessel fission product releases from the fuel.

.

4.3 Late In Vessel Release Maanitude

4.3.1 Introduction

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

4.3.2 Imcortant Phenomena and Assumptions

it is as;emsa 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 bottom 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 THI-

2 core (see References 4-15 thru 4-18) revealed that in much of this material
not 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, it is

expected that the low power density in the Passive ALWR cores would tend to
reduce 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%)

5 G03200 004 4 26
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may remain relatively intact within the reactor vessel following early nelt
relocation and vessel penetration.

The TMI event was terminated by reflooding the vessel. In-vessel
recovery or flooding of the containment to the top of the remaining fuel is
also a likely 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 in vessel is
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 releases from fuel it was assumed
that volatile and noble gas fission product relcanes 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 remainder of the 24 hour period in
the same proportion as the release fractions assumed for the early p4rt of the
accit at. This results in all of the nobic gases and 90% of the Cs and I
being released. Given relatively low temperatures, oxidation of the fuel
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 sequence.

4.3.3 Results

The assumptions and phenomena discussed above lead to a recommendation

of a late in-vessel release (based on initial core inventory) of 20% each for
noble gases,15% each for iodine and cesium and 3% for 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 ves:e1 volatile fission product
release are bounding and may actually be somewhat lower than the values (25-

5 G03200 004 4 27
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4.

30%) assumed fiir the early release from the unmeltet, fuel bec use of the
expectation, based on measurements of materials removed from the periphery of |

the THI-2 core and the lower power density of Passin ALWR cores, that the )
|

fuel mcterial remaining at the puriphery of the core will be relatively cool. j
!

4.4 RCS Retentum

4.4.1 Introduction

Fission products releasad from the fuel during core damage evmts will
be affected by physical and che'nical processes during transport through the
RCS to the break location. Depending upon the break location and the thermal-
hydraulic conditions in the transport path, substantial nuantities of fission
products may be deposited in the RCS correspondingly reducing the source term
to containment.

The NRC and the commercial nuclear industry have developed computer-

codes (e.g., TRAP MELT''30 and MAAP'*) which predict the extent of deposition
in the RCS for various accident sequences and have utidertaken experimental

programs for the purpose of validating these calculational methods. Detailed

analyses using these best-estimate computer models, supported by experimental
evidence from in-pile ind out-of-pile tests, indicate that iodine, cesium and
less volatile radionuclides will condense on or interact with other structural
materials released from the damaged core to generate aerosols.

Although some retention of fission product vapors would occur as the
result of condensation on and chemical reaction with surfaces, the transport
and deposition behavior of these fission product bearing .terosols will control
the quantities of radionuclides released from the RCS to containment.
Important aerosol processes such as imoaction, gravitational settling,
thermophoresis, and diffusiophoresis will be very effective in for:199 aerosol
deposition under many accident conditions, In certain scenarios scrubbing of
aerosols in water reservoirs and liquid streams will further reduce the
transported materials.

,
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4.4.2 Imnortant Phenomena and Assumriipal

The parameters known to be most imurta'it for effective acrosol
deposition are residence time in the RCS, nep tive temperature gradients (cold
spots), the presence of large quantities of condenMng steam, and impaction

; lo'ses generated by turbulent deposition at pipe beads. Thus, accident
scenariot that lack these characteristics will minim!ze deposition and allow
higher re h sts to containment. Only large pipe br'.'ak scenarios that have a
short pathway to tI'e break will have short residence timts and little or no
steam conden;4t.on or impaction in the transport path. All other scenarios
are expected to actuae strong Jeposition forces that limit aerosol transport.

targe br W accident scenarios that lead to extensive core damage are
f.- unlikCy (<10''/yr) . Therefore, as described in M.pendix 1, it is

assumed inat the RCS thermal hydraulic :onditions are thots ar the
representative core damage events, i.e., an intermediate s w b,?.A. These

events will N characterized by longer transport paths and greau r impaction
and turbu,e'it desition losses, as well as cold spots in the trawart path
to force s.m conn isation and diffusiophoretic and thermophoritic
deposition. dtima\t of the magnitude of these depositior' effects to been
made i; ting best esth ite computer models supported by e tensive in-;n!e aa
out of-pile test data. Estimates have also been made based on the engineering
judgement of expercs familiar with the limitations of certain compt.ter models.
The following sections present these estimates and the tcchnical bises used to
develop them.

4. 4. E . ! jor itpontal Eijf E pn RCS Retention. Experimental evidence
cf aerosol retentie processes ,r. the RCS is provided by the LACE''2'''33 and
Harviken'*34 aerosol ti msport tasts as well as by the SFD l 4 test (see

r ference 4 23) 'and the @ FP 2 test.'*33 Table 4 7 summarizes the measurede

d e osition results. Aerosor *etention in the piping system of about 80% was

measund in LACE tests LA3A an< LA3C which had soluble /nonsoluble aerosol
ratios on the order of that exto: tea from core damage accidents. Tests LA3B

had a lower reter. tion, probably .'ue to a very low soluble /nonsoluble aerosol
ratio. The Harviktn tests used r ~ntotypic core matrials and found ~74% <

retention in the simulatt RCS. These large retent .1 fractions are
repre nntative of that expected when a piping system * included in the

t=
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TABLE 4 7. SUMMARY-OF EXPERIMENT RE1ENTION FRACTIONS (% OF SOURCE)

DEP051T10N
Close to Fuel

Igli - Species Source Total Pioina

LACE LA3A Cs0H/Mn0=.21 26 77

LA3B Cs0H/Mn0=.13 15 51

LA3C Cs0H/Hn0=.61 46 83

99LAl Cs0H/Mn0=.43 --

Marviken -Y4-- --

e

SFD l-4 lodine 10 95
Cesium 30 95

' LOFT FP-2 Iodine 66 70 1

Cesium 60 71

.

\

$

,

4

%

b
I
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'ransport pr.thi and deposition at bends due to particle impaction is a

domina61 removal mechanism. Retention fractions of the order of 25 to 50 d
percent were noted for the first few meters of piping in the LACE LA3A and
3C tests.

The SFD l-4 test measured fission product deposition on' surfaces
downstream of the damaged fuel region. Large factions of iodine and cesium (up
to 30%) were found to deposit close to the fuel, although small amounts of
material (fine aerosols) were able to migrate long distances (-20m) before
being deposited. Total system retention was 95%.

1

The LOFT FP-2 test simulated a LOCA without emergency coolant makeup in

which fission products were transported from the RCS through a long low
pressure injection system (LPIS) line. During the pre reflood phase of the
test 2-3% of the volatile fission products were released from the fuel.
Approximately 2/3 of the released iodine and 1/2 of the cesium were deposited
in the reactor vissel and hot leg pipe, and nearly 75% of this material was '

retained in combined RCS piping and the LPIS line. Because these experiments

were performed with real fuel and control rod materials within a prototypic ;

geometry, the fission product deposition behavior is expected to be
representative of RCS deposition behavior in an actual plant.

1

Additional evidence of fission product retention during severo accidents
is provided by the THI-2 accident evaluation.- Water pathways that existed
throughout.the duration of the accident retained nearly 100% of 1.odine; cesium
and other aerosols generated during the accident. For accident scenarios in
which a water pool is the pathway to containment (e.g., the IRWST in the
AP600) little release of fission products to the containment other than noble
gases would occur.

4.4.2.2 - Analvtical Results on RCS Retention. The experimental evidence
is quite supportive of the argument that large fractions of iodine, cesium and
less volatile radionuclides will deposit on' system surfaces during transport
through the RCS. However, the amount of RCS retention is dependent on
the design details of the transport pathway and the thermal-hydraulics of the i
accident sequences. In support of NUREG-ll50, " the NRC's TRAP MELT code

;
.(one of the modules of th'e Source Term Code-Package (STCP)) was used to i
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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.''37 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 pipe
break accidents in PWRs and low-to-intermediate pressure sequences in BWP in
which core uncovery occurs early (about one hour after shutdown). Three

consideratior.s must be factored into the evaluation of these compu',er cc,1e
results relative to severe accidents in Passive ALWRs: low probs.lity af
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-ll50. 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 large RCS
pipe break-initiated tors damage sequences are very low in probability
(s 10'' per year). Such sequences are reduced even further in likelihood by
application of Leak Before Break technology. Extensive investigations of the
fracture mechanics of p! ping provide confidence that 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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020791R91A



......__.._ .-..-

18 0.0 -
,

LA3B POSTTEST-
_

'16 0.0 - .
_

35 9 . IEST DATA .
30::
59 5 MCT-2 (NYPA)"g 14 0.0 -

Of TR AP.-M. .E.LT2 (IT..)-

-

3 A T" AP-MELT 2 (JN)
~~~'~

Q 12 0.0 -
u O TRAP-MELT 2 (UK)
-

E5 -J J
O '

- -
g 10 0.0 - [ ,-
11J -
O '

/ g3'-,
' 'O 80.0- - .-J- / Ela

O - .-
, _ ,

-

p ;

../ -a -s '
= s -

0 60.0-
'

~,f f,

"'*

f,. E
J ,-[ p...

''
,

,- p'40.0- ./ ,

/ y -

| ' ~~~
.,

20.0-
~ /y,

. ;

-

00- . . . . .
00 6.0 10.0 16.0 20 0 26.0 30 0

TOTAL LENGTil (m)
Figure 4-5. . Post-Test Comparison of LA3B Deposition vs. Trap-Melt Predictions

Withou1L Ef fect of Bends.

,, _ . , .



.

. OHNL DWG C120700

1. A3B POSHESI
- cg

$2 16 0.0

!! e IEST DATA
2?

O THAP-MELT 2.2 (BCD
-

14 0.0

Ti
r

12 0. 0 .-

-
_

to 4og 10 0.0 - r- f
./'8

I
O ,

. aa
U r- /e

$_ 60.0-
/*

-

f
,

|3
- 1

40.0-

f
20.0-

1 .

t I

0.0 . . . . .
00 5.0 10.0 15.0 20.0 26.0 30 0

,

TOTAL LENGTH (m)
Figure 4-6. Post-Test Comparison of LA3B Deposition vs. Trap-Melt Predictior.s With

'
Effect of Bends.

.

e

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

-" #-



. .

regions of high deposition at bends. The TRAP-MELT 2.2 code, which was quite

successful 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 is evident that RCS retention estimated by codes
like TRAP-MELT 2.0 (used in support of NUREG-ll50) 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-ll50 for current plants.

An uncertainty analysis was performed as part of NUREG-ll50 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
PWR include a path through SRVs to a water pool (suppression pool and IRWST,
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. j

Other accident sequences may exist, however, in which there is complete
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
deposition and retention within the ADS blowdown path is appropriate. |I
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(-TABLE 4 8. !NUREG-1150'EXPE'RT ELICITATION MEDIAN RETENTION FACTORS--
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i

'PFDCE;4T RETENTION
'

:r

.

Low Volatility;
.Cng Conditions ~ Iodine 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 1. . High Pressure, Early Helt 91- 97 '97-

BWR 2- Low Pressure, Early Helt '59; 70 74

1BWR'3_ High Pressure - Delayed Melt - 72'- 75 92

+
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In addition to th'e 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 genevation of LWRs, which leads
to delayed uncovery of the core and longer residence times during the period

|
of_ release.. |

4.4.3 Results 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' Conclusions _

For representative. accident sequen:es, the RCS retention for Cs! 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 to 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

L similar to that of actual reactors.
I

'
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TABLE 4 9. SOURCE TERM EXPERT GROUP RECOMMENDED RCS RETENTION FACTORS FOR
SEVERE ACCIDENTS

FRACTION OF IN-VESSEL FUEL RELEASE RETAINED IN RCS

AEROSOL
CHEMICAL
SPECIES PWR fB

I 0,5 0.6

All Other 0.6 0.7

i
|

5 G03200 004 4 38
020791R91A

n.



,

a e

* Experimental evidence and THI-2 evidence indicating nearly
complete aerosol retention in liquid pathways,

o The extremely low likelihood 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 before a break
could occur. This will significantly reduce the already very low
frequencies of large LOCA initiated severe accidents obtained in
PRAs.

* Extrapolation of analytical results and NUREG-ll50 expert
judgement to account for the extremely low likelihood 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
refueling 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 surfacts 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
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ioccurs after vessel lower head- penetration. _ The duration of this release can
be over a period of hours or days.

4.5.2 'Imoortant PhenomenaJ nd Assumotions

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.

LThe 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 sa illustrates the-equilibrium concentration of cesium4 '

-

3iodide and cesium hydroxide' (in kg/m )' for the vapor above a pure liquid of
If cesium hydroxide and cesium-that species as;a. function of temperature. f

iodide 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' cesium iodide will be 'substantially reduced. In order for a significant
fraction of cesium and iodine (i.e., kilogram quantities) to trar.a art.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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fission products if the temperature is sufficiently~ high and sweeping airborne J

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 i
'

the-equations of state for the pure species. Data have been collected by

Sallach and Elrick''3' on interactions of th'ese species with steel surfaces but
little:information is available on subsequent revaporization.

The Sourre 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

?!pdustry_. 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 drywell-temperatures in the absence of drywell sprays or other means
.of heat removal, in contrast, some features of the passive designs would tend t

-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 dependi_ng 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.
Itits likely 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.

24.5.3 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-ll50 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 Conclusions.'

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

Lexist -in the passive designs, the potential for revaporization is small.
~ Revaporization isL thus likely to be a small contributor to containment fission.
product concentration as reflected 'in Table 4-10 values.

4.6 Ex-Vessel Release Maanitude
4

4.6.1 Introduction

in this section fission product releases from core debris exiting the
reactor vessel-lower head into the reactor cavity / lower drywell are estimated.

4.6.2 Imoortant Phenomena and Assumotions

Fission product release from core debris which has penetrated the
~ reactor vessel lower head and is located in the cavity / lower drywell will be =
significant only if the debris is allowed to be dry:with no' cooling or
scrubbing by an overlying pool of wa'.er. This would permit the potentfal for..

: core concrete interaction and the centinueu veration of 2dditional aerosols.
The ALWR requirement for,early cavity / lower drywell- flooding 11111 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 Deposited)

lodine f 11_ym

PWR 0.06 0.055

BWR 0.10 0.05

|
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4,6.3 Results
i
-

Because of the ability of the Passive ALWR to provide ample coolant to f

the reactor cavity / lower drywell prior. to or immediately upon vessel
penetration, 'little or'no fission product release to the containment
atmosphere is expected from ex-vessel debris. All of the noble gases .from the
molten material are assumed to have been released as a pah. 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.

If 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 I and Cs are assuc.ed 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,'''3 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 UNC00 LED FUEL DEBRIS

Fraction Released
Chemical Species from Debris Inventorv .2i

I, Cs 1.0

Te, Sb 0.35

Ru 0.01

Sr, Ba 0.002

Remainder 0.001

1. 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-
E-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 Important 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 uixture 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
daring 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
accioent. 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 material, 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
iodine 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 Cs0H will be the stable end
prod uc t s .''"''''5

The results of several experimental programs are in agreement with the
above predictions. In the STEP tests,''" fission product iodine was
frequently 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 Cs0H which would have been a liquid droplet
aerosol at test conditions. The investigators concluded that Csl 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 Cs0H plus structural component aerosol material at constrictions in
the downstream flow systems.

In the SFD tests,'''7 the deposition patterns of Cs and I fission
products were very similar and it was concluded that the overall behavior of
iodine in these tests was consistent with that predicted for CsI, but
inconsistent with the assumption that the iodine was elemental or hydrogen
iodide. Cs0H 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 AgI was
probably the dominant chemical form of iodine in that particular experiment
(i.e., low 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-;

,

concluded from analysis of thermal gradient tube deposition profiles that Csl
and Cs0H were the Jriaant downstream iodine and cesh species for conditions
which simulated LWR core damage conditions. Finally, measurement of the
iodine speciation in the containment sump water from the THI 2 accident
followed by'an-analysis of how the species could have been produced concluded
that fission product iodine entered the water primarily as iodide and not as

elemental iodine (see Reference 4-18).

Notwithstanding the above evidence for Cs!, there are two potential
reactions within the RCS which can potentially convert Csl into volatile
hydrogeniodide(HI)andneedtobeexplicitlyaddressed. The first is
. thermal hydrolysis by steam which can be expressed as

Csl (g) + H O (g) - Cs0H (g) + Hl(g). (1)2

This gas phase reaction causes measurable conversions only at higher
' temperatures (>1000K) where Cs! 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 Cs0H tends to be retained at reaction sites in the-oxide corrosion
film which .is present on interior metal surfaces,'''E''" Even 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 Cs0H which is expected
to' accompany Cs! during its early transport through the RCS. (On a molar
basis, the fission yield of cesium is about ten times that of iodine.) The
Cs0H 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 reection is most simplyi

expressed as

CsI(s) + H 80 (1,'s) - CsB0 (s) + H 0(s) HI(s). (2)3 3 2 2

L
i SN'$2' '*

|
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-Although this condensed phase reaction should not. occur to a significant *

.ex en cun er core damage conditions, appreciably more reaction can occur whent t d

one.or both of the materials is in vapor form.''" The potential for realizing
such conditions depends upon accident scenario details, relative times and-
rates of release from the core region, and specific RCS transport and
deposition patterns. Since.Cs0H readily reacts with boric acid, its presence
tends to inhibit the Cst reaction to the extent that it sequesters the; boric
acid vapor. The LOFT FP-2 experiment (see Reference 4 35) supports the
limited Cs! boric acid reaction since this experiment was borated and'little,
if any, evidence of CsB0, was found during pre-reflood. The boric acid
reaction is, of course, much less relevant to those reactor designs which do
not employ boric acid as a coolant additive. -

r
,

Hydrogen' iodide, while gaseous, is chemically-quite reactive and highly u

soluble in water.- Thus it would tend to react with bare metallic surfaces in
.the RCS (i.e., structures or aerosols) to form metal lodides. These would be

. condensed species:at' exit conditions, its water solubility means H1 would be
very hygroscopic so it would also tend to form ombryonic fog droplets (e.g.,
molecular clusters) in cooler parts of the RCS, However, at temperatures-

above about 600'K hydrogen iodide can undergo dissociation to form hydrogen
and iodine as follows'*52

2Hl(g); = H (g) + 1 (9)- (3)g 2

This change in iodine species-should be minimized in a core damage'
. accident because of the hydrogen already present in the RCS gas mixture; that I

is, theiequilibrium expressed in-the above equation _would be shifted to the
left.

For core damage- accidents that result in reactor vessel lower head
penetration it is-conceivable that natural convection forces could be strong

~

enough to" induce circulation of portions of the containment atmosphere through
-the RCS. This would expose.any resident cesium iodide to a more oxidizing1

environment and thus introduce the possibility of generating some molecular
iodine. While the Passive ALWR design is such that the reactor cavity / lower
drywell will be flooded above the bottom of the reactor vessel lower head very-
quickly after lower head penetration such that significant circulation through
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the RCS will not occur, t'he potential for molecular iodine release from this-
mechanism has _been considered to assess the margin for this aspect of iodine
chemi stry'. Thermodynamic analysis using the SOLGASMIX computer code'*53

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 1 or Cs had not been removed by
reactions such as with structural surfaces. Any I that might react with a ,

surface would be removed from the gas phase and thus cease to be a volatile
; form.. l.oss 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 materials 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.

4

The latter case applies to CsI, HI, Cs0H, 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

f G03200 004 4 s1
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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 fiodine the volatile _ species of concern historically are elemental
iodine and organic iodides (principally methyl iodide). The remainder of this- .

-

section will attempt to provide perspective on the various processes which can
_

. generate f.hese 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

resultingyaqueous concentration would be quite low;~ typically'in the range of
l'0'5 molar.1 At such concentrations a variety of reactions with other
substances in.the water (i.e., dissolved gases or other minor impurities) can

1

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''5'

31, +~ 3H 0 - 51' + - 10'3 + 6H*. '(4)
2

s

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 the4
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equilibrium to the left (i.e., higher relative molecular iodine
concentrations) while low H' concentrations (high pH) tend to increase the
relative concentrations of the ionic species iodide and iodate.

A very important process that can affect iodine speciation in
containment water reservoirs is radiolysis. At the radirtion levels that
would be expected in core damage accidents (tens of kilogray per hour)
radiolysis generates appreciable aqueous concentrations of oxidizing entities
such as hydroxyl free radicals, hydrogen peroxide, etc.. These can readily
oxidize l' to 1 and further through HIO to 10 ', The steady-state2 3

concentrations of the different iodine species depend upon ambient conditions,
particul arly pH.''55'''5''''57 In general low pH conditions favor formation of 1

2

while high pH tends to stabilize l'. The production of I, in solution has two
significant consequences. First, its limited solubility in water will cause

some of it to volatilize (partition) into the overlying gas space where it can
become available for leakage from containment. Second, 1 in salution as well

2 1

as 1 in the gas phase can participate in reactions with a variety of organic2

materials (i.e., paints, oils, cable insulation, volatile solvents, methane,
etc.) to generate low molecular weight organic iodides such as methyl iodide
'(CH I) .4 sa,4 59 Since these species are only slightly soluble in water and3

have relatively long airborne lifetimes in containment, they constitute
another potential leakage form.

The importance of minimizing radiolytic 1 formation by controlling pH
2

is clear. Thus the ALWR design requirements specify that the pH of
containment water pools is to be maintained in an alkaline state for the
accident duration. This may require addition of a relatively strong alkaline
buffer to protect against long term acid sources such as nitric acid formation
from radiolysis of moist air''60 or perhaps carboxylic acid generation from
radiolytic decomposition of oxygenated organic substances (paints, solvents,

Jetc.) that might be in containment. Sodium borate or any other similar
alkaline salt could be used for this purpose.

In addition to radiolysis of aqueous iodide, which tends to produce a
steady-state concentration of 1 in the system, there are several other

2

potential generators of 1 that must be considered which are more transient in
2

nature. These include possible oxidation of suspended Csl during hydrogen
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combustion events,'''' 1 formation during evaporation to dryness of shal1ow
~

2

water puddles (see Reference 4-56), radiolysis of acidic droplets containing
H1 which may have been released from the RCS,4 62 and possible oxidation of ]
iodide species that could be evolved should corium concrete intera:tioris occur |

in the~ reactor cavity / lower drywell following penetration of the reactor I

vessel lower head. Limited experimental data on the relevant phenomena
combined with uncertainties in accident progression make precise

quantification difficult, but 12 yields from each of these processes are
expected to be small.

With regard to the first process, any Cs! 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 Csl aerosol 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 Csl from' oxidation even if a hydrogen deflagration should

occur. 0
!-

p Concerning the second process, experimental work has indicated that
appreciable-volatile iodine is produced'_when iodide _ solutions evaporate to
dryness in a high radiation field. Alkaline conditions reduce but do not-

-

eliminate liberation of volatile-iodine which is presumably 1 . However, the
2

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

-

. drynes s '. It follows that 12 generation from this process should also be
insignificant.

Radiolysis of suspended aerosol droplets containing HI could in
. principle generate-1 if they were to remain acidic.- However, interactions

2

between these droplets and the alkaline aerosol droplets which are expected to

be in greater abundance should minimize the 12 yields from this process. In

addition, a recent scoping experiment with a concentrated H1 solution
indicated very low rates of radiolytic 1 formation.''" Thus, this process

2

should not be a significant source of containment 1 -2

|
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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 vaporized
iodine species would encounter oxidizing conf tions upon entry into the
containment atmosphere which would favor 1 formation. However, Passive ALWR

2

design requiremer.ts will result in cavity flooding before or coincident with
core debris entry. Under these circumstances, even if any iodine should
escape the core debris it would be expected to dissolve in the overlying water

~

and not experience any significant contact with the containment atmosphere.
Thus 1. formation by this process would 'not occur to any significant extent.2

4.7.3 Results

.The' qualitative description and.assessnent of phenomena given above must
be translated into; quantitative fission product chemical form compositions.
The noble' gases.will, of course, exit from the RCS and exist in t.ontainment
entirely as chemically in=< t gases during the course of a reactor accident.
With respect to other fission products, all.except iodine can be assumed to

-exit-the-RCS ano transport 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 dominant chemical species will
bei Csl but some other metallic iodides could be present.as well. The thermal

.tydrolysis of Csl and reaction with boric acid (if present) could produce sona
bl which.might escape from the RCS. The expected yield is relatively
uncertain but, on the basis of the discussion above, we estimate only a few

. percent;of the iodine would leave the RCS as Hl. In containment, the H1 would
effe.:tively behave as an-aerosol. due to (a) its hygroscopic nature, and/or (b)
its' sorption by theiaccompanying/ existing suspended aerosol. Finally, the RCS-

'is expected .to discharge a negligible amount of 13(<0.1%)tocontainment
- during either the early or later phases of an accident.

Within containment, the four processes discussed earlier could each
produce a small amount of I . Even with control of aqueous phase pH asg

assumed, radiolysis is judged to represent the most important and persistent
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The steady-state I, level reached in the containment atmosphere will lsource.
depend upon the net effect of many campeting rate processes and upon plant
specific design parameters. However, it is considered t' tat the pH control
specified in the Requirements Document wil be adequate to assure that the
airborno l will not exceed 1.5% of the cure iodine inventory as a result of

a

aqueous radiolysis reactions. The other three potential sources of airborne
levei1 are together judged capable of generating 3.5% as well <.o the peak 13

2

in the containment atmosphere would be about 3.0%.

It is generally recognized that thernal and/or radiolytic reactions
between I, and a wide range'of organic substances which may 60 presetit in
containment vessels are respont.ible for tne appearance of organic todides in
these systems (see References 4-58,4-59). Measured yields depend on a variety

of parameters which include 1 concentration, temperature, radiation dose,2

type of organic, and geometry effects among others. No ratisfactory
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 ago which tinds
to overpredict steady-state organic iodide leveis in containnerts.''''
Application of the procedure, which relater. percent trganic lodide formation

.

to airborne iodine concentration, to ALWR conditions would indicate conversion

of roughly 5% of the airborne 1 into organic species. This amount of organic
2

iodide would thus correspond to about 0.15% of the ccre iodine inventory
would then be reduced to 2.85%.(i.e., 5% of 3% is 0.15%) and the amount of 12

The remainder of the iodine inventory, 97% of the core inventory, would exist
as non-volatile species. These would be either particulate aerosol s 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 reactor
core damage accidents and to make use of the available data on important
phenomena to develop quantitative estimates for Passive ALWR physically-based
source term applications. As indicated, it is difficult to precisely quantify
some of the phenomena effects but in most cases this difficulty probably has a *

minor impact on accident source term predictions. For example, fission
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e rodect cis..v, i,x r toected to exist in a nu2ber of dif ferent chemical species
dependit,9 upon the A tr.iis of an accident, the specific point in an accident,
and ;,erhaps the partit.vlar reactor design. However, the general transport
baMvior of cesitne vilhin the system and its leakage characteristics will not
b s 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 cf water in the Passive ALWR combined with aqueous pH control is of
considerable help in simplifying the chemical issuos requiring qnntification.
The former e'iiminates significant core-concrete interaction and the need to
assess > accompanying volatile iodine generation and the latter tends k
stabili7e non volatile aqueous iodine species and limit partitioning 10 e the

I gas phase. Quantif( wtion of organic iodide formation is the most uncert ut
asoect of the evaluation but the procedure used shutdd ovarp w lict W S
yields, providing margin in the orgar.ic iodine fract19n. The ie' el d of
organic iodide measured in the THI-2 containment atmosphere following that
accident /cbout 0.n3%) would indicate that this is true,

4,8 Scrubbina In Water Pqpl:,

4.8.1 htroducti,qn

The attenuation of radionuclides in water pools is usually expressed as I

a " decontamination fhttor' (DF), which is defined as the ratio of the quantity
injected intn the paol divided by the quantity which escapes the surface of
tht. ;ool. Although it har baen gennrally accepted that large pools of water !

can oc very effective in scrubbing contaminant's from a gas stream passing
through then (for example, tn icditie scrutb'rg in the spent fuel pool), it is |

; recognized that the r:f fectiveness taries significantly with a number of
parameters. The Retactor Safety Study (WASH-1400) assumad a DF of 100 for
subcooled suppression pools, r.nd 1.0 for stet.m saturated pools. Since that
time, deteiled taodels for the n alys',s of aerosol reinoval during gas transport

I through the suppression poo'l have been developed by the NRC (i.e., the SPARC
cede'*) and EPRI (the SUPRA c9de"7) in the U.S., as well as by several

|

foreign countries (e.g., BUSCA * ).

1
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4.8.2 Imoortant Phenomena and Assumpling

A reasonably complete data base tarists to permit the assessment id

verification of these pool scrubbing niodels. Recent experimental wor $ egan

with small scale experiments performed by General fled ric to derrcMt ;e the

effectiveness of aerosol scrubbing in suppression pools.''" Small 5 e

" single orifice" and large scale experiments for a number of differt t
injection configurations were performed at Battelle Columbus Labor < ory.''7'-

Phase A of the ACE Program also included pool scrubbing tests''" in an
intermediate scale, in addition, there is on going *xperimental work in'

J apan ,'''' and I t al y .''73'''7' At the time of this writing, the results of these
on going programs are not yet available.

The results of analytical models, confirmed by the available
experimental results, indicate that suppres' ion pool scrubbing of aerosols
depends-on parameters associated with:

the carrier fluid (steam /non condensible gas ratio,*

temperature, mass flow rate);

the entrained aerosol characteristics (size, material,*

density, solubility, aerodynamic characteristics);

the injection configuration (submergence depth, orifice size*

and orientation, number of crifices in proximity); and

the water pool (subcooling, geometry, impurities).*

Of these, the aerosol size is the most sensitive parameter. The

observed DF, for example, varies over several orders of magnitude for aerosol
sizes of inserest in the region between 0.5 and 1.0 microns (radii of 0.25 to
0.5 microns, see Figure 4-8).

A second important parameter shown in Figure 4-8 is the condensible/non-
condensible fraction of the carrier fluid. Large steam mass fractions result
in large decontamination factors, while the minimum DF is calculated for dry
(hydrogen or air) gas flows. In contra:,t, the experiments showed the effect
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of pool saturation to be much less than anticipated, as a result of additional
,

removal mechanisms (such as diffustophoresis) associated with high steam
fractions above ti.e surface of the pool (see Reference 4-70).

The injection configuration can have a significant effect on scrubbing
in the pool entrance region. in contrast to the bubble rise region, where
bubble dynamics and aerosol phenomena are well cnaracterized by the models, in
the entrance region the breakup of the gas stream 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 4-69,4-70) 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 EPRI 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 concluded that
entrance effects would not extend beyond ten diameters of the vent pipe for
horizontal vent injection configurations (i.e., Mark lil type suppression
pool s ) .'*7'

|

For any given set of.the important parameters identified above, the '

existing models permit a reasonably accurate determination of the
corresponding pool DF. With high steam content carrier gas, an anticipated
aged m rticle size (e.g., 1-5 microns), and-sufficient pool depth to minimize I
the M 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 irnportant 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 condensible fraction is likely to be balanced by an increase in efficiency
resulting from increases in tht aerosol size distribution. Suppression pool

models incorporated into integral 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 Scrubbino 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:

1. the discharge of the reactor coolant through the safety '

relief valves into the IRWST or suppression pool, via the
,

quenchers;
,

2. flow from the drywell to the suppression pool through the
horizortal 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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Safety Relief Valves (PWR and BWR)

Any aerosols carrieo from the reactor vessel to the IRWST or suppression
pool via the quenchers 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 pool temperatures.
Decontamination 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 a
negligible contribution to the source term.

Horizonal Vents (BWR)

Effective decontamination (although at a somewhat lower DF) can also be
expected for fission products other than noble gases and organic iodide 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
non condensible gases and an injection configuration less optimum than the
quencher 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 materinis such
as cesium hydroxide. DFs on the order of 100 are estimated for this flow
path.

Isolation Condenser (BWR)

A third pathway for fission products to enter the suppression pool and
wetwell gas space is the non-conc'ensible gas vent line from the isolation
condenser. This line has a shallow submergence in the suppression poc1, 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 isolation condenser at
the top of the reactor building, and back again to the suppression pool. As a
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first estimate, however, no pool scrubbing credit has been assumed for this
pithway.

-

.,

Core-Concrete Interaction (BWR and PWR)

In addition to scrubbing in the suppression pool, the passive plant
arrangement affords scrubbing of fission products released from any core -
concrete interaction. While the ALWR design requirement of flooding prior to
or immediately upon reactor _ vessel lower head penetration is expected to
. result in rapid quenching of ex-vessel debris and therefore little, if any,

' core concrete interaction and ex vessel fission product release, the scrubbing
-'ffect of the water. pool overlying the core debris has been evaluated to
t.ssess the margin:for this aspect of-the source term.

The reactor cavity or lower drywell is flooded with sufficient water to
. cover any debris on the cavity floor with approximately 10 or more feet of

;

. water. The positive factors affecting aerosol scrubbing by this water pool 1

.are:

1. water depth of 10 or more ft;

2. small bubbles created when core concrete interaction gases
reach the debris-water interface;

3. a bimodal particle size distribution consisting of very
small particles resulting from nucleation of fission product I

vapors in the bubbles and large particles created by
mechanical forces at the debris surface; and 1

4. initially subcooled water.

On the negative s_ide, the gases ~ reaching the surface of the core debris-
may have a high non condensible content, and the pool water will eventually
approach saturation cc.iditions.

5 G03200 004 4*&3 {02n?91t91A
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Recent experiments conducted by the A'.c Luasortium (see Reference 4-71)
provide a useful baseline for the scrubbina of aerosols from a core concrete
interaction. 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 included Cs, I, and Hn. The decontami.aation factors obtained varied
between 11 and 160 for the 1.38 meter submergence, anJ 75 to 330 for the 2.62
meter depth. The lower values of DF were associated with the Mn aerosol,
which is insoluble in water, while the higher OFs were measured for the highly
soluble Cs and 1. These experimental results are enti)ely 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 Introduction

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 tnan noble gases and
a small fraction of the iodine) upon release to the containment is expected to
be particulate. The size distribution of this particulate will be in the
aerosol range (i.e., less than 100 pm in diameter) with an estimated

3concentration 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 IRWST or wetwell remains effective for scenarios in
which 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 f
atmosphere of partice? ate are evaluated and an estimate of the aerosol i

concentration and potential leakage as a function of time is derived. These i

inatural processes include sedimentation and diffusion of aerosols. i

I

4.9.2 imcortant Phenomena and Assumotions :
)

in this section a brief definition of important physical processes in !
the removal of aerosols is provided followed by a description of the 1

evaluation performed on the PWR and BWR containments to determine overall t

aerosol concentrations resulting from these effects.,

1

4,9.2.1 ' Phenomena Associated with Natural Deoletion. 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:acesses

,

provide a basis for crediting the " natural" depletion of fission product
material in the containment atmosphere.

!

4.9.2.1.11 Acolomeration 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, pool
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 j

2. Gravitational - the relative movement of particles of ,

different size under the influence of i

gravity ,

,

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

-

s 003200 004 4 65
020791R91A

i

L, : s -, ,~u,..._ -

_ . ~ , , . . _ , . _ . _.....-_.__,_,,__.-,._..,_.~__.._-.___,-._,.,-..;__,--.-



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

,. ,

,

i

in Osntainment. Brownian agglomeration is important for submicron ,

particles, while gravitational a'gglomeration is important for particles larger
*

_than one micron. Turbulent agglomeration is generally unimportant in
containment.

,

4.9.2.1.2 Sedimentation -Sedimentation is deposition due to the |

effects of gravity on the particles, with accumulation generally on horizontal !

surfaces. In " stirred" systems, sedimentation still. occurs, because if the
system is 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 Hvaroscooicity -Hygroscopicity is the term used to
characterize the affinity of a substance for water. Substances that can

maintain large 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

!
m ri no If u ef m n n th c 01 z r , and it

is exposed to atmospheres near saturation (saturation ratios greater than ,

L about 0.95), .it can' absorb factors of ten to one hundred times its mass in
WMer.

.

Hygroscopicity can be credited in aerosol removal if it can be
demonstrated that the containment atmosphere is maintained near. saturation..'

The effect of hygroscopicity is to increase the rate of particle growth and
'the sedimentation. .

|

{- 4.9.2.l'.4 Diffusiochoresis- As steam condenses on a surface,-

'

aerosol particles wi11' migrate with the flux of water vapor movin; to the

L surface and be deposited.- This deposition process,is referred to as

} diffusiophoresis, or.sometima Stefan flow. The-importance of
. diffusiophoresis depends on the= amount of condensation occurring it the!

,

accident-sequence. If the surfaces in the containment are not cooled, the
: structures will. tend to saturate thermally, steam condensation on the walls

I 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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mechanistic computer codes of aerosol behavior such as CONTAIN'*7 and NAVA,''78

as modified for incorporation into the NRC Source Term Code Package. Although
not typically found to be the dominant deposition mechanism in severe accident
analyses, diffusiophoresis can be an important contributor it is not
sensitive to particle size, and, as a result, can be effective in the removal
of an otherwise persistent airborne concentration of small aerosols. Another

diffusive mechanism for aerosol removal is Brownian diffusion. It is usually

of minor importance compared with sedimentation, except for small (submicron)
particles,

i

4.9.2.2 Primary Containment Aerosol Removal. For purposes of defining
the physically-based source term, primary containment aerosol removal is
modeled using the EPRI version of the NAVA code. The modeling assumptions in
EPRI's version of NAUA are first reviewed, then specific features of the
calculations for the passive PWR and 29R are described.

4.9.2.2.1 ,qsneral Assumotions in EPRI's NAVA--The following are
general assumptions:

1. The containment is a single well mixed compartment whose
volume and surface areas for aerosol sedimentation, Brownian
diffusion, and Stefan flow diffusiophoresis are user-
specified. .

2. The containment atmosphere temperature, wall temperature,
steam injection rate, and leakage rate are user-specified,
all as functions of time.

3. Steam condensation on aerosol particles and on the '

containment wall are modeled. (The term " wall" might
include other heat sink surfaces, but these are assumed to
be at the same temperature as the " wall.") Steam

condensation on the particles is modeled using the Mason
equation. Condensation on the wall is currently modeled
using a combination of the Nusselt and kinetic theory
approaches,

S 003200 004 4 67
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4. 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- i

specified rate as a function of time, or can be a " puff" at1

user-specified times, or any combination of these.

5. The source size distribution of each aerosol specie is i

assumed to be log normal, and is characterized by an average
.

,

particle radius and geometric standard deviation for that
'

specie. These parameters are input as functioas of time.
(Note that only the source size distribution is assumed to
be log normalt 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 30 bins, ,

r,in = .0025 m, r .- 50 pm).

'6. 'The aerosol processes tracked are:

Brownian and gravitational agglomeration*
>

L * Brownian diffusion
'Stefan flow diffusiophoresis*

* Sedimentation
,

Leakage*

7. The processes are affected by the following thermal-
hydraulic phencesna, which are calculated at each time step: '

* Steam condensation on the wall ,

. Steam condensation on the particles*-

L
'

|
A steam mass balance is calculated in each time step, which

L permits determination of the relative humidity. This in
turn supplies the driving force for both condensation
processes (particle and wall).

$ G03200 004 4 68
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8. The following outputs are provided (among others, all as
functions of ,ime):

.

' suspended mass of each aerosol specie, and of water*

condensed on the particles;

integrated sedimented mass of each specie;*

e

integrated diffused mass of each specie;e

integrated leaked mass of each specie;*

* . number'and mass size distribution, both total and of .

_.

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

aerodynamic mass median diameter (AMMD) of the totale

size-distribution; i

,

geometric standard deviation of the total size*

distribution; and

various thermal-hydraulic parameters (relative*

humidity, atmosphere and wall temperatures,; etc.)'. '
,

It s'.ould be noted that EPRI's version of NAUA has been well validated
against th t LACE-2, -4, and -6 experiments.

'

-4.9.2.2.2- Passive PWR Calculations - Inout Assumotions -
Calculations for the_ passive PWR were dane for.the Westinghouse AP600 design. 4

as an illustrative example. The containment is t..,. deled as a cylinder of-
3-height'43.I'm and_ radius 18.3 m. The volume is 45,300 m . The surface area

2for sedimentation'(floor area) is 1050 m', for Brownian ' diffusion 7040 m , ando
'

for wall steam condentation 4940 m . (Condensation and diffusiophoresis are
assumed to.take placre only on the vertical wall surface, while Brownian
diffusion occurs over the entire surface area of the cylinder, including the
floor and' ceiling'..

.

1
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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, t=0 is the start of core uncoverv. and all times will

-be referred to this.
!

Consistent with the Passive ALWR design requirements, flooding of the
cavity is 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

ipenetration, only the heat addition from debris quenching is assumed with no
additional heat _ generation from zirconium oxidation considered as a result of
rapid;querching of the debris. After this period, further steam is produced
from decay heat. Aerosol release following vessel' penetration occurs from

4- 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.''7' 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 Cs0H, Csi, Te,-Te0,,
Ba0, Sr0, Ce0, La 0 , Ru, Sb and various structural and concrete materials =. o

2 23
(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 all source injection
times the assumed log normal distribution parameters were r(average) = 0.1 pm,- ,

geometric standard deviation = 2. Cs0H and Csl were assumed to be

hygroscopic; 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 4-12. PASSIVE PWR SEQUENCE TIMING

lime (hours)") Accident Statui Steam In.iettien Rate.
(lb/hr)

0-4 Boiloff of 1.5 x 10'
reactor
inventory from
TAF to vessel
penetration

4 - 4.5 Debris Sensible heat:
3 4. 5 x 10'10'")

5 7.5 x
quenching in Decay heat:
reactor cavity

4.5 - 23 Long term Decay heat: 4. 5-6 x 10'
relocation of
remaining fuel
to reactor
cavity and

1 steam
t generation due

to decay heat.

(
|

|

(1) t=0 is start of core uncovery. Vessel penetration is t 4 hrs.
(2) 5 - 7.5 x 10' means that over the given time interval the steam injection

rate was linearly ramped from 5 x 10' to 7.5 x 10' lb/hr.

.

$ CZ 200 004 4 7)
020791891A

_ . . . . . . .
.

. . . . . . . _ _ . _ - _ . - - - - - - . - - - - - - . . - - - - >. . .



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

. .

TABLE 4 13. PASSIVE PWR CONTAINMENT TEMPERATURE

-t(sec) T,,('C) T,,n ('C)

0 89.4 66.0
'

(coreuncovery)

3600 89.4 66.0

5040 104.3 66.6

9000 87.8 58.1

10800 90.0 60.0 j

14400 90.0 60.0

(vesselpenetration)

16200 106.3 82.2

18000 95.1 77.1

25200 90.4 72.9

32400 87.8 71.1

39600 86.0 70.1

50400 84.4 68.8

82800 84.4 68.8

1

-

,
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The following summarizes fractions of core inventory that are released to
the containment atmosphere. The basis for these fractions was provided in

Sections 4.1 through 4.8 of this report. Explicit derivation of the figures
below is summarized in Section 2.

fraction of Core Inventory
Released to Containment

0 4 hours 4 23 hours

1 .38 .17
Cs .30 .18
Te .08 .02
Sr Ba .004 --

Ru ,0004 --

Remainder .00004 --

For iodine, the initial total core inventory is estimated to be

approximately 18,000 gm. As determined in section 4.7, 97% of the iodine is
assumed to be released as Csit thus over the 4 hour core degradation period 0.97
x 0.38 x 1.8 x 10'g of I are released, or 0.46 g/sec of iodine. This curresponds
to 0.93 g/sec of Csl from 0 to 4 hours.

From 4 to 23 hours, 0.17 x 1.8 x 10'g = 0.045 g/sec iodine or 0.092 g/ser,
Csl arises from late in vessel release, in addition, revaporization leads to
0.06 x 0.38 x 1.8 x 10' = 0.006 g/sec iodine or 0.012 g/sec Cs!. Thus the total
release rate for Csl from 4 to 23 hours is 0.092 + 0.012 = 0.104 g/sec. (Inthe
actual calculation the rate used was 0.101 g/sec, based on a slightly different !

value of the iodine revaporization rate.) I

The release rates for Cs0H and the other fission product species were
obtained in a similar fashion. The release rates for the structural materials
were estimates based on observed releases in fuel degradation experiments.
Results are presented in Section 4.9.3.

4.9.2.2.3 Passive BWR Calculations - Input Assumptions--The Generai

Electric SBWR design is used as the example for the passive BWR. Preliv.inary
MAAP calculations have been performed by GE to support assumptions regarding

severe accident containment conditions.''" The accident scenario is a small 1.0CA
in the lower head of the reactor vessel,

s.co3roo.oo4 4.n 1
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As mentioned previously, the NAVA input requires specification of the
containment volume, height, radius, and surface areas (including internal
structure surfaces where appropriate) for sedimentation, Brownian diffusion and

3diffusiophoresis, for the SBWR, these were taken respectively as 5324 m (188000
3 3 2 3f L ), 6.1 m,16.7 m, 875 m , 2566 m , and 815 m . The height and volume are

approximately those of the drywell, which is an annular cylinder.
The radius is that of a right circular cylinder of the same volume and height.
To account for the annular geometry with its inner wall, the vertical wall

rarea (815 m ) and total surface area (2566 m ) are those of an annular
cylinder whose inner and outer radii are those of the drywell.

ALWR requirements establish that a means to flood the lower drywell
prior to or immediately on vessel failure shall be provided. As a result,

rapid quenching of the ex vessel debris and little or no core concrete
interaction is assumed to occur. Steam injection rates to the containment
were approximately that presented in Table 4-14. Containment atmospheric and

wall temperatures were adapted from the preliminary HAAP calculations
performed for a bottom drainline break for the SBWR. These temperatures are

shown in Table 4-15. Leakage from the containment was assumed to be the
Requirements Document specified limit of 0.5%/ day. Only drywell leakage was

considered in this evaluation. MSIV leakage is discussed in Section 4.10.

A significant feature for the passive BWR is the sweepout of fission
products from the drywell and their attenuation in the wetwell during the
quenching period following reactor vessel lower head penetration. in the NAVA

calculation these phenomena were simulated by introducing an artificial
leakage whose rate was chosen to remove the fission products at the same rate
as the sweepout-scrubbing process. The "true" leaked mass (that contributes
to the source term) during this time interval was determined from the
calculated suspended mass concentration and the design leak rate of 0.5%/ day,

s cosroo.cos 4.n !
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'. TABLE 4-14.. PASSIVE BWR-SEQUENCE TIMING ;1

.

:
,

Time (hours) m Accident Status Steam In_iection Rate.
( I b/hr )'" |

.

0-2 Bolloff of --

reactor
inventory from
TAF to vessel
penetration

2 ~2.5 Debris 1.lES '

: quenching in
lower drywell

2.5 - 10 .Long term 3.5E4 i

relocation of=
10 - 23 remaining fuel 2.5E4

'
r

-to-lower'

diywell and
steam-
generation due-
to. decay-heat.,

i
*.,

,
,

:

i 2
l

3..

,

' (1) t=0 is.-start of core uncovery. . Vessel penetration is t 2 hrs. -

(2) _ Steam injection rates have.been reduced bylfraction. entering 10.-

e

d.p

!
,

~ ||. :

..

>
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TABLE 4-15.- PASSIVE BWR CONTAINMENT TEMPERATURE l
1

..

,

|

!

Time (sec) Containment Tenn. (c) WalLT,tmR.E
i

0 127 77 .
,

tcare uncovery)

'

2300 129 109 t
t

X . 7300- 154 129
(vessel penetration) ;

157 157
'

12600

167 174
17300

22300 176 186 i

27300 189 198 ;
'

32300 201 208 -
, i

)
'37300 '212 218=
-

;

42300 224 228
!

47300 233 237 4

:
52300. 244 245

,

i

57300 250- 252"
'

62300 260 260

67300. 268- -2691

?

72300 '277 277

77300- 283 285-
s

'

82300 288 294
,

87300'- 296 =302

:
;\ .

t

h

_
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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 in Sections 4.1 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 NAVA results,
i

0 2 hours 2 23 hours

I .30 .20
Cs .23 .18
Te .06 .02
Sr, Ba .003 -

Ru .003 -

Remainder .00003 -

1

4.9.3 Results

Table 416 presents the 24 hour integrated leaked masses for the passive
PWR analysis. Figure 4-9 contains the results of the containment aerosol
concentration as a function of time. The 24 huur integrated leaked masses for
the passive BWR are shown in Table 417. Figure 410 shows the suspended aerosol
mass as a function of time. In Figure 410, the sharp drop in the suspended mass
at -12,000 seconds is due to hygroscopicity effects, in contrast to the PWR case
in which they were of no importance, as mentioned earlier, in the BWR
calculation, the relative humidity is close to saturation at this time.

4.9.4 Conclusions

Several variations of the base cases were calculated in 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 2r oxidation during the 4-4.5 hr period following vessel
failure was added.- This approximately doubles the total steam injection during
that period.

S*C03200 004 4.T1
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TABLE 4 16. PASSIVE PWR AEROSOL MASS LEAKAGE

24-Hour Intearq1Ld leaked Mass.fam)

Cs0H 46.8 ,

Cs! 8.8

Te + Tc0, 1.8

Total 99.0

TABLE 4 17. PASSIVE BWR AEROSOL MASS LEAKAGE

24 Hour Intearated leaked Hass fam)

Cs0H 19.2

Cs! 3.8

Te + Te0, 0.6

Total 34.5

$ 003200 004 4 78
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TABLE 4 18. PASSIVE ALWR (PWR) AEROSOL REMOVAL SENSITIVITY
'

ANALYSIS TO INPUT ASSUMPTIONS

24-Hour Integrated Leaked Mass (gm) N

Cs0H Csl Te Total

Base case 46.8 8.8 1.8 99.0

Var. 1 (ex-vessel Zr oxidation) 42.4 8.0 1.6 88.0

Var. 2 (early f.p. release) 49.4 9.4 1.8 105.6

Var. 3 (late f.p. release) 33.8 6.2 1.2 66.8

Var. 4 (no revap.) 29.0 5.8 1.4 72.4

Var. 5 (accelerated revap.) 44.2 8.2 1.6 90.2

_
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Figure 4-9. Containment Aerosol vs. Time for PWR Medium LOCA, Base Case.
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Figure 4-10. SBWR Suspended Mass Concentration.
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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 additional steam addition assumed for Variation 1 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 hours. The additional steam addition from Variation 1 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 vessel 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 vessal lower head penetration
(if, 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 in 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 stu' dies was also performed using the BWR data and-

is summarized in Table 419. As noted in Section 4.9.2.2.3 above, the BWR

leakage does not include the MSIV leak path, MSIV leakage is discussed in

Section 4.10.
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TABLE 419. PASSIVE ALWR (BWR) AEROSOL REMOVAL SENSITIV11Y
ANALYSIS TO INPUT ASSUMPTIONS

._

24-Hour Integrated Leaked Mass (ge)

Cs0H Csl Te Total

..

Base case 19.2 3.8 0.6 34.5

Var.1 (reduce ex-vessel steam 19.5 3.9 0.6 35.2
generation)-

Var. 2 (IC retention) 15.0 3.0 0.5 28.9

. _ . _

|

't

|
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The first variation assumes a steam injection rate half that FJ the base
case during the quench period following vessel failure. This sensitivity

study simulates a smaller degree of quenching of thr debris generating steam
to sweep out fission products to the suppretsion pral.

The second sensitivity simulates the potertf a: benefits of the A

containment isolation condenser in removing fission products from the
,

containment atmosphere during the late release period. This uas performed by
assuming fission product retention in the isolation condenter was proportional
to the steam flow through the 10 (-40% of the steam flow rate to containment
perMAAP).

,

As wi'> the PWR sensitivity studies, overall fission product leakage
appears to be insensitive to large changes in the steaming rate associated
with the quenching of debris following vessel penetration. Also, the aerosol

removal through isolation condenser operation is a potentially significant
contributor to reduction in fission product leakage that has not been
considered as a pnrt of the analysis at this time.

A final point regarding the above pritnary containment aerosol removal
evaluation is the existence of reasonable margin between the integr,ated leaked
mass defined for the physically based source term and the expected integrated
leaked mass given an ALWR accident. This margin results from the following:

* The core damage event selected to develop the source term envelopes
the release expected from the important sequences, for example.
the integrated release for a small LOCA in the PWR (the highest
probability sequence) was evaluated to be about 65g compared to 999
for the selected core damage event,

e The aerosol phenomena involved in the containment aerosol removal

evaluation are well understood and the models have been 7

experimentally validated, thus resulting in relatively small
uncertainties,

e The containment aerosol removal evaluation is very robust in that
the integrated leaked mass result -is relatively insensitive to

.
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changes in input assumptions such as steamin') rafn ar.d timing of
,

aerosol source injection.
.

t

* The EPRI NAVA single compartment, simple geometric shape
assumptions provide margin from the standpoint that more
complicated, 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 f

aerosol / removal in the isolation condenser.

4.10 Fission Product Holdun and Retention in Secondary ^tructures

4.10.1 Introduction

Previous 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
containment 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
("secondarystructures").

Since holdup and retention in secondary structures is the last modeling
step for the environmental source term, this section also includes a

discussion of the final environmental source term ano the associated offsite
dose calculations, This discussion is for the PWR, but the results are
considered generaliy applicable to the BWR, In addition, the BWR MSIV leakage
holdup and retention in the main steam lines and condensor are discussed. '

,
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4.10i2: Imoortant-Phenomena and Assumotions

Descriotion

The following phenomena and-related assumptions-are key with respect to
the quantification of holdup and retention in-the secondary-plant structures:

* The previous tection treats the aerosol component of the
fission product release from the containment. This release y

: includes all radionuclides (and " inert" or non radioactive
'

aerosols) except for the noble gases and the sms11 fraction
of.the radioiodine considered to be in gaseous form

-(discussed in Section 4.7). To determine the contribution
from the release of.the gaseous component (nobles and iodine)y

from the containment, a rate established by the concentration
in the containment atmosphere and the containment design leak
rate-is assumed. Derivation of the transient concentration
of nobles e.nd gaseous iodine in the-containment atmosphere is
based on the following:

Noble gases and organic iodine are not. removed.--

For.the passive DWRs, elemental iodine is removed- '

according-ta the redel presented in Standard-Review
Plan 6,5.2 which accounts for diffusiophoretic
deposition. In accordance with that model, a typical-,

elemental iodine rs.aoval coefficient-( A) is 1.7 hr",

with a maximum decontamination factor (DF) of 200.
(Elemental-iodine concentration derived in this manner-

.is used and input to the Secondary building analysis

of Section 4.10.6.)

For the passive BWRs, elemental iodine would be--

treated in the-same way as particulate iodine and
should be subjected to suppression pool scrubbing with
the same DF. (Refer to Section 4.8 on water pool

iscrubbing)'
!
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y * As with the containment discussed in the previous section, the-
.NAVA code (or same other equivalent treatment of aerosols) may;

be used to calculate the aerosol removal coefficients in-
lsecondary structures as a function of time, However, unlike

the containment case, hygroscopicity and diffusiophoresis (not
expected to'be significant) are not credited in secondary
structures. Moreover, the particle size distribution from the
containment release is changed to remove all condensed water
to provide margin in accounting for dry particles; the-

condensed we.ter is removed mainly because of the low expected
-humidity within the secondary structure.

* The removal of gaseous fission products is not included in the
;

secondary building retention calculations; only holdup is
considereo.

The secondary structure internal partitioning and flowpaths*-

may be taken into account in calculating the holdup and
retention, with individual internal,;wellimixed control
volumes being defined. These control volumes can be defined

as " source volumes" (one or more) where-containment leakage is
1 introduced into the building as well as " sink volumes" (one or

more)_with a given exchange rate between the source and sink-

volumes and between the sink volume and the environment.

A relatively large exchange rate between the: environment and*

tho secondary structure -(as well: as between control volumes

within the secondary structure) should be used to provide
margin in' assessing offsite doses in order to reduce the need
-for secondary structure room leaktightness. (Note that large
exchange rates may not be conservative for assessing onsite '

accident management exposures, and accident management needs

must also be recognized in the design of the secondary
structures). This exchange rate value should take into,

account the following:
-

I
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Seismic design:(non seismic structures are not-

'

. credited)' -;

Containment leakage into11nterior rooms $-
-

Sealed penetrations in rooms with potential ;.-

containment-leakage

Gask'ets in doorways--

'

Trip for forced' ventilation on high radiation- signal-
-

.

1-- Spring;1oaded, bubble-tight dampers in ventilation
T ' ducts. 4

.

Floor drain provisions.

'

Demonstration of leakage performance by analysis,-

pre-operational testing,-and/or maintaining negative
-

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
~

e ;

to that which leaks through the containment isolation valves 3
'in any line penetrating the containment and terminating t-

outside_the second ry structure or potentially leaking within o

-the secondary structure in a room which has a door or other I

penetration (e.g., for ventilation) which communicates
directly with the environment. Important corollary
assumptions include:

$ G03200 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 leakage through the steel containment-

shell (for the passive PWi<, 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''81 -limits 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 lines bypassing the secondary-

structure, HEPA filters (with a particulate
efficiency of 0.99) may be installed to limit the
bypass leakage dose.

Effect on Maanitude of Environmental Source Term -

In order to estimate the overall effect of the 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

S G03200 004 4 89
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analysis presented in Section 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. All flangea
joints and valves were included as potential leak 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 containment3

'

leak 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 also assumed to be 200%/ day (of the smaller

volume).

* ~ - Aerosol-removal was calculated with NAUA as described above.
'The aerosol . removal coefficient (A) 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 release to- the
environment was observed in this study to be as follows:

'

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.

S G03200 004 4 90
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Of the remaining 95 grams, the release to the-environment*

during.the first 24 hours after the start of release was about-
12 grams, or a building 0F of about 8 (including both holdup-

-

and deposition). For comparison, the Of of the primary _

containment over the same time interval is about 300 times
-greater.

It would appear, therefore, that the effect of treating secondary
building holdup / retention tsing the assumptions listed above is to reduce the
aerosol release from.the cont;.inment to the environment by about a factor of
six including bypass), with the building providing a "non-bypass" DF of the
order of 10.-

4.10.3' Mixino 'Between the Secondary Buildino and the Environment

In the above-assessment of holdup and retention characteristics for a

secondary structure. an upper bound mixing value between the building and the
environment of 200%/ day is utilized. The purpose of this sub-section is to

aprovide additional support for this mixing value.

For seismically-designed structures with gasketed doorways, the
potential for exchange between the building and the environment is limited.

-

Such structures are:already in existence today at licensed nuclear- power
p.lants, and are being used to provide additional mitigative capability for the
postulated design-basis accidents.

An example of such a. structure is the reactor building of the Shoreham
-Nuclear Power Station.- It is typical of reactor buildings used at operating-
Mark 1 and Mark-11 containment BWRs. The major difference between the Mark
I/II reactor buildings and the " secondary structures" being discussed in the

. context of the Passive ALWR is that in the case of the current plant reactor
buildings, an active, safety-related, filtered exhaust system is being used to
maintain the building at a slightly subatmospheric-pressure under accident
conditions. Such'a system is not planned for use on the passive plants.

The operating plants' rely on an active system in order to meet 10CFR100

offsite dose limits for the source term specified in current regulatory
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guidance. The building "DF" (the ratio of what enters the building to what
' leaves it) is equal to:

1 / (1 - e)

where "e" represents the efficiency for the filter used in tne active system
exhaust. No degree 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. (It should
be noted here that the effective reactor building DF obtained with filtration
in currently operating BWR ructor 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 auxiliery building assessment presented here which
establishes an effective DF 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 about 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 the
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 RBSYS, 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 x/Q values and, therefore,
offsite doses .could be expected-to be high), the pressure difference between
the-outside of the reactor 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 operating 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 r.t or below the windspeeds of concern.

In practice, this means that the forced exhaust flowrate 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 RBSYS 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'll60 cfm. -This value was demonstrated in the pre-operational

;

: testing of'Shoreham.

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-3

1160 cfm, the exchange rate between the building and the atmosphere would be '

approximately 100%/ day.

-The Shoreham reactor building is mostly above grade. It includes a
truck-access lock: as well a's 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 leakaoe throuch Steel Containment Shells

An important issue regarding the effectiveness of: secondary structures
in mitigating radionuclioe rel: ,es 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 Insoection and Testino

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,.
A In absolute terms " negligible" bypass leakage _would be 0.005%/ day or less,
n

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 0.001 cfs
(approximately 1.7 cubic inches per second) and would correspond to a leakage4

aarea on the order of 0.0005 in ,. While this would seem to be a very small
u

[ number it is well within the. capability'of non-destructive examinations to
%, detect -(e.g., c 0.010: inch crack nearly 1/16 of an inch long), and would
j 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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chase channels have been placed after completion of non-destructive
examination (NDE) of the welds as a means of testing for leakage locally.
Occasionally, leakage has been observed during this localized, leak chase
channel testing; inevitably when this has been the case the problem has been
found in the leak chase channel welds or the testing apparatus, not the
containment pressure boundary welds.

In the absence of leak chase channel testing vacuum box testing has been
employed to verify leak tightness of containment pressure boundary welds. It

is unlikely that a weld defect leaking in the range of one cubic inch per
second would pass the required " bubble-tightness" requirement. Additionally,

on free-standing steel containments like that of the passive PWR, soap-bubble
test of all welds during the structural acceptance test can be performed.
Such a test would provide even greater assurance that the passive PWR steel
shell is leak-tight.

Review of testing experience with a number of containments yields
important insights applicable to the Passive ALWR.4.s2 The bulk of the
containments reviewed were of steel-lined, reinforced concrete construction
where the liner thickness has been considerably less (of the order of 3/8")
than the steel shell thickness contemplated for the passive PWR containment
structure. There are two important aspects of that difference:

The passive PWR shell welds will involve many more passes with*

intermediate NDE of the weld surface than would be the case
for a concrete containment steel liner where surface
examinations (dye penetrant and/or magnetic particle) are
generally confined to the final cover passes. The likelihood
of a continuous weld defect constituting a leak path through
the full shell thickness of the passive PWR would be expected
to be correspondingly smaller,

As a stamped ASME MC steel pressure vessel, the passive PWRe

steel shell would require 100% volumetric examination
(radiography) of all pressure boundary welds. Concrete

containment steel liners require only a minimum of 27.
radiography by length of weld.

i
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Given-the above, it is-viewed as ex{remely unlikely that non-negligible-
I leakage through the_--steel containment shell would occur.

Potential for Pluooino of Thr_gpoh-Shell leakoaths

AsLnoted-in Section 4.'7 above, the vast majority of.the activity,y
'

7. .
suspended in the containment atmosphere will be in aerosol form, and aerosols
do not readily-pass through pathw.ys that are long relative to hydraulic j

radius (i.e., " capillaries")- 7.id which would typically be described as -f

tortuous, such as a very smr.11 weld defect in a 1.5" thick shell. For this 1
* 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 ir. side
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 4

-is. based on experimental' observations that small capillaries passing aerosols.

''
3with 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' s

3 3Kd , where' K is~.an . experimentally-determined constant equal to 30 g/cm 120
,

34 - g/cm andid is: the capillt.ry diameter in cm. For the r'epresentative accident
-sequence,- the: aerosol concentration in:the containment atmosphere is close to -

3or exceeding the threshold of the range tested'(1 to 2 g/m or slightly

[ higher) during = the period that the. bulk of the 99 grams of aerosol is released- j

from the primary-containment (refer to Figure 4-9). In the worst case, if al.1

of the leakage (i.e., the full containment' design leakrate of 0.5%/ day or a |
'

4 hole of area 0.'05 inz and 0.25" in diameter).were concentrated in i single-
4_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
3

leak. (This value was obtained using the upper bound value for K, 50 gm/cm ).
' For an opening corresponding to 1% of this total area only 0.013 grams or

'O.-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.L Susta'ined leakage-is likely to occur only_through leak ~
paths which could. properly be characterized as " orifices."4

Conclusions--

From the material; presented above .it is evident that the amount of
leakage __through the -l.5 inch steel containment shell would be expected to be

negligible; 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

'

lwould 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 Leakaoe-

: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

Lprimarily'to'its=large size, tis the MSIV. leakage in a BWR.,

;

As.'specified.in the Passive ALWR' requirements,.it is intended that main
: steam line and main condenser holdup and~ retention be utilized.to reduce the
environmental- source term from.HSIV 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. Tha-
BWR.0wners 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-offsite dose which is expected from MSIV leakage,

l.

l

,
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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 Methodoloav'

.The: dose calculation methodology used for a particular application must '

'be consistent with the requirements of that application. For example, 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 x/Q) should be-
. calculated in accordance with Regulatory Guides 1.3''8' or 1.4 -as (BWR and PWR,_4

.

respectively) or Regulatory _ Guide Ll45''8',; as- applicable,- depending on the
'

availability .of site-specific meteorological data. _The dose calculations'
-

presented below were performed with;an usessment-of the potentia; for
emergency planning simplification ir, micd; accordingly, the method described
-below is, consistent with the dose calculation approach used to establish the
current-; emergency. planning' requirements. Dose ' calculations for 10CFR100

. 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.''87 NUndG 0396 includes calculations of the potential for
exceedingLspecific' dose levels (as a function of distance from the plant) for
a range of source terms using representative site meteorological data.- -It was
observed in both NUREG 0654 88 and NUREG 0396 that the probability. of4

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

L

L
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dose was less than the PAGs was identified in NUREG 0654 as one of a number of
justifications for the ten mile radius emergency planning zone (EPZ).

The dose calculations supporting NUREG-0396 were performed using the
CRAC computer code which was later developed into CRAC2; it is the CRAC2
methodology which has been used in the dose calculations reported below. Dose

calculations used to evaluate the potential for emergency planning
simplification should be performed using CRAC2 or similar " severe accident"
methodologies (e.g., MACCS) which include the following:

meteorological sampling instead of a fixed x/Q over a*

specified time interval,

e a complete inventory of radionuclides, and

deposition and exposure to ground contamination.*

For consistency with the NUREG 0396/NUREG 0654 basis for emergency

planning, the reported doses for comparison with the PAGs are median values.

Important assumptions for the offsite dose calculations are as follows.

A ten-hour duration release (maximum possible for CRAC2)*

starting at five hours into the event should be used. A

comparison of the normalized release profile for this assumed
release to the normalized aerosol release profile from the
primary containment (from Figure 4-9, appropriate for the
release that bypasses the secondary structure) and that for
the release from the secondary structure (auxiliary building)
mentioned in Section 4.10.2 is presented in figure 4-11.
Shown also on Figure 4-11 is a weighted-average aerosol
release profile which recognizes that 3.9 grams of aerosol is
calculated to bypass the auxiliary building while 11.6 grams
is calculated to pass through the auxiliary building prior to
release. It is this weighted-average release profile that
should be compared to the ten-hour CRAC2 release profile to
justify the use of the 10-hour profile in the dose
calculations.
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*: Ground level release (tending _to maximize the dose at short-

distances).- _

i

*- One cm/sec dry _ deposition velocity (from NUREG-0396 supporting
calculations);

,

* Breathing rate, ground and cloud shielding factors: same as
'

3NUREG-0396 " normal activity", i,e.,o2.66 x 10''m /sec, 0.33,
'

and 0.75, respectively.

* Doses are. calculated -assuining a 24 hour exposure to ground j

contamination-- ].,

-* Doses are calculated assuming- a lifetime dose commitment due-
# to - inhal ation.

'

>

s

Dose-Calculation Results !

N
*' The following resul_ts _ are preliminary for the passive PWR, calculated

Lusing containment 11eakage of approximately 0.5%/ day and the auxiliary building''

t treatment; described above.

The preliminary env_ironmental source, term-(expressed as a percentage _ofce

core _ inventory released _during the fi_rst 24--hours, beginning one hour-after
the initiating event)iis approximately as- follows for-the important
radionuclides:

* Xe, Kr 0.1%

* I, Cs - 0.003%

* Te - 0.0017.'

-* Ba,|Sr - 0.00003% -!

For -this source term, the whole_ body dose calculated using the method
and assumptions described above is well under the PAGs (i.e., < 1 Rem) at a
distance of 1/2 mile from the plant. Accordingly, whole body doses will not
be discussed further.,
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For the thyroid dose two sets of preliminary calculations have been
performed; one using meteorology'for the ALWR reference site (referred to as1

,

" Site,,,") and'one using-meteorology for a site which has been characterized
as an "80'h per m tik"~ site; The "80'h percentile" site (referred tn as
" Site ") was determined by- ranking the Regulatory Guide 1,145 "two-hour" x/Qsen

for 44 U.S. sites. It is intended that these preliminary calculations will be
repeated as the secondary building analyses are improved and updated, i

,

Assuming all leakage were-to bypass the auxiliary building, the median
thyroid dose at a _ distance of 1/2 mile for the two sites would be as follows .

(noting that for such a calculation with no auxiliary building delay, the 10-
hour CRAC2 puff is assumed.to begin one hour into the event, at the time of
the start of the fission product release from the damaged core):

* Site,,, - 35.2 Rem

* Site - 44.6 Rems0

For the case corresponding to the source term given above (0.003%
iodine) _which includes auxiliary building . holdup and retention, the median

: thyroid -dose.at a distance of 1/2 mile for the two sites would be as follows:

Site,,, -_5.3~ Rem:*

* Site -.6.6 Rems0-

These data suggest that for containment leak rates at slightly less than
0.5%/ day,_at'most-sites the median doses would be below the thyroid _PAGs, even

for_ a conservative: treatment of secondary structure holdup and retention.

4.10.7 Conclusions

i From what has_been presented above the following is concluded:

__ A technically sound basis for quantifying the holdup and* ',

retention characteristics of secondary structures is
available. Design-specific calculations need to be performed
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I by the Plant Designer to quantify.- the actual holdup and

gg ' retention characteristics for.,a given standardized design.
M : Secondary-structures should be laid out to effect holdup and
I retention and to prevent.thelpread of containment leakage (to

.p ' the-extent it occurs) throughout the building.
. .,

-kJ
'

e By including detailed modeling of holdup _ and retention-
_

.!

characteristics-of secondary structures, it is.likely-that a
.

* building ~ decontamination factor of at least 10 can be
# demonstrated.- If careful . attention is paid _ to minimizing :

Q building bypass, it~is?likely that the'" effective" DF (that
* which!inclu' es the effects _of bypass) should not be less than Id

-

about 70% of.the building DF..

;

c' Special leak rate testing for secondary structures _used forg
' retention and' holdup is not required to-demonstrate adequate

f leakitightness ;As_.is_the-case for BWR reactor buildings 3

.

(already_in operation, the-negative pressure maintained by the-

T -normal ventilation: system can provide assurance that-the- '

. required .secondaryLstructure _ leakage limits _ are being met.

This: assurance can be-increased by periodic (e.g., monthly)
inspection of. hatches,1 doorways, and other important isolation
features.- j-

!

* - Holdup and retention of radio.nuclides: in secondary structures
should be sufficientLto assume that, given the maintenance of-

]
. containment integrity and11eak' rates at or slightly under q
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, j

1,
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APPENDIX 1 COPE DtntfL[yENT FOR PURPOSES Of GUANTlfYlNG
JHE PHYSICALLY BASED SOURCE TERE

A.1 ,trtroduction

As noted in S' tion 1 to this report, the physically based source term
is cased on ovaluation of representative core damago events which are defined
conservatively for the purpose of quantifying tbc source term. The purpose of

this Appendix is to define the characteristics of the representative core
damage events and establish the technical basis for these characteristics
given plant design festures established in the Passive ALWA Requirements
Document.

The process used to define the core damage events is conceptually
illustrated in figure A.I. It begins with the identification of all potential
functional sequence types which are postulated to be applicable to light water
reactor designs including those which could fail contain ent due to the
effects of the damaged core or which could bypass containmut for reasons
independent of core damage. Passive ALWR design requirements have been
developed to address both types of containment challenges."'' factoritc, in
these design requirements, this completu set of functional sequence types can
be screened to determine which are most anpropriate for selection in the
evaluatien of severt iccident containme r, erformance and in defining the
physically-based source term. Represen .ive accident sequences associated

witL selected functional sequence types are then identified and used as the
basis for defining the characteristics of the core damage event. It is

important that the characteristics of the representative sequences be defined
so as to result in a source term which envelopes that from accident sequences
associated with the selected functional sequence t.Ypes.

Using the process outlined in figure A-1, the representative sequence
selected for the purpose of establishing the Passive ALWR source term is a
core melt 'at low RCS pressure into an intact containment where adequate debris
cooling and decay heat removal occur. This Appendix summarizes the plant
design features and operating characteristics contained in the Utility ALWR
Requirements Document and credited in demonstrating the applicability of this
representative core damage event in defining the source term.

I
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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

; etablish low pressure core damage events as an accident sequence which, as a
minimum, must be addressed by the Plant Designer in evaluating severe accident
containment performance and source term.

A.2 Evaluation ad functional Seagnss Tvoes Aaainst Reautrements

Table A 1._ provides a list of nearly more than twenty potential
challenges to a light water reactor containment which potentially threaten its
integrity. This list of containment challenges encompasses initiating events

f 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 list 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

|
'

Ichallenges are associated with severe accident phenomena and would occur as a;

result of the effects of the core damage events. Iisted with the challenges
are Passive'ALWR requirements that are directed at iimiting the potential for;

the challenge, accommodating the challenge =should it 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,

f

f

_ The various challengus 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 the ALWR Requirements Document as 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 FAILtRE MODES inAT ARE t@EPENDENT OF OR PRECEDE CORE DAMAGE

OY
88'

2n"
gg Limit Potentist

g6 Chatlenge
,

Timing Design for Chatierste Accenemodate Chatlenges
R

CatastrofAlc RPu Falture Short Term PWR/BWR Ductile Materials
*No welds in belttine region
Relief Capacity

Encessive vae.tasa Long Tere BWR vectase Breakers

PWR Design for enternal

pressure loads
:

Turbine Missiles Short Term PWR/ SWR Turbine overspeed protection Seperation of Systems
Turbine disk integrity furtaine orientation or

Missile protection

Tornado and Tornado Missiles short Term PWR/8WR Conformance with ANSI 2.72 and AeSt * Passive systems
51.5 located within

contairvent

Seismic Short Term PWR/ SWR SSE at .33
Evaluation at >SSE>

5
i

i

*
.

I

|

|

.

M '

.

* Passive Plant design features tesich exceed reqtsirements f or current LWRs.
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TABLE A-1. POTEmilAL CONTAIMMENT FAltuRE MODES RESULTING FROM CD8E "JAMAGE -

OY
38
2n
gg Limit Potentist

] g4 Chattenge Timing Design for Chattenge Accwwwmiete Chatteng-s
a p

Nigh Pressure Mett Ejection Short Tem BWR Diverse Depressurization Systems Sacpression Foot
(MFME) * Passive Rat Inerted contairper*t

(no concustion heat
3 ackfitlon)

PWI Diverse Depressurization System * Cavity Ccnfiguration

to entrain core debris

Hydrogen Generation to Short Tera BJt Inerted
Detorwtable Limits

PWR Limit N generation
2

*Depressurization

Systems
* Cavity Flooding4

*Contairment Site

.2 ogen Deflagration Short Term suR Inerted

> PWit *Contairsment Size
4

In-vesset Steam Emplosion SWR /PWR h - .. Iteited in probability EPV Capability

Ex-wesset Steam Emptonion short Tern BWR/FJt Phenomena timited in probability * Rugged lower drywett
reactor cavity

Core Concrete Interaction Long Tern BJt *Cootable lower & ywelt geometry Contaifment Size
woncondensible Gas * Lower Drywett Flooding
Generation * Water addition from sources enternal

Base Mat Penetration to contairwent
Vessel Sapport

PJt *Cootable reactor cavity geometry Containment Site
*0werflow from Incontairment

Refurting Water Storage Tank
(IRVST)

* Water addition from sources external
to contairment

Surp line Failure Short Tere BWR/PWR Suro Configuration

* Reactor Cavity / Lower Drywell
Flooding
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7~ Decay Heat Generation ? Long Tefs SWR :- Mein Condmser -
*Reector Unter Cteerap System _.;

* Passive Rest _ *
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* Passive Peet Removet? - Plat Stom Generaters/ Main Feedseter -
}

. Eeector shutdoesn Cooting shett without PCC5 -6

(peFW)/Seche Feedseter through centalruent
'

*Possive Conteiruumt Cooling . tank
i
i Tsee Rupture from not Geses short Term PWR * Steam Generators /teFW/Seckg
i Feedseter
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*Depressurization System
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TABLE A 2. LIGHT WATER REACTOR FUNCTIONS

.

j

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 ALW'I Reouirements

ILeactivity Control

Failure 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 (AR1) 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.
Still 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 also has the potential

for riding out an ATWS through implementation of a negative
moderator 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 Safnty
Injection. Like the BWR, rod insertion and boron injection
through safety injection are passive, having little or no
dependence on support systems.

5 G03200 004 A.10
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Given the above design features to preclude and accommodate A1WS, a
number of which exceed current LWR capabilities and are passive in nature,
centainment challenges from ATWS are considered to be effectively eliminated.

Reactor Pressure Contral

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

Both PWR and BWR designs require safety grade RC5 automatic*

depressurization systems (ADS) in the passive plant. These

systems are automatically initiated and designed for reliability,
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 de power dependence is obviated by the fail-
safe capability of the passive residual heat removal (RHR) system
to provide the capability to remove decay heat and thus gradually
depressurize the primary system. Passive RilR requires no other
support systems for operation. Also, the probability of a LOCA
which requires ADS together with a complete. loss of de power is
very remoto. 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

S G03200 004 A 11
020891t91A

..



_. _ ._. _-.

. ,

,

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

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

Fuel / Debris Coolina

In the Passive ALWR, a number of means are provided to assure adequate

reactor inventory control. In the BWR, these include a motor driven feedwater
system, a control rod drive system capable of making up for more than decay
heat losses, a passive RHR system to 11 '+ " ent reactor inventory loss,
and a gravity injection system capabl- . i, the reactor upon
depre:surization. PWR requirements ini..ude steam generator inventory makeup
from both motor driven feedwater and 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 the RCS is
depressurized. In t!,e unlikely event that all of these systems fail to
maintain reactor inventory and core damage progresses 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 penetr.ite the
reactor vessel lower head. These include a large reactor
cavity / lower drywell spreading area, equal to or greater than 0.02

2
m /MWt. This provides a relatively thin debris bed depth which
can be quenched and remain coolable given an overlying pool of

water.

oi$$$ #

. _ _ . .
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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 flooding 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
eliminLted.

Containtnent Pressure Control

Given Passive ALWR :apabilities to preclude containment challenge from
non condensible gas generhtlon, the principal means of long 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, the 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 w val (and thus containment pressure control). These systems
include the main condenser (BWR) and steam generators (PWR), and additional
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 w ter stored as a heat sink for the
sy stem. This passive neat removal (PDHR) affords a diverse,
assured backup to the normal non safety shutdown cooling system

t G03200 004 A ts
020891891A



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

< .

U which is provided by the reactor cleanup system and can be placed ,

'
in service at any reactor pressure, in addition, the fuel pool
cleanup and cooling system provides capability to remove heat from '

the suppression pool. :
4

* The PWR passive containment cooling system, like that for the BWR,
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 outside containment.

These requirements provide substantial assr.' :e that pressurization of
,

containment from steaming caused by decay heat.ge u ation does not
significant1y'_ contribute to the risk of containment failure in the passive >

pl ant . The capabilities of decay heat-removal by the BWR and-PWR pas'sive heat

removal systems is adequate:regardless of the location of the core i.e.,
whether it is being cooled normally in the reae. tor or has relocated to the
reactor _ cavity / lower drywell as'a' result _of a severe accident,

Combustible Gas Control

Protection of containment from challenges associated with hydrogen is
-

provided.by design requirements which limit the amount of hydrogen generated
and which accommcdate.the loads which could result from hydrogen. These

requirements are as follows:_

e Size containment so as to not exceed 13% dry concentration of
-

hydrogen assuming the equivalent _of 75%-active clad oxidation, or
inert the containment.

.$*003200 004 A.14
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*- Meet Service Level C (steel containments) or Unity factored Lobd
(concrete containments) for the maximum steam plus hydrogen load
from 75% equivalent active clad 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 local accumulations of detonable hydrogen*

concentrations will not occur or that these detonations can be
accomodated.

.

The above requirements, while still evolving for the Passive ALWR. .will
; assure that containment challenges from hydrogen are effectively eliminated. '

Containment Isolation Reauirements 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

,

operation limiting the likelihood 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 containmentt 1

bypass..

All automatic valves are fail safe or de 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 G03200 004 A.1$
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* Remotely operated valve position is indicated in the control room
permitting frequent verification of their position by the
operator. Effective administrative controls are required to
provide assurance that local manual containment isolation valves
are locked in position with access to the valve and valve
configuration such that it 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.

Containmgnt Dvoass

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 location (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 high*

and low pressure boundary.

* Pressure relief capability is providad in low pressure systems te
mitigate an interfacing LOCA event thould it occur.

Given these requirements, which prevent ind accommodate interfacing LOCA

events and which 90 well beyond the requirements in existing LWRs, the threat
to containment from interfacing LOCA is essentially eliminated.

S c03200-004 A 16
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A.2.2 Selection of functional Seouence Tvoe

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 combustible 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 occurs into an intact containment.

A.3 Definition of Core Damaae Event ChitacteristiC1

As n'.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

is 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:

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

e 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 A 17
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[|, e a large scale core melt involving all or nearly all of the
' core; and
<

.

r

* the potential for ex vessel core damage progression, f
'

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 steamline break or a liquid break below
.the core with successful RCS depressurization but failure of the gravity drain

/ 'cooling system to inject.
s:

,

The selected core damage event is further defined in Table A-3, 5diich
'

illustrates 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- - t

L the source term. j

A.3.1 PWR Thermal Hydraulics

i

Response of the pessive PWR is presented in this section and is based.on ;

preliminary. analysis performed by Westinghouse for the AP 600.A 2.

I

e PWR In vessel Thermal' Hydraulics
,

l'

As-noted above, the representative sequence type for the Passive ALWR
begins with a lost of c~,lant accident. A medium break (6 inches).in the hot

.

leg of the PWR : AJ1ated as the initiating event. A medium size break is
selected as it results in a rapid loss of reactor-inventory. This leads to a

I

i

S 003200 004 A.1a
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O TABLE A 3. CORE DAMAGE EVENT TIMING

c' Time After i
Event initiating-Event Relevant Reoutrements '

x
1. Core Uncovery- -1 hour Large RCS Inventory,

,

passive RCS heat removal
which slows inventory
loss, depressurized RCS.
leak before break tending-
to limit size of RCS,

<

break, liquid break below j
core (BWR)

2. Reactor Vessel- -3 hours (BWR) Same as 1. jLower Head -5 hours (PWR)
Penetration

3. Ex Vessel At Lower Head Cavity / lower drywell [Debris Penetration flooded prior to or ;

Flooding
~

immediately upon lower
head penetration i

4. Ex-Vessel At Lower Head' Limited due to debris
Release Penetration cooling from. flood; water :from fuel pool also scrubs any '

Debris- release i

S. Revaporization- -3-24 hours (BWR) Assumed to begin
and-Late in- -S24 hours;(PWR) immediately upon lower

.' Vessel Release head penetration and to
!! be complete by 24 hnurs;-

assumes a' wet - !-

cavity / lower drywell

, - I

"-

i

,

[
,!
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relatively early core uncovery and release of fission products from the fuel,
as compared to small bt eak LOCAs. Larger LOCAs are effectively precluded '

-

through the implementation of Leak Before Break piping design, material and
detection features.

The medium break al*o provides for a vapor pathway directly to the
containment atmosphere. imhiler breaks in the reactor coolant piping would
permit significant releases from the fuel to be directed through safety valves
to the IRWST. The assumption of a LOCA as large as 6" effectively maximizes
the releases from the reactor coolant system to the containment, as a result.

Table A-4 provides a tabulation of important events within the RCS-as a
,

function of time for the medium LOCA.

At' time zero the pipe break is assumed to occur. A drop in reactor

pressure and rise in containment pressure cause a safety injection signal
resulting in-the opening of the valves from the core makeup tanks to the
reactor coolant system. Within several minutes the reactor coolant system
pressure drops to less than several hesdred psig allowing the accumulators to-
inject.

- As core makeup-tank-level falls, trains of the automatic
depressurization system are actuated. The first three stages are directed to j
the IRWST to limit the containment pressure rise and provide. scrubbing of ;

releases from the reactor coolant system. The last stage is directed to the
loop' compartment and thus discharges to the containment atmosphere.

4

To simulate the low pressure core damage event, passive means of
inventory makeup to the vessel-from the IRWST'are assumed to fail. in
addition,.it is assumed that active safety. injection is not initiated
throughout the event. Operation of any of these systems during the accident
will begin providing coolant injection to the vessel permitting recovery of
-core cooling and terminating the event within the vessel. I

i

$*G03200 004 A 20
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TABLE A.4. SUMMARY OF EVENTS FOR PASSIVE PWR MEDIUM LOCA
"

,

Event ljp_c

1
1

LOCA 0 see

Reactor Scram 3 see

RCS Depressurization <5 min I

(<200psig)

Accumulator Depletion 5 min |

Core Uncovery I hr !

Yessel' Failure 5 hr !

!
|

|

|

h
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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 is relatively slow as passive RHR operation returns condensate to the
vessel limiting the losses due to boiloff. Steam cooling of the upper part of
the fuel rods limits the extent of heatup and cladding oxidation. As non

condensibles begin to collect 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 lower regions of the core where the remainder of the reactor coolant
causes it 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 W . At most, 30% to 60% oxidation will occur
in vessel for a relatively slowly evolving event (slower than the medium sized i

LOCA postulated in this scenario) depending on the degree to which channel
blockage limits steam flow and cladding oxidation.

1
'

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

1

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 ,

1

providing a basis for late in-vessel releases. These releases occur
subsequent to early removal mechanisms for fissicn products in the containment

t G03200 004 A 22
020891R91A
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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 initial ECCS flow from the core makeup tanks
and accumulators.

Steam filled RCS due to submergence of vessel, debris 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.

PWR Ex-vessel Thermal Hydrauljn

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

$iN!$!
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;

adequate to prevent containment failure even without water flow on the j

containment shell. !

Following core makeup tank and accumulator injection, energy release to f
containment slows. PCCS operation and other heat sinks slowly reduce

,

containment pressure as the reactor depressurization is completed. !

Zire 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 !

cauting a pressure rise to 35 psia resulting from quenching the debris in the |
le 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, j
as condensation of steam occurred on the containment walls and heat sinks,

'flow of condensate is channeled back to the IRWST 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 a

debris to the lower head.

At the time tha't 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 nion 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- (
r
.

Response of the passive BWR is based on preliminary analysis performed
- by General Electric for the SBWR.''3

$*C03200 004 A.25
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BWR In Vessel Thermal Hydraulics '

The representative sequence for the source term quantification begins
with a loss of coolant accident. A failure of the two inch drain line 'n tne
lower head of the reactor vessel is postulated as the initiating event This

break location is selected as it results in a fairly rapid less of reuor
inventory. This leads to a relatively early core uncovery and release of i

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 t

Before Break piping design, material, and detection features. :

Because the break location is 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 reactor coolant piping
without OPV 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-list 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 low level and drywell high pressure
signals. Within tens of seconds of the pipe rupture, MSIV closure on low i

steam line pressure terminates main steam line flow from the reactor, and low I

reactor level initiates operation of the isolation condensers (IC). Isolation j
'Icondenser operation begins depressurization of the 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 the upper drywell through DPVs |

- completes primary system blowdown to near containment pressure.

i
S+G03200 004 A 26 i

020891R91A
~

+

._J1'.



__ __ . _ _ . _ . _ _ _ _ ._ _ _ _ __ _. _ _ _ _ ._.-. _ _

,= . ..

i
!

!

|
|For'the purpose of this discussion, passive means of inventory makeup to

the. vessel from the suppression pool is assumed to fail, In addition, it is :

assumed that active safety injection is 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. 5

Following reactor depressurization, reactor level is still sigolficantly
above the top of the fuel, More than an additional half hour of boiloff and

- drainage through the lower head drain line is necessary before the top cf the |
fuel is reached. Steam flow past the upper portion of the fuel rods provides'

; cooling as reactor level continues to 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 condonsation in the
isolation condensers.

Fuel heatup commences more than an hour into 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 to which channel :

blockage limits steam flow and cladding oxidation.;

- E

,
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TABLE A 5. SVG."RY Of EVENTS FOR THE PASSIVE BWR LOWER HEAD LOCA

Event ling

LOCA 0 sec

Reactor Scram 3 sec

Retctor low Level (ADS) <10 min

Core Uncovery -45 min

Vessel Failure -2.6 hr

-

Y '

.
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Up to this point, approximately 75% of the original reactor core
participates in the melt. The remaining 25% of the Tuel 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 such as 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 aebris quench in the lower
drywell.

.

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

.

* RCS at approximately the same pressure as the centainment due to
,

the initial primary system pipe rupture, ADS operation and
penetration of the lower head by core debris.

,

a Lower head submerged due to condensation of reactor coolant
inventory and initial ECCS flow from the suppression pool to the

-

lower drywell.

* Steam filled RCS due to submergence of vessel, debris 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, and no
thermally driven flow through the vessel to sweep out fission products or
promote further oxidation of remaining zircaloy within the vessel. '

f

n==| ' "
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BWR Ex-Vessei TKrmal Hydraulics

A plot of containment pressure as a function of time for the BWR-lower
head LOCA is provided in Figure A 3. Mass and energy release from the initial

_

blowdown of the RCS cause a pressure spike to approximately 30 psia. Steam
!entering containment is quenched in the suppression pool and initiates flow

and condensation in the containment isolation condensers. This provides a
heat sink that linits the extent of the containment pressure rise early in the
event. Active system backup to passive containment cooling is provided by
fuel pool cooling alignment to the suppression pool and operation of the
reactor isolation condensers and the reactor cleanup system.

Following depressurization of the reactor, energy release to containment
slows as reactor boiloff and draining occur.

Zirc-water reaction in the vessel, and heat addition'from the oxidation,
begins 1-1/2 to 2 hours. Slumping of the core debris into the lower vessel
and vessel penetration occur approximately 3 hours into the e.ec , causing a
pressure rise to 45 psia, resulting from quenching the debris in the lower
vessel and-drywell.

Early in the event, water flow from the pipe rupture in the lower-

drywell caused the drywell to begin collecting water. At the time the vessel
penetration i~s assumed to occur, flow from the suppression pool is initiated
submerging the vessel. -Quenching of debris occurs in a flooded reactor
cavity. This minimizes the 1. ,tential for molten core concrete interaction and
scrubs any further fission product releases. Steam from debris quenching and
decay heat removal is condensed through passive heat- re.11 oval in the isolation
condensert and returns to the drywell_through the gravity drain tank and
vessel-te provide-long term tooling. The drywell is principally saturated
steam at this time with nearly all the non-condensibles being location in the
suppression chamber airspace.

>
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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
based on the representative core melt scenarios for an advanced plant design. '

The event definition includes sufficient-conservatism to envelope the most-

,

likely scenarios while avoiding a greater degree of 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 coritainment.
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SHOREHAN TECHNICAL SPECIFICATIONS
PERTAINING'To-REACTOR BUILDING INTEGRITY-

'
,

-

:

.

t:

i

i<

b

!

o,

'- h.

'sdO3200004 A 34
020891R$1A

.

e 2-~=w- y w e e e -i-wa' y , m w re-=z-



_ _ ____ _ ._ _ . _ . _ . . _ _._ _ - _ _ _ _ _ _ _ . _

a. ..

Page I of 6

[0NTAINMENT $YSTEMS.-

jd4;6.5: SECONDARY CONTAINMENT
- m

.

jECONDARYCONTAINMENTINTEGR1TY

jlMITING' CON 0!TIONFOROPERATION

_._.

!.6.5.1 SECONDARY CONTAINMENT INTEGRITY shall be maintained,

fpPLICA81LITY: !0PERATIONAL CONDITIONS 1, 2, 3, and "

ACTION:
,

hithout SECONDARY CONTAINMENT INTEGRITY:

In OPERATIONAL CONDITION 1, 2, or 3, restore SECONDARY CONTAINMENTa.

INTEGRITY within 4 hours or be in at least HOT SHUTDOWN within the
next 12 hours and in COLD SNUTDOWN within the following 24 hours,

b. In OPERATIONAL' CONDITION * suspend handling of irradiated fuel in,

the secondary containment, CORE ALTERATIONS and operations with t
potential for draining the reactor vessel. The provisions of
Specification 3.0.3 are not applicable.

SURVEILLANCE REQUIREMENTS
,

-
-

4.6.5.1 SECONDARY CONTAINMENT INTEGRITY shall be demonstrated by:

Verifying at least once per 24 hours that the pressure .within thisa.

sccer.:: sty containment is les. Lhan ur equal to 1.0 inen of vacuun
water gauge, ,

b. Verifying at least once per 31 days that: *

1. All secondary containment equipment hatches are closed and
sealed. ~;

2. At least one coor in each access to the secondary containmett
is closed except for routine entry and exit.

3 ~. All seconoary containment penetrations not capable of being
closed by OPERABLE secondary containment automatic isolatior
valves and required to be closed during accident conditions are
closed._by valves, blind flan
valves secured in position, ges, or deactivated cutomatic'

c. At least once per 18 months:
.1. Verifying that one reactor building standby ventilation system 1

will' maintain the secondary containment to greater than or
equal to 0.25 inch of vacuum water gauge in less than or equal
to 120 seconds, and-

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

*When irradiatto fuel is being handled in the secondary containment and during
CORE ALTERATIONS and operations with a potential for draining the reactor vessel.
SH3RENAM UNIT 1 3/4 6-37 '
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. . - COUTAINMENT Sv5 TEM 5-

REACTOR BUILOING AUTOMATIC ISOLATION VALVES '

"'
LIMITING CONDITION FOR OPERATION

- ,;

3.6.5.2--The reactor cuilding venttiation system aQtomatic isolation valves
shown in Table 3.6.5.21~ shall be OPERABLE witn isolatien times less than' ot-
equal to the: times showntin Table 3.6.5.2 1,

.
-a,

' APPLICA8ILITY:- OPERATIONAL CONDITIONS 1, 2, 3 - and *.

-ACTION:

With-one or more of the reactor building ventilation system autcutic isolation4

alves shown in Table 3.6.5.21 inopersole, maintain- at least one isolationv

valve OPERA 8LE in_ each affected penetration that is open and within 8 hours
either:

4

a. . Restore the . inoperable' valves (s) to CPERABLE status, or

, .b. Isolate'each affected penetration by use of at least one deactivated
" valve secured in the isolation position, or-

-

cc.- Isolate'each affected penetration by use of at least one closed manual-
valve or blind flange.

!

Otherwise, in OPERATIONAL CONDITION 1, 2. or 3, be in at :1 east HOT- SHUTDOWN -
wit *nin the next 12 hours and in COLD SHUTDOWN within the following-24 hours.

!r '

Otherwise, in 0PERATIONAL- CONDITION. *, suspend handling of irradiated fuel-in
the secondary containment, CORE ALTERATIONS and operations with a potential

..* ,

i

for draining.tne reactor vessel. The provisions of Specification.3.0.3 are
not applicaele.

~

LSUWEILLANCE REQUIREMENTS
-:"

16.5.2*Eachireactor building ventilation system automatic isolation valve *

-snown in Table 3.6.5.2 1 shall-be comonstratea OPERABLE:

a. Prior'to returning the valve to service after maintenance, repair,
or. replacement work is performed on the valve or-its associated

:actus' tor, control, or power circuit by cycling the valve through;st-
~1 east one complete cycle of full' travel and verifying the specifief
' isolation time..

b.. During COLD SHUTDOWN or REFUELING at least once per 18 months by-
verifying thation a containment isolation test, signal each isolati >n-

U - valve actuates to its isolation position.
.

c. By verifying.the isolation time to be within its limit when tested
pursuant = to Specification 4.0.5.

^ "Whun irraciatea fuel is being handled in the secondary containment and during
CORE ALTERATIONS and operations with a potential for draining the reactor viissel.

SHOREHAM - UNIT 1 3/4 6-38
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TABLE 3.6.5.2-1,,,

REACTOR BUILDING VEN{ .ATf0N SYSTEM AUTOMATIC 15ILAft0N VALVESL

MAXIiUM
ISOLATI'JN TIMEE VALVE FUNCTION ( Se'.o nes )

;

- 1. Reactor Building- Normal Ventilation
Supply Valve IT46*A0V35A 10

*

2. . Reactor Building Normal Ventilation
Supply Valve IT46"A0V358- 10,

3. Reactor Building Normal Ver.tilation
Exhaust Valve IT46*A0V37A 10

4, Reector Building Normal Ventilation
Exhaust valve IT46"A0V378 10

s

I

t

e

e
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', C0ATAINMENT SY$T[M$

RE).CTOR BUILDING STAN0BY VENTI (ATION SY$ TEM s
, .,

si - LIMITING CONDITION FOR OPERATION ,_,

-

3.0.5.3 Two indepencent reactor building stanoby ventilation systems (R85Vi)
shell be OPERABLE.

APPLICABILITYi OPERATIONAL CCN0!TIONS 1, 2, 3, and *.

, ACTION:

4. With one RB$VS inoperable, restore the inoperable system to 0PERAILE
status within 7 days, or:

1. In OPERATIONAL CONDITION 1, 2, or 3. be-in at least H0T $ NUT)0WN
within the next 12 hours and in COLD SHUTDOWN within the following
24 hours.

2. In OPERATION CONDITION " _suspene hancling of irradiated fusi-,

in the seconeary containment. CORE ALTERATIONS and operations'

with a potential for draining the reactor vessel. The
provisions of Epocification 3.0.3 are not applicable,

b. With both RBSYS inoperable in OPERATIONAL CONDITION a, suspend
handling of irradiated fuel in the secondary containment, "0RE's' ALTERATIONS or coerations with a ootential for draining the reactse

'

vessel. The provisions of Specification 3.0.3 are not applicaois.
.

5UllVEILLANCE REQUIREMENTS ___
_

4 . 51 . 5 . 3 Esch RB5V5 shall be os monstrated OPERABLE:

a. At least once per 31 days by initiating, from the control room, flow
-

through the HEPA filters and charcoal adsorbers and verifying that the
system operates for at least 10 hours with the heaters OPERABLE.

.. .

"When irradiated fuel is being handled in the secondary containment and during<

-CORE ALTERATIONS and operations with a potential for draining the reactor vessel.

\

/ N

. . .
..
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C0hTAINMENT SYS'. EMS
m .

SURVEILLANCE REQUIREMENis (Continued); _

b. At least once per 18 months or (1) af ter any structur.?) raintenance
on the HEPA filter er charcoal aoseroer housings, or (2) following
painting, fire, or chemical release in any ventilation zono
communicating with the system ey:

1. Verifying that the system satisfier the in-place penetration
and Dypass leakage testing acceptance criteria of less than
1% and uses the test procedure guidance in Pagulatory
Positions C.5.a, C.5.c, and C.S.d of Regulatory Guide 1.52,
Revision 2, March 1978, at a system exhaust flow rate of

'

1160 cfm 2 10%.

2. Verifying within 31 days after removal that a-laboratory analysis
of a representative caroon sample ootained in accordance with
Regulatory Position C.6.b of Regulatory Guide 1.52, Revision 2,
Marcn 1978, meets the laboratory testing criteria of Pegulatory
Position C 6.a of Regulatory Guide 1.52, Revision 2. March 11178,
for a methyl iodide penetration of less than 1%; and

3. Verifying a system exhaust flow rate of 1160 cfm e 10% durino
system operation wnen tested in accordance with ANSI H51019'.'5.

m
c. Af ter every 720 hours of charcoal ad6ercer operation by verifying

within 31 days after removal that a laboratory analysis of a repro- ''
sentative carbon sample cotained in accordance with Regulatory
Position C.6.b of Regulatory Guide 1.52, Revision 2, Maren 1970,
meets the-laboratory testing criteria of Regulatory Position C.6..i
of Regulatory Guide 1.52, Revision 2, March 1970, for a methyl iodide
cenetration of less than 1%.

c. At least once per 13 months by:

1. Verifying that the pressure drop across the comcined HEPA
filters and charceal adsorcer banks is less than 4.2 inches
water gauge while coerating the filter train at a system exhaust
flow rate of 1160 cfm 2 10% in the single train operating mosa.-

2. Verifying that the filter train starts and isolation dampers
open on each of the following test signals:

Manual initiation from the control room ,anda.

b. Simulated automatic initiation signal.

3. Verifying that the heaters dissipate 5.7 t 1 kW when tested
in accoroance with ANSI H510-1975.

r.
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|0NTAINM[N7 $Y$TIMS

juRVEILLANCE REQUIREMENTA (Continueo),.-s

.

e, after eacn complete or oartial roolacement of a MEPA filter cank by
werifying that the nEPA filter canx satisfies the inplace penetra-
tion and bypass leakage testing acceptance criteria of less thar 1%
in accorcance with ANSI H510-1975 while operating the system at*a
system exnaust flow rate of 1160 cfm 210% in the single train
coerating rece,

f. After eacn complete or partial repiecemant of a charcoal adsorber
bank by verifying that the charcoal adsorcer bank satisfies the
inplace penetration and bypass leakage testing acceptance criteria
of leas'than 1% in accorcance with ANSI H510 1975 for a halogenated

,

hydrocarbon refrigerant test gas while operating the system at a
system exnaust flow rate of 1160 cfm 210% in the single train oper-
ating mode,

i
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