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During an NRC response to a severe reactor accident, methods will be required
to estimate the accident consequences.

It was recognized by the members of the Headquarters Protective easures Team

several years ago that the current methods used to estimate source term and

consequences for severe accidents are inadequate. The methods in use either

required an accident to fit a specific sequence already analyzed or running

a detailed computer code for which there were no commonly agreed on set of

assumptions. Both of these methods required a person with a detailed know-

ledge of all aspects of source term research, a detailed knowledge of plant

conditions and considerable time. Experience has shown that in many cases

the events either did not fit a specific sequence already analyzed or the

team did not have sufficient time or information to conduct a detailed anal-

ysis. Furthermore, there is little source term experience in the regions,

licensee or state/local response organizations. Therefore, these methods

were not available to the early responders that in some cases may need them

the most. In addition, the results of the Headquarters analysis often were

difficult to explain or reproduce since they were not based on commonly

accepted and documented assumptions.

The Incident Response Branch (IRB) was requested 2 years ago to develop a simple

method usable by a range of response organizations of relating basic plant con-

ditions to the distance to which PAG, early health effect or early death dose

levels may be possible. The draft NUREG (Enclosure 1) was basically completed

a year ago as a result of this effort. The document is written to be used by

personnel without a detailed source term background. The body of the document

is a text that explains the basics of source term estimation and the basis for

a simple set of pathways and assumptions. The resulting simple method presented

in Chapter and incorporated in a stand alone procedure (Appendix A) uses a
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set of condition trees that relate dominate accident conditions to consequences.
These trees present, in a form that can easily be related to plant conditions,
the results of calculations performed by the models used in the NRC Operations
Center. The goal is to have a common method of quickly bounding the possible
consequences of an accident available to all responders.

This basic nethod has been in use in the NRC Operations Center for the past
year. During exercises and drills, it has been used successfully under
accident conditions to provide prompt bounding estimates of offsite conse-
quences.

The original draft of the subject document was sent out for comment in
December 199 to the addressees listed in Enclosure 2 The enclosed draft
has incorporated the cmments received. In light of the current effort to
coordinate severe accident issues, we are requesting your staff's comments
again. We plan iporate this method into various model and training
efforts this spring; therefore, your comments will be appreciated by March 30,
1988.

If you have any questions concerning the enclosed document, please contact
Thomas J Menna (x24184) of my staff.
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R. Lee Spessard, Director
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Office for Analysis and Evaluation

of Operational Data
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ABSTRACT

The various methods of estimating radionuclide release t-, the environment (source
terms) as a result of an accident at a nuclear power reaztor are iscussed. The
major factors affecting potential radionuclide releases off site (source terms)
as a result of nuclear power plant accidents are described. The quantification
of these factors based on plant instrumentation also is discussed. A range of
accident conditions from those within the design basis to the most severe acci-
dents possible are included in the text. A method of gross estimation of acci-
dent source terms and their consequences off site is presented. The goal is to
present a method of source term estimation that reflects the current understand-
ing of source term behavior and that can be used during an event.
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Foreword

In the event of a severe nuclear power plant accident, the initial protective
measures may be revised based on an estimate of possible offsite consequences.
This requires a method to relate key accident conditions to the distance to
which the U. Environmental Protection Agency's Protective Action Guides
(PAGs) may be exceeded and the distance to which early health effect or early
death dose levels are possible.

The U.S. Nuclear Regulatory Commission (NRC) Headquarters Protective Measures
Team recognized that the current methods used to estimate radionuclide release
(source term) consequences for severe accidents are inadequate. These methods
either require an accident to fit a specific sequence already analyzed or to
run a detailed computer code for which there are no commonly agreed-on set of
assumptions. Both methods require a person with a detailed knowledge of all
aspects of source term research, a detailed knowledge of plant conditions, and
considerable time. Experience has shown in many cases that the events either
do not fit a specific sequence already analyzed or that the team does not have
sufficient time or information to conduct a detailed analysis.

The Incident Response Branch was requested to develop a simple method of
relating basic plant conditions to the distance to which PAGs may be exceeded
and -early health effect or early death dose levels may be possible. This
training manual and-procedure are the result of this effort. This document
is written to be used by personnel without a detailed source term background
and explains the basics of source term estimation. The resulting simple method
presented in Section and incorporated in a stand-alone procedure (Appendix A)
uses a set of condition trees that relate dominant reactor accident conditions
to consequences. These trees present, in a form that can easily be related
to reactor plant conditions, the results of calculations performed by the
models used in the NRC Operations Center. Appendix presents methods for
estimation of source term for spent fuel pool accidents. The goal is to have
a common method to quickly bound the possible consequences of an accident
available to all responders. This document will be reviewed on an ongoing
basis and revised as appropriate to reflect advances in our understanding of
severe accident source terms.

Please provide your coments to the Incident Response Branch.

R. Lee Spessard, Director
Division of Operational Assessment
Office for Analysis and Evaluation

of Operational Data
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A:z automatic depressurization system
ANS American Nuclear Society
A% I American National Standards Institute
ARMS area radiation monitoring system
ATWS anticipated transient without scram

B&W Babcock Wilcox
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I INTRODUCTION

1.1 Objective

To enable the student to

specify the role of radionuclide release (source term) assessment in
emergency response

illustrate the necessity of recognizing and identifying the great
uncertainties associatedwith performing a source term assessment

1.2 Prerequisites

For the reader to understand the concepts in this manual, a basic understanding
of reactor systems is required along with an understanding of protective ac-
tions related to severe reactor (core damage) accidents. It is highly recom-
mended that Volumes 2 and 4 of NUREG-1210, "Severe Reactor Accident Incident
Response Training Manual,' be studied before reading this manual.

I- 3 Background

A source term for accidents ivolving major core damage t:1at could result in
early injuries or deaths to the public near the plant can always be projected.
As discussed in NUREG-1210, Volumes 2 and 4 those projections are based on an
assumption of a major early release (containment failure). A wide range of
these types of accidents has been analyzed. It may be impossible to produce
an analysis during a severe accident that will provide additional insight into
possible consequences and appropriate offsite protective actions. The results
of the vast amount of analysis of severe accidents have been incorporated into
the current NRC guidance on protective actions for core damage accidents.
Therefore, initial protectiveaction decisions for core damage accidents (gen-
eral emergency) should never e based on source term or dose cal cul ati ons
performed at the time of the accident. These decisions must be based on
predetermined plans based an IRC guidance. In fact, for core damage accidents,
the source term calculations required for initial decisions have already been
done.

For a severe nuclear power p1wt accident (core damage), the immediate prede-
termined protective actions we taken based on in-plant indicators of core and
containment conditions (e.g., core and containment temperatures and pressures).
If core damage is projected gr exists, the population near the plant 2-5
miles) should be evacuated, ad people within a 10-mile radius of the site
should be sheltered. This patective action strategy was determined based on
considerations of consequencranalyses for a wide range of core damage acci-
dents involving ontainment failure, bypass, or leakage. These actions would
provide adequate imedlate patective actions for most core damage accidents.
However, there ay be core donge accidents that would warrant taking addition-
al protective actions or thatuould require various plant response options

NUREG-1210, Vl 6 1-1



(e.g. venting) to be assessed. These assessments may require an asseSS7'e,-,t of
accident source terms.

The first step in a dose assessment is to determine the amount of various
radionuclides that are postulated or estimated to be released to the environ-
ment. This characterization of radionuclides that may be released, if a spe-
c4fic set of events occurs, is referred to as the "source term." In the past,
these dose assessments have been based on estimates of releases provided by
plant radiation monitors. However, this approach is inadequate under severe
accident conditions, for the reasons discussed in Volume 2 of NUREG-1210. In
addition, in a severe accident situation, it would be undesirable to wait until
the release occurs before taking the necessary additional protective action be-
cause effective protective action requires prompt implementation. Therefore,
an attempt should be made to project the magnitude of a release before it
occurs. To be useful, these projections should be based on a best-estimate
assessment of the source term and not on artificial assumptions intended only
for licensing purposes. There has been a tendency in the past to utilize the
source term assumptions in Regulatory Guides (RGs 13 and 14, which indicate
that 100% of the noble gases, 25% of the halogens, and of the other fission
products are released to the containment. These assumptions should not be used
to characterize an actual accident. The RG assumptions also tend to reinforce
the erroneous assumptions that only noble gases and iodine would be released
during a severe accident.

By their very nature, severe accidents involve conditions that make the predic-
tion of the source term very difficult: the plant is beyond design conditions,
instrument readings say be unreliable, accident progression is unpredictable,
specific in-plant conditions may not be known or can change quickly and unex-
pectedly. In addition, even if plant conditions and accident progression were
completely understood, the ability to project the source term would be very
limited because of the limited understanding of source term physics and chemis-
try. The result is that for a severe accident there is little hope of actually
predicting the source term; only approximations of source term with large un-
certainties can be produced. Because of these great uncertainties, there is
little purpose being served by performing complex detailed assessments that
consider secondary or little understood effects. Recent studies of the uncer-
tainties associated with source term estimation indicate that source term pro-
jections based on accident conditions are only accurate within a factor of 100
or more, even if all of the accident conditions are known (NUREG-0956 and
NUREG-1150). Furthermore, experience has indicated that the details of acci-
dent conditions usually are not available until the event is terminated--thus
the accident conditions will probably not be immediately available to the ana-
lyst performing the dose assessment. Thus, any result obtained during an acci-
dent will have a possible error of to 3 orders of magnitude or more. There-
fore, assessments not be based on fast, best-estimate calculations that account
for the dominant effects. If a change in assumptions does not result in a
change to the source term by at least I order of magnitude, it is not worth
considering because it will provide no useful information.

For the decision-makers to be able to use the source term estimate in their
decision process, them uncertainties must be understood and their bases must
be clear. To support my decision by the decision-makers, the following tasks
must be performed:
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Based on Current and projected plant conditions, a best estimate of the
magnitude of any offsite releases and the assumptions on which these
estimates are based must be provided.

The confidence the analyst has in the estimate must be specified. A dis-
cussion of the great uncertainties always associated with source term must
be included.

(3) The reasonable ounds of the analyst's estimate must be specified. For
example, it is ecessary to state the upper and lower bounds of the re-
lease based on possible courses of the accident or changes in key assump-
tions as related to offsite consequences such as doses large enough to re-
sult in early health effects (100-500 rem) or to exceed the Envirormental
Protective Agency's Protective Action Guides (1-5 rem whole body)
(EPA-520/1-75-001).

In addition, the estimate should contain the caveat that large (factor of 100
or more) differences between projections and actual releases are to be
expected.

1.4 Bases for Source Term Estimation

There are five bases that may be used to estimate source term (radionuclide
release) from a severe reactor accident. These are

(1) effluent monitor readings

(2) accident analysis contained in the safety evaluation report

(3) various severe accident consequence studies such as the Reactor Safety
Study (ASH-1400)

(4) detailed analysis of plant conditions conducted during an accident

(5) precalculated estimates that relate dominant accident conditions to
potential radionuclide releases (source terms)

Eaz:h of these bases vill be discussed briefly although this document concen-
trates on providing a ethodology for basis (5).

1.4.1 Source Term Estimates Based on Effluent Monitors

Obviously if a release is out of a monitored pathway, the monitor could provide
usef ul i nf ormation on the si ze of the rel ease. However, a moni tor does not
provide a direct easure of release rate (Ci/sec) for the various isotopes
being released. As shrm in Figure 1.1 an isotopic release rate estimate is
based on measured flawand activity (counts/sec) and assumptions about monitor
efficiency and isotopic mixture. The nuclear plant operators have developed
calibration values based on assumed release mixture that relate monitor
measurements (counts/sac) to a specific isotopic release rate (e.g., 100 Ci/sec
Kr-85).

Orr-line radiation ads capable of measuring the noble gases released
through plant vents we installed at nuclear facilities following the Three
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v- 'le Island, Unit 2 accident. Hc,,ever, on-line monitors for iodine and other
--=rticulates were not considered practical. The amounts c,' iodine and
:=-ticulates in a release are normally determined through analysis of samples
LaKen during the release. This could require several hours.

Lse of effluent monitors as the s.le basis of a source tern estimate/projection
-=.s three disadvantages:

-. ) Major releases say bypass the monitors (e.g. major containment failure)
and therefore will not be characterized.

(2) The mixture being released may not be that assumed in the calibration for
the monitor. The actual composition of the release say not be known for
several hours until samples have been analyzed.

(3) Effluent monitors provide source term estimates at the time of the release.
As discussed in Volumes 2 and 4 of NUREG-1210, this may be too late for
implementation of effective protective actions.

Consequence/dose estimates based on effluent monitors are important, even con-
sidering their shortcomings. They are an estimate of a known release while all
o"er bases are for projected pathways. Estimates based on effluent monitor
readings, when compared to actual field monitoring data, can confirm or dis-
count the existence of other release pathways. During events not involving
core damage (e.g., steam generator tube rupture), effluent monitor readings
iray be the primary basis of source term estimation.

1-4.2 Source Term Estimation Based on Accidents Analyzed as Part of Licensing

As part of the licensing process, an analysis is conducted of various postulated
accidents, some of which have the potential for offsite releases. These postu-
lated accidents are listed in Section 15 of the Standard Review Plan
(HUREG-0800). They include

control rod drop accidents
steam generator tube failures
loss-of-coolant accidents (LOCAs)
waste tank leak/failure
fuel handing accidents
spent fuel dro acidents
anticipated transients without scram

These analyses are based on very conservative assumptions and, in many cases,
unrealistic accident scenarios. The result is that the projected offsite doses
are much greater than realistic projections. In some cases, the differences
between realistic and assured calculations found in the Standard Review Plan
could be several decades. Because of the unrealistic nature of these evalua-
tions, they normally should not be used to estimate actual accident source
terms or offsite doses. WWomly, these analyses can form an upper bound of
offsite consequences-
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- 4 3Source Term Estimation Based on Severe Accident Consequence Studies

Starting with the Reactor Safety Study (WASH-1400, 1975), studies have been
conducted to estimate the source terms that could result from various accidents
involving core damage. The Reactor Safety Study analyzed many specific acci-
cents and the results were grouped into "release categories." Tables La and
I.b of NUREG-1062 show the fission products released for each pressurized-water
reactor (PWR) and boiling-water reactor (BWR) release category. These release
categories are sometimes used to characterize the possible accident source
terms by persons knowledgeable of probabilistic risk assessment (PRA) research.

The specific accidents that are associated with a release category are typically
described by smbols (e.g., AE-a). Table 47 of NUREG-1062 provides a key to
the set of letters used in WASH-1400 and other studies to identify specific
accidents. However, these designations nomally are not understood by people
not knowledgeable of PRA. In addition, a specifically studied, postulated
accident sequence may not fit the actual, realistic accident conditions or the
actual accident conditions may not be known sufficiently to be categorized.

As an aid, Figure 12 shows the relationship of basic accident conditions to
WASH-1400 and other release categories and possible offsite consequences. This
figure is in the form of an event tree. Moving from left to right, "yes/no"
answers to the accident conditions at the top result in a series of branches of
possible source term categories and offsit-e-consequences.

Since 1975, many additional studies have been conducted to correct shortcomings
in the WASH-1400 analyses. In 1982 a set of source term categories (NUREG/
CR-2239) were constructed that more adequately spanned the range of possible
source terms associated with major reactor accidents. These source terms are
denoted as siting source terms STs). Figure 12 also shows the relationship
of plant conditions to these source terms.

Figure 12 results in groupings of release categories (e.g. PWR 1 2 3 based
on the basic accident conditions. This may appear to be an unacceptable range,
but this may he as accurate as possible during an actual accident. The
initial NRC assessment of the Chernobyl source term was that it was a PWR 1 2,
or 3.

The WASH-1400 and SST release categories, if they can be related to the condi-
tions during an accident by a knowledgeable analyst, or by Figure 12, could
provide a valuable tool in predicting the possible consequences of core damage.
NUREG-1062 provides a simple tool for relating WASH-1400 release categories
(source terms) to offsite doses for a wide range of meteorological conditions.
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The advantages c this basis are that core damage accidents and unmonitored
Pathways are co-idered and projections can be made based on "what ifs." The
disadvantage of this basis, and the other four used to project severe (core
damage) source te-ms, is that there are great uncertainties >100) even if
plant conditions are understood.

1.4. 4 Source Te-,n Estimates Based on Detailed Analysis of Plant Conditions

Computer codes (e.g., TACT, NUREG/CR-3287, NUREG/CR-4722) have been developed
by the NRC to predict releases (source terms) resulting from accidents. One
such code, TACT, allows the user to specify releases from the core, the pathway
to the environment (nodes), and conditions that way affect the release (e.g.,
sprays). Figure 13 provides an example of the code flow. These codes require
considerable detailed information about the plant (e.g. containment volume),
accident conditions (e.g., leak rates), and effectiveness of source term reduc-
tion mechanisms (e.g., sprays). - In most cases, this detailed information is
not known during an accident. Moreover, these models, which are designed for
use during severe accidents, are very crude compared to the state-of-the-art
models that have been developed to estimate source terms for research purposes.
As discussed in NUREG-0956, the state-of-the-art models are accurate only within
a factor of 100 even if all the accident conditions are known. Therefore, the
results of the models designed for use during an accident would have greater
than a factor of 100 uncertainties. Another disadvantage of these codes is that
they require considerable time and information, neither of which seems to be
available during an accident. Finally, these codes are very flexible, and this
also can be a problem if standard documented assumptions have not been estab-
lished for the vrious model inputs. An additional problem with flexibility is
that the results of these codes can be difficult to explain to others--or to
reproduce.

These codes may be useful in analyzing lesser accidents for which conditions
are well understood and when time allows this type of analysis. However, it is
uncertain if the results of this approach would be any more accurate than using
precalculated source terms.

1.4.5 Source Term Estimates Based on Precalculated Assumptions of Dominant
Accident Conditions

'The remainder of this docummt describes, in general tems, the severe accident
conditions that sould dominate possible accident releases as a result of damage
to the reactor core or primary coolant system. Appendix discusses spent fuel
pool accidents. A meUmd has been developed for estimating source term based
on precalculated assumptions of dominant accident conditions. The basic assump-
tions of this method are t1ot (1) there is a small set of accident conditions
that dominate any severe accident release, 2) there are values that can charac-
terize these dominant conditions, and 3) these conditions can be recognized/
characterized during an actal accident.

The following are the basic steps for source term estimation:

(1) Estimate the amount of fission products released from the core.

(2) Identify the dinant release pathway.
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3 Characterize the dominant mechanisms that will act to reduce the release.
These would include filters, pools of water, sprajs, or natural processes
as illustrated in Figure 14.

T�,i smethod attempts to bridge the gap between using precalculated severe acci-
de-t source terms (WASH-1400) and conducting detailed calculations at the time
of the event. In fact, this method arose from the observation that the same
source conditions/accident assumptions were being anal�zed over and over during
events, drills, and exercises.

This method allows a large range of accident conditions and core damage states
to be analyzed based on a small set of predetermined assumptions that are well
documented. The major disadvantage of this method, as with other methods, is
the large uncertainties.
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2 RADIONUCLIDES IMPORTAK IN SOURCE TERM ASSESSMENT

2. 7-1 Objective

To enable the student to

identify the factors that have the greatest effect on radionuclide inven-
tory

identify the fission products that are important to offsite consequences
and explain why they we important

2. 2 Fission Products

To understand the significince of fission products in reactor accidents, it is
necessary to describe how they originate and why they are hazardous to human
health.

2.2.1 Source of Fissioafteducts

There are three primarymedianisms by which fission products are created in a
reactor core: direct fission, fission product decay, and transmutation. Over
400 fission products are pvWKed directly from the fission process and are
referred to as "primary fission products." Some of these fission products will
undergo radioactive decay in a relatively short amount of time. The isotopes
produced through the decayof primary fission products are referred to as
11secondary fission products-0 Transmutation, the third fission-product-
producing mechanism, occmrswhen a fission product absorbs a neutron to become
a heavier isotope of the saw element. The term "fission product" as used in
this document will include mBt only the isotopes produced directly in fission
(primary f ission products) lot al so those produced i ndi rectly through primary
fission product ay (secadary fission products) and through transmutation.

2.2.2 Inventory of fissimyfWucts in the Core

The first consideration in etermining the contribution of a particular radio-
nuclide to the overall snufaterm is how much of the radionuclide is available
in the core at the tin of Ik acc i dent. This is a difficult question to an-
swer because the fissiompnidoct inventory is influenced by a number of factors
as shown in Table 2.L Iinw, as suggested by Table 21, the inventory of
short-lived radionuclidesisaffected primarily only by reactor thermal power.
Since short-lived radioniffift are the principal contributors to early health
ef f ects, reactor thermal � i I I be the only f actor used to adjust assumed
core inventory. Averap pow densities of operating reactors of a given size
and type would be very snft-, therefore, power density considerations would
not significantly chop un inventories if core power and type are known.
Burnup, although unimpottol is considering the inventory of short-lived fis-
sion products, is an ipmrInt factor in determining the inventory of long-lived
fission products.

NUREG-1210, Vol. 6 2-1



Table 21 Factors that have the greatest effect on
radionuclide inventory

Factor Effect

Burnup Inventory of the long-lived radion-:1ides (e.g.,
Cs-137) is proportional to burnup.

Inventay of short-lived isotopes is not sensitive to
burnup after the initial buildup (several weeks of
full-power operation).

Power density Inventory of short-lived isotopes (those that reach
equilibrium) is directly proportional to power density.

Inventory of long-lived isotopes is not sensitive to
power density at a given exposure (burnup).

Reactor power Power reactors will produce fission product inventories
proportional to the long-term thermal power level.

Reactor type Fission product generation (inventory) is similar for
BWRs and Ms.

2.2.3 Fission Products Important to Offsite Consequences

Kany fission products in the core do not need to be considered in source term
estimation because they contribute little or nothing to offsite consequences.
The importance of a fission product as a contributor to offsite consequences
duri ng a severe nuclear power pl ant acci dent depends prizari ly on the f ol 1 owi ng:

(1) the inventory of the fission product in the reactor core at the start of
the accident (discussed in the previous section)

(2) the physical properties of the fission product, including the nature of
its radioactivity and volatility

(3) the chemical properties of the fission product

(4) the biological impact of the fission product (i.e. potential for uptake,
biological half-life, aid effect on specific organs)

Kany studies have been perfward to determine which fission products are the most
important in terms of offs1te consequences during severe core damage accidents.
Perhaps the most comprelimive study performed in this area is the Reactor Safety
Study (WASH-1400). In this stody the contributions of selected radionuclides to
various organ doses as the rMlt of a severe (core damage) accident were esti-
mated. The results for ely health effects are represented in Table VI 13-1
of WASH-1400.

A scal e f rom 0 to 2 was estaMilshed i n the Reactor Safety Study to de i neate
tne contribution of a radionuclide to early and late health effects. A value
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c' 2 indicates that the radionuclide contributed significantly to the specifie:
czse, and a value of I indicates that the radionuclide had a small contribution
tc dose. A rough ranking of the importance of each radionuclide from a health
effects perspective can be obtained by summing the assigned scale values for
ea-ch radionuclide.

From this ranking it can be seen that most of the noble gases (Xe, Kr) make a
s---all contribution to health effects. However, noble gases are the most likely
group of fission products to be released to the environment following a severe
accident because they are chemically inert, are available in large quantities,
and would not be affected by the various reduction mechanisms that would remove
other fission products before they could be released. In addition, if only the
noble gases in the core were released, whole-body doses in excess of 100 rem
are possible I mile from the plant. Therefore, noble gases will be included in
the list of radionuclides to consider in source term estimation.

2-3 Inventory_Assumptions To Be Used for Source Term Estimation

There are a limited number of fission products that dominate early offsite health
effects. Those fission products that had a total score of 2 or more in WASH-1400,
Table VI 13-1, in the areas that contributed to early health effects, have been
selected to be considered in source term assessment. In addition, noble gases
are included for the reasons discussed in Section 22.3. These are listed in
Table 22. For each of the radioisotopes listed in Table 22, a specific inven-
tory expressed in Ci/We is provided. These data are the standard starting
inventory used in many source term studies, such as NUREG-0956, and are in agree-
ment with other codes, such as CINDER results (NUREG/CR-3108). The codes used
to estimate core inventory are considered to be the most accurate of all the
codes used in estimating source term. These codes are considered to be accu-
rate only within 25% for the given core burnup assumptions. The values for
specific activity correspond to the end-of-equilibrium cycle and should gener-
ally provide an upper bound for fission product inventory.* A rough approxi-
mation of the inventory (in curies) of a particular isotope can be obtained by
multiplying the values in the inventory column by the electrical rating of
the plant (in megawatts).

Generally, the fission product activity would increase as burnup increased for
isotopes with relatively long half-lives as illustrated by Figure 21 for Kr-85
(half-life = 10.7 years). The decreases shown in Figure 21 were the result of
decay and unloading of spent fuel. Therefore, it should be noted that if the
above assumptions are used, the resulting inventory estimates for a new core
could greatly overestimate the quantities of long-lived fission products, such
as Kr-85, Cs-134. and Cs-137.

*Assumed burmip of U.OW, 22,000, and 33,000 MWd/MtU (megawatt days/megaton
uranium in each respective fuel region for in-core wide average of
22,000 MWd/KU.
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Table 2 2 Fission products for
consideration in source
term assessment and
typical inventories

Fission Invento-y
product W/MWe)

Kr-85 560
Kr-85m 24,000
Kr-87 47,000
K 68,000

OA 

3 , 700

Sr-91 110,000
Y-91 120,000
Mo-99 160,000
Ru-103 110,000
Ru-106 25,000

Te-131m 13,000
Te-132 120,000
Sb-127 6,100
Sb-129 33,000

1-133 170,OCO
I-134 190,000
I-135 150,000
Xe-131m It fAf%

170,000
6,000

Xe-135 34,000
Xe-138 170,000

Cs-137 4,7CO
Ba-140 160,000
La-140 160,OCO
Ce-144 85,000
Np-239 1.64XIO

Source: REG-0956.
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3 RADIONUCLIDE TRANSPORT MECHANISMS UNDER NORMAL OPERATING CONDITIONS

3. 1 Objective

To enable the student to

describe the fission product barriers

describe the changes that occur in fuel during normal operation and what
effect these changes have on fission product transport from the core

describe how fission product release from the fuel changes as a function
of temperature

identify the fission products most likely to be released from the fuel
during normal operation

describe the features designed to accommodate the release of fission
products from the fuel

recognize normal vs. accident release rates

recognize that fission products are routinely released to the environment
and indicate tan release rates outside the norm that require special
attention

specify the coolant concentration typical of an operating reactor that
could be used to estimate the source term for a coolant release assuming
no fuel damage and how these concentrations can change during rapid power
changes (spikes)

3.2 Barriers to Fission Product Release

For the fission products generated within the core to reach the environment,
they must pass through four fission product barriers. These barriers are
i 1 1 ustrated in Figure 3-1 f or a pressuri zed-water reactor (PWR). The f i rst
barrier is the fuel pellet often referred to as the fuel matrix. The second
barrier is the fuel pellet cladding. The reactor coolant system provides a
third barrier to fission product release. The final and ultimate barrier to
f i ssi on product release is the reactor contai rcent.

The purpose of this sedion is to describe the transport of fission products
that routinely takes place under normal conditions (not accident) past these
fission product barriers- It is necessary to understand fission product
transport during weal operation to recognize those release rates outside of
the norm that may iodkate an accident. Section 4 discusses the transport of
fission products dw* accident conditions.
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Radionuclide Transport From the Fuel Mat`x Into the Fuel-Cladding Gap

e first barrier is the fuel pellet. Soon a�er a reactor initially reaches
f,,.Il power and before a significant amount of fission products accumulates, the
oxide fuel used in commercial light-water rea:--:rs (LWRs) undergoes thermal
c-;,sto-tion and cracking because of the large ti-perature differences that exist
between the center line and the surface of the fuel pellet. Figure 32 shows
a cross section of a fuel pellet and the craCKng that forms during operation.

As gaseous fission products are formed, they will move to cracks where they can
escape the fuel pellet. The rate at which fission products are released from
the pellet will increase with increasing fuel temperatures.

Noble and volatile fission product gases are te most likely to escape the fuel
matrix during normal operation. The volatile fission products include iodine,
cesium, and tellurium (see Table 31).

The fission product gas that escapes the fuel pellet is released to the gap
formed by the fuel cladding or the fuel pin plenum specifically designed to
accommodate the fission gas pressures over the life of the fuel. The collec-
tion of fission products in the voids and plenum is often referred to as just
Mgap Is activity.

A cross section of a WR fuel pin showing the fission gas plenum is shown in
Figure 33.

3-4 Radionuclide Transport From the Fuel Into the Coolant

The second barrier to fission product release, fuel cladding or pins, prevents
the fission products that leave the fuel pellet from entering the coolant. The
coolant refers to the water contained in the primary coolant system that sur-
rounds the fuel pins that form the core. Thus, an important objective in
designing fuel pins is to preclude cladding failures. However, a small frac-
tion of fuel pin claddingwill leak during normal operation because of manu-
facturing flaws, irradiation-induced creep, an� other mechanisms. Current LWR
fuel designs have demonstrated cladding failure rates of less than 0.1% over
the in-core time of the fuel pins.

'The American Nuclear Society (ANS) Standards C.-Mmittee Working Group has pre-
pared a set of typical radionuclide concentrations for estimating the radio-
activity in the principal nuid streams of an !WR over its life time [American
National Standards Institute (ANSI)ANS-18.1-1984]. The expected coolant con-
centrations for the reference plant types in the ANS standard are shown in
Table 32 and can form the basis for source term estimation for coolant releases
where actual coolant sMhm are not available. Actual coolant concentration
levels can be several ado (10-100) higher than the ANS standard in plants
with poor fuel performaw. but generally these levels are in reasonable agree-
ment (i.e. within a factor of 5) with actual measured coolant levels (NUREG/
CR-4245). Coolant coKentmtions under accident conditions are discussed in
Section 4.5.2-1.6.

Rapid increases in the iogne concentration as high as 3 orders of magnitude
(i.e. a factor of IOM) q be seen following shutdowns, startups, rapid power
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Figure 32 Cress section of fuel pellet illustrating cracking
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Table 31 Melting point and boiling point F" of selected
reactor materials

material Melting point Boiling point

volatile fission products

12 237 365
CS1 1158 2336
CsOH 599 1814
Te 842 1810

Refractory fission products

BaO 3493 5086
Ru 4082 7502
SrO 4406 5880
La2O3 4199 >7232

Control rods

Ag 1761 3925
In 314 3763
Cd 609 1412
B4C 4478 >6332
Hf 4031 8042

Zircaloy

Zr 3365 7968
Sn 449 4717

Stainless Steel

Fe 2795 5183
Cr 3434 4841
Ni 2647 5277
Nn 2271 3743

Fuel

U02 5144* 5959

*Oxidized Zr will form a liquefied two-phase mixture with
U02 at about 3484PF.
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J
Table 32 Typical coolant concentrations (wCi/g)

't:; Radioisotope BWR PWR
rv

Kr-88 2.8x1O-1
0�� Xe-133 2.6

Z) Xe-135 8.5X10-1

I-131 2.2x1O 4.5xlO-2
1-132 2.2XJO-2 2-WO-2
I-133 1.5xjO_2 I.U10-2
1-134 CUIO-2 3.4x1O-'
1-135 2.2x1O-2 2.6xlO-l

Cs-134 3.040-s 7.jXJO_3
Cs-137 8.040-s 9.440-3

Ru-106 3.040-6 9.OXIO-2

Te-132 1.0X10-5 1.740-3

Ce-144 3.OXJO_6 4.OXJO_3

IR 0
Source: ANSIMNS-18 11984.
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c-anges, and reactor coolant system depressurization. Such increases are re-
ferred to as iodine spikes. Iodine spikes are increases that are not a result
c" additional cladding failures. The NRC has established standard technical
specifications for primary coolant iodine concentrations that make allowances
fo- iodine spikes by permitting temporary excursions above the equilibrium
concentration limit, as long as they do not exceed 48 hours.

The failure to recognize the potential for an iodine spike may lead to con-
fusion. It is important to recognize the fact that iodine spikes are possible
and likely during an accident. Figure 34 illustrates a typical iodine spike
following a reactor shutdown. Figure 35 illustrates a typical cesium spike
a-t the fact that iodine may not be the only fission product to spike. Spikes
ha.e been measured in a wide range of isotopes (NUREG/CR-4245). In examining
Fig.jres 34 and 35, note the rapid increase in coolant concentration when the
P:wer was reduced. These increases were observed during normal conditions.

Fission products and other radionuclides released into the coolant are removed
by cleanup systems to maintain the reactor coolant activity at equilibrium
levels. The standard technical specification limits for reactor coolant activ-
ity are 1.0 pCi/g for Ws and 02 pCi/g for BWRs. These specific activity
values are based on I131 dose equivalent.

Licensees routinely collect and analyze coolant samples. Such samples would
provide the best estimate of actual coolant levels (assuming no iodine spike).
However, the concentrations shown in Table 32 also could be used because
actual differences would be well within the uncertainties if these were to be
used to estimate the release resulting from a coolant leak.
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3. 5 Routine Effluent Releases

Radionuclides are routinely released in nuclear power plant effluents during
normal operation or as a result of anticipated operational occurrences. Releases
during normal operation can be planned or unplanned, but they do not result in
consequences that would warrant consideration of the eveit as an accident. The
ranges of airborne effluent releases (curies) from Bo;s and PWRs for the year
1980 are summarized in Table 33. Releases are not necessarily a function of
plant size. Releases from a particular plant are most sensitive to factors
such as the number of fuel cladding defects, design features of the plant
radioactive waste treatment systems, the number of operational occurrences, and
equipment performance. The major constituents of the airborne release for the
PWR and the BWR are isotopes of the noble gases, xenon, and krypton.

Table 33 Range of total BWR/PWR airborne effluent
release (curies) for 1980

BWR PWR

1-131 and 1-131 and
Range Gases particulate Gases particulate

Maximum 3.8X104 2.2 3.8xJO4 8.4x10-1

Minimum 7.OxIOI 1.3x10_2 7.0x1O2 5.4x10-s

Source: NUREG/CR-2907, Vol. 3.

Total releases, however, do not give any insight into which release rates
(i-e. , Ci/sec) are normal and which require action. Table 34 shows the release
rate benchmarks required (1) to exceed EPA and Food and Drug Administration
(FDA) PAGs, 2 to reach the maximum reported annual airborne releases, and
(3) to warrant further examination by the NRC Headquarters Operations Officer
(HOO). These last levels were established for the NRC HOO to indicate when
further health physics (HP) expertise and information on cause and corrective
action should be obtained for events called into the NRC Operations Center.

Therefore, it is clear that release rates at least 1000 times normal are re-
quired to exceed the offsite PAGs. See NUREG-1210, Volumes 2 and 4 for a dis-
cussion of release rates relative to health effects and PAGs.
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Table 34 Release rate (Ci/sec) needed to meet benchmarks

Benchmarks

Maximum
reported EPA thyroid FDA thyroid NRC HOD
annual EPA who 1 e- PAG inhala- PAG inges- evaluation

Release release in body PAG i n tion in tion in levels
type 1 year (1) I hr 2)(4) 1 hr 3)(4) 1 hr 3)(4) (rate) (5)

Noble gas -3 U102 - - -1
1X10 U10

1-131 Ix1O -7 3x10_I 3xIO -4 WO -5

(1) Assumes a constant release rate for year to reach maximum reported.
Source: NUREG/CR-2907.

(2) 5 rem whole body. Source: EPA 520/1-75-001.
(3) 25 rem thyroid. Source: EPA 520/1-75-001.
(4) Dose at I mile, E stability, 4 mph wind speed. Source: NUREG-1210.
(5) Level if reported to the KC Headquarters Operations Officer (HOO) would

warrant further evaluation by the NRC. Source: NUREG-1210.
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4 ESTIMATING RADIONUCLIDE TPANSPORT MECHANISMS UNDER SEVERE ACCIDENT CONDITIONS

4.1 Objective

To enable the student to

describe the phenomenon that occurs as a result of core heatup, beginning
with normal operating conditions and ending with melting of the fuel pel-
lets, and the relationship of this phenomenon to release of fission prod-
ucts f rom the core

describe pathways that allow radionuclides to be transported from the core
to the environment and explain what effect the size of the pathway has on
the fraction of radionuclides released

describe the dinant mechanisms that act to reduce an offsite release and
how to characterize those mechanisms during an event

identify key plant safety parameters and explain what information each of
these parameters provides relative to the release of fission products from
the f ission product barri ers (i. e. , f uel, cl addi ng, primary cool ant, and
containment)

describe the procedure for determining the source term for a potential
release during an accident

4.2 Major Considerations

Section will outline a very simple method for estimating source terms for
various severe accident conditions. This method is based on two assumptions:
(1) that there is a limited number of accident conditions that characterize the
size of source terms and 2) that these accident conditions can be estimated
during an accident. Section 4 will identify these conditions and character-
ize their effects on source terms and discuss how these accident conditions can
be estimated based on observable plant conditions. The hope is to relate actual
plant conditions to possible source terms.

As has been indicated by many source term studies and most recently in
MUREG-0956, "Reassessment of the Technical Basis for Estimating Source Terms,"
it will be very difficult if not impossible to accurately project severe acci-
dent source terms. Nowever, it may be possible to rank source terms based on
various possible accident sequences.

Because of the uncertainties, any severe accident source term estimate must be
used with caution, although some method for source term estimation is still
needed. The commonwthod of basing source term estimates solely on the
effluent (stack) monitor reading is totally unacceptable for estimating severe
accident source term for the reasons discussed in Volume 2 of NUREG-1210.
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This section will be the bridge between source term science and actual source
term estimation during severe accidents. Section will show how this can be
applied to compare various possible accident sequences in terms of consequences
or how the range of possible offsite consequences can be estimated.

To make the first approximation of a severe accident source term the analyst
must:

(1) estimate the inventory of fission products in the core

(2) estimate the fraction of the fission product inventory released from the
core

(3) estimate the fraction of the fission product inventory released from the
core that is eved on the way to the environment

(4) estimate the amount of the available fission product inventory with poten-
tial for release to the environment

An estimate of the amount of material released from the core, if available
(e.g. containment monitor readings), can be the starting point of the assess-
ment. If this is the case, only steps 3 and 4 above would be performed.

Thi s section will identify the basic fission product inventory (FPI) in the
core, core release fraction (CRF), reduction fraction (ROF), and escape frac-
tion (EF) for various plant conditions. A severe accident source term can be
estimated by:

Source term FPI x CRF x / n nRDF x EF.
i i �j=i (i )/

for radionuclide i and n reduction mechanisms

where

Mi element i core or coolant inventory

CRF element i released from core
i lement i inventory in core

OF element i available for release after reduction mechanisms
i element i available for release before reduction- mechanisms

EF element i released to environment
i element available for release

The assumption that the total effectiveness of the RDFs can be estimated by
multiplying them together is obviously suspect. The various reduction mech-
anisms e.g , pools or sprays) may be acting on the saLme form of a radioiso-
tope. Therefore, except for filters, a maximum total reduction factor of 0.001
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W-:11 be allowed for the combined action of any set of re:jction factors (except
.;:- filters) on non-noble fission products. This maxim�- RDF (0.0.1) appears
tz be the maximum value observed in experiments involvir: any of the mechanism$
studied. The effectiveness of a filter in a release patr will not be so limited
since under appropriate conditions filters are assumed ts act on a wide range of

forms of the fission products.

4 - 3 Estimating Core Fission Product Inventory

To estimate the inventories of fission products in the core, Table 22 can be
used. Specific plant inventory can easily be estimated by multiplying Table 22
values by the long-term steady-state power level (MWe) at the time of the
accident.

When using the fission product inventories specified in Table 22, keep in mind
that these values will greatly overestimate long half-life fission product
(e.g. .cesium) inventory in a new core.

4.4 Estimating Fission Prodact Inventory Released From the Core

The second step in estimating source term is to estimate the fraction of core
inventory released following the failure of the first and second fission prod-
uct barriers (fuel pellets ad fuel pin cladding). Fuel and/or cladding fail-
ures and subsequent release of fission products will primarily be a function of
temperature. For the purpose of severe accident source erm estimation, four
core damage temperature regimes will be discussed:

(1) normal fuel pin leakage (normal operating temperature 6000F)
(2) fuel cladding rupture release0(gap release) (13000-21000F)
(3) grain boundary release 000 F)
(4) melt (in-vessel) release (>4500'F)

However, because of the difficulties in specifically identifying core tempera-
tures and conditions during a severe accident, only three of the levels of dam-
age would normally be used to represent the full range of core damage: normal
fuel pin leakage, fuel claddiag rupture, and melt.

Licensees have established specific procedures to assess the degree of core
damage. Most of the instrumentation needed to make these estimates will be
available in the control room. In addition, the major reactor vendors have
established guidelines for relating instrument readings (e.g. containment
monitor, coolant levels, exit thermocouple temperatures) to the level of core
damage. These procedures are discussed generally in NUREG-1210, Volume 2 A
direct measurement of fissiomproducts released from the core and of those
available for release shouldhe used to estimate the release from the fuel, if
these measurements are available.

Table 41 shms the fraction of fission products that can be assumed to be re-
leased from the core for eacbef the fuel-damage states. Recall that these
fission products were identified in Section 2 because of their importance to
early health affects. Average operating WR fuel temperatures are shown in
Table 42 for comparison. Tt& basis for these release fractions will now be
discussed.
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Table 41 Core release fraction assumptions (1-hour release)

Fuel cladding Fissicn Assumed release
C:-e condition temperature product fraction from fuel

F-el pin cladding 600OF Normal, use
i---act - normal Table 32
leakage

Gap release 1300OF-2100OF Xe, Kr 0.03
(cladding failure) I 0.02

Cs 0.05
Te, Sb JX10_4

Grain boundary 3000"F Xe, Kr 0.5
release I, Cs 0.5

Te 0.1
Sb 0.02
Ba 0.01
MO 0.01
Sr JX10_3
Ru JX10_4

Core melt (1)(2) >4500OF Xe, Kr 1.0
(in-Yessel) Cs 1.0

I 1.0
Sb 0.02
Te 0.3

Ba (3) 0.2
Sr 0.07
MO 0.1
Ru 7xlO-,3
La JX10_4
Y JX10_4
Ce JX10_4
Np JX10_4

Based on Tables 4.8 and 4.9 of NUREG-0956.J
(2) For La, Y, Np, and Ce, the Zr release fraction was used, based on

BMI-2104, Vol. VI, page 624 grouping, Battelle Columbus Laboratories,
1984.

(3) Ex-vessel (melt-through) melt release fractions may be much larger
(0.4 to 0.8).
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Table 42 Average LWR fuel, cladding, and
coolant operational temperatures

Temperature (OF)

Areas PWR BWR

Inlet core coolant 569 532

Outlet core coolant 625 547

Outer surface cladding 670 565

Inner surface cladding 810 615

Fuel pellet surface 1235 1000

Fuel centerl i ne -3700 1650-3300

4.4.1 Normal Fuel Pin Leakage (600'F)

The first fuel-damage regim corresponds to releases from fuel pins (the second
fission product barrier) during normal operation.

As discussed in Section 34, small quantities of fission products escape
through small holes in the fuel pin cladding into the primary system coolant
during normal operation. Typical primary coolant fission product concentra-
tions are shown in Table 32. Table 32 concentrations will be used to esti-
mate source terms from coolant leaks. Results from plant coolant sample
analysis could be used to scale (up or down) any results based on Table 32
concentrations. This obviously simple method provides sufficiently accurate
results when considering all of the uncertainties.

It is important to note, as discussed in Section 34, that following plant shut-
downs or other rapid changes in power levels, there can be rapid changes (as
high as a factor of a 100) in iodine, cesium, and other fission product coolant
concentrations. These cesium and iodine spikes are seen during normal opera-
tion. Therefore, under accident conditions any coolant samples taken before
the plant shutdown or accident must not be considered as representative of
actual coolant concentrations. SimiTa-rily, during an event, elevated coolant
concentrations can result from spikes that do not indicate accident conditions.

The good news on cool ant concentrati ons i s that even i f a very I arge f racti on
of the coolant inventory at 100 times normal coolant concentrations were re-
leased into the atmosphere, doses in excess of the upper limit of whole-body
EPA PAGs (5 rem) are notpossible mile from the plant (NUREG-1210 Vol. 2.
Doses to the thyroid in exims of the upper limit of the thyroid EPA PAGs
(25 rem) are possible, batwould require the release of a large fraction of the
total iodine in the coolamL This is very unlikely.
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4.4 2 Fuel Cladding Ruptwe/Gap Release (13000-21000F)

The second fuel damage regime, cladding rupture (gap release), cc-responds to
fuel cladding temperaturessufficient to result in the failure of the fuel
P-;ns/walls (second fissionproduct barrier).

As discussed in Section 3,pseous fission products are released rom the fuel
during operation. Becausele fuel is encapsulated in the cladding, fission
products are retained in W regions or in the gap between the fuel pin clad-
ding and fuel. This colleebon of fission products is often referred to as the
11gap.11 These fission prodKts can be released very quickly if the cladding fails.

If the gas pressure withinlibe fuel pins is considerably less that the primary
system pressure, the claddirg may buckle or collapse at about 1300'F (NUREG-0900).

The cladding may balloon aid ultimately burst at about 14000F. en the fuel
temperature reaches 20001F.axidation of the fuel cladding will begin, leading
to rapid fuel pin failure.

After a fuel pin cladding Ulure occurs, most of the fission gas in the fis-
sion gas plenum will be relhosed into the primary coolant system (third fission
product barrier). This rellose mechanism is often referred to as a burst re-
lease. Once the fuel pinpitnum fission gas has been vented, shallowly embed-
ded gas atoms in the fuel 1let and interior cladding surface near the rupture
area will diffuse into thepimary coolant system. The release mechanisms dis-
cussed in this section will be collectively referred to as a "gap release."

Table 41 shows the core relose fractions considered epresentative of a gap
re I ease. These fractions am those used in the Reactor Safety Stdy WASH-
1400). When using these reTase fractions, it is assumed that al' the fuel
cladding fails, resulting ina total core gap release, and that te core
temperature is not substantigly above that required for cladding failure.
Higher temperatures would mwlt in a release of substantially mo-e fission
products, as will be discussed. Obviously this is a simple model of the condi-
ti on of a damaged core.

The amount of radioactive fbsion products associated with a gap release will
depend primarily on the nudlor of failed fuel pins and on the pler4im fission
gas inventory. It is ip~ to realize that the variation in 'fuel tempera-
ture throughout the core codd be considerable. This is evident from the dif-
ferent levels of core danaWseen in the Three Mile Island (TMI) core. Por-
tions of the core were meltotwhile other parts were not damaged. It is
important also to realize tM once the core is uncovered, core temperature
wi I I i ncrease rapidly (at dnt lFc' per second f or a PWR). In a WR, c I add i ng
f ai 1 ure coul d begin in abed 15 mi nutes fol 1 owi ng core uncovery and core me 1 t
in less than an hw. Dmifte, if core conditions allow cladding failure,
rapid failure of all the Wpins and even fuel melt could result, if condi-
tions are not imProvW qvk*-

The consensus is that eeft the worst accident analyzed, if the plant safety
systems work as designed, Im than 20% of the fuel pin cladding will fail.
Thi s f ai I ure would occer doft the short peri od of core uncovery bef ore f I ood-
ing of the core. Inder thmconditions, most of the non-noble fission products
released from the fuel wwIfte trapped in the primary system coolant. This
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t.-:e of accident (within plant design limits) would resu"_ in release of con-
s- -erably less than 20% of tte gap from the primary system. Therefore, any
azzident that releases more than 20% of the gap from the rimary system is con-
s-::!ered a severe accident.

C-.= of the best indicators of gap release will be the containment monitor, if
t-,e release is into the containment. The specific relation of containment
,r:-itor reading to fuel damage should be contained in the licensee's emergency
p, ans. Another good indicator would be core thermocouple readings.

4 - 4 3 Grai n Boundary Release (3000'F) and Mel t Rel ease (In-Vessel (45000F)

Once the cladding fails, the release rate of various fission products increases
rapidly with temperature. Tte release rate doubles approximately with every
163FO increase in temperature. At about 36000F, the fraction of the remaining
inventory is being released at about 10%/minute for noble gases, iodine, and
cesium. (NUREG-0772). By the time the fuel melts at about 4500'F, most of the
volatile fission products saybave been released from the fuel.

It will be impossible to specifically determine the rate of release during core
heatup and melt. Consequently, fuel releases during this phase will be char-
a-Lerized by two discrete poists in the progression of fuel heatup. As the
fuel heats up, following caOng failure, bubbles form and expand causing the
fuel grains to separate creating pathways out of the fuel. This is called the
grain boundary release.

Tr-e release fractions for grain boundary and core melt shcwn in Table 41 are
based on a very simple model Uat relates the release rates to fuel temperature.
Tl-.-,s model is discussed in NM-0772. Figure 41 shows the NUREG-0772 curves
test form the basis for the release assumptions. These curves are based on
very scattered data and are estimated to be accurate only within plus or minus
a factor of 10. So even if t specific acident core temperature distributions
could be accounted for (whichthey could not), the estimate of release rate from
the fuel would only be withip'n factor of 10.

The Table 41 grain boundary release fractions represent the fraction released
in I hour assuming a core teWrature of 3000'F. This temperature was chosen
bEz:ause the release rate at tWs temperature is midway between that at start of
fLel damage (cladding failure)and that at fuel melt (4500'F).

T�-e grain boundary release asmption is appropriate for cases that can be shown
tc be more than gap and less bn melt. Such an estimate could be based on
tt-ermocouple and containment witor readings or accident progression.

The Table 41 melt release fradions are typical of those projected for various
core melt accidents by the BAklle Columbus Laboratories' calculations (BMI-2104)
performed as part of the NC assessment of the technical bases for estimating
sc-irce terms (HUREG-0956) I phase of the core damage process is referred to
as "in-vessel elting-"

Orv--e the fuel is uncovered, Uperature sufficient to melt fuel could be reached
i n an hour. It wi 11 be very dfff i cul t to actual ly esti mate the extent of core
damage once it begins. Therefte, if plant/accident conditions indicate pro-
longed core uncovery, a core aft release fraction should be assumed once core
damage beyond cladding failumis expected. Direct indications of this degree
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c` core damage could be thermocouple, neutron monitor, or containment monitor
readings.

4. 4 Reactor Vessel Melt-Through (Ex-vessel Melting)

iz-e is one additional release fraction that is often discussed, vessel melt-
th-ough. If the core melt is allowed to continue (the core is not reflooded/
c::zled), it may eventually melt through the bottom of the reactor vessel (the
third fission product barrier) and fall on the concrete containment floor. Thi s
phase of the core melt process is often referred to as "ex-vessel melting." I f
the f I oor i s, covered with water (e. g. , f rom a eak), i t may provi de adequate
cooling, stopping further release from the core. If the molten core contacts
dry concrete, the concrete will rapidly decompose yielding steam, hydrogen, and
possibly carbon dioxide. Such processes increase the access of the fission
products to the surface of the molten mass leading to the formulation of aero-
sols. Thus, there is a potential for additional fission products to be released.

Current information (e.g., TOU core examination) indicates that there may be
relatively high retention of volatile fission products (e.g., iodine, cesium)
in a melted core. However, this material may be released after vessel melt-
through. Table 41 melt case release fractions for cesium and iodine may be
representative for the worst-case melt-through but may underestimate the
release of strontium during the ex-vessel phase of a core melt. The release
fractions for strontium have been estimated (NUREG-0956) to be between 04 and
0.8 for some melt-through cases vs. the 007 assumed for the in-vessel melt
case. The release of a large fraction of this additional strontium to the
atmosphere could increase thewhole-body dose by as much as % above that
estimated for the release based on the core melt fractions shown in Table 41.
The melt release fraction will be used to represent the core melt and vessel
melt-through cases.

4.4.5 Form of Release From the Fuel,

in the next sections the transport of fission products from the fuel to the en-
vironment will be discussed. The filter efficiency and other reduction factors
used in calculating a source term would vary depending on the chemical and
physical form of the specific radionuclides. The current consensus is that
doing a severe core damage accident most non-noble fission products will form
particulates and aerosols. Therefore, it is assumed that all non-noble fission
products will form a homogenous mass of aerosols and particulates. Filter effi-
ciencies and removal coefficients will be applied equally to all non-noble fis-
sion products. Noble gases are assumed not to be reduced by any of these mech-
anisms once released from the fuel. The primary way to reduce noble gas effects
is to contain them to allow tin for decay or to control the conditions under
which they are released.

4.5 Movement of Fission Prodects From the Core to Atmosphere (Reduction Factors)

To estimate the amount of fisdon products released from the fuel that reach
the atmosphere, one Bust: () estimate the pathway the fission products wi I 
follow through the plant and ) estimate the effectiveness of the various fis-
sion product removal mechanism encountered. On the basis of this information,
the reduction factor DF) fw that particular release pathway can be estimated.
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T�-ese issues will be addressed in two steps. First, each of the major removal
rrezhanisms that may be encountered by the fission products as they travel through
plant systems will be discussed in general terms. Second, the release pathways
from the reactor coolant system (third fission product barrier) through the
containment (fourth fissionproduct barrier) and other possible barriers will
be discussed along with the removal mechanisms that should be considered.

4-5.1 Basic Fission Product Reduction Mechanisms

Two groups of fission product removal media that may be encountered on the way
to the atmosphere will be discussed; these are gaseous and liquid.

Table 43 summarizes the various removal mechanisms and associated ROFs. Al-
though effects will be discussed in terms of specific plant systems, the con-
cepts also may be applicableto related conditions. For example, BWR suppres-
sion pool scrubbing effects also may be applicable for any large pool of water
through which gaseous fissime products pass.

4.5.1.1 Gaseous Release Reduction Mechanisms

The aerosols and particulates will be carried through plant systems by steam
and other gases released as a result of the core damage, if the core is not
reflooded with water. This section discusses only those mechanisms that will
be effective in removing aerosols and particulates from the gaseous/steam flow.

4-5.1.1.1 Plateout in the Primary Systems

Depending on the conditions in the system through which the fission products
pass, large quantities of the aerosols and particulates could condense and/or
plate out on system surfaces (e.g. piping). Plateout is principally applied
to movement of material thrugh the reactor coolant system (RCS). There are
many factors influencing this effect including surface areas and temperatures,
flow rates, and aerosol or particle size.

As discussed in NUREG-0956 a comparison of available computer projections shows
dramatically different platemut (RCS retention) for different chemical forms and
events. NUREG-0956 also states that "primary retention factors cannot be used
rigorously as a multiplier of accident source term, nor can they be combined
linearly with other retention factors (e.g., suppression pools or containment
sprays)." Therefore, primary system retention generally wi 1 1 not be cons i dered.
However, for bypass accidents. system retention is the only reduction mechanism,
and a reduction factor typical of those predicted by computer codes for this
acc: i dent wi II be assumed (OF of 0 4. This will be discussed in Sec-
ti on 4 5 2 15.

4.5.1.i.2 Removal of Aerosak and Particulates Suspended in Large Volumes

The fission product aosols and particulates may be released into the contain-
ment or another large closed structure or vol ume (e. g. , the auxi 1 i ary bui 1 di ng).
If these structures hold fw a suf f icient time to al low either natural processes
(e.g. gravitational settliso or sprays to act, there wi II be a substantial
reduction in the amount of moterial airborne and thus available for release
through any existing PAUNalis t the environment. There are two basic aerosol
and particulate removal ratesas shown in Tables 43 and 44, one for natural
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Table 43 Summary of particulate/aerosol gaseous (unless noted)
reduction mechanisms

Release mechanism Reduction factor

standby Gas Treatment System Filters:

Dry-low pressure flow 0.01
Wet-high pressure flow (blowout) 1.0

0--Iner Filters:

Dry-low pressure flow 0.01
Wet-high pressure flow (blowout) 1.0

SLippression Pool Scrubbing:

Violent flashing of steam (flow greater than produced by
decay heat) 0.50

Slow steady flow (decay heat)
Pool subcooled 0.01
Pool saturated 0.05

Pool bypass 1.00

Removal of Suspended Aerosols and Particulates:

Natural processes (no sprays)
0.5-hour holdup time 0.40
2- to 12-hour holdup time 0.04
24-hour holdup time 0.01

Sprays on
0.5-hour holdup time 0.03
2- to 12-hour holdup time 0.02
24-hour holdup time 0.002

Ice Condenser:

One pass through condenser (no recirculation) 0.5
Continual recirculation through condenser (1 hr or more) 0.25
:ce bed exhausted before core damage 1.0

Pr'mary System Plateout:

Eypass accidents only 0.40

Steam Generator Partitioning:

'U" tube

Partially filled stem 9Mrator (liquid release) 0.02
Water solid secondary side (liquid release) 0.50
Dry steam generator (bypass) (liquid release) 1.00

Evolution From Pool:

From subcooled pool (I bm) 0.01
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Table 44 Assumed natural process and spray
reduction factors for airborne
aerosols and particulates

At (hours) With sprays Without sprays

0.5 0.03 0.40

2 to 12 0.02 0.04

24 0.002 0.01

At = time the material is held in volume
before release.

conditions and a second for sprayed volumes. If there is a major failure, it
is possible that some of this material may become airborne and be released.
However, this will not be considered.

4.5.1.1.2.1 Natural Removal Reduction Factors

There are a large number of natural processes that work to reduce the airborne
concentrations of aerosols and particulates. These processes have been examined
by various codes and experiments. Figure 42 shows a typical result.

Figure 42 shows natural processes reducing the concentrations by about a factor
of 20 in the first 2 hours followed by a dropoff in reduction rate. The con-
centration is reduced by a factor of about 100 in 24 hours. This agrees with
other experimental data and is within a factor of 10 of various computer pre-
dictions (NUREG/CR-4081) for the early timeframe. The codes generally predict
reduction by a factor of 500 to 1000 in 24 hours (NUREG/CR-4081). For the pur-
pose of source term estimation, a set of reduction factors as a function of
time for large volumes was developed (Table 44) based on Figure 42.

4.5.1.1.2.2 Spray Removal Reduction Factors

Reactor containments have sprays designed to remove airborne fission products
and to condense steam to prevent overpressurization following an accident. Other
large structures, such as the auxiliary building, also may have spray systems
(e.g. fire suppression) that could be used to remove airborne fission products.
Some reactor containments also have fire protection sprays that may be helpful
in removing airborne fission products.

Sprays can be very effective in reducing airborne fission production concentra-
tions. Figure 42 shows typical results for a well-designed system. As in the
case of natural processes the initial effectiveness lessens with time. A reduc-
tion factor of about 20 is observed for sprays in the first hour and a factor
of 500 in 24 hours. Table 44 lists reduction factors for sprays based on
Figure 4.2.

Airborne concentrations under accident conditions in the containment will not
be as well behaved as shown in Figure 42. Figure 43 shows the results of
various computer predictions of severe accident containment airborne concentra-
tions and the range of predictions made by various codes for the same accident
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-:nd i tions. Again, these predictions assume a well-designed and 'illy operalicnal
C-. Z�tem. These variations are a result of accident-specific conditions, such as
t-e rates of fission product release from the primary system and models used.

0 - 1. 1 3 Filters

'.=-osol and particulate fission products released from the core may encounte a
%mber of filter systems. These systems can be very effective for relatively
saall and dry flows. However, they can be blown out under high differential
p-essure or can be clogged with aerosols.

4- S. 1. 1 3 BWR Standby Gas Treatment System (SBGTS)

The purpose of the SBGTS is to collect and filter any release from the BWR pri-
mary containment--in some cases, from the downstream leakage of the main steam
isolation valves (MSIVs)--and filter the release to the plant stack. Typical
SG`TS suction locations for various containment types are shown in Table 45.
The design-rated capacities vary widely from 8000 scfm to 25,000 scfm
(?rJREG/CR-2940).

Table 45 Typical BWR standby gas treatment system
suction locations

Containment type
Compartment (Mark)

Drywell All
Suppression chamber 1 II
HPCI gland seal exhaust blower I
Reactor building 1 11
Refueling zone 1 II
Fuel building III a
Auxiliary building III, IIIA
Shield building annulus III a
Enclosure building IIIA
Mainsteam isolation valve leakage II, III

control system

aAlternative Mark III design.

Source: REG/CR-2940

The SBGTS can be very effective 99% efficiency) in removing aerosol and par-
ticulate fission products. ftwever, the SBGTS will perform effectively only
for an accident where there is a minimal aerosol loading (dry) and limited pres-
sure and temperature conditim with low flows; if the accident causes a high
pressure differential, the ilter would be expected to rupture. In addition,
the SBGTS will be bypassed dering severe primary containment failure accidents
where the secondary containment blowout panel fails as a result of excessive
secondary containment Pressum (NUREG/CR-2672). Therefore, no credit should
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be given for the SBGTS for major primary syste- leakage or failure, and a reduc-
t' :n factor of C. 01 99% efficiency) should be assumed for smal I primary con-
tainment leaks in removing aerosol and particL.Iate fission products.

4. S. 1. 1 3 2 PWR ontainment Rec i rc u I at i ng F i te r Sys tem

toa-y PWRs have a ontainment air recirculating system to trap fission product
icdine following an accident. These systems ave moisture separators to remove
water droplets; however. tey are not designed to remove the large quantities
of aerosols expected in the entairanent atmosphere as a result of a severe core
damage accident (NUREG-OM). These systems are expected to operate effectively
only for cases of limited core damage e.g. , gap release).

For a core melt accident, o credit should be given for these systems. These
Systems only complement and back up the containment sprays, and their effective-
ness would be difficult to predict.

4. 5. 1. 1 3 3 PR Auxiliary Building Fi 1 ter Systems

These f i I ters are intended to treat exhaust air from equipment areas and vol -
unies, outside containment were there is a potential for the release of small
quantities of airborne fission products as a result of leaks in systems process-
ing primary coolant system water that has been contaminated. As with other
filter systems, these systm use high-efficiency particulate air (HEPA) and
activated carbon absorbers aW can be very effective in removing particulates
and aerosols.

As was the case during the I acci dent, i f f i I ters are exposed to only smal 1
amounts of leakage, they should be assumed to be very effective 99% efficiency)
with an assumed reduction factor of 0.01. However, for accidents that result
in large releases into the ailiary building, the flow rates are expected to
result in pressures that would cause a major leak to develop, thereby creating
a direct pathway to the environment. Under these conditions with high aerosol
loads in the filtered material, the system might also plug and fail. Therefore,
for major releases into the auxiliary building, it should be assumed that these
filters will not be effective.

4. 5. 1 14 8WR Suppression Pool (NUREG/CR-3727)

All BWRs have pressure suppression pools as part of their containments, which
are designed to condense stem following loss-of-coolant accidents. The suppres-
sion pool is a large mass of water through which the steam released from a break
in the BWR primary sstem (third fission product barrier) blows down. Although
the suppression pool is ot designed as a f i ssion product removal system, a by-
product of the pressure suppression process is the scrubbing of fission products.
in a severe accident involving leakage of air into the primary ontainment, over-
pressures caused OY k*oW or by the accumulation of noncondensible gases may
cause the failure or byWs of the suppression pool. Obviously, the suppression
pool i ef f ective ORAY if MUMS f rom the primary system leakage pass through
the pool.

The abi 1 i ty of the sstem to remove f i SS i on products wi I I depend on (1) the
energy of the blowdow ad 2) the pool temperature. Tests have shown that the
pools would have a very low dKmatamination efficiency (- 15%) for violently
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f lashing steam that may be present if mcre than decay heat (reactor not shut
c:wn) was being removed by the blowdown. However, there will be some retention
resulting from condensation of steam and other factors. As a result, an RDF of
C. 05 (50% retention) is estimated. However, for most postulated BWR accidents,
tne release of fission products is expected to be relatively slow with a steady
1-3w of steam generated t decay heat. In this case, the removal rate could be
very high depending on the temperature of tMe pool. If the pool were allowed to
1,eat to the saturation temperature [e.g. because of inoperabi I ity of the resi-
dual heat removal system (RHRS)J, the scrubbing efficiency would be reduced.
The assumed scrubbing efficiencies for various cases are shown in Table 46.
obviously, if the pool is bypassed it will not affect the release.

Table 46 BR suppression pool aerosol and
particulate reduction factors

Condition RDF

Violent flashing of steam (greater than decay 0.50
heat - reactor not shut down)

Slow flow (decay heat)
Pool subcooled 0.01
Pool saturated 0.05

Pool bypass 1.00

There may be other cases such as a pipe break in a flooded area where the gas-
eous release flows are scrubbed by a pool of water. If the pool is large
enough, considerable scrubbing could be assumed.

4.5.1.1.5 PWR Ice Condenser (NUREG/CR-3724)

An ice condenser containment was designed as an alternative to the large-volume
containment traditionally used for PWRs. Like the large, dry containment, the
ice condenser containment is designed to accommodate the large steam quantities
associated with a oss-of-coolant accident (LOCA). However, the ice condenser
feature permits a much smaller containment (50% less volume). In addition to
suppressing the rise in containment pressure following a LOCA, the ice condenser
also would tend to reduce the fission products in the containment air by entrap-
ment and dissolution.

A typical ice condenser system consists of an annular compartment that contains
about 24 x 106 lb of flaked borated ice at the outer circumference of the con-
tainment vessel. Following a large LOCA, the blowdown steam, fission products,
and reactor compartment air will flow through the ice condenser, where the steam
will be condensed and fission products will be attenuated. The circulation of
the postaccident containment atmosphere through the ice condenser is maintained
by two axial fans, each wt a capacity of about 40,000-ft3/min. These fans
transfer air from the upper to the lower containment compartments, thereby
inducing a flow through the ice compartments.
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Preliminary computer analysis concluded that the ice condenser has significant
p:tential for removing fission products that pass through it. lf the air return
fans were not available for circulation, the radioactivity released from the
primary system would make only a single pass through the ice condenser- even
then, approximately one-half (RDF of 0.5) of the fission products rele;sed to
tne containment are predicted to be removed by the ice bed. If the air return
fans are available to continually recirculate the containment atmosphere for an
hour or more, even greater retention by the ice bed is predicted (e.g. 75%).
Therefore, for the purpose of source term estimation, a reduction factor of 025
for recirculation cases can be assumed. However, accidents have been postulated
during which the ice is exhausted before major core damage; under these condi-
tions, no credit sould be given for removal of fission products by ice.

4.5.1.2 Liquid Release Reduction Mechanisms

Fission products my be carried by reactor coolant or other contaminated water
to a point where they can be released to the atmosphere. The levels of contami-
"tion could be very high; for example, a severely damaged core could be reflooded
resulting in vastly increased coolant concentration. During the TMI accident,
the reactor coolant, after core damage, had 300,000 times the normal levels of
fission product contamination (NUREG-0600). Another source of contaminated
water could be the water in the containment following spray operations to scrub
fission products fro the contairanent atmosphere. In these cases, the quantity
of contaminants released to the atmosphere will be a function of the rate the
fission products escape from the liquid. Releases of fission products -in water
"at are not released to the atmosphere directly (i.e. basemat melt-through)
are not covered.

The following release fractions for liquid transport cases will be discussed:

(1) slow evolution from subcooled water (below boiling temperature)
(2) boiling water
(3) hot coolant (water) vented directly into the atmosphere that flashes to

steam or is atomized

4.5.1.2.1 Slow Evolution of Iodine From a Contaminated Pool (Leakage)
(Postma, 1978)

The escape of iodine fo a pool of contaminated water (e.g. leakage outside
the containment) to the environment has shown that iodine evolves very slowly
and only 10% has t potential for release from a pool of water. The actual re-
lease rate is a function of chemistry, pool surface area, and other factors
that will not be kA fully at the time of event. Calculation based on rea-
sonable assumptions 13s shown about of the iodine would enter the gas phase
every hour. In aMU= experiments have indicated about 0.5%/hr loss. There-
f ore, an assumption of 2/hr trans fer rate f rom the pool i s reasonabl e. This
can be approximated b a reducti on f actor of 0. 01 for a 1hour rel ease.

4 51.2.2 Boiling. Ushing, and Atomized Contaminated Water (Clinton, 1984)

As shown in Figure 4L4. steam generator tube ruptures in a PWR can provide a re-
I ease pathway to the eRvironment. However, in most cases such releases would
be greatly reduced as a result of partitioning. The steam from boiling water
has a considerably 1wff concentration of contaminants than the water being
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bo i I ed. This process of decontamination is measured in terms of a partitioning
factor where:

Kass partition factor = mass fission products entrained in unit mass of water
mass fission products entrained in unit mass of steam

In cases such as normal "U" tube steam generator operation where a clear boundary
exists between the boiling water on the secondary side and steam generated
(Figure 45. Case A), a mass partitioning factor of 20 to 250 has been measured.
In this case. it will be assumed that only about 1/50 2%) of the iodine and
otJher non-noble fission products in the mass of boiled water (release) are
passed on to the stem. based on a mass partition factor of 50. Therefore,
where a water/steam interface exists in a release pat", a filter efficiency
of 98% (RDF of 002) can be assumed for dry steam. However, if contaminated
water is ca"ied with the steam, the partition factor decreases. This can
result from the steam generator design or size and condition of the steam gener-
ator tube rupture. The Babcock Wilcox (B&W) steam generators, referred to as
nonce-through generators," do not produce a clear steam/water boundary, and con-
siderable amounts of contaminated water leaking into the secondary side could be
carried with the steam. For other steam generator designs, the leak should be
under the secondary side water as shown in Figure 45, Case A. However, if the
tube leak is massive, the secondary water could be boiling violently, and the
secondary side steam would carry considerable contamination. This is called
carryover. for large multitube failures or for the once-through steam generator
Mw). an OF of 0. suld be assumed.

During the Ginna accident (NUREG-0909), the secondary side filled with coolant
following isolation as shown in Case of Figure 45. The primary coolant was
then ejected into the atmosphere through the safety valve. Therefore, the iodine
concentration in the release was considerably above what would be expected.
This is an example of the contaminated water and all of its contaminants being
ejected into the atmosphere, the water flashing to steam and atomizing carrying
such of its contamination into the aosphere. In this case, there is no reduc-
tion (RDF of 1.00). This situation also may be encountered when a pipe breaks
or safety valve opens directly into the atmosphere and releases hot and high-
pressure water. Such cases also have the potential of leading directly to
severe accidents that bypass the containment and releasing fission products
di ssol ved in the coolant directly into the atmosphere.

Generally, it there is a steam generator tube rupture, primary coolant contami-
nation would be carried by dry steam and the steam would be released to the
atmosphere as shown in Figure 4 5, Case A. Theref ore, i t i s typi cal ly assumed
that the steam "Un tube generator acts as a 9% efficiency filter (P.DF of 002).

4.5.2 Basic Release Pdhways and Characteristics

Section 44 discussed te release of fission products into the primary system
from the com This motion will discuss the major pathways the fission prod-
ucts can take through Um remaining fission product barriers. The fission prod-
uct reduction mechanism encountered wi II be discussed. As a guide, two simpl i-
f ied diagrams that hioNght the basic release pathways of PWR dry and ice con-
denser containments (Fi1pres 46 and 47, respectively) and three simplified
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diagrams that highlight the 1WR Mark I, Mark II, and Mark III containment release
: a � hway ( F i gures 48 4 9 and 4 10) wi 1 1 be re f e re nc ed i n the d i SC us i on. The
basic release pattways are designated on the figures by letters and numbers.
T!-e letters refer to a specific barrier and the numbers specify a specific path-
way through the barrier. Tables 47 and 48 list the specific PWR and BWR path-
W_.S and idicate the specific reduction mechanism that should be considered.

4.5.2.1 Primary System (Third Fission Product Barrier)

Once the core is damaged, the fission products are initially released into the
Primary coolant system. WiUDut a breach of the primary coolant system, major
fuel damage is not possible- Therefore, major fuel damage indicates that there
was at some time a break in the primary system. Primary system breaches are
shown as "A" on Figures 46 47 48, 49, and 4 10.

4. S. 2 I I PWR Primary System Breaks/Leaks

The most studied and discussed type of breach of the primary system is a break
(f ai I ure) of the piping or components (e. g. , pump seal ). Fi gures 4 6 and 4 7
indicate such breaks as A-L The PWR primary system is contained within the
containment. The discussion in this section will only deal with breaks that
result in primary system breaks directly into the containment.

Most analyses of this event resume that the break in the primary system starts
the accident. In this case. it is assumed that the break is followed by a fail-
ure of the systems designed to replace the coolant lost as a result of the
break, which leads to core mKovery and damage. Therefore, the break exists
be f ore core damage and rovides a direct pathway for f i ss ion product release
f rom the fuel into the containment atmosphere.

For all the WR containment designs, except for the ice condensers, the gas
f I ow f rom the damaged core aid through the break does not pass through any
f i I ter mechanisms. For those pl ants without ice condenser containments, the
only reduction SeChaniS ta i important is plateout in the primary system,
and i t cannot be characterind (as di scussed i n Secti on 4 S. 1. 1. 1); theref ore,
i t i not cons i dered eacept for bypas acc i dents 

In the ice condenser cintaiourt design, the flow from a break in the primary
system f I ows through an ice condenser, where steam wi I be condensed and f i ss i on
products will be atterAoted. For cases where air return fans are not available
(f ai I), an RDF of IL50 sMuld be assumed. If the primary system release is
ci rcul ated through the ice bk an RDF of 0. 25 should be assumed unti I the ice
is exhausted. In some accideits analyzed, the ice is exhausted before core
damage. Under those cuditim no credit should be given for the ice bed (RDF
Of 1. 00).

4.5.2.1.2 PA Pilstromatd(or Power-Operated) Relief Valves

PWR primary systems bm vel[W valves designed to prevent the primary system
from overpressurizbw If thsystems designed to remove heat from the primary
system fail, the pbM syda pressure will increase until the relief valves
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Table 47 Summary of major PWR release pathway reduction mechanisms

Fission product Reference Fig- Reduction Assumed
barrier breached Pathway ures 46 47 mechanism Condition RDF

Primary system: Break/leak A-1 Ice condenser Single-pass fans 0.50
and open PORV A-2 fail

1 hour of recir- 0.25
culation through
ice condenser

Condenser bypass 1.00
or ice exhausted
before core damage

Steam generator A-3 SG Secondary side 0.02
tube rupture partitioning boiling (dry steam)

Secondary side 0.50
OD solid, no boiling

50% carryover or 0.50
B&W steam generator

Dry steam generator 1.00

Bypass A-4 Primary For bypass accidents 0.40
system only
retention

Primary containment: Design leakage B-1 Containment 0.5-hour holdup in 0.03
ISO, or sprays containment

ation valve B-2
failure 100%/ 2- to 12-hour holdup 0.02
day) in containment

or
Total failure B-3 24-hour holdup 0.002
(100%/hr) in containment



Table 47 (continued)

O Fission product Reference Fig- Reduction Assumed
barrier breached Pathway lives 46 4 7 mechanism Condition ROF

Primary containment Natural proc- 0.5-hour holdup in 0.40
2. (continued): esses in containment

containment
(no spray) 2- to 12-hour holdup 0.04

in containment

24-hour holdup 0.01
in containment

Bypass 0-4 Same as A-4 Same as A-4 Same as A-4

Controlled B-5 Same as B-1, Same as -1 2 3 Same as B-1,
venting 2 3 2 3

Auxiliary buildings: Relief C-1 None
valves

Building C-2 Natural 0.5-hour holdup 0.40
failure/ processes in building
leakage (no spray)

2- to 12-hour holdup 0.04
in building

24-hour holdup 0.01
in building

Through- C-3 Filters Small release into 0.01
building building (filters
filters effective)

Large release into 1.0
building (filters
blow out)



Li Table 48 Summary of major SWR release pathway reduction mchanism%

Reference
Fission product Figures 48, Reduction Assumed
barrier breached Pathway 4.9 410 mechanism Condition ROF

Primary system: Break/leak A-1 None None 1.00
bypasses

at suppression
pool

Break/leak A-2 Suppression Violent flashing of 0.50
through pool steam (reactor not
aoppression scrubbing shut down)
Pool

Slow flow - decay 0.01
heat pool (subcooled)

Slow flow - decay 0.05
heat pool (saturated)

Pool bypassed 1.00

Through ADS/ A-3 Same as A-2 Same as A-2 Same as A-2
SRV

Bypass A-4 System For bypass accidents 0.40
retention only

Primary containment: Design leakage B-1 Dry well 0.5-hour holdup in 0.03
or containment dry well

Isolation valves 8-2 sprays (ON)
seal failure
(100%/day) 2- to 12-hour holdup 0.02

or in dry well
Total failure B-3
(100%/hr) 24-hour holdup in 0.002

dry well



z Table 48 (continued)
c:;O
rn

Reference
Fission product Figures 48, Reduction Assumed
barrier breached Pathway 4.9 410 mechanism Condition OF

;9 Primary containment Dry well 0.5-hour holdup in 0.40
(continued): natural dry well

Cn processes
(no spray)

2- to 12-hour holdup 0.04
in dry well

24-hour holdup in 0.01
dry well

4b Bypass B-4 Same as A-4 Same as A-4 Same as A-4
I

F-j Controlled B-5 Treat as B-1, Same as B-1 2 or Same as 1,
venting 2, or 3 3 and C-2 2, 3 and C-2

depending on
release rate
through SBGT
system C-2

Secondary Building C-1 Natural 0.5-hour holdup in 0.40
containment: failure/ processes building

leakage (no spray)

2- to 12-hour holdup 0.04
in building

24-hour holdup 0.01
in building



Table 48 (continued)

rn
Reference

Fission product Figures 48, Reduction Assumed
barrier breached Pathway 4.9 410 mechanism Condition ROF

;9 Secondary ontaim- Through C-2 SBGT system Small release 0.01
ment (continued): SBGT system filters (in (minimal aerosol

addition to loading - filters
natural' effective)
process)

Filter failure - 1.00
rupture (heavy
aerosol loading/
large high-pressure
release)

PO



c- the pressurizer open. If the rate of coolant loss through the relief valves
exceeds the rate of coolant makeup (i.e. via safety injection), the core can
tezome uncovered. This same release pathway could become the release path from
t-�e primary system (A-2 on Figures 46 and 47). This was the primary pathway
,F:- the fission products released from the primary system. during the TMI
a:cident.

,-- shown in Figures 46 and4-7, the relief valves do not release directly into
the containment, but throughpiping into a relief tank. The relief tank is de-
signed to condense the steanyeleased during normal operations. As happened
during the TMI accident, larp quantities of water fill the tank resulting in
the rupture of a disk, allowing a path for fission products into the containment.

Although some scrubbing may take place as the coolant passes through the relief
tank, it will be difficult to estimate the extent to which fission products are
retained. It is generally assumed that the relief tank rupture disk would open,
providing a direct pathway before core damage. Consequently, no credit will be
given for scrubbing.

4-5.2.1.3 PWR Steam Generator Tube Rupture

When the steam generator (SG) tubes fail, a pathway directly to the atmosphere
(i - e. , bypasses containment) my be provided. This is shown on Figure 44 and
as pathway A-3 on Figures 46 and 47. When a steam generator tube rupture
(SGTR) occurs, the fission products from the higher pressure primary system
pass into the secondary side (A-3) and possibly into the atmosphere through the
secondary relief valves (C-1 an Figures 46 and 47).

Generally, this is thought to be a release pathway for fission products dis-
solved in the primary coolant- This also could provide a dry (bypass) release
pathway for a gaseous and aerosol releases from the core. Dry releases by SGTR
wi I be considered as part of bypass accidents (Section 45.2.4).

If primary coolant leaks intothe secondary side of the steam generator and the
secondary side i s al lowed to boi 1 , the resul tant steam that escapes to the
atmosphere by the relief valves (C-1) will contain considerably lower fission
product concentrations as a result of partitioning, as discussed in Sec-
tion 45.1.2.2. In this case an RDF of 002 should be assumed.

Ir some designs, if sufficient primary coolant leaks into the secondary side of
the steam generator, the generator will fill and not allow boiling. The entire
secondary side could fill, pushing coolant directly into the atmosphere through
the relief valve (C-1) as happened during the Ginna accident (see Figure 45).
There is considerable dilute= when the coolant passes through the secondary
side before release. Uderthese conditions, a 50% reduction would be assumed
(RDF of 0. 5).

As noted in Section 42, the Ust factor in estimating a source term is the esti-
mated amount of fission podKb available for release that are actually re-
leased. This is referred U as the "escape fraction" (EF). In the case of an
SGTR, there are some benchook Us that can be precal cul ated. A f ul 1 rupture
of one steam generator tube omid result in leakage of about 500 gpm 75 cfm)
or about 35% of the total PrialrY coolant volume in hour, assuming the primary
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s-stem pressure remains near operating pressure and lost volume is replaced
v. 1'th the charging pumps. An EF of 035 shoulc be used for a 1-hour release by
S,2TR. This escape rate would fall rapidly as the primary system pressure falls.
As soon as the primary system pressure equals that of the secondary system, the
leak will cease. A second benchmark for the escape fraction could be the pri-
ir:,ry system makeup, provided by a single charging pump at 50 gpm (EF of 003),
wnich is being used to make up for coolant leaKage at the break. Escape frac-
t4ons are summarized in Table 49.

Table 49 Assumed containment and steam
generator tube rupture escape
fraction for I hour

Escape
Release pathway fraction*

Primary contaiiment failure/leakage

Typical design leakage:

PWR - large dry (0. 1%/day) 4x1O-

PWR - subatmoq*wric 0.1%/day) U10-5

PWR - ice condeniser (0. 25%/day) JXJO-4

Ms (0.5%/day) 2xIO-4

Failure to isolate 100%/day):

Failure of isolation valve seal 0.04

Castastrophic failures:

1-hr puff release 1

Steam generator tabe rupture

1 tube at full pressure 0.35
(coolant leak)

1 tube at low-prmure single 0.03
charging pmp fkw
(coolant leak)

*Fraction of cwAdnment volume or primary
system coolan ientory released in I hour.
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The Ginna accident points out a second difficulty of predicting source terms.
It was weeks after the accident before an accurate estimate of the amount of
coolant released to the environment was calculated.

4. 5 2 1 4 PWR and BWR Bypass Acc i dents

There are a number of low-pressure systems that connect to the high-pressure
primary reactor coolant system (RCS). In some cases, low-pressure lines and
components (e.g., pumps) are located outside the containment and separated
from the RCS by check valves. If these valves fail, the high-pressure coolant
from the RCS could rupture the low-pressure system outside the containment as
shown by A-4 of Figures 4 47 48 49, and 410.

This failure would provide a pathway from the primary system to the environment
that bypasses the containment. This type of accident is often called a bypass
accident, interfacing LOCA, or an event V. In fact, the steam generator acci-
dent discussed above is a type of bypass accident. Low-pressure lines providing
a potential direct leakage path from the RCS to locations outside the contain-
ment have redundant isolation valves inside and/or outside of the containment
so that leakage of coolant from pipe leaks or ruptures outside of the contain-
ment would be limited by closing the check valves or other isolation valves.
Failure of these valves to close is possible however, resulting in loss of
coolant and a potentially unisolable direct leakage path from the RCS to the
auxiliary building or other buildings and from there to the environment
(Figures 46 and 47, C-2 or C-3; Figures 48 49, and 410, C-1 or C-2).

Release by this pathway from the primary system would not be filtered unless
the fission products would pass through pools of water. The primary reduction
mechanism is primary/secondary system plateout/retention. An RDF for this path-
way is assumed to be 04 for system retention, on the basis of results described
in NUREG-0956. In addition, if the release were into another building (e.g.
turbine building), consideration should be given to any removal mechanisms
(e. g natural processes or f i ters) that may be encountered as di scussed i n
Section 4.5.2-3.

4. 5 2 1. 5 PR and BWR Vessel Mel t-Through

As discussed in Section 44.4 a core melt accident in the absence of any re-
flooding could lead to core melt debris penetration of the reactor vessel bottom
head. For the reasons discussed in Section 44.4, the release pathways active
during the melt phase will be used to characterize the release from the primary
system melt-through.

4. 5 2 1 6 PWR and BW1 Leakage From Process Li nes,

Fission products can be transported out of the reactor coolant system through
connected lines that are r outside the containment building and into other
areas of the plant. Because sme of these processes are required even after an
accident, these patbays adst after containment isolation. A leak or rupture
in one of these lines woold allow reactor coolant and the dissolved fission
product gases to escape i1sito as area outside the reactor containment building.
Noble gases and the mm veUtile fission products would be released immediately
to the area of the plant ukre the leak occurred and eventually could be re-
leased to the atmosphere-
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T"s type of containment bypass was the major source of release during the TMI
accident. As shown in Figure 411, there were two release pattways out of the
containment during the TMI accident (NUREG-0600). The first resulted from the
sump pump automatically starting and pumping the reactor coolant that had col-
lected in the sump as a result of the PORV coolant release (see Sec-
V4 n 4 5 2 12). This coolant was pumped to a waste holdup tank in the auxil-
ia-y building. This tank eventually filled, causing a ruptured disk to open,
wh.ich allowed noble gases and iodine contained in the coolant to be released to
the auxiliary building. This transfer of coolant took place during the first
hour of the accident and well before the first signs of cladding failure.
Therefore, the amount of fission products released was sall.

The second and major source of releases from TMI resulted from reactor coolant
flow through the makeup and purification systems during the accident. Because
these processes continued during the course of the accident, this coolant was
highly contaminated. For example, a coolant sample taken on March 29, 1979,
indicates an I131 concentration of 1.3XJ04 pCi/cc (NUREG-0600). A typical
1-131 level (see Table 31) is 45 X 12 pCi/cc. Tables 410 and 411 show
the coolant concentrations for selected nuclides if either the total gap or
melt inventories were released into a typical coolant inventory. These tables
also list the fraction of the total inventory that was assumed to be released
into the coolant. These release fractions are based on Table 41. The TMI
coolant I131 concentrations were about 300,000 times normal. As shown in
Table 410, the TI I131 concentrations fall between the gap and melt concen-
trations, as would be expected. The cesium concentrations are smaller than
projected because this was a new core and the cesium had not yet built up, as
discussed in Section 22.2. The TMI releases from the containment systems were
into the auxiliary building, and the natural processes (discussed in Sec-
tion 45.1.1) removed aerosols/particulates. The release also was filtered
before escaping to the environment. Additionally, as was discussed in Sec-
tion 45.1.2-1, only a small fraction of the iodine evolved (was released) from
the coolant. All of these factors worked together to result in a small release
to the environment. The key was that the primary containment did not fail or
leak in a major direct dry pathway to the environment.

This experience indicates that leakage from process line pathways should not
provide a major source of release. If it was a major pathway, it would be con-
sidered a bypass accident (see Section 45.2.1.4). Therefore, this pathway is
not considered in the method developed here because it should nt provide major
offsite consequences.

4.5.2.1.7 BWR Primary System Breaks/Leaks

The BWR primary system (e.g. steam lines) extends beyond the primary contain-
ment. During a severe accident, these systems are isolated by valves that con-
fine all primary system coolant to the primary containment. This section will
assume that this isolation has taken place successfully and that the release
from the primary system break is into the BWR primary containment.

There is another big difference between the PWR and BWR. In the event of a
large break in the primary system (shown as pathway A-1 on Figures 48 49, and
4.10), the steam blowdown from the break flows down into the dry well where it
will be directed into and through a suppression pool (shown as pathway A-2 on
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Table 410 PWR baseline coolant concentrations for various levels of core dam-1411"

Core inven- Gap coolant Melt cool- TMI concen-
tory Normal con- Gap concentra- Melt ant concen- tration
(1000 MWO centration release tion release tration +48 hrs*

Nuclide (CO (PCi/g) fraction (Pci/g) fraction (PCi/g) (Pci/g)

Kr-85 5.60x105 4.30x1O-I 3.00XIO_2 6.72x101 1.00 2.24xjO3 -
Kr-85m 2.40xiO7 1.60xIO-1 3.0OX10-2 2.88XJ03 1.00 9.60xJ04 -
Xe-133 1.70xios 2.60 3.0OX10-2 2.04xjO4 1.00 6.80x105 -
U-135 3.40xlo,? 8.50x1O-I 3.OOXJO-2 4.08xJ03 1.00 1.36xlOrl -
1-131 8.50xJ07 4.50xjO_2 2.00XIO_2 6.80x103 1.00 3.40x105 1.30xJ04
I-133 1.70x108 1.40xIO-1 2.0OX10-2 1.36XI04 1.00 6.80xIO5 6.50x103
I-135 1.50x108 2.60x1O-1 2.00XIO_2 1.20XJ04 1.00 6.0OX10s
Cs-134 7.50x106 7.JOXJO-3 5.0OX10-2 1.50xJ03 1.00 3-OOXJ04 6.30x101
Cs-137 4.70x106 9.40x1O-3 5. OOXIO-2 9.40x102 1.00 1.88xjO4 2.80XI02
Sr-90 3.70x106 1.20x1O-5 0.00 LWO-rl, 7.OOXIO-2 LOU103 5.30
Np-239 1.60x109 2.20xlO-3 0.00 2.2xjO_3 J.OOXJO-4 6.40xJ02 -

Assumptions: WASH-1400 inventory.
co ANSIANS 18.1-1984 normal coolant concentrations.

2.5x101 kg primary coolant inventory.

*Concentrations of sample taken 329/79, 1600 counted 330/79 >48 hours after accident).



z Table 411 BWR baseline coolant concentrations for various levels of core damageC
M
rn
0 Gap Melt

�ore
inventory Normal Gap coolant Melt coolant
(1000 MWO concentration release concentration release concentration

Nuclide (Ci) (pCi/q) fraction (PCi/g) fraction (Pci/g)

Kr-85 5.60XI(5 0.00 3.0OX10-2 9.88x1OI 1.00 3.29x103
Kr-85m 2.40XJ07 0.00 3.0OX10-2 4.24XI03 1.00 1.41xIO5
Xe-133 1.7OX108 0.00 3.0OX10-2 3.00XJ04 1.00 J.OOX106

Xe-135 3.40XJ07 0.00 3.0OX10-2 6.OOxlO3 1.00 2.00xIO5
I-131 8.50X107 2.20xlO-3 2.OOXJO-2 J.OOX104 1.00 5.00x1O,5
I-133 1.70x108 1.50XIO-2 2.OOXIO-2 2.00XJ04 1.00 1.00xior
I-135 1.5OX108 2.20XJO-2 2.ODXJO-2 1.76xJ04 1.00 8.82xIOs
Cs-134 7.50x106 3.00xlO-5 5.OOXJO-2 2.2Ix1O3 1.00 4.41XJ04
Cs-137 4.70XJ06 8.00x1O-s 5.OOXJO-2 1.38x103 1.00 2.76xJ04
Sr-90 3.70x106 7.OOXJO-6 0.00 0.00 7.0OX10-2 1.52x1O3
Np-239 1.60x109 8.0OX10-3 0.00 0.00 J.OOX10-4 9.41xIO2

Assumptions: WASH-1400 inventory.
ANSI/ANS-18.1-1984 normal coolant concentrations.
1.7x105 kg of coolant.



Figures 48 49, and 410). As discussed in Section 45.1.1.4, this pool can
t-e very effective in removing fission products.

nerefore, if the primary system break is such that it does not fail the dry
well before core damage--thus ensuring the major portion of the release is
-Lnrough the suppression pool--the reduction factors for the various pool condi-
iions listed in Section 45.1.1.4 (Table 46) should be assumed. Obviously, if
the dry well fails before major release from the fuel, allowing the suppression
pool to be bypassed, no credit should be given for the suppression pool.

4.5.2.1.8 BWR Autonatic Depressurization System and/or Safety Relief Valves

SWRs are equipped with an automatic depressurization system (ADS) that is de-
signed to reduce the pressure in the primary system in the event of an accident
so that the low-pressure emergency cooling system can inject water into the
core to provide cooling. Automatic initiation of the ADS requires the following:
(1) high dry well pressure, 2 low water level, 3 confirmation that a core
spray train or residual heat removal (RHR) train is operable, and 4 a
120-second delay. The ADS is a subset of the safety relief valves RVs) that
are designed to prevent overpressurization of the primary system. The SRVs/ADS
can open early in an event. If the systems designed to replace the water fail
after the SRVs open, core damage could result. If the SRVs open following core
damage, the products contained in the steam release to the suppression pool can
be assumed to be scrubbed. The SRVs discharge into the suppression pool (see
Figures 48 49, and 4,10, pathway A-3).

The flow rate in the suppression pool is limited by the capacity of the SRVs,
and the slow-flow condition should be assumed. Under these conditions, the RDF
of the pool is a function of pool temperature; for example, a subcooled pool
would assume an RDF of 001 and a saturated pool would provide an RF of .05.

4-5.2.2 Primary Containment (Fourth Fission Product Barrier)

In many PWR accidents the primary containment would be the last fission product
barrier. Most BRs and some PWRs have the equivalent of a secondary containment
or confinement that encloses the primary containment structure. In some cases
the leakage out of the containment may be into other structures such as the
auxiliary building. These structures will be discussed later.

This section will discuss primary containment failures only; these failures are
s hown as the pathways on F i gures 4 6, 4 7 4 4 9 and 4 10. The f u I range
of containment failures will be considered. At the lower end of the consequence
scale is leakage less than design limits, and at the upper end is catastrophic
failure allowing direct releases to the atmosphere.

In addition to discussing reduction factors, the 1-hour escape fraction (EF)
also will be characterized. If it is assumed that all available fission pro-
ducts are in the containment atmosphere, the EF can be approximated by the frac-
tion of the containment volume released in I hour.

The fission products suspended in the containment atmosphere, thereby available
for release following containment failure, will be reduced with time by natural
processes and by the actions of containment spray (if available). The RDFs
specified inTable 44 should be assumed. NUREG-0956, "Reassessment of the
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Technical Bases for Estimating Source Terms," concluded that for most core
Camage accidents, "the largest single factor affecting source term is contain-
ment behavior. A delay of several hours in containment failure will reduce
so�jrce term significantly." This is clearly reflected in the reduction factors
as a function of time, listed in Table 44.

There are a number of containment configurations. Containments are designed to
withstand the pressure resulting from a depressurization of the primary system
(blowdown). They also are used to contain any radioactive material released
from the primary system.

A large, dry PWR containment building is generally free standing and is designed
to withstand the blowdown resulting from a failure of the primary system. These
containments vary in size from about 1.5 to 35 Mft3. Some of the smaller con-
tainments are maintained at pressures below atmospheric (subatmospheric contain-
ments). The other type of PWR containment is the ice condenser containment,
which uses a large bed of ice to absorb the energy from a primary coolant blow-
down. This ice bed can provide substantial reduction in fission product in the
blowdown as discussed in Section 45.1.1.5.

An important point, illustrated in Figure 43, is that a large radionuclide re-
lease does not require that the top of the containment be "blown off." Releases
are insensitive to hole sizes larger than about 2 ft2. For the large-LOCA se-
quence, the pressures in the containment would rise at a much greater rate than
for the small-LOCA sequence. A larger hole size would allow for a rapid pres-
sure decay in the containment; thus, the driving pressures would be substan-
tially reduced when fission products were released to the containment following
initial blowdown. In summary, the consequence of an open containment penetra-
tion will vary, not necessarily with hole size but with accident sequence.

4.5.2.2.1 Design Leakage

The design leakage release is shown in Figures 46 47 48, 49, and 410 as
pathway -1. Each plant is allowed leakage rates between 0.1 and 0.5% a day of
containment volume at design containment pressure. For lower pressure, contain-
ment leak rates should be much less than design as was the case during the TMI
accident. Table 49 shows the EF that can be assumed for various containment
failure/leakage cases. Under accident conditions, the leakage could be expected
to increase. Some likely sources of containment leakage are penetrations such
as process piping or air locks. Containment penetrations and seals are not de-
signed to withstand the environment conditions in the containment following a
core damage accident. Over an extended period of time (hours), the adverse con-
ditions within the containment building may cause the containment penetrations
and seals to deteriorate, thereby allowing the leak rate from the containment
to increase. Large leakage is more appropriately treated as failure to isolate.

4. 5 2 2. 2 Isol ation Fai I ures

Because the containment building is the final barrier to fission product release,
pipes that penetrate the containment building are considered an extension of
the containment boundary and must be capable of isolation. Systems penetrating
the containment that serve a safety function, however, are not automatically
isolated when containment isolation is initiated. A PWR and BWR release pathway
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attributed to a failure to isolate is shown as B-2 in Figures 46 47 48,
4 9 and 4 10.

Containment isolation failures (failure to isolate one or more penetrations and
failures involving the signal that actuates containment isolation) can provide
release pathways for fission products retained in water or suspended in the
a--mosphere. Some of these pathways lead to other areas of the plant outside
the containment building where the fission products may be held up temporarily
or indefinitely; however, other pathways lead directly to the environment.
There are a wide range of possible isolation valve failure sizes. This analysis
uses the type of failure assumptions used in various consequence studies.

Isolation failure typically refers to a failure of the isolation valves to go
to their required (closed) position. In this assessment, it is assumed that an
isolation failure is the result of the failure of the valve seals. In Table 49,
it is assumed that a failure to isolate is equivalent to 100%/day leakage.
This approximates leakage of purge and vent system isolation valve seals. These
valves are typically butterfly valves ranging in size from 20 to 40 in. in diam-
eter. The metal-to-metal clearance between the valve disk and body is normally
between 116 and in. Therefore, for a 40-in. diameter valve, a total seal
failure would correspond to a 6-in.2 hole (NUREG-1037). In WASH-1400, the
assumption was that a failure to isolate corresponded to 1000 times design
leakage 100%/day). This equals about an 8-in.2 hole. Therefore, the 100%/day
assumption for the failure of the isolation valve seals appears to be reasonable.
However, -this does not characterize a major failure of an isolation system that
results in a 1-ft2 hole or larger, which should be assumed to be a catastrophic
failure.

4-5.2.2.3 Catastrophic Containment Failures

A catastrophic containment failure is one that results in release of a large
fraction of the fission products in the containment atmosphere in a short period
(1-2 hours). The -hour EF for this type of failure is (Table 49). This
pathway is shown as B-3 in Figures 46, 47 48 49, and 410. This type of
failure could be a very violent event. In such a containment failure, the fis-
sion products in the containment atmosphere would be carried to the outside
atmosphere along with the pressurized gases through the breach in the contain-
ment shell. Some settling and plateout would be expected to prevent some of
the fission product aerosols from being released. However, the turbulence and
pressure reduction in containment could result in resuspension of some of the
aerosols that had previously settled out, thus offsetting somewhat the pre-
viously mentioned effects.

A brief description of those accident conditions that result in this type of
failure will now be discussed. There should be indicators in the control room
(e.g., containment hydrogen levels or pressure) that indicate conditions with
the potential to cause catastrophic containment failure. However, the actual
timing or even occurrence of catastrophic failures would be very difficult to
predict during a severe accident. This is further complicated because this
type of failure has little warning. The great uncertainties associated with
containment response. given core damage, are shown in Figure 412. This figure
is the latest (HUREG-U50) estimate of the range of probability of early con-
tainment failure. This figure also shows that early containment failure cannot
be ruled out, given cot damage.
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4. 5 2 2 3 Hydrogen Detonation/Burns (NUREG/CR-2726)

-- e hydrogen-producing phenomenon that occurs during severe accidents is the
reaction between the fuel cladding (Zircaloy) and coolant (water). The extent
t: which hydrogen would be produced from cladding/coolant reactions depends on
the particular accident sequence, although any accident that results in severe
-=-e damage will generate substantial amounts of hydrogen. Zircaloy-water reac-
+.-�ons were the primary source of hydrogen generated durirg the TMI-2 accident.

If the accident progresses to the point of whole or partial core melt, the
molten core will slump downward, melting as much as 200,000 pounds of steel.
When the molten steel comes into contact with the water retained in the reactor
vessel's lower plenum, the steel will oxidize and produce hydrogen. Any molten
steel that enters the reactor cavity may oxidize and produce hydrogen. For
conditions in which the fuel debris bed is uncoolable, fuel-concrete interac-
tions will yield further hydrogen.

Hydrogen that accumulates in the containment cannot ignite until it reaches a
concentration of at least 4 (with an oxygen concentration greater than ).
However, the reaction between hydrogen and oxygen will not be complete unless
the hydrogen concentration is above 8. In addition, sufficiently high steam
concentration can prevent hydrogen detonation. Therefore, under some accident
conditions, actuation of the containment spray could reduce the steam concentra-
tions in the containment resulting in conditions that could support combustion.

The triangular diagram, Figure 413, shows the relationship between air, hydro-
gen, and steam required for combustion. Hydrogen ignition will produce a large
flare in the containment that would be sustained for a time on the order of
minutes, depending on the hydrogen concentration. An ignition source could be
p"vided by sparks from electrical equipment in the containment. The early
presence of an ignition source would allow the hydrogen present in the contain-
ment to burn, potentially precluding hydrogen accumulation to detonable levels.

Hydrogen detonation would require hydrogen concentrations in excess of 13%,
depending on the concentration of steam in the containment atmosphere. It
should be noted that a hydrogen detonation, either global or local (as a result
of stratification), will not necessarily fail containment. Generally a hydrogen
d e tonation would need to take place in a high-pressure environment to be able
to fail a containment. The probability of containment failure will depend on
tt-e ultimate pressure capacity of the containment as well as the shock wave
characteristics of the detonation. Since hydrogen can be a threat to contain-
me-it, there are provisions for its control and monitoring during accidents.
Most PWR ontainments have recombiners or igniters that burn the hydrogen before
dangerous amounts can accumulate. Some BWR containments are filled with nitro-
gen gas so that the hydrogen cannot burn. However, the containments are not
normally filled with nitrogen during the first month of operation.

4.5.2.2.3.2 Steam Explosions, Direct Heating, and Missiles

In-vessel steam explosions have been postulated to cause reactor vessel head-
mounted components, such as a control rod drive mechanism, to become detached
with enough energy to penetrate the containment. Many recent studies performed
or the potential for steam explosion-induced missiles have concluded that con-
tainment failures as a result of such explosions may be physically impossible
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=-j are considered highly unlikely. Steam explosion-ind.ced missiles are men-
-:-;--ned here primarily because they have been considered in risk assessments
I e. , WASH- 1400) and not because they are a i ke ly conta i nment f a i I ure mode.

Externally generated missiles also have been studied in risk assessments and,
2--though containment failure as a result of missiles is rst entirely nonmecha-
r-:stic, it is considered to be of extremely low probability. Potential sources
:--; externally generated missiles include aircraft and large, high-velocity
ceoris created during tornadoes or hurricanes.

In recent years a ew concern has been raised. In certain reactor accidents,
such as those initiated by station blackout or a small-break LOCA, degradation
cf the reactor core can take place while the reactor coolant system remains
pressurized. Left unmitigated, core melt will slump and collect at the bottom
of the reactor vessel. After boiling off the remaining water in the vessel,
the molten core materials will start attacking the bottom head of the reactor.
When the bottom head of the reactor vessel is breached in such accidents, the
core melt will be ejected under pressure. The ejected materials are likely to
b.e dispersed out of the reactor cavity into surrounding containment volumes as
fine particles, quickly transferring thermal energy to the containment atmo-
sphere. In addition, metal contents of the ejected core debris, mostly zir-
conium and steel, can react with oxygen and steam in the atmosphere to generate
a large quantity of chemical energy, heating and pressurizing the containment
further. The term Odirect containment heating" (DCH) is used in the present
discussion to describe this complicated physical/chemical process.

It has been postulated that this type of event could result in containment fail-
e-e. Because the primary system must be at high pressure at the time of the
relt-through to have direct containment heating occur, it is usually considered
c-,ly for PWRs- For a further discussion of the current position on this issue,
see Draft NUREG-1150, Vol. 2 Appendix J, Section .

4-5.2.2.3.3 Containment Overpressurization

Containments are designed to accommodate the pressure resulting from a bowdown
of the primary system. However, if the primary system continues to release
energy into the containment, operation of safety systems are required to remove
heat and prevent an overpressurization and possible failure of the containment.
Tnerefore, failure of the safety system required to control containment pressure
cc.ild result in catastrophic failure.

Tre response of a specific containment above design pressures to include point
cF f ai I ure cannot be predi cted. However, as part of the NRC effort to reassess
the technical basis for estimating source term, the Containment Performance Work-
ing Group (CPWG) was established. This group concluded (NUREG-1037), for risk-
dominant sequences, t1kat the accident environment (pressure/temperature) inside
the containment does not challenge its integrity in most cases until several
hours after the reader vessel failure. Major reasons for this conclusion are
(1) the more detailed accident progression modeling following the reactor vessel
failure and M industrywide studies of containment capability pressures.
Containment capability pressures used by the CPWG are presented in Table 412.
It is important to mote from Table 412 that the estimated failure pressures are
2 to 3 times the designpressures.
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Table 412 Sample containment design pressures and fi-lure pressures

Allowable Total con- Estimated
leak rate tainment Desi:- failure
volume free volume Presi-re pressure

P- Bnt/type (%/day) (103 ft3) (Ps-: (psig)

Z'3n/PWR large, dry 0.1 2,600 4 7 134
Surry/PWR subatmospheric 0.1 1,800 45 119
Sequoyah/PWR ice condenser 0.25 1,200 12 50
Peach Bottom/BWR Mark I 0.5 280 62 117*
Limerick/BWR Mark II 0.5 410 55 140
Grand Gulf/BWR Mark III 0.4 1,670 15 60

*The capability pressure predicted for Browns Ferry was �.sed.
Source: NUREG-1037.

4-5.2.2.4 Containment Bypass

As discussed in Section 45.2.1.4, there are accidents tfat can result in fail-
ures that allow releases of fission products from the primary system so that
they bypass the containment. None of the containment reduction mechanisms can
be assumed to affect this release. However, if the release is into another
structure (e.g., auxiliary building), the reduction mechvism associated with
this path should be considered (e.g., holdup).

4.5.2.2.5 Controlled Venting of Containment

As discussed in NUREG-1210, Vol. 3 the licensees have eergency operating pro-
cedures EOPs) used by te control room staff to ensure tat critical safety
functions are maintained during severe accidents. In man cases these procedures
call for venting of the containment as a last resort act-:-n to prevent cata-
strophic containment failure resulting from overpressurizition. Some plants
also may use venting to control hydrogen concentrations.

Plant conditions that would warrant venting would most 1-tely also result in a
highly contaminated containment atmosphere. Containment enting provides a
pathway to the atmosphere for any suspended fission prod-:ts.

The assessment of this strategy in terms of offsite conse-uences may be one of
the most important applications of the methods discussed -n this manual. A
comparison of various fission product reduction mechanisms provides the basis
to determine whether or not to vent containment.

In BWRs venting is from the wet well (8-5, Figures 48, 4.9, and 410) through
the standby gas treatment system (C-2, Figure 4.8). The Ws for this pathway
would be those associated with releases through the suppression pool (Sec-
tion 45.2-1.7). The effectiveness of the standby gas teatment system was
discussed in Section 45.1.1.3.1.
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Many plants have EPs that instruct the operators to consider venting before
pressures in containment reach the ultimate capacity point. The major vent
raths for a BWR Mark I containment are the wet-well and dry-well 18-in. vent
and purge lines. There are smaller diameter lines (i.e., 2-in. and 6-in. lines)
c-)ming off the 18-in. headers that also can be used. The EPs will generally
instruct the operators to use smaller vent paths first, to ensure that the re-
lease path is no larger than necessary (NUREG/CR-4696). If core damage has
occurred, suppression pool vent paths are to be used before dry well paths to
take advantage of suppression pool scrubbing of fission products.

Although provisions for venting are included in the operators, EPs, it is
highly uncertain whether or not initiation of venting would be effective during
a severe accident. Because only a short section of the vent path is schedule
40 steel pipe and the rest is duct work similar to that used in standard heat-
ing and ventilating systems, the vent path may rupture under high-pressure con-
ditions. Even if the vent lines did hold up, it may be difficult for the
operator to establish controlled venting. Because the vent and purge valves are
containment isolation valves, they will get a signal to close on high dry well
pressure. To open these valves, technicians will have to go down to the cabinet
and jumperout the containment isolation signal. In the event of a station
blackout, where there will be no power available to open the valves, the equip-
ment operator will have to manually control the valve at its location. Opening
the valve may require more than just turning a handwheel. For example, opera-
tors may have to connect a bottle of compressed gas to the valve operator with
copper tubing and control the valve position by-manual manipulation of the re-
gulator on the gas bottle. Because of the extreme environment that may be pre-
sent (i e heat, radiation, steam, etc.), it may be impossible for the operator
to stay at the valve location very long, if at all.

Venting under an anticipated-transient-without-scram (ATWS) condition is a spe-
cial case. Because of the large pressures that may exist in containment, it
might be necessary to use all four 18-in. vent paths. Thus, at least half of
the fission products released through venting would be unfiltered.

PWR venting would be directly to the atmosphere with no filtering (filter fail-
ure) and should be treated either as a failure to isolate 8-2, Figures 46 and
4-7) or catastrophic failure (B-3, Figures 46 and 47) depending on the release
rates. These pathways are discussed in Sections 45.2.2.2 and 45.2.2.3, re-
spectively. Thus, the only advantage of venting in a PWR is that the release
may be controlled. For a further discussion of containment venting, consult
Vol. 3 of NUREG-1150.

4-5.2.3 Other Barriers

BWR primary containments are enclosed in a secondary building containment) that
is designed to confine and filter leakage. This structure is not designed to
withstand the pressure from a major failure of the primary containment. However,
studies suggest that this secondary structure would reduce the release fraction
by a factor of 2 to 4 (Denning and Cybulskis, 1986).
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S,--.e PWRs also have an enclosure that acts to collect and filter any containment
leakage. In addition, any release pathway from the primary containment may re-
lease into other structures such as the auxiliary or turbine buildings. These
structures most likely would not withstand a major release, but could confine
leaks long enough for significant reduction to take place. In some cases, the
structures also may have filtered vents.

If the release is into a structure and it does fail, the fission products will
be reduced by processes discussed in Section 45.1.1.2.

If the structure has filter systems, the removal of fission products by the fil-
ter will be in accordance with that discussed in Section 45.1.1.3. In the PWR
(Figures 46 and 47) this is shown as C-3. If the structure fails or there
are no filters, the release is shown as C-2.

In the BWR there is a standby gas treatment system (SBGTS) as discussed in-Sec-
tion 45.1.1.3-1. The SBGTS takes action in many areas in the plant basically
as shown in Figures 48 49, and 410. If the flow through a filter system
(e.g. SBGTS) (C-2, Figure 48) is slow and dry, it can be expected to have an
OF of 0.01 99% or greater efficiency). However, if the flow is heavily loaded
with steam or aerosols or if it has a very high-pressure flow rate, the filters
would be expected to rupture. In general, this would be the assumption if there
were a major failure of the primary containment.

4.6 Plant Instrumentation

The method for determining the source term associated with a given release re-
quires proper interpretation of only a minimum set of radiation monitors and
key plant parameters to characterize a limited set of accident conditions as
they were described previously. Later on in this section, a sample hand calcu-
lation of the source term will be performed, using the information presented in
thi s document.

Licensees have developed procedures to relate some instrumentation to plant con-
ditions. Typically these procedures show the relationship between containment
monitor readings, water level, or thermocouple readings to core conditions.
These relationships must be used with caution (NUREG-1210, Vol. 2.

4.6.1 Radiation Monitors

During a major accident, radiation monitors can provide valuable information on
release pathway, gross release rates, and gross levels of core damage. Unfor-
tunately, the TMI accident demonstrated that these monitors also can be a source
of confusion. Each of the three types of radiation monitors (process, contain-
ment, and area), with the potential to provide the most useful information, con-
fused the issue instead. Figure 414 shows the response of some of the process
monitors during the TNI accident. The figure is clear, although the information
during the accident was not. Figure 414 is a summary of 30 in. of tape from
the recorder chart with some monitors not shown. Initially most of the monitors
showed little response to the accident. As Figure 415 illustrates, several
instruments, containment, incore instrument tank, and south refueling bridge
monitors all responded to the high radiation released at the start of fuel fail-
ure. The trend of the containment monitor shows two discrete steps of about a
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factor of 10 increase. The first step is at the start 625) of fuel failure
(gap release) and the second at about 7:15. It is clear from the relative in-
creases over 45 minutes that major releases from the core (and fueT �damag`i) were
in progress.

Figure 415 shows the area radiation monitor response during the TMI accident;
again, this is a summary of 30 in. of tape from the recorder chart. The opera-
tors had to glean this information from 30 in. of the tape from the recorder
chart with twice the number of traces, all of which were printed poorly.

The containment monitor was also a major source of puzzlement because the con-
tainment dome monitor, located in a 2-in. lead shield, was yielding almost an
identical dose rate as the unshielded south refueling bridge monitor. After
considerable effort, it was determined that two errors were involved: (1) the
wrong scale was on the recorder and 2) the monitor was not calibrated to
account for the shielding. This was compounded during the actual event by the
operator misreading the monitor. The monitor readings in milliroentgen were re-
ported as roentgen. Calculations made after the accident show that the true
radiation level was 700 R/hr by 7:30.

The most important area radiation monitor is the containiment monitor. As part
of the TMI upgrades, BR licensees have installed redundant gamma monitors on
opposite sides within the dry well and two monitors in the wet well. These
monitors have a minimum range of 10'?R/hr gamma (NUREG-0737), and they could
provide useful information on the type of accident. They would allow the opera-
tors to determine if there was a break (LOCA) into the dry well or if coolant
was being lost by relief valve blowdown directly into the suppression pool.
The radiation levels also may indicate the level of core damage for those acci-
dents that involve direct releases into the containment.

Table 413 shows typically derived relationships between containment monitor
levels and postulated core damage states. These would be key indicators of the
level of threat in many accident sequences (but not for containment bypass
accident sequences). Because of the basic accident scenario (release) assump-
tions used for the estimates, monitoring efficiency, shielding, location in the
containment, or other site-specific factors, there is a large variation in the
plant-specific estimates associated with levels of core damage. Nevertheless,
radiation monitor readings will increase by several orders of magnitude for
progressively more severe core damage levels and the plant operator should be
able to recognize the difference between a big and a little problem. For pur-
poses of comparison, a 1- to 100-R/hr reading should be expected following a
large-break LOCA. Further increases following this spike should be considered
as an indication of core damage.

The nuclear service cooling monitor response shows a second point of confusion
during the T accident. These monitors are in the auxiliary building and are
intended to detect leaks into nonradioactive systems. These monitors, like many
other monitors, were not responding to their "nameplate" source, but to other
sources in the vicixity. In this case they were responding to highly radioactive
gas in a vent header. If the operators had believed the "nameplates" on the
monitors, they would Live concluded erroneously that radioactive material was
leaking into the nuclear service water.
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Table 413 Typically calculated relationships between
containment monitors and core damage

Assumptions

100% gap 1% core 10% co-e 100% core Type of
Plant activity activity activity activity reactor

A 400* 4,000 40,000 - PWR
B 1,900 1,900 18,000 200,000 8WR
C 165,000 - - - PWR
D - 5,000 50,000 500,000 8WR
E 100,000 10,000 100,000 1,000,000 BWR

*Containment monitor reading in R/hr.

Finally, the way the radiation monitors fail during an accident can be very con-
fusing. There were failures of radiation monitors at TMI and during other plant
events that left the monitors on scale. In fact, some monitors may fail and
show mid-scale readings.

In summary:

The radiation monitoring system has been designed generally for normal operation.
In the event of an accident, many of the monitors would be isolated and not
available to aid in the assessments. The area radiation monitoring system (ARMS)
and exhaust monitor may provide limited information on the movement of material,
pathway location, and gross level of problem. The containment monitoring system
could be useful in determining the type of accident and gross degree of core
damage for accidents involving releases into the containment, provided the pre-
calculated relationships between monitor response and damage state are based on
similar assumptions.

As discussed earlier, the radiation monitors during the TMI accident were more a
source of "puzzlement than of enlightment" (Babcock Wilcox, June 1981).
Many of the monitors responded to sources of radiation that were not intended
to be monitored (e.g., contaminated water being pumped through nearby lines).
Therefore, many of the 'nameplates" on the monitors did not indicate what was
actually being monitored. In addition, the fact that a monitor does not indicate
a problem does not mean that it is not being bypassed.

Information from radiation monitors should be considered along with all other
information to determine what is going on. If a monitor reading is not consis-
tent with accident conditions, the following questions should be asked:

Is the monitor being influenced by some other source of radiation or other
plant conditions?

Is the flow/sample, etc. representative?

Is the monitor shielded?
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What is the effect of different nuclide mixes?

How was the instrument calibrated; what assumptions were used?

Has the monitor failed?

Is the monitor being read correctly?

Finally, the release may be by a pathway that is not being monitored.

4.6.2 Grab Samples

Under some circumstances, it may be desirable to take grab samples from selected
locations within or surrounding the plant. Licensees are required to have pro-
visions to sample and analyze effluent, primary coolant, and containment atmo-
sphere samples within 3 hours. The capability to quantify radionuclides, hydro-
gen levels, and boron levels is provided. Detection of hydrogen in samples in-
dicates core damage and may be useful in estimating the possibility of contain-
ment failure. Analysis of boron concentrations is important to ensure the core
will remain subcritical. Grab samples can be analyzed using gamma-ray spectros-
copy and a multichannel analyzer to identify the various radioisotopes that were
included in the sample. dentification of radioisotopes will help identify the
degree of core damage. Some radionuclides, especially nonvolatile elements such
as ruthenium, will be released only if the fuel has mted. Thus, if a signifi-
cant amount of ruthenium is detected, it could be assumed that fuel damage has
occurred. The largest drawback associated with a grab sample is that it fre-
quently requires a considerable amount of time to collect and analyze and does
not provide the prompt feedback that may be necessary for emergency action
decision-making purposes. In addition, the gaseous samples may not be represen-
tative of the area because of plateout in sample lines. As discussed in Sec-
tion 14.1, samples may be the oniv method to fully characterize the release out
of the effluent pathway.

Coolant samples taken before an accident are often used as the basis to calcu-
late coolant release. The problems associated with this are discussed in Sec-
ti on 3 4 The actual concentration at the time of a release could be orders of
magnitude off as a result of iodine and cesium spikes or further core damage.

4.6.3 Key Plant Parameters

Radiation monitors can provide very valuable information about the location,
pathway, and magnitude of a release. However, radiation monitors may not be
accurate indicators of release trends. Changes in the release rate occur pri-
sarily as a result of changes in the accident scenario that affect fission pro-
duct release mechanisms. Thus, these changes in the accident scenario would
provide the most valuable information relative to fission product release trends.

Changes in the accident scenario are determined primarily by monitoring and
interpreting indications of key plant safety parameters. Although emphasis is
placed on the key safety parameters, other parameters also may provide valuable
information to the operator that would better enable the operator to correctly
assess the progression of the accident. A brief discussion of some key plant
parameters and their relationship to the accident follows.
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4 6 3 Core Temperature

4 6 3 1. 1Pressurized-Water Reactor

T�,e PWR core exit thermocouples are typically located 0 inches or more above
the top of the active core. They respond to the temperature of the coolant
wten the core is covered or to steam and hydrogen if the core is uncovered.
Generally the thermocouples are considered the best anc most direct means of
assessing the degree of core damage.

Some information relative to the accuracy of thermocouples during degraded acci-
dent conditions has been gleaned from the TMI-2 accident (see Figure 416). A
temperature profile of the TMI-2 core was manually recorded on March 28, 1979
between 8:00 and 900 a.m. (NUREG-0600) from the readings taken by instrument
and control technicians directly off the wires that lead to the in-core thermo-
couples. This action was taken when the thermocouple readings from the plant
computer printout consisted of only question marks (????). Unbeknown to the
operators, the plant computer was overburdened and underranged for the core
temperatures that existed. As shown in Figure 416, very high temperatures
( i . e. , greater than 2200'F) were recorded in several 1 ocati ons (e.g. E9, F7,
K9, G5, and H), whereas very low temperatures (i.e. less than 600'F) were mea-
sured in other locations (H1, L6, and P6). The reasons for these discrepancies
are complicated and beyond the scope of this report. It should suffice here to
say that the in-core thermocouple readings were rejected by plant personnel dur-
ing the TMI-2 incident, primarily because of the discrepancies that existed.-

Following the TMI-2 experience, it was concluded that termocouple data can be
relatively accurate below 1000'F and are most likely within 125FO of the sensed
temperature. On the other hand, at temperatures above 2500'F, the data are more
likely to be inaccurate. However, the important lesson from TMI-2 is that, even
if major discrepancies exist, core thermocouples readings should not be ignored
and may provide confirmation of fuel damage when considered with other indica-
tions such as the radiation levels already discussed.

4-6.3.1.2 Boiling-Water Reactor

The BWR temperature instrumentation is found in the recirculation loops and on
the outside of the reactor vessel. During accidents, the flow in the recircula-
tion loops may be interrupted and the instruments outside the vessel would take
a very long time to respond. For these reasons, the instruments are of little
value in determining core temperature (NUREG/CR-2726).

4-6.3.2 Reactor Coolant Temperature and Pressure

The pressure and temperature of the reactor coolant are measured in various
locations within the reactor coolant boundary. Typically, the hot-leg (reactor
vessel outlet) temperature is measured by several sampling probes located inside
the hot-leg piping of each reactor coolant loop. Similarly, the cold-leg (reac-
tor vessel inlet) temperature is measured by probes located inside the cold-leg
piping of each reactor coolant loop. In a PWR, an average loop temperature is
calculated by adding the hot-leg and cold-leg temperatures and dividing by two.
Reactor coolant system pressures are measured in selected locations with pres-
sure transducers. Together, reactor coolant pressure and temperature indications
can provide very valuable information relative to the thermodynamic state of
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t-e reactor coolant. If the temperature in the reactor colant system is greater
*6-an the saturation temperature corresponding to the coolant pressure, then the
reactor coolant has turned into steam. An indication of the presence of super-
heated steam is an indication of an uncovered core.

4. ;� 3 3PWR Pressurizer Level

1- a PWR, the pressure is maintained at a constant level by means of a pres-
surizer. Under normal steady-state operation, the pressurizer is filled with
about 60% water and 40% steam. This mixture is maintained at saturation tem-
perature by an electric immission heater (located in the bottom of the pres-
surizer vessel) and a spray system (located at the top of the pressurizer ves-
sel). In addition, the spray system and electric immission system control minor
increases and decreases in system pressure, respectively. Large pressure in-
creases that cannot be controlled by the pressurizer spray system are accommo-
dated by relief valves that open when a predetermined set point is reached.
The steam from the pressurizer is vented through the relief valves to the pres-
surizer relief tank. The pressurizer relief tank is vented to the containment
if the design pressure is exceeded.

Pressurizer-level readings provide an indication of the water level in the pres-
surizer. They may not provide an accurate or reliable indication of reactor
vessel water level. An important case in point is the THI accident. Stuck-
open relief valves led the TMI operators to believe that the primary coolant
system was full of water when, in fact, the core was in the process of becoming
uncovered.

4-6.3.4 Reactor Vessel Water Level

4.6.3.4.1 BWR Water Level Indicator

For a BWR the water level indicator is often considered the best indicator of
potential core damage. If the core is sufficiently uncovered >2/3) for a
period of time, fuel damage is expected. There are several reactor vessel level
instrument ranges. The narrow- and wide-range instruments measure the reactor
vessel water level in the annulus during normal operation. The shutdown-range
instrument measures the reactor vessel level during shutdown and refueling. The
shroud-range instrument, unlike the other instrumentation, measures the water
level within the core shroud and would be utilized primarily during accident
conditions.

One problem with old BWR designs is that a break into the dry well could cause
the level reference leg to heat up. The result is that the instruments indicate
a higher water level than actually exists. New plants do not have this problem.
However, care should be taken and reliance should not be placed solely on BWR
water level to predict core damage (NUREG/CR-2726).

4.6.3.4.2 PWR Vessel Coolant Level Detectors

Before the THI accident, reactor vessel coolant level detectors were not used
with PWRs. Currently, some type of level detector within the reactor vessel
must be installed at all WRs. The pressurizer-level detector provides a
diverse means of determining whether the reactor core is covered with water.
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4 6 3 Engineered Safety Feature and Critical Safety FLnCtion Status Indication

The operability of engineered safety features (ESFs) such as the emergency core
czoling system (ECCS) and the residual heat removal system (RHRS) may be very
Z_:)ortant following the initiation of an accident. For example, during the
'rv: accident when a relief valve stuck in an open position and consequently
c-zjsed the reactor coolant pressure to drop to 1600 psig, the high-pressure
safety injection system (part of the emergency core cooling system) was auto-
matically initiated. Had the operators not bypassed this system (i.e., placed
the system on manual control) and throttled flow to the reactor, the core would
have remained coolable. For LOCAs like that at TMI, the unavailability of an
ESF may have a substantial effect on the magnitude of the release. The control
panels of the ESFs are kept separate from other controls in the control room.
The operability of the ESFs can be verified from this panel.

Since the TMI accident, the procedures used by the control room staff to respond
to an accident have been revised to concentrate on maintaining a set of critical
safety functions. The control room staff has procedures for monitoring the
status of these critical safety functions. These functions have a direct
relationship to maintaining fission product barriers as shown in Figure 417.
These barriers can fail only if the appropriate critical safety function is
lost. Obviously, critical safety function status can provide good indications
of fission product barrier status. This is discussed further in NUREG-1210,
Vol. 2 3 and 4.

4.6.3.6 Containment Isolation Status

AS discussed previously, two primary reasons exist why containment may fai'l to
i sol ate. The first involves a failure of the containment isolation signal that
precludes initiation of isolation valve closure. This type of failure, which
would allow all the containment penetrations to remain open, constitutes the
largest release path attributable to containment isolation failures. The second
involves the failure of one or more penetrations to close as a result of valve
or instrument failure. The consequences of containment isolation failures of
the second type would depend on the size and the nature of the line penetrating
the containment. For example, failure to isolate the containment ventilation
exhaust duct would lead to much greater consequences than failure to isolate a
demineralized water return line.

The problem is that in many cases it will be difficult to determine directly
if complete isolation has taken place. Failure to isolate would be indicated
by unexpected temperature, pressure, or radiation outside the containment.

4.6.3.7 Containment Atmosphere Temperature and Pressure

Containment atmosphere temperature and pressure readings would be very valuable
in determining the accident progression path. During the TMI accident, in-
creases in containment building pressure and temperature were indicators that
the pressurizer relief tank rupture disks had blown, thus allowing primary cool-
ant to spill onto the containment building floor. Later during the accident,
a large pressure spike of 28 psig was recorded following ignition of the accumu-
lated hydrogen gas in the containment. This was a clear indication that there
must have been extensive core damage. In general, abnormally high pressure or
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temperature readings in the containment would indicate a loss of reactor coolant
�.c.-)dary integrity. However, care must be taken in assuming that containment
pressures near design limits indicate imminent containment failure. As dis-
crossed in Sections 22 33, and 45, pressures 2 to 3 times design may be re-
c-'red for failure.
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5 SOURCE TERM DETERMINATION

5.1 Objective

To enable the student to

work through a source term calculation using the approach discussed in
this section and the information provided in the previous section

5.2 Introduction

The first step in determining the source term is to establish the origin of the
release or the potential release and its characteristic. This determination is
made by utilizing the information from plant parameters, radiation monitors, or
samples. The plant parameters are most helpful in determining the extent of
damage to the reactor core, whereas the radiation monitors are most helpful in
locating the origin of the radioactivity and later in tracking the release from
the origin through the plant and out into the environment. Enough information
way be available to allow an estimate to be made of the amount of fission pro-
ducts for release from the containment atmosphere. If this is the case, this
estimate should form the starting point of the analysis-. The pathway removal
mechanism and release rates from this point to the environment would be analyzed.
If this information is not available, an analysis starting with the core would
be required. The second step is to estimate the fission product inventory avail-
able for release based on the core temperature or other indications of the ap-
propriate source regime. This initial inventory can be determined based on
methods described in Section 4 The next steD is to trace the source back
through the plant to account for all pathways and to apply the appropriate fis-
sion product reduction factors. The basic method for estimating source term is
shown by the following:

Source Term FP1 x CRF n nRDF x EF
i i 6=1 (ij i

for radionuclide i and reduction mechanisms

where

FPI i element i core or coolant inventory (Table 22 or 32)

CRF element i released from core (Table 41)
i element i inventory in core

RDF element i available for release after reduction mechanisms (Table 47
i element i available for release before reduction mechanisms or 48)

EF element i released to the environment (Table 49)
i element i available for release

The referenced tables provide a summary of reasonable assumptions discussed in
previous sections. As discussed in Section 42 of NUREG-1210, Vol. 6 a maximum
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tc�tal reduction factor of 0.001 should be assumed for the product af all non-
filter reduction mechanisms.

Following is an example of a release, or a potential release, of radioactive
w2terials to the environment. The steps involved in estimating t= source term
are described.

5.3 Sample Source Term Calculation

A severe flood caused loss of offsite power at the Perkins Point Wiclear Power
Station. Perkins Point has an electric capacity of 1000 Rd and has been operat-
ing continuously for 6 months. Perkins Point, which is a PR with an ice con-
denser containment, was first placed on line 3 years ago. Diesel generators A
and B, the station's source of onsite ac power, failed to start atomatically
when offsite ac power was lost. Subsequent attempts by the operat4rs to start
the diesel generators proved unsuccessful because the flood water entered the
diesel -generator room and disabled the vital buses. Additionally, the turbine-
driven feedwater pump failed to supply emergency feedwater to the steam genera-
tors because a flow controller malfunction prohibited heat removal from the
primary system.

About an hour into the incident, while the operators were still attempting to
restore ac power, the area radiation alarm in the cell housing reactor coolant
pump A alarmed. About 20 minutes later, the area radiation monitc-s in the -
cells housing reactor coolant pumps and C triggered an alarm. The operators
observed that the reactor coolant system pressure was decreasing -ickly despite
tne fact that the heat sink had not been regained. The containmer: building
pressure was rising rapidly.

The operators postulated that the pilot-operated (or power-operatet) relief
valves (PORVs) stuck open--as at TMI-2--despite the fact that the relief valve
solenoid status lights indicated that the relief valves were closet and that
the pressurizer level indication had bottomed out. These are indications the
block valves have failed. The containment dome monitor reached 1000 R/hr and
was rising rapidly. There were other numerous radiation alarms. Thermocouple
readings of greater than 1500OF were recorded at some locations.

5.3.1 Step 1: Gather/Assess Plant Information

From the information given, the decreasing system pressure and increasing con-
tainment building pressure indicate that a LOCA has occurred. Furlhemore, the
radiation alarms sounding in the containment should have been a g:d indication
that the primary system integrity had been compromised.

Because the area radiation monitors were within the containment, tHs should
have told the operators that a release to the containment had occurred. The
dome monitor in the containment was reading 1000 R/hr. Does this mean that fuel
damage has occurred, or could the high radiation level correspond to a release
of noble gases from ruptured cladding? On the basis of available information,
it is reasonable to assume that the plant cannot maintain the ability to remove
decay heat or keep the core covered.

As discussed in Section 44.2, once the core is uncovered, claddin: failure fol-
lows in about 15 minutes. Cladding failure is confirmed by the containment
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r:nitor reading of 1000 R/hr and the thermocouple readings. If it is expected
tnat the core will be uncovered for an extended period of time, the source re-
gime corresponding to the fuel melt would be applicable. To determine how long
the core has been uncovered, more information must be known than that provided
atove. The information was deliberately withheld in this example to make a
point: In an actual event, the information coming from the control room and
e.en from the technical support center would likely be tied up and not imme-
aiately available for use in source term calculation. The immediate concern
of the operators and support personnel is to return the system to normal and,
above all, to prevent core damage.

5.3.2 Step 2 Estimate the Fission Product Inventory Released From the Core

Although the extent of core damage could not be ascertained from the informa-
tion given, it is certain that a core melt release from the fuel would take
place unless plant conditions improve. Thus, utilizing the assumed core melt
release fractions from the core that were provided in Tables 41 and 25 and
assuming a 1000-MWe operating history, the following calculations can be made:

Core
Inventory, Power level release Curies released

Isotope Ci/MWe x (1000 MWO x fraction from core

Kr-88 6.8x1O1 X 1X103 x 1.0 6.8XI07
I-131 8.5X104 x JX103 X 1.0 8.5xJ07
Cs-134 7X103 X 1X10-3 X. 1.0 7x106

5.3.3 Step 3: Estimate the Fission Products Available for Release

The obvious release path is into the containment building. However, small
branch lines attached to the reactor coolant system may penetrate the contain-
ment and connect to support or safety systems in the auxiliary building or tur-
bine building.

The following are typical important questions:

Are there indications of containment failures?

How much leakage should be expected at a given pressure?

What is the containment pressure now and what will it be an hour from now?

How does the measured or anticipated pressure compare to the overall design
pressure and to the ultimate capacity?

What is the hydrogen concentration?

Will operation of containment spray cause the hydrogen concentration to
approach detonable limits?

Are the sprays operational?
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Are the recirculation fans operational?

Has the ice bed been exhausted before the core dama:e?

The answers to many of these questions will be unknown. Accurate indication of
r-'ant parameters and knowledge of accident phenomena in Containment may be the
o- y means for making a decision regarding the fission p-;ducts available for
re.ease from the containment and the containment leak ra-.as. It will be assumed
for this example that the containment integrity is maintained and leaks are at
design rates. It also is assumed that the fans and sprays are not available
as a result of the loss of ac power and that the ice was not exhausted. Now it
will be necessary to estimate the inventory of fission products in the contain-
ment atmosphere that could be released if containment failure did occur.

The release path is illustrated in Figure 5.1. It will be assumed that all the
fission products released from the core are released from the primary system.

Continuing with the assumption that the air return fans are unavailable as a
result of a loss of ac power, the fission product aerosols released are assumed
to make only one pass through the ice condenser bed. Thus, based on Table 47,
about 50% (RDF of 0.5) of the fission product aerosols may be assumed to be
removed by the ice beds. Noble gases are not filtered. The following estimate
can be made of the inventory of fission products in the containment.

Curies released RDF Inventory assumed
Isotope into containment x (ice bed) airborne

Kr-88 6.8xjO7 x 1.0 6. 8XI07

I-131 8.5X107 x 0.50 4.2X107
Cs-134 7.5xlOro x 0.50 Mx106

After several hours these inventories will decrease, as discussed in Sec-
tion 45.1.1.2.1, by the factors shown in Table 47.

To estimate the release 2 hours after the material has been released into the
containment, a 2-hour holdup time with no spray and only natural processes
working to remove airborne fission products in the containment will be assumed
(RDF of 004, Table 47).

Inventory assumed
Curies airborne RDF airborne and available
following passage (natural for release after 2-hr

Isotope through ice x process) holdup

Kr-88 6.8x1O7 X 1.0 6. 8X107
I-131 4.2X107 x 4XIO-2 1. 7x1OC1
Cs-134 3.7x1011 x 4xjO_2 1. Ulids
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5 3 4 Step 4 Estimate 1-Hour Release

The final step is to calculate the fission products actually released from the
contai nment. Table 49, which summarizes typ;cal escape fractions (EFs) re-
leased in I hour, shows that in hour X_4 of a PWR ice condenser containment
volume would be released at the design leak rE-.e. Remember this is the upper
limit; pressures below design limits would prcduce much lower leak rates. Thus:

Curies airborne 1-hr escape
in containment fractions Curies released
available for x (design from containment

isotope release leak rate) in hr

Kr-88 6.8X107 x JX10_4 6.8XJ03
1-131 1.7x106 X JX10_4 1.7XJ02

Cs-134 1.4x105 X JX10_4 1.4401

5.4 Use of Event Trees To Estimate Release

Using the above method of calculation for a long list of isotopes would be very
time consuming and still would not provide a direct estimate of possible offsite
consequences. However, calculation of the amount of each isotope is not re-
quired to estimate offsite consequences (dose'. A set of event trees has been
developed that provides estimates of the whole-body and thyroid doses at I mile.

Event trees have been calculated and are grouPed in the following figures by
release pathway type with the letters designating the level of core damage:

(1) PWR large dry or subatmospheric containments (Figures 5.2A, 2B, 2C)
(2) PWR ice condenser containment (Figures 5.3A, 3B, 3C)
(3) PWR steam generator tube rupture (Figures 5.4A, 48, 4C, 4D)
(4) BWR containment, dry-well leak/failure (Figures 5.5A, 5B, 5C)
(5) BWR containment. wet-well leak/failure (Figures 5.6A, 6B, 6C)
(6) BWR/PWR bypass (figures 5.7A, 7B, 7C)

In each, the noble gas and particulate release functions have been calculated
for gap, grain boundary, and melt release fractions. For the steam generator
tube rupture, normal coolant and coolant with 100 times iodine spike also were
considered.

Doses were calculated for a 1000-MWe plant, and the release fractions were cal-
culated using the assomptions in the text. Transport was estimated assuming a
ground level release and average meteorological conditions (4-mph wind speed
and stability). The conditions provide dose estimates that are within a
factor of 10 of the range of reasonable dose estimates given a specific source
term. Doses were calculated using MESORAD (NUREG/CR-4000), which is the dose
assessment code used at the NRC Operations Center. The whole-body doses include
cloud shine, inhalation dose, and 3 hours of ground shine. The thyroid dose is
for an adult and is for inhalation only. Dose factors for the release of 100%
of gap, grain boundary, and core melt particulate release fractions and 100 of
the noble gases were calculated and are shown in Table 5.1.
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hol&V release release who(e.body thyrold
M core contai -me t time in containment fraction fraction dose (rem) dose (rem)

condition conditions contairwent leak rate non-nobles noble gas at I mile at I mile

10.5 hour -------------- IOOX/hour
CD 1 4.OOE-01 I.OOE+00 4.24E*01 4.OOE*03

--- IOOX/hour
Cn spray 4.0016-02 I.OOE+00 4.60E*00 4.00C.02

.... off ...... ........ 12-'12 hours -------- iOMday
1.60E-03 4.0011-02 I."E-01 1.60C.01

design rate
0.00004 1.60E-06 4.OOE-05 1.64f-04 1.60E-02

--- IGO%/hour
I.OOE-02 I.OOE+00 I.2OE+OO I.OOE*02

124 hours ---------- I.... 100%/day

4.OOE-O4 4.OOE-02 CM -02 4.ODE*00
GAP RELEASE --- design rate
FMM CORE 0.00004 4.OOE-07 4.OOE-05 4.80E-05 4.OOE-03

�j

10.5 hour -------------- 100%/hotir
3.00c-02 I.O0E+OO 5.401F+00 3.00E.02

... 100%/hour
spray 2.00E-Oz 1.00(+00 2.60E*00 2.00(*02

..... on ................ 12-12 hours -------- I---- 10OX/day

8.00E-04 4.OOE-O2 1.04E-01 8.OOf4OO
--- design rate

8.0015-07 COOE-05 1.04E-04 B.OOE-03

... 100whour

2.OOE-03 I.OOE#OO 4.OOE-01 2.OO[+OI
124 hours ---------- ---- IOOj/d&y

6.00E-Os 4.00E-02 1.60E-02 8.0OE-OI
--- design rate

0.00004 B.OOE-08 4.OOE-05 1.60(-05 B.OOE-04

Figure 5.2A PWR large, dry or subatmospheric containment release event tree
for a gap release from the core



z
holdup retools rates*# Aole-body 111Y1111.1

M core Containment time in containment fraction fraction dose (rem) dose Oem)
G') condition Conditions containment teak rate non-nobles noble gas at I mile at I mile

JO.S hour -------------- 100%/hour

4.OOE-01 1.OOE*00 8.40E402 B.OOE*04

... 100%/hour

spray I 4.OOE-02 I.ODE*00 9.00E401 a. ut 01
.... off ...... ........ 12-12 hours ........ .... 100%/day

1.60E-03 4.00E_02 3.60[*00 3.20E*02
... design rate

0.00004 1.60E-06 4.OOE-05 3.60E-03 3.20C-01

... 100%/hour

I.OOE-OZ I.OOE*00 2.35E+01 2.00t-03
124 hours ---------- I.... 100%/day

4.OOE-04 4.OOE-02 9.40E_01 8.00F.01
QRAIN SOMANT Act design Into

FROM CORE 4.00F_07 4.OOE-05 9.4of-04 B. out 

10.5 hour -------------- 100%/hour

3.OOE-02 1.001+00 I.OOE+02 6.00E-03

100%/hour

spray I 2.OOE-02 I.OOE+00 S.OOE*01 4.00(*03
----- on ---------------- 12-12 hours -------- I .... 100%/day

I B.OOE-04 4.OOE-02 2.00[*OO 1.60(00?
1 design rate

1 0.00004 S.OOE-O? 4.00E_05 2.OOE-03 1.60(-Ol

--- 100%/hour

2.00E_03 1.001000 ?.SOE*00 4.OOF#02
124 hours .......... ---- 100%/day

(8.00E-05 4.OOE-02 3.OOE-Oi 1.60t*01
--- design rate

8.00E_08 4.OOE-05 3.OOE-04 1.60E-02

Figure 5.2B PWR large, dry or subatmospheric containment release event tree for a grain
boundary release from the core



LS hold* release release iihole-body thyroid
M
M care containment time In containment fraction fraction dose (rem) dos* (rem)
I) condition conditions containment teak rate non-nobles noble gas at I mile at I mile

I-A

PI%)
I-A 10.5 hour -------------- 100%/hour
C1 4.OOE-01 1.00E400 2.06E*03 2.00C#05

6
--- 100%/hour

spray 4.OOE-02 1.00E+00 2.20E*02 2.OOE*04
---- off ------ -------- 12-12 hours -------- I---- 100%/day

1.60e-O 4.OOE-02 8.801+00 8.00E*02
... design rate

0.00004 1.60E-06 4.OOE-05 B.SM-03 8.00E-01

100%1hour

1.00(-02 1.00E+00 5.7%401 S.OOE*OS

124 hours .......... ---- 100%/day

4.OOE-04 4.OOE-02 2.28E400 2.OOE*01

14ELT RELEASE --- design rate

FRO14 CORE 4.OOE-07 4.OOE-05 2.28E-03 2.OOE-01

10.5 hour ............. 100%/hour

3.OOE-02 1.00(*00 2.30E*02 1.50E*04

--- 100%/hour

spray I 2.OOE-02 1.00E+00 1.20[+02 1.00E404

..... on ................ 12-12 hours ........ I.... 100%/day

B.OOE-04 4.OOE-02 4.OM*00 4.00E+02

... design rate

8.OOE-O? 4.OOE-05 4.8M-03 4.OOE-01

--- 100%/hour

2.OOE-03 11.00E+00 11.7"*01 1.00E#03

124 hours ---------- I---- loo%/day

8.OOE-05 4.001-02 6.80E-01 4.00E#01

design rate

8.00E-08 4.OOE-05 6.W -04 4.OO 02

Figure 5.2C PWR large, dry or subatmospheric containment release event tree
for a melt release from the core



rIM release wholo-body thyroid release whate-body thyroidTW holdup fraction release dose (rem) dose (rem) fraction dose (rem) dose (rem)
contairaws t tiate in containment non-nobles fraction at I mile at I mile rwri-noble at I tile et I oils,

C) conditions contairment leak rate once thru ice noble gas once thru c once thru ice with recir with recir with recir

10.5 %,KW ............. 100%thour

2.OOE-01 I.OOE*00 2.214#01 2.00(403 I.OOE-01 1.24E#01 I.OOE-03

1 100%/hour

sprays I 2.00F-02 I.OOE#OO 2.601E+00 2. OOE # 02 I.OOF-02 3.40E-00 I.OOE+O2
.... off ................ 12-12 hours ....... I---- 100%/day

I 6.OOE-04 4.OOE-OZ 1.04E-01 8.OOF#OO COW 04 1.36E-01 4.OOIE#OO

1 design rate

I 2.OOE-06 I.OOE-04 2.60E-04 2.OOE-02 I.OOE-06 3.40E-04 I.OOE-02

... 100%/hour

5.00E-03 1.00E+00 1.00E-01 5.00E+01 2.50E-03 2.65E#00 2.SOE*01
124 bows --------- I.... 100%/day

I 2.ODE-04 4.OOE-02 2.60E-02 2.OOE#OO 1.00(-04 1.80E-02 1.00COOO
GAP RELEASE --- design rate

a FRO" COME 5.00E-07 1.001-04 1.00E-05 5.OOE-03 2.SOE-07 4.50[-OS a.50E-03

10.5 hour .............. 10OX/hour

1.50 O I.OOE#OO 3.901#" 1.50[#02 ?.Sol-Os 5.1%1-041 001

100%/hour

sprays I.M.02 I.OOEOOO 1.60(*00 1. M 02 5.001-03 ? 01000 5.0111 01

---- an ................. 12-12 hours ........ I .... 100%tday

4.00(-04 4.OOE-02 6.401-02 4.00[000 2.00(-04 4.4(14 el 2. MW 000
dttion rate

I.O(E-06 1.00E-04 1.60E-04 i.OOE-02 S.00C-O? I.IOE-04 5.OOE-03

... 100%/hour

I.O(E-03 11.00E*00 3.00E-01 1.00E*01 5.00[-04 2.45E*00 S.OOE*00
124 hours .......... I---- 100%/day

4.OOE-05 4.00EI02 1.20E-02 4.OOE-01 2.0OE-OS I.OOE-02 2.OOE-01
--- design rate

1.00f.-07 1.001,04 3.OOE-05 I.OOE-03 S.OOE-08 2.SOE-05 5.00F-04

1

Figure 5.3A PWR ice condenser containment release event tree for a gap release from the core



Ls
Pr

reltease whate-body thyroid rate&%* whole-body thyroid

holdup fraction release dose (rem) dose (rem) fraction dose (rem) dose (rem)

1-4 containment time in containment non-nables fraction at I mile at I mile non -noW a at I e at I mile
C> conditions containment teak rate once thru ice noble gas area thru Ice once thru ice with recir with recir with recir

10.3 our ............. 100%/hour

I 2.OOE-01 1.00[*00 4.406402 4.00F#04 I.OOE-01 2.401#02 2.00C.04

cm I U)MIhout

Iowa" I Cout-02 1.00ratio 11.001061 4.OK*05 i-001-Ot 6.0ut*01 .1.001#03
.... oft ................ 12-12 hours ....... I.... 100%/day

6.00t,04 4.00t.01 LOW#00 1.6m*02 4.001-64 2.40F#00 8.001001
... design rate

2.00F-06 I.OOE-04 S.OOE-03 4.OOE-01 I.OOE-06 6.0ot-03 2 OOE-Oi

... 100%/hour

5.OOE-03 I.OOE+00 1.35E*01 1.00E#03 2.SOE-03 4.SOE*01 5.00E402
124 hours --------- I.... 100%/day

I 2.vou-o4 4.OOE-02 5.40E-01 4.00E+01 I.OOE-04 3.40f-01 ?.OOF*Ot
GRAIN BOMART RELEASE design rtit
FROM CORE 5.OOE 07 1.00E_04 1.35E-03 1.00E_01 2.509-0? 8.50C-G4 S.OOE-02

JO.S hour -------------- i0ft/hour

1.50E-02 I.OOE*00 ?.OOE#01 3.00f#01 7.50E-03 5.50f.01 1.50003

... 100%/hour

sprays i.OOE-02 I.OOE#00 3.OOE+01 2.OOE+03 S.OOE-03 5.0of4ol I-OOEOOS
.... on ................. 12-12 hours ........ .... 100%/CIDY

4.00C-04 4. 0% 02 1.20E#00 8.00E#01 2.OOE-04 O.OOE-01 4.00(001
deOgn rate

I-OOF-06 I.OOE-04. 3.0ot-03 2.OOE-01 S.OOIE-O? 2.001-03 1.00( 01

100%/hour

I.OOE-03 1.00E#00 5.50E400 2.00E+02 S.ODE-04 4.IOEOOI 1.00CO02
124 hours .......... I.... 100%/day

4.OOE-05 4.OOE-02 2.20E-01 8.OOE*00 2.OOE-05 1.80E-01 4.OOE*00
--- design rate

1.00E-07 1.00E-04 5.50E-04 2.OOE-02 S.OOE-06 4.SOE-04 I.OOE-02

Figure 5.3B PWR ice condenser containment release event tree for a grain
boundary release from the core



A

I rot ease wholt-body thyroid r*t*ss* whole-body thyroid
0-1 hoIdLp f roct ori, release dose, (rem) dose I rm) f rect I on close (rem) dose (rem)
1,_A containment time In contsiniiiiet t non-nobtes fraction at I oil* at I tte non-noble at mite at mile

Cp Canditlem Contalisset t leek rt* once thru ice nobtiv gas once thru ce oce thru Ice with recir with recir with rtcir0

............. lowhour

2.OOE-01 1.006*00 I.OK*03 1.00E#05 I.ODE-01 S.SOE#02 S.00(404

at
... i0owhoup

sproye I 2.00C-02 1.804[400 I ZM 442 1.00164K 1.001-02 1. 30E #02 5.00(#03
.... off ................ 12-12 hw* ....... I.... 100%/doy

5.00C-04 4.ODE-02 4.11M900 4.OOE#02 4.0PE-04 S.ZOE*OO Z.00(002

--- design rt*

2.OOE-06 I.OOE-04 1.2%-02 1.00E+OO I.OOE-06 1.30E-02 5.001-01

... 100%/Saur

S.OOE-03 I.OOE*00 3.20E*01 2.SOE403 2.50E-03 9.25E+01 1.25F*03
124 hours ......... I.... Today

1 2.001-04 4.00E-02 1.21W400 I.OOE402 I.OOE-04 1. WE -0 1 5.00E.01
MELT RELVASE ... design rate

FM" CORE 5.OOE-OT I.OOE-04 3.20E-03 2.50[-Ol Z.SOIE-01 1.95E-03 1.2SE-01

10.5 how .............. iOO%/bour

1 I.SOE-02 1.00E. I00 1.55(*02 7.501,PO3 T.SOF-03 S. ME #03

I

I ... 100voiciur

spro" I I-OOE-02 1.00e.00 7.00e*ol S.001003 S.OOE-03 I-OS15*02 2.SO(*03
................. 12-12 hviris ........ I.... 100%/doy

I 4.01DE-04 4.00F_02 2.SM*00 2.00C#02 2. 001E -04 I.6M#oO 1.00002
1 ... design rate

1 1.00F-06 1.00E-04 Y.OOE-03 S.ODE-01 5.001-OF 4-SOE-03 Z.SDE-ol

... 100%/Naw

1.001E-03 I-0011000 1.201*01 S.001*02 S.0011-04 11.2s1*01 2.50E*02
124 bows ---------- .... '100111doy

4.OOE-05 4.00e-02 CNE-01 2.001!#01 2.009-05 3. W -01 I.OOEVOI
d&Slgn rate

I.OOE-07 1.001-04 1.20E-03 S.OOE-02 5.001-08 9.50(-04 2.SOE-02

Figure 5.3C PWR ice condenser containment release event tree for a melt release from the core



tube SG conditions release bihole-body thyroid

coolant leek size assume 0% et fraction dose (rem) dose (rem)

conditions (teak rate) in secondary non-nobles at I mile at mile

I... solid

I tube fils at 1.75E-Ol 1.75E-01 1.75E-00

high pressure

rwin-noble spike (50 qM)

100 x normat --------------------------- ---- 50% carry-over

8.75E-:2 8.75E-02 8.75E-01

--- normal

3.50E-03 3.50E-03 3.50E-02

--- solid

1.50E-02 1.50E-04 1.50E-03

Icharsing pip I

Iftow (50 qpm) I

I------------------ I.... 50% carry-over

I 7.50E-03 7.50E-05 7.50E-D4

I

NORVAL COOLANT I

AND 100k SPIKE --- norm(

3.OOE-04 3.00E-06 3.00E_05

--- Solid

1 tubes fails a 1.75E-01 3.50E-03 1.75E+00

high pressure

normal (SW gm)

concentration --------------------------- .... 50% carry-over

S. 75E -02 2.63E-03 8.75E-01

--- norvat

3.50E-03 1.79E-03 3.50E-02

solid

1.50E-02 3.00E-04 1.50E-01
charging pump

Iftow (50 gpm)

I------------------ ---- 50% carry-over

I 7.50E-03 2.25E-04 7.50E-02

I

I
... normal

3.DDE-04 1.53E-04 3.OOE-03

Figure SAA A PWR steam generator tube rupture event tree for a
release of normal and 10OX spike coolant
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release release wholie-body thyroid
coolant tube fraction fraction dose (rem) dose (rem)

Conditions teak sze SG conditions non-nobtes nobte gas at I mite at I mite

I tube fls at
high presure --- solid

GAP (500 gpm) 1.75E-01 3.50E-01 I.M+01 1.7'SE*03
CONCENTRATION -------- ------------------ 50% carry-over

8.75E-02 3.50E-01 8.96E40O 6.75E+02
... normal

3.50E-03 3.50E-01 5.6015-01 3.50F401

Icharging pump I--- solid
Iftow (50 qpm) I I.SOE-02 3.00f-02 1.52E+00 i.50E+02
------------------ I---- 50% carry-ovor

7.50E-03 3.OOE-02 7.65E-01 7.50E+01
--- normal

3.OOE-04 3.OOE-02 4.80E-02 3.OOE+00

Figure 5.48 PWR steam generator tube rupture event tree for a release of Coolant
contaminated with a gap release from the core



M

CM release release whole-body thyroid
coolant tube fraction fraction dose (rem) dose rem)

conditions teak size SG conditions non-nobtes noble gas at I mile at I mile

I tube faits at
high presure --- solid

GRAIN BOtMARY (500 qpm) 1.75E-01 3.50E-01 3.54E*02 3.50E+04
CONCENTRATION -------- ------------------ ---- 50% carry-over

8.75E-02 3.50E-01 1.79E+02 1.75E*04
--- normal

3.50E-03 3.50E-01 1.05E*01 ?.OOE*02

Icharging pump --- solid
Iflow (50 qPM) 1.50E-02 3.OOE-02 3.03E*01 3.00E*03
------------------ ---- 50% carry-over

?.SOL-03 3.OOE-02 1.53E*01 1.50E*03
normal

3.OOE-04 3.00E-02 9-OOE-01 6.DOE+01

Figure 5.4C PWR steam generator tube rupture event tree for a release of coolant
contaminated with a grain boundary release from the core
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Ir release release whole-body thyroid
11-A coolant tube fraction fraction dose (rem) dose (rem)

conditions teak size SG conditions non-nobtes noble gas at I mile at I mite

I tube falls at
high presure --- sotid

MELT (500 gpm) 1.7'SE-Oi 3.50E-01 2.31E+03 4.90E*05
COMCENTRATIO04 -------- ------------------ 50% cnrcy-over

8.75E-02 3.50E-01 1. 17'E*03 2.45E*05
--- normal

3.909-03 3.501!-Ol 8.05F401 V.13U1405

Icharging pump ... solid
Iftow (0 gpm) 1.50E-02 3.00E-02 1.98E+02 4.20E+04
I------------------ 50% carry-over

I 7.50E-03 3.OOE-02 I.OIE*02 2.10E*04
... normal

3.OOE-04 3.OOE-02 6.90E*00 8.40E*02

Figure 5.4D PWR steam generator tube rupture event tree for a release of coolant
contaminated with A mplt release from the core



F;10
rn release whole-body thyroid release whole body thyroid

holdup fraction release dose rw) dose (rem) fraction dose (rem) dose (rem)
dry wait time in dry welt nun-nobtes fraction at mite at I mile non-mble at I mite at I mile
conditions dry welt leek rate not filtered noble gas not filtered not filtered filtered fittered filteredCO

10-S hour ............. WO%/hour
4.(OE-01 1.001*00 4.24E*01 4.001+03 .... ....

... 100%/hotir
4.OOE-02 I.OOE400 4.60E*00 4.00E402

..... Off ............... 12-12 hours ....... I---- 100%/day
1.60E-03 4.OOE-02 1.64E-01 1.60E*oi 1.60E -015 2."6( 02 i�60t-tii

... design leek
rate

8.00[-06 2.OOE-04 9.20E-04 8.001-02 6.00E_08 1.2at-04 8.00E-04

100%/hotir
1.00E-02 I.OOE+00 1.20E*00 1.00(402

124 hours --------- I.... 100%/day

1 4.OOE-04 4.00E_02 4.80E-02 4.OOE#00 4.OOE-06 8.40E-03 4ME-02
Ln GAP RELEASE --- design teak

FRM CORE rate

2.001-06 2.OOE-04 2.40E-04 2.00E-02 2. WE 08 4.20(-05 2.00(-04

10.5 hour -------------- 100%/hotir

I 3.OOE-02 I.OOIE#00 5.40E#00 3.00E402 .... ....

I ... 100%/hour
We" I 2.00E-02 1.00(*00 2.60E*00 2.00E#02 .... ....

...... on ............... 12-12 hours -------- .... 100%/day

8.0of-04 4.00[-02 1.041-01 111.00POO 8.001-06 2.411f.01 A.00[-02
design task
rate

4.OOE-06 2.00E_04 5.20E-04 4.OOE-02 4.00E_08 1.24E-04 .00E-04

... IDOIL/hour
2.OOE-03 I.OOE*00 4.OOE-01 2.00E#01

124 bows ---------- .... Today

B.OOE-05 4.OOE-02 1.60E-02 LOOE-01 8.00E-O? B.OaE-03 8.00[-03
--- design took

rot*
4.OOE-O? 2.00E_04 8.00E-OS 4.OOE-03 4.00E-09 4.04E-05 4.OOE-05

Figure 5.5A BWR Containment, dry-well leakage/failure release
event tree for a gap release from the core
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M
M re I ease whote-body thyroid release bihole-body thyroid
0
IA holdup fraction release dose (rem) Aose (re*) fraction dose (rem) dose (rem)

dry welt time in dry welt non-nobles fraction at I mile at I eite non-noble at I mile at I mile
condition dry wet I leak rate not filtered noble gas not filtered not filtered filtered filtered filtered

CD

10.5 hour ............. 100%/hour
4.006-01 1.00E*00 8.40E#O? 6.00E404 ***a ... ....

cm I ... 100%/hour
Oproya I 4.OOF.-02 1.00e*00 9.OOE*01 8.001!403 .... ....

..... Off ............... 12-12 hours ....... I---- 100%/day

I l.fiff-03 4. 001! 02 3.6M*00 3. M #0? 1.60E-05 4.31E-ol 3.201-00
I ... design leak

I rate
I 8.01DE-06 2.OOE-04 I.BM-02 1.60E+00 8.0of-08 2.16E-03 1.60E-02

100%/hotir

I.OOE-02 1.00E*00 2.35E*01 2.OOE403
124 hours ......... I .... 100%/day

4.00[-04 CODE-02 9.40E_01 B.OOE+01 4.00C-06 1.48(-Ol a OOE-01
Ln GRAIN UNDANY RELEASE design took

�11 FROM CORE rate

co 2.00E-06 2.OOE-04 4JOE-03 4.00[-Oi 2.OOE-08 7.4of-04 4.00(-03

10.5 hour .............. 100%/hour

I 3.OOE-02 I.OOE+00 I.OOE*02 6.OOE#03 .... ....

I 100%/hour
sprays I 2.O(E-02 I.DM*00 5.00E*01 4.00F*03

...... an ............... 12-12 hours -------- I.... loot/dy

I 6.0of-04 4.OOE-02 2.OOE*00 1.60E*02 8.DK-06 4.16[-Ol I.M**00
I design took
I rate

1 4. OONE 06 2.DOE-04 I.OOE-02 COOE-01 COCE-011 2.08E-03 O.OOE-03

... i0010our

2.00(-03 1.001*00 I.SWOOD 4.001*02
124 hours .......... I---. 1001/day

G.OOE-05 4.00E-02 3.00e-Oi i.601#01 8.00f-or 1.42E-01 1.60E-01
... design took

rate

4.00E_07 Z.OOE-04 I.SOE-03 6.006-02 4.00F_09 ?.OSE-04 8.OOE-04

Figure 5.5B BWR containment, dry-well leakage/failure release event
tree for a grain boundary release from the core



C:

release 6hole-body thyroid release Whole'lXxty thyroid
holdup fraction rate&** dose (rem) dose (rem) fraction dow (i m) dose (rem)

dry w time in dry wet I non-nobles f rect ion St I mile at I mile non-moble at I mile at I mile
I-A conditions dry we II took rate not ftered nobt* gas not fltered not fltered filtered filtered filtered
CO

lo.% hour ............. Ion/hiour
0 4.OOE-01 1.001!*00 081E-03 2.OOE+OS

Cn I ... 1002/hour
�pro" I 4.00(-02 1.006#00 2.20F.402 2.0of-04 .... ....

..... Off ............... 12-12 hours ....... I.... Ion/day
I 1.6of-03 4.00F-02 8.80C*00 8.00E#02 i.60E-05 8.80F-01 $.OOE*oo
I ... design took
I rate
I 8.00E-06 2.OOE-04 4.40C-02 4.OOE+00 6.00E-08 4.4of-03 4.001E-02

--- 1007L/hour
1.00f-02 1.00E*00 5.?M+01 5.OOE+03 ... .... ...

124 hours --------- I.... IM/day
1 4.00C-04 4.OOE-02 2.25E#00 2.00F+02 4.OOE-06 3.00[_01 Z.00(000

MILT RELEASE ... design took
FRW CORE rate

2.OOE-06 2.OOE-04 1.14E-02 1.00E+00 2.OOE-08 I.SOE-03 l.oof-oz

10.5 hour -------------- 100%/hour
1 3.00r_02 1.00[#00 2.30E#02 I.W#04

I ... 100%/hour
sprays I 2.00[-02 I.OR+00 1.20E*02 1.00E+04

...... an ............... 12-12 hours -------- .... ion/cigy

I 8.00E-04 4.OOE-02 4.60E#00 4.00E#02 8.001-06 6.40C 0 4.001-00
1 ... design look
I rate

2.00it-04 2.409-02 1.0"000 4.0011-6111 4.. It* 03 1.00 02

... lowhour

2.OOE-03 1.00E#00 1.?0E*0i 1.00E*03 01*60

124 hours ---------- .... lon/clay
A. not Olt 4.11100-01 6.01(10.01 or 8,11ilt at Colic el

design took
rate

CON-or 2.001!_04 3.40E-03 2.0011-01 4.001-09 1.42E-03 2.0of-03

Figure 55C BWR containment, dry-well leakage/failure release
event tree for a melt release from the core



L5

release whole-body thyroid release whole-body thyroid
suW*91on holdup fraction release dose (rem) dose (rem) fraction dose (rem) dose (rem)CD

pool time In met well non-nobles fraction at I mile at I sitia non-nobte at I mike at mile
Gensiftlens do-y1wat Wei I task rate not filtered noble gas not filtered not filtered filtered filtered filtered

10.5 hour ............. 100%/hour
2.001-OZ 1.00E400 4.40e*00 2.OOE+02 ... .... ....

... 100%/hour
2.GOE-03 1.00F.00 8.001E_01 2.00E#01 .... .... ....

.... set ................ 12-12 hours ------- I---- 100%/day

6.OOE-05 4.00E_02 3.201E-02 O.O(E-01 6.00E_07 2.4if-02 8-OOE-01
design rate

4.00E_07 2.OOE-04 i.60E-04 COOE-03 COOE-09 1.20E-04 4.001-05

... 100%/hour

1.00C-03 1.00E+00 3.00E_01 1.00E#01
124 hours --------- I---- 100%/day

1 4.00C-05 4.OOE-02 1.20E-02 COOE-01 4.00E_07 8.04E-03 4.OOE-03
CD GAP RELEASE ... design rate

FWM COME 2.OOE-07 2.OOE-04 6.OOE-05 2.OOE-03 2.00F_09 4.02E-05 2.OOE-05

10.5 hour -------------- 10OX/hour

1 410OF-03 I.OOE+00 2.80[*00 4.00C#01 .... ....

--- 100%/hour

1.0111, Of 1.001`000 7.001-01 1.00(001 .... ....
............... 12-12 hours ...... I W lt/(fay

4.001, M 4.001-02 Z.111".02 4.001-41 4. 004 -of J'kiil tq 4.0111 01
--- deafen rate

2.00E-01 2.OOE-04 1.40E-04 2.OOE-03 2.OOE-09 1.20(-04 2.001-05

--- 100%/hour

1.00E_03 1.00E+00 3.00E-011 1.00E#011
124 hours ---------- I---- Today I

4.OOE-05 4.OOE-02 I.ZOE-02 4.0CE-0i 4.OOE-07 BAKE-03 4.00[-03
--- deafen rit I

2.OOE-07 2.WE-04 6.OOE-05 2.OOE-03 2.00(-09 4.02E-05 2-OOE-05

Figure 5.6A BWR containment, wet-well leakage/failure release
event tree for a gap release from the core



rn

release whote-body thyroid release whole-body thyroid
F-A swWosion holdup fraction release dose (rem) dose (rem) fract ion dose (rem) dust (rem)
C1

pool time in wet wet I non-nobles fr&c ion at I mite at mile non -notil e at I mite at I mite
.4 conditions dry/we wt (oak rate not filtered noble gas not filtered not fltered filtered filtered filtered
a

1O.S hour ............. 100%/hour

Cn 2.OOE-02 1.00E#00 B.GOE+01 4.001E+03 ...

... 100%/hour
?.OOE-03 I.Wc*00 i.40E,toi 4.OOE+02

.... set ................ 12-12 hours ------- 100%/day

8.00E-05 4.OOE-02 5.60C-01 I.60E+OI S.OOE-07 4.02E-01 1.60E-01
design rate

4.00F_07 2.OOE-04 2.WXE_03 B.OOE-02 4.OOE-09 2.01E-03 8.OOE-04

... 100%/hour

I.DGE-03 1.00E#00 5.50E+00 2.OOE+02 .... ....
124 hours --------- .... 100%/day

4.OOE-05 4.OOE-02 2.20E-01 8.00E+00 4.00(-07 1.41E_01 8.OOE-02
GRAIN SOMARY RELEASE ... design rato-

FRM CORE 2.00E-07 2.00E_04 I.IOE-03 4.00E_02 2.00E_09 1.04E-04 1-004E-04

10.5 hour -------------- 100%/hour

I COOE-03 I.OOE+00 4.80E+01 8.00E#02

... 100%/hour

I.OOE-03 I.OOEOOO 1.20toOl 2.001!402 .... ....
..... sub ............... 12-12 hours ........ .... 100%fday I

COOE-05 4.00E-02 4.8ft-01 8.00f#00 4.00(-07 4.OIE-01 8.00E-02
... design rate I

2.OOE-07 2.00E-04 2.40E-03 4.01NE-02 2.OOE-09 2.OOE-03 4.OOE-04

... 10OX/hour

1.00E_03 1.00E#00 S.543111+00 2.OOE402
124 hews .......... ---- 100%/cky

4..OOE-OS 4.OOE-02 2.ZM-01 8.00COOO A.OOfO? 1.4le-01 8.004E-02
... design rt*

2.00F_07 2.OOE-04 I.IOE-03 4.OOE-02 2.OOE-09 ?."E-04 4.0% -04

Figure 5.6B BWR containment, wet-well leakage/failure release event
tree for a grain boundary release from the core



C

A

r:lease whote-body thyroid release whole-body thyroid

suWeston holdup f Cion release dose (rem) dose (rem) fraction dose (rem) dose (rem)

pool time in wet well non-nobles fraction at mile at I all* non-nobte at I mile at I mile
conditions dry/wet well teak rate riot filtered moble gas not filtered not ftered filtered filtered filtered

10.S hour ------------- 100%/hour
2.OOE-02 I.OOE4O0 ri OM �02 � .... ....CA 'I.OOE+04

... 100%/hour
?,DOE-03 I.OOE+00 3.OOIE*Oj I.OOE4O3 .... ....

................ 12-12 hours ....... I.... 100%/day

0.001-05 4.00E_02 1.20E*00 4.OOE+01 6.0of-07 6.04f-Di COOE-011
design rate

4.DOE-07 2.00E-04 6.OOE-03 2.OOEOl 4. DOE -09 4.OZE-03 2.OOE-03

100%/hour

I.OOE-03 1.001E*00 1.20E*01 5.OOE*02
124 hours --------- I.... loo%/day

I 4.OOE-05 4.00C-02 4.BM-01 2.00E*011 4.00E_07 2.&ZE-01 2.00E-Ol
N) HUY REASE ... design rate

FMM CORE 2.00C-07 2.OOE-04 2.40E-03 11.00E-01 2.OOE-09 i.411-03 l-OOE-03

10.5 hour .............. 100%fhour

1 4. OM � 01 1.00F400 I.OOF*O2 2.OOE#03 .... ....

JDnjhfjr
l'O0tO!I 1.00C*00 2.50F*01 S.OOE402 .... ....

..... *to ............... 12-12 hours ........ I 100%fday

4,01H 5 4.00 0 1.00E000 2.001*01 4.001-0? 8. 0.1 I VOW 01
--- design rate

?.ODE-Or 2.OOE-04 S.OM-03 1.0off-01 2.OOE-09 4.011-03 1.001-03

... 100%/hour

1110OIE-01 11-001E000 1.20E*01 S.OOE+02
124 ours .......... I---- loo%/doy

4.OOE-05 4.00E_0� COM-011 2.00E#011 4.OOE-07 2.82E-01 Z.001-01
--- design rate

2.OOE-01 2.OOE-04 2.4011-03 11.00E-011 2.OOE-09 1.41IF-03 1.001-03

Figure 5.6C BWR containment, wet-well leakage/failure release
event tree for a melt release from the core



rn

LIM

release release whote-body thyroid

core release release fraction fraction dose (rem) dose (rem)

candftions conditions rate non-nobles noble gas at I mite at I mite

--- 100%/hour

CAP RELEASE 4.OOE-01 I.OOE+00 4.24E+01 4.00E+03
FROM CORE -------- Inot ftered ------ I---- iOO%/day

1.60E-02 4.OOE-02 IJOE+00 1.60E#02

--- typical design rate
4.00EII05 1.00E-04 4.24E-03 4.OOE-01

--- 100%/hour

Ifittered --------- I---- 100%/day
1.60E-04 4.OOE-02 1.12E-01 1.60E+00

--- typical design rate

4.OOE-07 I.ODE-04 2.80E-04 4.OOE-03

Figure 5.7A PWR and BWR containment bypass release event tree
for a gap release from the core
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release release whole-body thyroid

core release release fraction fraction dose (rem) dose (rem)

conditions conditions rate non-mobtes nobte gas ot I mite at mile

--- 100%/hour

GRAIN W ARY 4.0DE-0i 1.00E+00 8.40E*02 B.OOE*04

RELEASE FROM -------- Inot ftered ------ I---- 100%/day

CORE i.60E-02 4.OOE-02 3.36E+01 3.20E+03

... typical design rate

4.OOE-05 1.00E-04 B.AOE-02 $.OOE#00

100%/h(xjr

Ifiltered --------- I---- 100%/day

1.60E-04 4.OOE-02 1.92E*00 3.20E*01

--- typical design rate

4.OOE-07 1.00E_04 4.80E_03 8.00E_02

Figure 5.7B PWR and BWR containment bypass release event tree for a grain
boundary release from the core



M

release release whote-body thyroid
core release release fraction fraction dose (rem) dose (rem)

cowitione conditions rate non-nobtes nobte gas at I mile at I mile

14ELT RELEASE 4.OOE-01 I.OOE+00 2.08E*03 2.OOE*05
FRON! CORE ........ Inot filtered ------ I---- 100%lday

1.60E-02 4.OOE-02 8.32E*01 B.OOE*03
--- typical design rate

4.001!-05 I.OOE-04 2.08E-01 2.00L#01

--- 100%/hour

Ifittered --------- I---- 100%/day
I 1.60E-04 4.OOE-02 4.00E*00 8.00E*01
--- typical design rate

4.OOE-07 I.OOE-04 1.00E-02 2.OOE-01

Fiqttre 5.7C PWR and BWR containment bypass release event tree
for a melt release from the core



Table 5.1 1-mile doses for release of various core and coolant factors(l)

M
Total whole-body dose, rem Thyroid inhalation dose, rem

(2, 3) (4)(hours after shutdown) (hours after shutdown)

Type of release 0 hr 1 hr 6 hr 12 hr 24 hr 0 hr 6 hr

100% noble gases JX102 8XI01(s) 2x101(5) 1xio, 7X,00(15 NC NC

100% gap particulates 102 JX102(5) NC NC 1.7xJO4 JX104(5)and aerosols 2x NC

100% grain boundary
particulates and aerosols U103 NC 2XI03(5) NC NC U105 2xl0s(')

100% melt particulates 5x,03(5) NC NC 6xIO5 5xl0s(')and aerosols 8X103 NC

100% coolant normal JXJO_2 NC NC NC NC lxlo_1(5) 9XJO-2
Cn

100% coolant 1OOX spike(6) IX100 NC NC NC NC IX101(5) NC

(1) 1-mile dose, 4 mph, D stability, ground level release, NRC MESORAD code.
(2) Hours after shutdown release is projected to start.
(3) Includes cloud shine, inhalation, and 3 hours of ground shine.
(4) Inhalation and adult thyroid only.
(5) Assumed in reactor event trees.
(6) Spike of all non-noble fission products.

NOTE: NC = not calculated.



7he dose for a specific accident can be estimated by:

Dose = [tree particulate/aerosol release fraction x 100% appropriate (e.g.
gap) particulate/aerosol dose factor] [tree noble gas release
fraction x 100% noble gas dose factor x noble gas core release
fraction] (Table 41).

As can be seen from Table 5.1, decay is not important except for noble gases.
Therefore, only noble gas dose factors differ depending on decay time. For the
particulates/aerosols, the 6-hour decay dose is used for all cas-s. For noble
gases l-,6-, or 24-hour decay cases were used, as appropriate. _-,

As an example, the plant conditions during the Perkins Point accident were as
f ol lows:

(1) Core melt was projected with release into the containment through the ice
condenser.

(2) Sprays were not functional (once-through ice).

(3) Ice was available.

(4) The containmentwas assumed to leak at design leakage.

(5) A dose assessment 2 hours after core damage was requested.

Figure 5.3C is the event tree for a PWR ice condenser plant with core melt.
These conditions correspond to the branch of the tree that is fourth from the
top. The whole-body dose is shown for these conditions as 1.2X10_2 rem, and
the thyroid dose is 1.0 rem.

-6
Note also that the non-noble release fraction is 2x1O for the once-
through ice condenser case. From the example of the 7000 curies of Cs-134,
7x10 x 2xlO-' = 1.4401 curies would be released. This is the same answer as
that calculated in our sample. Because of the great uncertainties associated
with making these estimates, these assessments and not specific numbers should
be used when discussing the results of the analysis. Source term estimates
should be used only as an indicator of possible offsite consequences. Assess-
ment results should be discussed in terms of the possible offsite health effects
(e.g. early health effects are possible).

5- 5 Comparison With Current Source Term Results

Release fractions estimated from Figures 5.2A through 5.7C were examined against
the HUREG-1150 release estimate ranges illustrated by the figures in Section 
of NUREG-1150, Vol. L A typical result is shown in Figure 5.8. In this case,
the 0.5-hour holdup case with no sprays was assumed from Figure 5.2C.
Figure 5.2C indicates an estimated release of 100% of the noble gases and 40%
of the non-noble fission products. The multiple of these release fractions and
the release fractions from the core for a core melt are shown on Figure 5.8.
The release fractions calculated using Figure 5.2C fell well within the range
of releases estimatedby NUREG-1150 as did the other cases examined. This also
shows a major problem for the analyst: the problem of how to show the uncer-
tainties when presentiug results.

MUREG-1210, Vol. 6 5-27
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COMPARISON OF RESULTS
STATION BLACKOUT, EARLY FAILURE SCENARIO

1E00 0 0 0 A
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Figure 5.8 Comparison of source term projection results for station blackout scenarios at Surry
Source: NUREG-1150



The 1-mile dose projections using the trees for conditions similar to the
WASH-1400 PWR release categories (see Section 14-3) also were compared with
CRAC code dose projections for the PWR WASH-1400 release categories. The
CRAC code results are for weather conditions similar to those assumed in the
tree calculations. The CRAC dose whole-body projections assumed 4 hours of
ground shine, and the tree calculations assumed only 3 hours of ground shine.
T-�e comparison is shown in Table 52. As can be seen, the results were always
within a factor of 5. The over estimates for the PWR I case result from
WASH-1400 calculations. a,rumino an elevated release and the trep assuming a
ground level release.

Table 52 Comparison ot event tree aoses'(1) with
CRAC wholebody dose projections for
WASH-1400 PWR release categories at
1 mile

WASH-1400 Tree
WASH-1401 whole-body dose 2) whole-body
release category (rem) at mile dose at mile

PW I 5x102 2xJO3
PK 4 1.5XJ02 2.6x1O1
PW 4x101 1.4x101(3)

(1) Figure 5.2C.
(2) Sourc. NUREG-1062, Case 4.
(3) Assund a 3-hour release.

5.6 Estimate the Uncertainties

This final step is extremely important and the most difficult.

Consider first the weertainties surrounding some of the assumptions made in
this example. The isitial core release fraction assumed was based on the ref-
erenced reactor corevith similar burnup but with an entirely different operat-
ing history. All of the fission product release fractions are based on limited
experimental data andwill most likely correspond to a single temperature. Not
only will the actual teWerature conditions most likely be different from those
of the experimentallyebtained release fractions, but the temperatures of the
fission products andtheir environment will continually change with time and
with accident conditim. The transport and deposition of fission products in
the reactor coolant qstem and in the containment also will be affected by pres-
sures, viscosities, dosities, hole sizes, material melting and boiling points,
heat capacities, flon. time, surface areas, volumes, system availabilities,
and chance. The botin line is that any source tem assessment made using this
approach will be vefycrude. It has been estimated that the current codes used
to estimate source tm have an uncertainty ranging between 100 and 1000
(NUREG-0956) dep"llen the accident sequence. Because these ranges are for
accidents for which aR conditions are known, the source term uncertainties
during an actual accidot would be much greater. The single greatest source of
uncertainties drinvamjor accident is the containment leak rate, which could
range to 107. All wr effects after core damage are in the 102-to-103 range
of uncertainty.

NUREG-1210, Vol. 6 5-29



Az-, an illustration of uncertainties, Figure 5.8 shows the source term projection
f.-r various studies (e.g. WASH-1400) and the range projected by NUREG-1150.
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APPENDIX A

PROCEDURE FOR ESTIMATING OFFSITE CONSEQUENCES
BASED ON PLANT CONDITIONS

MUREG-1210, Vol. 6



__.'s appendix to NUREG-1210, Vol. 6 uses a set-by-set system of tabs to walk
t-e user through the analysis of a large range of accident conditions and
reactor types. The figures referenced in this appendix may be found in Sec-
t::)ns 4 and of NUREG-1210, Vol. 6 and are called out as they are numbered in
I main report. When this appendix is used as a stand-alone procedure these
;z, gures would be taken from the main report and included here.
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DOSE ESTIMATION FROM PLANT CONDITIONS

Procedure: Rev. Dated:

1.0 OBJECTIVE

The objective of this procedure is to estimate offsite consequences and re-
lease source terms based on the projected status of a limited number of plant
conditions.

2.0 RESPONSIBILITY

This procedure will be used by the source term specialist and the accident
sequence analyst with the results provided to the appropriate radiological
assessment manager.

3.0 GUIDANCE

STEP I
NOTE

This procedure provides crude estimates accurate within a factor of 10-100,
only if plant conditions are accurately represented. Results are for a
1000 MWe plant and should be adjusted if the plant is much smaller <1/2).

ACTION

Select arpropriate tab for containment/leakage type.

Tab A PWR Large Dry or Subatmospheric Containment Leakage
Tab 6 PWR Ice Condenser Containment Leakage
Tab C PWR Steam Generator Tube Rupture
Tab D BWR Containment Dry-Well Leakage/Failure
Tab E BWR Containment Wet-Well Leakage/Failure
Tab F BWR/PWR Containment Bypass (Event V)
Tab G General Description of Assumptions

Table Core release fraction assumptions
Table 2 Summary of particulate/aerosol reduction mechanisms
Table 3 Assumed containment and steam generator tube rupture

escape fraction for hour
Table 4 PWR baseline coolant concentrations for various levels

of core damage
Table 5 BWR baseline coolant concentrations for various levels

of core damage
Table 6 1-mile dose factors used in the event tree
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TAB A

PWR LARGE DR� OR SUBATMOSPHERIC CONTAINMENT RELEASE EVENT TREES FOR
A GAP (1), GRAIN BOUNDARY 2 OR MELT 3 RELEASE FROM CORE

NOTE

general description of the assumptions used in the event trees follows Step 3.

ACTION
STEP 2

Gather following plant information:

Plant name
Core condition - check

gap release (1300-20000F)
grain boundary (>3000'F)
melt (>45000F)

Containment sprays - check
on
off

Holdup time before release
.5 hour
2-12 hours
24 hours

Containment leak rate
design (0. 1%/day)
100%/day
100%/hour

Time
Analyst

STE P 3

Use the event trees, based on information above, to estimate dose and source term.
Select appropriate event tree based on core condition.

Tab A-1 Gap
Tab A-2 Grain Boundary
Tab A-3 Melt
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PWR LARGE DRY OR SUBATMOSPHERIC CONTAINMENT EVENT TREES

GENERAL DESCRIPTION: The core is uncovered and release fractions for a 1000 Mwe
plant (Table 1, Tab G typical of a gap (1300-20001F), grain boundary (3000'F),
o- melt (4500'F) release from the core are assumed. For the vessel melt-through
cases (ex-vessel melt) the Sr release fractions could be substantially increased.
This could increase the projected whole-body dose by 50% for cases involving
releases of large fractions of the non-noble fission products. The release
passes by a dry pathway through the primary system into the containment atmo-
sphere as shown in Figure 46 (NUREG-1210, Vol. 6 pathway A-1 (primary leak-
age) or A-2 (PORV or SRV). Particulates and aerosols airborne in containment
are reduced to account for the actions of sprays or natural processes for.5,
2-12, or 24 hours. Releases from the containment are estimated for 0.1%/day
Figure 46 (NUREG-1210, Vol. 6 pathway -1 (design leakage), 100%/day pathway
B-2 (isolation valve seal failure), or 100%/hour pathway -3 (catastrophic
failure >2 s ft), Noble gas release fraction is a function of containment
release rate only.

The doses are calculated for a 1-hour ground level release, 4 mph, and D stabil-
ity wind conditions. Whole-body dose includes cloud shine, 3 hours of ground
shine, and inhalation. Noble gas decay is accounted for. Thyroid dose (adult)
is for inhalation only.

A further description of assumptions is contained in Tab G.
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TAB A-1 GAP

STEP 4

Record from event tree (see Figure 5.2A, NUREG-1210, Vol. 6:

Event description
Time
Analyst
Whole-body dose mi
Thyroid dose mi

STEP 

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: � mi
� I mi 0.25 = � 2 mi
� I mi 0.04 = � mi
� I mi 0.0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � mi
� I mi 0. 25 = � 2 mi
� I mi 0. 04 = � mi
� I mi 0. 0 = � 1 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
results. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

Distance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WB dose >50 rem)

Distance to which PAG may be exceeded (WB dose >1 rem or thyroid dose
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Combine this assessment with the general description (following Step 3, input
information (Step 2 and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB A-2 GRAIN BOUNDARY

S-EP 4

Record from event tree (see Figure 52B, NUREG-1210, Vol 6:

Event description
Time
Analyst
Whole-body dose I mi
Thyroid dose I mi

STEP 

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: � I mi
� mi 0.25 = � 2 mi
� I mi 0.04 = � mi
� mi 0.0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � mi
� I mi 0. 25 = � 2 mi
� I mi 0. 04 = � mi
� I mi 0. 0 = � 1 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
results. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

Distance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WB dose >50 rem)

Distance to which PAG way be exceeded (WB dose >1 rem or thyroid dose
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Combine this assessment with the general description (following Step 3, input
information (Step 2, and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB A-3 MELT

STEP 4

Record from event tree (see Figure 5.2C, NUREG-1210, Vol. 6:

Event description
Time
Analyst -
Whole-body dose I mi
Thyroid dose mi

STEP 

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: � mi
� mi 0. 25 = � 2 mi
� mi 0. 04 = � mi
� mi 0. 0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � mi
� mi 0. 25 = � 2 mi
� mi 0. 04 = � mi
� mi 0. 0 = � 1 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
results. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

Di stance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WB dose >50 rem)

Distance to which PAG may be exceeded (WB dose >1 rem or thyroid dose
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Combine this assessawt with the general description (following Step 3, input
information (Step 2, and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB 

PWR ICE CONDENSER CONTAINMENT RELEASE EVEN' TREES FOR
A GAP (1), GRAIN BOUNDARY 2), OR MELT 3) RELEASE FROM CORE

NOTE

A general description of the assumptions used in the event trees follows Step 3.

ACTION

STEP 2

Gather following plant information:

Plant name
Core condition - check

gap release (1300-2000'F)
grain boundary WOOO'F)
melt (>45000F)

Containment sprays - check
on
off

Holdup time before release
.5 hour
2-12 hours
24 hours

Containment leak rate
design 0.1%/day)
100%/day
100%/hour

Recirculation fans*
on (with recirc)
off (once through ice)

Time
Analyst

STEP 3

Use the event trees, based on information above, to estimate dose and source
te rm. Select appropriate event tree based on core condition.

Tab B-1 Gap
Tab B-2 Grain Boundary
Tab B-3 Melt

*If the ice condenser is bypassed or the ice is exhausted before the release
f rom core, use PWR I arge, dry trees, Tab A.
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PWR ICE CONDENSER CONTAINMENT RELEASE EVENT TREES FOR
A GAP (1), GRAIN BOUNDARY 2 OR MELT 3 RELEASE FROM CORE

GENERAL DESCRIPTION: The core is uncovered and release fractions (Table ,
Tab G) typical of a gap (1300-20000F), grain boundary (3'-IOO'F), or melt (45001F)
release from the core are assumed. For the vessel me through cases (ex-vessel
melt) the Sr release fractions could be substantially increased. This could
increase the projected whole-body dose by 50% for cases involving releases of
large fractions of the non-noble fission products. The release passes by a dry
pathway through the primary system into the containment atmosphere through the
ice condenser, shown in Figure 47 (NUREG-1210, Vol. 6 as pathway A-1 (primary
leakage) or A-2 (PORV or SRV). Particulates and aerosols airborne in the con-
tainment are reduced to account for the actions of sprays and natural processes
for . 5, 2- 12, or 24 hours. Ice condenser removal for once-through and recircula
tion is estimated. It is assumed that the ice is not depleted before core
damage. Releases from the containment are estimated for 0.1%/day Figure 47
(MUREG-1210, Vol. 6 pathway B-1 (design leakage), 100%/day pathway B-2 (isola-
tion valve seal failure), or 100%/hour pathway B-3 (catastrophic failure
>2 sq f t). Noble gas release fraction is a function of containment release
rate only.

Doses at I mi are calculated for a 1-hour ground level release, 4 mph, and D
stability wind conditions. Whole-body dose includes cloud shine, 3 hours of
ground shine, and inhalation. Noble gas decay was accounted for. Thyroid dose
(adult) is for inhalation only.
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TAB B-I GAP

STEP 4

Record from event tree (see Figure 5.3A, NUREG-1210, Vol. 6:

Event description
Time
Analyst
Whole-body dose mi
Thyroid dose mi

STEP 

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: � mi
� mi 0.25 = � 2 mi
� mi 0.04 = � mi
� mi 0.0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � mi
� I mi 0.25 = � 2 mi
� mi 0.04 = � mi
� I mi 0.0 = � 1 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
results. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

Distance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WB dose >50 rem)

Distance to which PAG may be exceeded (WB dose >1 rem or thyroid dose
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Combine this assessment with the general description (following Step 3 input
information (Step 2, and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB B-2 GRAIN BOUNDARY

",TEP 4

Record from event tree (see Figure 5.3B, NUREG-1210, Vol. 6:

Event description
Time
Analyst
Whole-body dose mi
Thyroid dose I mi

STEP 

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: 0 mi
� mi 0. 25 = � 2 mi
� mi 0. 04 = � mi
� mi 0. 0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � mi
� mi 0. 25 = � 2 mi
� I mi 0. 04 = � mi
� mi 0. 0 = � 1 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
results. Use the possible consequences as detemined below.

ACTION

Based on criteria below, determine:

Distance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WE dose >50 rem)

Distance to which PAG may be exceeded (WB dose >1 rem or thyroid dose
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Combine this assessment with the general description (following Step 3, input
information (Step 2), and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB B-3 CORE MELT

STEP 4

Record from event tree (see Figure 5.3C, NUREG-1210, Vol 6:

Event description
Time
Analyst
Whole-body dose I mi
Thyroid dose 1 mi

STEP 

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: � mi
� mi 0.25 = � 2 mi
� mi 0.04 = � mi
� mi 0.0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � mi
� I mi 0.25 = � 2 mi
� mi 0.04 = � mi
� mi 0.0 = � 1 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
results. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

Distance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WB dose >50 rem)

Distance to which PAG may be exceeded (WB dose >1 rem or thyroid dose
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Combine this assessment with the general description (following Step 3, input
information (Step 2 and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB C

PWR STEAM GENERATOR TUBE RUPTURE RELEASE EVENT TREES
FOR TYPICAL COOLANT AND SPIKE

NOTE

A general description of the assumptions used in the event trees follows Step 3.

ACTION

STEP 2

Gather following plant information:

Plant name
Coolant concentration

normal
10OX spike
gap release (1300-2000'F)
grain boundary (3000'F)
melt (4500'F)

SG conditions
normal
solid
50% carryover

Time
Analyst

STEP 3

Use the event tree (Tab C-1), based on information above, to estimate dose and
source term. Select appropriate event tree based on coolant and core conditions.

Tab C-1 Normal and 10OX spike
Tab C-2 Gap
Tab C-3 Grain Boundary
Tab C-4 Melt
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PWR STEAM GENERATOR TUBE RUPTURE EVENT TREE FOR A RELEASE OF COOLANT
NORMAL AND 100 X NORMAL (SPIKE) CONCENTRATIONS (1), GAP CONCENTRATIONS 2,

GRAIN BOUNDARY CONCENTRATIONS 3 AND MELT CONCENTRATIONS 4)

GENERAL DESCRIPTION: Two normal range coolant concentrations (normal and 100X
non-noble fissio- products spike) are assumed in addition to three accident
concentrations. The accident concentrations assume that all of the gap, grain
boundary, or melt core release fractions are contained in the coolant. The
associated coolant concentrations are found in Table 4 or 5, Tab G. The coolant
is assumed to be released by a steam generator tube rupture (SGTR) to the
secondary side and then to the atmosphere by the relief valves. The release
rate for total failure of one tube at full pressure or for coolant (Figures 46
and 47, pathways A-3 and C-1, NUREG-1210, Vol. 6 being pushed out by one
charqinq pumj) is assumed. SG Dartitionino for normal. carrvover. and a
solid secondary side of the SG are assumed. 50% retention in the secondary
side is assumed for all cases.

The doses at 1 mi are calculated for a 1-hour ground level release, 4 mph, and
D stability wind conditions. Whole-body dose includes cloud shine, 3 hours of
ground shine, and inhalation. Noble gas decay is accounted for. Thyroid dose
(adult) is for inhalation only.

NUREG-1210, Vol. 6 A-14



TAB C-1 NORMAL AND 10OX SPIKE

STEP 4

Record from event tree (see Figure 5.4A, NUREG-1210, Vol. 6:

Event description
Time
Analyst
Whole-body dose 1 mi
Thyroid dose I mi

STEP 

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: � mi
� mi 0.25 = � 2 mi
� mi 0.04 = � mi
� mi 0.0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � I mi
� mi 0.25 = � 2 mi
� mi 0.04 = � mi
� mi 0.0 = � 1 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
results. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

Distance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WB dose >50 rem)

Distance to which PAG may be exceeded (WB dose >1 rem or thyroid dose
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Combine this assessment with the general description (following Step 3, input
information (Step 2 and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB C-2 GAP

STEP 4

Record from event tree (see Figure 5.4B, NUREG-1210, Vol 6:

Event description
Time
Analyst
Whole-body dose mi
Thyroid dose mi

STEP 

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: � mi
� mi 0.25 = � 2 mi

I mi 0.04 = � mi
� mi 0.0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � mi
� mi 0.25 = � 2 mi
� mi 0.04 = � mi

I mi 0.0 = � 1 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
results. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

Distance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WB dose >50 rem)

Distance to which PAG may be exceeded (WB dose >1 rem or thyroid dose
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Combine this assessment with the general description (following Step 3, input
information (Step 2, and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB C-3 GRAIN BOUNDARY

STEP 4

Record from event tree (see Figure 54C, NUREG-1210, Vol. 6:

Event description
Time
Analyst
Whole-body dose I mi
Thyroid dose I i

STEP 

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: � mi
� mi 0. 25 = � 2 mi
� mi 0. 04 = � mi

I mi 0. 0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � mi
� 1 mi 0. 25 = � 2 mi

I mi 0. 04 = � mi
I mi 0. 0 = � 1 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
results. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

Distance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WB dose >50 rem)

Distance to which PAG may be exceeded (WB dose >1 rem or thyroid dose
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Combine this assessment with the general descripton (following Step 3. input
information (Step 2, and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB C-4 MELT

S-EP 4

Record from event tree (see Figure 5.4D, NUREG-1210, Vol. 6:

Event description
Time
Analyst
Whole-body dose mi
Thyroid dose I mi

STE P 5

Calculate baseline dose at 2 5, and 10 mi.

-Whole-body dose from event tree: Whole-body dose: � mi
I mi 0. 25 = � 2 mi
I mi 0. 04 = � mi
I mi 0. 0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � mi
� mi 0. 25 = � 2 mi
� mi 0. 04 = � mi
� 1 mi 0. 0 = � 1 mi

S�EP 6

P-esent results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
results. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

D-:stance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WB dose >50 rem)

D'istance to which PAG may be exceeded (WB dose >1 rem or thyroid dose
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Cc>mbine this assessment with the general description (following Step 3, input
information (Step 2, and a markup of figure showing assumed release pathway(s).
Pmvide results to the Radiological Assessment Manager.
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TAB D

BWR CONTAINMENT DRY-WELL LEAKAGE/FAILURE FOR
A GAP (1), GRAIN BOUNDARY 2 OR MELT 3 RELEASE FROM CORE

NOTE

A general description of the assumptions used in the event trees follows Step 3.

ACTION
STEP 2

Gather following plant information:

Plant name
Core condition - check

gap release (1300-2000'F)
grain boundary (>30000F)
melt (>45000F)

Dry-well containment sprays - check
on
Off

Holdup time in dry well before release
.5 hour
2-12 hours
24 hours

Dry-well leak rate
design (0.5%/day)
100%/day
100%/hour

Release through filters (SBGT)
yes
no

Time
Analyst

STEP 3

Use event trees, based on information above, to estimate dose and source term.
Select appropriate event tree based on core condition.

Tab D-1 Gap
Tab D-2 Grain Boundary
Tab D-3 Melt
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BWR CONTAINMENT DRY-WELL LEAKAGE RELEASE EVENT TREES FOR
A GAP (1), GRAIN BOUNDARY 2 OR MELT 3 RELEASE FROM CORE

GzERAL DESCRIPTION: The core is uncovered and release fractions for a
1!_' 60 MWe plant (Table 1, Tab G) typical of a gap (1300-2000'F), grain boundary
IL '�-300F), or melt (4500'F) release from the core are assumed. For the vessel
-i't-through cases (ex-vessel melt) the Sr release fractions could be substan-
,:-;=Ily increased. This could increase the projected whole-body dose by 50% for
cases involving releases of large fractions of the non-noble fission products.
T-.e release passes by a dry pathway through the primary system into the contain-
ment dry-well atmosphere through a loss-of-coolant accident (LOCA), shown in
Figures 48 49, and 410 (NUREG-1210, Vol. 6 as pathway A-1 (primary leakage).
Particulates and aerosols airborne in the containment dry well are reduced to
account for the actions of sprays and natural processes for .5, 212, or 24 hours.
Releases from the containment dry well are estimated for 0.5%/day (Figures 48,
4-9, and 410, NUREG-1210, Vol. 6 pathway -1 (design leakage), 100%/day path-
way B-2 (isolation valve seal failure), or 100%/hour pathway B-3 (catastrophic
failure >2 sq ft). The release can be filtered by the standby gas treatment
(SBGT) system (pathway C-2) before release or bypass the SBGT (pathway C-1).
Noble gas release fraction is a function of release rate only.

The doses at mi are calculated for a 1-hour ground level release, 4 mph, and
D stability wind conditions. Whole-body dose includes cloud shine, 3 hours of
ground shine, and inhalation. Noble gas decay is accounted for. Thyroid dose
(adult) is for inhalation only.
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TAB D-1 GAP

STEP 4

Record from event tree (see Figure 5.5A, NUREG-1210, Vol. 6:

Event description
Time
Analyst
Whole-body dose mi
Thyroid dose � mi

STEP 

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: � mi
� mi 0.25 = � 2 mi
� I mi 0.04 = � mi
� mi 0.0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � I mi
� mi 0. 25 = � mi
� I mi 0. 04 = � mi
� mi 0. 0 = � 10 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in pesenting
results. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

Distance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WB dose >50 rem)

Distance to which PAG may be exceeded (WB dose >1 rem or thyroid dose,
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Combine this assessment with the general description (following Step 3 input
information (Step 2 and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB D-2 GRAIN BOUNDARY

STEP 4

Record from event tree (see Figure 5.5B, NUREG-1210, Vol. 6:

Event description
Time
Analyst
Whole-body dose mi
Thyroid dose mi

STEP 

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: � I mi
� mi 0.25 = � 2 mi
� 1 mi 0.04 = � mi

I mi 0.0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � mi
I mi 0.25 = � 2 mi
I mi 0.04 = � mi

� mi 0.0 = � 1 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
results. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

Distance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WB dose >50 rem)

Distance to which PAG may be exceeded (WB dose >1 rem or thyroid dose
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Combine this assessment with the general description (following Step 3 input
information (Step 2, and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB D-3 CORE MELT

STEP 4

Record from event tree (see Figure 5.5C, NUREG-1210, Vol. 6:

Event description
Time
Analyst
Whole-body dose 1 mi
Thyroid dose 1 Mi

STEP 5

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: � 1 mi
� 1 mi 025 = � 2 mi
� I mi 004 = � 5 mi

I * 0.0 = � 10 mi

Thyroid dose from event tree: Thyroid dose: � 1 mi
� 1 mi 025 = � 2 mi
� 1 mi * 0.04 = � 5 mi

I mi * 0.0 = � 10 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
results. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

Distance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WB dose >50 rem)

Distance to which PAG may be exceeded (WB dose >1 rem or thyroid dose
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Combine this assessment with the general description (following Step 3, input
information (Step 2, and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB E

BWR CONTAINMENT WET-WELL LEAKAGE/FAILURE FOR
A CAP (1), GRAIN BOUNDARY 2 OR MELT 3 RELEASE FROM CORE

NOTE

A general description of the assumptions used in the event trees follows Step 3.

ACTION
STEP 2

Gather following plant information:

Plant name
Core condition - check

gap release (1300-2000'F)
grain boundary (>3000'F)
melt (>4500'F)

Suppression pool cnditions*
saturated
subcooled

Holdup time in dry/wet well before release
.5 hour
2-12 hours-
24 hours

Wet-well leak rate
design (0.5%/day)
100%/day
100%/hour

Release through filters (SBGT)
yes
no

Time
Analyst

STEP 3

Use event trees, based on information above, to estimate dose and source term.
Select appropriate event tree based on core condition.

Tab E-1 Gap
Tab E-2 Grain Boundary
Tab E-3 Melt

*For bypass of the suppression pool, use BWR containment dry-well trees, Tab D.
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BWR CONTAINMENT WET-WELL LEAKAGE RELEASE EVENT TREES FOR
A GAP (1), GRAIN BOUNDARY 2 OR MELT 3 RELEASE FROM CORE

GENERAL DESCRIPTION: The core is uncovered and release fractions (Table ,
Tab G) typical of a gap (1300-2000'F), grain boundary (3000'F), or melt (45000F)
re"ease from the core are assumed. For the vessel melt-through cases (ex-vessel
melt) the Sr release fractions could be substantially increased. This could
increase the projected whole-body dose by 50% for cases involving releases of
large fractions of the non-noble fission products. The release passes through
the suppression pool into the containment wet-well atmosphere through a LOCA,
shown in Figures 48 49, and 410 (NUREG-1210, Vol. 6 as pathway A-2 (primary
leakage) or A-3 (ADS/SRV). Particulates and aerosols airborne in the contain-
ment wet well are reduced to account for the actions of the suppression pool
under subcooled and saturated conditions. It is assumed that only decay heat
is being released. If the reactor is not shut down, 10 to 20 times as much
particulates could be released through the pool. In addition, it is assumed
that the particulates are reduced to account for natural depletion while held
up in the containment. Releases from the containment wet well are estimated
for 0.5%/day as shown in Figures 48 49, and 410 (NUREG-1210, Vol. 6 path-
way B-1 (design leakage), 100%/day pathway B-2 (isolation valve seal failure),
or 100%/hour pathway -3 (catastrophic failure >2 sq ft). The release can be
filtered by the SBGT (pathway C-2) before release or bypass the SBGT (pathway
C- 1). Noble gas release fraction is a function of release rate only.

Doses at 1 mi are calculated for a 1-hour ground level release, 4 mph, and D
stability wind conditions. Whole-body dose includes cloud shine, 3 hours of
ground shine, and inhalation. Noble gas decay is accounted for. Thyroid dose
(adult) is for inhalation only.
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TAB E-1 GAP

STEP 4

Record from event tree (see Figure 5.6A, NUREG-1210, Vol. 6:

Event description
Time
Analyst
Whole-body dose mi
Thyroid dose mi

STEP 

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: � mi
� mi 0.25 = � 2 mi
� mi 0.04 = � mi
� mi 0.0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � mi
� mi 0.25 = � 2 mi
� I mi 0.04 = � mi
� I mi 0.0 = � 1 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
results. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

Distance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WB dose >50 rem)

Distance to which PAG may be exceeded (WB dose >1 rem or thyroid dose
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Combine this assessment with the general description (following Step 3, input
information (Step 2, and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB E-2 GRAIN BOUNDARY

S7E 4

Record from event tree (see Figure 568, NUREG-1210, V 6:

Event description
Time
Analyst
Whole-body dose mi
Thyroid dose I i

S7EP 5

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: � mi
� mi 0. 25 = � 2 mi
� mi 0. 04 = � mi
� mi 0. 0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � I mi
� mi 0. 25 = � 2 mi
� I mi 0. 04 = � mi
� I mi 0. 0 = � 1 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
resul ts. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

Cistance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WB dose >50 rem)

Distance to which PAG may be exceeded (WB dose >1 rem or thyroid dose
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Combine this assessment with the general description (following Step 3 input
information (Step 2 and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB E-3 CORE MELT

STEP 4

Record from event tree (see Figure 5.6C, NUREG-1210, Vol. 6:

Event description
Time
Analyst
Whole-body dose mi
Thyroid dose mi

STEP 

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: � mi
� I mi 0.25 = � 2 mi
� mi 0.04 = � mi
� I mi 0.0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � mi
� mi 0.25 = � 2 mi
� mi 0.04 = � mi
� mi 0.0 = � 1 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
results. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

Distance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WE dose >50 rem)

Distance to which PAG may be exceeded (WB dose >1 rem or thyroid dose
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Combine this assessment with the general description (following Step 3, input
information (Step 2, and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB F

BWR/PWR CONTAINMENT BYPASS FOR
A GAP (1), GRAIN BOUNDARY 2), OR MELT 3) RELEASE FROM CORE

NOTE

A general description of the assumptions used in the event trees follows Step 3.

ACTION
STEP 2

Gather following plant information:

Plant name
Core condition - check

gap release (1300-20000F)
grain boundary (>30001F)
melt (>4500'F)

Release path conditions
filtered
not filtered

Release rate
typical design 0.1%/day)
100%/day
100%/hour

Time
Analyst

STEP 3

Use event trees, based on information above, to estimate dose and source tem.
Select appropriate event tree based on core condition.

Tab F-1 Gap
Tab F-2 Grain Boundary
Tab F-3 Melt
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BWR/PWR CONTAINMENT BYPASS RELEASE EVENT TREES FOR
A GAP (1), GRAIN BOUNDARY 2 OR MELT 3 RELEASE FROM CORE

GENERAL DESCRIPTION: The core is uncovered and release fractions for a
1000 MWe plant (Table 1, TAB G) typical of a gap (1300-20001F), grain boundary
(30000F), or melt (4500'F) release from the core are assumed. For the vessel
melt-through cases (ex-vessel melt) the Sr release fractions could be substan-
tially increased. This could increase the projected whole-body dose by 50% for
cases involving releases of large fractions of the non-noble fission products.
The release passes through a line that bypasses the containment, shown in
Figures 46 47 48 49, and 410 as pathways B-4/A-4 (NUREG-1210, Vol. 6.
Particulates and aerosols airborne in the contaiment are reduced to account
for plateout in the line. The NUREG-0956 results were used as the basis for
the amount of reduction. Releases from the containment are estimated for
0-1%/day (typical design leakage), 100%/day (isolation valve seal failure), or
100%/hour (catastrophic failure). Noble gas release fraction is a function of
release rate only.

Doses at mi are calculated for a 1-hour ground level release, 4 mph, and D
stability wind conditions. Whole-body dose includes cloud shine, 3 hours of
ground shine, and inhalation. Noble gas decay was considered. Thyroid dose
(adult) is for inhalation only.
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TAB F-1 GAP

'�TEP 4

Record from event tree (see Figure 5.7A, NUREG-1210, Vol. 6:

Event description
Time
Analyst
Whole-body dose I mi
Thyroid dose mi

STEP 

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: � mi
� mi 0.25 = � 2 mi
� I mi 0.04 = � mi
� mi 0.0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � mi
� mi 0.25 = � 2 mi
� I mi 0.04 = � mi
� I mi 0.0 = 1 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
results. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

Distance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WB dose >50 rem)

Distance to which PAG may be exceeded (WB dose >1 rem or thyroid dose
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Cc>mbine this assessment with the general description (following Step 3, input
information (Step 2, and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB F-2 GRAIN BOUNDARY

STEP 4

Record from event tree (see Figure 5.7B, NUREG-1210, Vol. 6:

Event description
Time
Analyst
Whole-body dose mi
Thyroid dose I mi

STEP 

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: � mi
� mi 0.25 = � 2 mi
� mi 0.04 = � mi
� I mi 0.0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � mi
� mi 0.25 = � 2 mi
� 1 mi 0.04 = � mi
� mi 0.0 = � 1 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
resu I ts. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

Distance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WB dose >50 rem)

Distance to which PAG may be exceeded (WB dose >1 rem or thyroid dose
>5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Combine this assessment with the general description (following Step 3, input
information (Step 2, and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB F-3 CORE MELT

STEP 4

Record from event tree (see Figure 55C, NUREG-1210, Vol. 6:

Event description
Time
Analyst
Whole-body dose mi
Thyroid dose I mi

STEP 

Calculate baseline dose at 2 5, and 10 mi.

Whole-body dose from event tree: Whole-body dose: � mi
� I mi 0.25 = � 2 mi
� I mi 0.04 = � mi
� I mi 0.0 = � 1 mi

Thyroid dose from event tree: Thyroid dose: � mi
� mi 0.25 = � 2 mi
� mi 0.04 = � mi
� mi 0.0 = � 1 mi

STEP 6

Present results.
NOTE

Because of great uncertainty, dose numbers should not be used in presenting
r-esul ts. Use the possible consequences as determined below.

ACTION

Based on criteria below, determine:

Distance to which early deaths are possible (WB dose >200 rem)

Distance to which early health effects are possible (WB dose >50 rem)

Distance to which PAG may be exceeded (WB dose >1 rem or thyroid dose
> 5 rem)

Assuming that the accident proceeds as projected, the actual releases could
reasonably vary by a factor of 10 to 100 from the projected dose.

Combine this assessment with the general description (following Step 3 input
information (Step 2 and a markup of figure showing assumed release pathway(s).
Provide results to the Radiological Assessment Manager.
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TAB G

GENERAL DESCRIPTION OF ASSUMPTIONS

MUREG-1210, Vol. 6 A-34



TAB G BASIC METHOD

To make a first approximation of a severe accident source term, follow the event
tree method below.

(1) Estimate the amount of fission products in the core.

(2) Estimate the fraction of the fission product inventory released from the
core.

(3) Estimate the fraction of the fission product inventory released from the
core that is removed on the way to the environment.

(4) Estimate the mount of the available fission product inventory actually
released to the environment.

(5) Estimate the dose at mi.

The event trees estimate source terms by:

Source term FPI x CRF nnOF x EF
i i 0=1 (ij

for radionuclide i and n reduction mechanisms

where

FPIi = elementi core or coolant inventory

[assume a 1000 We core]

CRF = element i released from core (based on core damage state)(Table 1)
i element i inventory in core

OF - element after reduction mechanisms available for release (Table 2)
i element i before reduction mechanisms available for release

EF - elemeat i released (Table 3)
i element available for release

The steam generator ube rupture case was somewhat di f f erent i n that the
starting point was mm assumed coolant concentration (Tables 4 and 5) that
assumes all the material released from the core is contained in the coolant.

Dose at I mi is based on MESORAD. Table 6 shows the dose factors calculated
by MESORAD that were used to calculate the doses shown in the event trees.

Doses at 2 , and M mi are based on Vr2 which represents the fal I off or D
to E stability (seeNREG-0396).

Dose = [tree non-ndRe gas release fraction X 100% appropriate (e.g. gap)
non-valuable gas dose factor] [tree noble gas release fraction X noble gas
release fraction (ible 1) X 100% noble gas dose factors).
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Table Core release fraction (CRF) assumptions (1-hr release)

Fuel cladding Fission Assumed release
Core condition temperature product fraction from

fuel

Fuel pin cladding 600OF Normal use
intact - normal leakage Table 32

(NUREG-1210,
Vol. 6)

Gap release 1300OF-2000OF Xe, Kr 0.03
(cladding failure) I 0.02

Cs 0.05
Te, Sb JX10_4

Grain boundary 3000OF Xe, Kr 0.5
release I, Cs

Te 0.1

MO 0.01
Sr LXID=3_
Ru -��JX10_4

Core melt (1)(2) >4500OF Xe, Kr 1.0
(in-vessel) Cs 1.0

Sb 0.02
I 1.0
Te 0.3
Ba (3-1 0.2
Sr 0.07
MO 0.01
Ru 7XJO-3

La JX10_4

Y JX10_4

Ce JX10_4

Np JX10_4

Sources:
(1) Based on Tables 48 and 49 of NUREG-0956.
(2) For La, Y, Np, and Ce, release fraction was used, based on BMI-2104,

Vol. VI, page 624 grouping, Batelle Columbus Laboratories, 1984.
(3) Ex-vessel (melt-through) melt release fractions may be much larger

(0 4 to 0. 8).
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Table 2 Summary of particulate/aerosol gaseous (unless noted)
reduction mechanism

Release mechanism Reduction fa-tor

Standby Gas Treatment System Filters:

Dry-low pressure flow 0.01
Wet-high pressure flow (blowout) 1.0

O'Lher Filters:

Dry-low pressure flow 0.01
Wet-high pressure flow (blowout) 1.0

Suppression Pool Scrubbing:

Violent flashing of steam (flow greater than produced by
decay heat) 0.50

Slow steady flow (decay heat)
Pool subcooled 0.01
Pool saturated 0.05

Pool bypass 1.00

Removal Of SusRended Aerosols and Particulates:

Natural processes (no sprays)
0.5-hour holdup time 0.40
2- to 12-hour holdup time 0.04
24-hour holdup time 0.01

Sprays on
0.5-hour holduD time 0.03
2- to 12-hour holdup time 0.02
24-hour holdup time 0.002

Ice Condenser:

One pass through condenser (no recirculation) 0.5
Continual recirculation through condenser (1 hr or more) 0.25
Ice bed exhausted before core damage 1.0

Primary System Plateout:

Bypass accidents only 0.40

Steam Generator Partitioning:

"U" tube

Partially filled steam generator (liquid release) 0.02
Water solid secondary side (liquid release) 0.50
Dry steam generator (bypass) (liquid release) 1.00

Evolution From Pool:

From subcooled pool (1 hour) 0.01
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Table 3 Assumed containment and steam
generator tube rupture escape
fraction for hour

Escape
Release pathway fraction*

Primary containment failure/leakage

Typical design leakage:

PWR - large dry 0.1%/day) 4xIO-5

PWR - subatmospheric 0.1%/day) 4xIO-S

PWR - ice condenser (0.25%/day) JXJO-4

BWRs (0.5%/day) 2xIO-4

Failure to isolate 100%/day):

Failure of isolation valve seal 0.04

Castastrophic failures:

I-hr puff release 1

Steam generator tube rupture

I tube at full pressure 0.35
(coolant leak)

I tube at low-pressure single 0.03
charging pump flow
(coolant leak)

*Fraction of containment volume or primary
system coolant inventory released in hour.
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Table 4 PWR baspline coolant concentrations for various levels of core damage
rn

Core inven- Gap coolant Melt cool- TMI concen-
tory Normal con- Gap concentra- Melt ant concen- tration
(1000 MWe) centration release tion release tration +48 hrs*

Nuclide (CO (Pci/g) fraction (Pci/g) fraction (Pci/g) (Pci/g)

Kr-85 5.60x105 4.30x1O-I 3.OOXjo_2 6.72x101 1.00 2.24xIO3 -
Kr-85m 2.40xlor 1.6OX10-1 3.OOXIO-2 2.88xI03 1.00 9-60xJ04 -
Xs-133 1.70XIOS 2.60 3.00xio-z 2.04xIO4 1.00 6.80x1OB -
Xs-'135 3.40xIO' 8.50XIO-1 3.0OX10-2 4.08XJ03 1.00 1.36x105 -
1-131 8.50x107 4.50XJO-2 2.00XIO-2 6.80x103 1.00 3.40x105 1.30xJ04
I-133 1.70x108 1.40x10-1 2.OOXIO-2 1.36XJ04 1.00 6.80x105 6.50xlO-3
I-135 1.50x108 2.60x1O-I 2.OOXIO-2 1.20XJ04 1.00 6.00xlOs
Cs-134 7.50x106 7.10xlO-3 5. OOXIO-2 1.50x103 1.00 3.00XJ04 6.30x1O'
Cs-137 4.70x106 9.40xjO_3 5.0OX10-2 9.40xJ02 1.00 1.88xjO4 2.80X102
Sr-90 3.70XJ06 1.20x1O-5 0.00 LWO-s 7.OOXIO-2 LOU103 5.30
Np-239 1.60x109 2.20xjO_3 0.00 2.240-3 J.OOXJO-4 6.40xJ02 -

Assumptions: WASH-1400 inventory.
ANSIANS 18.1-1984 normal coolant concentrations.
2.5x105 kg primary coolant iventory.

*Concentrations of sample taken 329/79, 1600 counted 330/79 >48 hours after accident).



z Table BWR baseline coolant concentrations for various levels of core damageCMM
Core Gap Melt
inventory Normal Gap coolant Melt coolant
(1000 MWe) concentration release concentration release concentration

Nuclide (Ci) (Pci/,g) fraction (Pci/g) fraction (Pci/g)

Kr-85 5.60x105 0.00 3 0X10-2 9.88x101 1.00 3.29xjO3
Kr-85m 2.40X107 0.00 3.0OX10-2 4.24x1O3 1.00 1-41x105
Xe-133 1.70x108 0.00 3.0OX10-2 3.00XJ04 1.00 LOOX106

Xe-135 3.4OxjO7 0.00 3 0X10-2 6.OOx1O3 1.00 2-00x1OF
1-131 8.50X107 2.20xlO-3 2.0OX10-2 J.OOX104 1.00 5.OOx1O5
1-133 1.70x108 1.50XJO-2 2.0OX10-2 2.OOxlO4 1.00 LOOX106

1-135 1.50x108 2.20xjO-2 2.0OX10-2 1.76x104 1.00 8.82xlOs
Cs-134 7.50x106 3.00x1O-5 5.0OX10-2 2.21x1O3 1.00 4.41XJ04
Cs-137 4.70x106 8.00x1O-s 5.0OX10-2 1.38x1O3 1.00 2.76xJ04
Sr-90 3.70X106 7.OOXJO-6 0.00 0.00 7.OOXJO-2 1.52xjO3
Np-239 1.60x109 8.00xlO-3 0.00 0.00 J.OOXJO-4 9.41XJ02

CO Assumptions: WASH-1400 inventory.
ANSI/ANS-18.1-1984 normal coolant concentrations.
1.7x105 kg of coolant.



Table 6 1-mile doses for release of various core and coolant factors(l)

M
Total whole-body dose, rem Thyroid inhalation dose, rem
(hours after shutdown) 2 3) (hours after shutdown) 4)

P
g: Type of release 0 hr I hr 6 hr 12 hr 24 hr 0 hr 6 hr

100% noble gases JXJ(2 AX101(5) pxlnl(5) 1xl01 7000(5) NC NC

100% gap particulates
and aerosols 2x 102 NC JX102(5) NC NC 1.7x 104 JX104(5)

100% grain boundary
particulates and aerosols U103 NC W03(5) NC NC U10's W05(5)

100% melt particulates 103 103(5) NC NC 6x10s 5xl0s(')and aerosols 8x NC 5x

100% coolant normal JX10_2 NC NC NC NC lxlo_1(5) 9XIO-2

100% coolant 10OX spike(6) 1X100 NC NC NC NC 1X101(5) NC

(1) 1-mile dose, 4 mph, stability, ground level release, NRC MESORAD code.
(2) Hours after shutdown release is projected to start.
(3) Includes cloud shine. inhalation, and 3 hours of ground shin6.
(4) Inhalation and adult thyroid only.
(5) Assumed in reactor event trees.
(6) Spike of all non-noble fission products.

NOTE: NC = not calculated.
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I INTRODUCTION

The primary focus of this report (NUREG-1210, Vol. 6 has been estimation of
the source tem for accidents involving the reactor core. Because the heat
generated in the core exceeds the heat removed from the core in a reactor core
accident, driving forces exist that could lead to rapid release of the fission
product inventory. However, as Figure I illustrates, the decay heat per unit
mass generated by the spent fuel stored in the fuel pool is orders of magnitude
lower than the decay heat per unit mass of the reactor immediately following
shutdown. This is one of the reasons that the risk of spent fuel pool accidents
has been traditionally considered to be small compared to the risk associated
with a reactor core accident. -

There are many ways to remove heat from the spent fuel pool (SFP).* Even if
all systems designed to remove heat and provide makeup to the spent fuel pool
failed, there would be many hours, perhaps even days, available to repair the
necessary systems before the fuel pool water above the spent fuel boiled off.
Even a single fire nozzle providing 100-gpm makeup would adequately compensate
for boiled-off water.

The findings of a recent report by Brookhaven National Laboratory (BNL) may
demonstrate a high risk from an SFP accident. The BNL report concludes that
the risk associated with a spent fuel pool accident is comparable to the risk
associated with core melt (Sailor et al., 1987).** In this study, a scenario
is developed whereby the SFP drains down, causing recently discharged fuel to
heat up and lead to a Zircaloy fire that propagates throughout the pool. The
SFP structural failure is postulated to be caused by a beyond-the-design-basis
seismic event or the drop of a large load (e.g. a sipping cask).

Seal failures also are considered in the BNL report as a potential means of at
least partially draining the SFP. Recent events at several operating reactors
support this. For example, at Connecticut Yankee the failure of an inflatable
seal resulted in the loss of 200,000 gallons of borated water from the refuel-
ing cavity within about 20 minutes. At Hatch the failure of an inflatable seal
resulted in the loss of 140,000 gallons of water from the transfer canal (some
of which leaked outside), causing the SFP level to drop about feet.

The inventories of spent fuel stored on site have been increasing. Design capa-
city has been exceeded at many older units, making it necessary to install igh-
density fuel storage racks. The likelihood of a pemanent high-level waste
repository, a reprocessing facility, or a monitored retrievable storage facility

*SFP will be used throughout this appendix to refer to the spent fuel pool,
terminology used for a pressurized-water reactor (PWR), and fuel storage pool,
terminology used for a boiling-water reactor (BWR).

**NUREG/CR-4982, V. L. Sailor, K. R. Perkins, J R. Weeks, H. R. Connel,
"Severe Accidents in Spent Fuel Pools in Support of Generic Safety Issue 82,"
Brookhaven National Laboratory for U.S. Nuclear Regulatory Commission, July
1987.
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being built within this century is uncertain. Therefore, for the foreseeable
future, the inventory of spent fuel bundles at each site will continue to
increase.

In view of the increased inventories, the Zircaloy fire scenario developed in
the BNL report, and the recent occurrences of SFP drainage at operating reac-
tors, the staff decided to include a discussion of source term estimation for
SFP incidents.

Several cases will be considered for purposes of bounding the consequences of
an SFP accident. These cases will be adopted based on a review of the BNL
report.

Section 2 of this appendix provides a method for approximating the inventories
of spent fuel available for release for each of the cases considered. Section 3
provides the spent fuel release fractions. Section 4 discusses reduction
mechanisms that are assumed to apply to the SFP accident and provides some
reduction factor (RDF) values for use in source term estimation. Section 
describes the release pathways to the environment. Section 6 summarizes the
results and provides a procedure that allows the analyst to rapidly estimate
the source term for an SFP accident.

2 ESTIMATION OF SFP FISSION PRODUCT INVENTORY

The list of fission products to be considered in source term assessment for the
SFP was developed by modifying Table 22 of NUREG-1210, Vol. 6 to account for
decay. For example, the noble gases listed in Table 22 were removed, except
for Kr-85 (half-life = 10.7 years), because they decay to negligible levels by
the time the fuel is ready to be transferred to the fuel pool. Many of the
fission products that were previously listed as "important to health effects"
(e.g. Te-131m, I1134, and 1135) are no lioncer present in the fuel after a few
days of decay. On the other hand, the SFP may contain several times the quan-
tity of long-lived fission products in a reactor core. A list of fission pro-
ducts to consider, and their activities at various times following irradiation
of the last discharge, is provided in Table of this appendix.

Table I includes fission product inventories for a PWR for month, 3 months,
and 12 months, following the end of the last irradiation period. The inventories
were obtained from the ORIGEN 2 computer code predictions for Ginna, cycles 116,
that were used in the BNL report.

It is important to note that the inventory of the most recently discharged batch
dominates for Sr-89, Y-91, Ru-103, Te-129m, I131, Xe-133, and LA-140.

3 SPENT FUEL RELEASE FRACTION

The spent fuel release fractions for the following three cases are discussed
bel ow.

3.1 Propagating Zircaloy Fire

In the BNL study, it was estimated that self-sustaining oxidation of cladding
can start in fuel that has been discharged for I year or less (i.e., greater
than 11 kW/MT) and can propagate to fuel that has been discharged for about
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Table Inventories (Ci) of Ginna spent fuel pool as
a function of time after discharge

Most recently discharged
batch-months after discharge

Remainder of
Isotope 1 month 3 months 12 months 15 batches

Kr-85 1X105 1X105 1X105 8x1O5
Sr-89 U106 1X106 U105 JX104

Sr-90 8XIO-1 8x1O5 SX10-1 9XIOG
Y-91 5xlOc WU' 9XI04 3XJ04

Ru-103 7x106 2x1O6 2XJ04 4103
Ru-106 5X106 5X106 3x106 4xlO'6
Te-129m UN-' 6XJ04 2XJ02 U101
1-131 6x1Os 3X103 negligible negligible
Xe-133 3x1Os 1X102 negligible negligible
Cs-134 2x106 2xlO" 1X106 3406
Cs-137 1406 1xior, 1X106 1X107

La-140 2406 1XIOS negligible negligible
Ce-144 WV 7406 U106 4106
Np-239 2XJ04 U102 4XI02 2403

Source: NUREG/CR-4982, Table A.13, July 1987.

2 years or less e. greater than 6 WM) The fuel temperatures are esti-
miated to reach 2750 to 3800'F during the Zircaloy fire. The release fractions
to be assumed for the Zircaloy fire will be those assumed for a core melt (Sec-
tion 44.3 of NUREG-1210, Vol. 6 The core melt release rates are about twice
that expected at the temperature projected for a Zircaloy fire. However, these
calculations are for the total release and not an hourly release as was assumed
for reactor accidents. The release fractions assumed for spent fuel accidents
are shown in Table 2.

3.2 Zircaloy Fire Without Propagation

This case assumes that the Zircaloy fire only affects the last batch of fuel

to be discharged. In the BNL report, it was assumed that propagation would not

occur if the last batch of fuel had accumulated 90 days of decay time. Thus,

this case represents the most likely case. Only the core melt release fraction

for the inventory of the most recently discharged batch should be used.

3.3 Fuel Cladding Failure (Gap Release)

This case assumes that the entire pool is drained and the cladding ruptures.

The release fractions used here are the same as those used for the gap release

from the core. The gap release fractions are the same as those used for core

accidents (Section 44.2 of NUREG-1210, Vol. 6.
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Table 2 Spent fuel release fraction assumptions

Spent fuel pool Fuel cladding Fission Assumed release
condition temperature product fraction from fuel

Gap release 1300-2100OF Xe, Kr 0.03
(cladding failure) 1 0.02

Cs 0.05
Te, Sb JX10_4

Zircaloy fire 3000-4500OF Xe, Kr 1.0
(melt) Cs 1.0

I 1.0
Sb 0.02
Te 0.3
Ba 0.2
Sr 0.07
MO 0.1
Ru 740-3
La JX10_4

Y JX10_4

Ce ].Xlo 4

Np JX10_4

4 REDUCTION MECHANISMS

4.1 Sprays ard Natural Processes

The main text (NUREG-1210, Vol. 6 discusses how ontainment spray systems are
effective in scrubbing fission products in PWRs and BWRs. Unfortunately there
is no equivalent system for most BWR fuel storage pool designs. The PWR spent
fuel pool is located in the auxiliary building, whereas the BWR fuel storage
po�ol is located in the reactor building outside the dry well and, of course, the
containment sprays are located inside the dry well. In BWR Mark III containments,
the fuel storage pool (spent fuel pool) is located in a fuel building that is
ad4acent to the reactor building.j

Hawever, there may be ways of getting spray to the fuel storage pool area
during an SFP accident involving a release. Fixed automatic water suppression
systems usually will not be located in the vicinity of the spent fuel pool; but
10 CFR 50, Appendix R, requires hose systems to be installed so that at least
one hose stream will be able to reach any location that contains or presents an
exposure fire hazard to structures, systems, or components important to
safety--including the spent fuel pool area.

Unfortunately there are several reasons why attempting to spray the fuel pool
area may be impractical. First, radiation levels will be very high. In the
previously discussed event at Hatch involving the loss of SFP inventory, it was
determined that a radiation field as high as 10,000 R/hr could have been produced
(at the source) by the activated cobalt guide rollers on 15 control rod blades
if the SFP level had gone down to the level assumed in the safety analysis.
Total SFP drainage would produce much higher dose rates. Second, the spray
flow rates will be low relative to containment sprays. For a large dry
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containment, the average flow rate would be about 0.8 gpM/ft2. The average
flow rate of a fire hose over the SFP area would be about 0.1 gpM/ft2. Third,
it is unlikely that water will be available at all. If the water was avail-
able in the first place, then the SFP should not have been allowed to drain.
Finally, the BNL report concluded that if the spray is not initiated before the
fuel rods reach about 1650'F, or if there is insufficient flow, the water may
actually aggravate the reaction by supplying additional oxidation. The spray
should be less effective for the fuel storage pool area located outside the
dry well than those located in a containment. Therefore, the spray RDFs used
here are larger than those assumed for containment sprays.

As discussed in Section 45.1.1.2 of NUREG-1210, Vol 6 natural processes will
act to remove non-noble fission products even in the absence of sprays. The
natural process reduction factors discussed in Section 45.1.1.2.1 are used
here. The spray and natural process RDFs assumed for SFP accidents are listed
in Table 3.

Table 3 Assumed natural process and spray
reduction factors for airborne
aerosols and particulates

at* (hours) With sprays" Without sprays

1 0.05 0.10
2-12 0.03 0.04
24 0.005 0.01

*At = time material is held within SFP area
before release.

**Fuel cladding failure only.

4.2 Filters

Fission product aerosols and particulates released from the fuel pool area should
be released from the auxiliary building/reactor building through filtration
systems. PWR auxiliary building filtration systems were discussed in
Section 45.1.1.3.3 of NUREG-1210, Vol. 6 As discussed in that section, filters
are likely to fail under high aerosol loading conditions, such as the conditions
expected for a Zircaloy fire. The RDF values for filters are shown in Table 4
and are identical to the ROF values used previously for the reactor core
accident.

As discussed in Section 45.1.1.3.1 of NUREG-1210, Vol. 6 standby gas treatment
systems take suction in the fuel pool area of a BWR and would effectively filter
out fission products for dry and low pressure conditions. RFs for standby gas
treatment systems under wet or high loading conditions and under dry and low
loading conditions are given in Table 4.

HUREG-1210, Vol. 6 B-6



Table 4 Reduction factors for filters

Condition OF

PWR Auxiliary Building Filters (HEPA and Charcoal):

Dry and low pressure 0.01

Wet or high pressure 1.0

StandbyGas Treatment System:

Dry and low pressure 0.01

Wetor high pressure 1.0

5 RELEASE PATHWAYS

5.1 PWR Auxiliary/Fuel Building Release Pathways

The release pathways for a PWR auxiliary building (or fuel building) are shown
in Figure 2 Patimay C-3 is a filtered release up t hrough the plant stack.
Although online plant stack monitors may provide some general information about
the magnitude of the release, an isotopic analysis will require that a grab
sample be obtained. The C-2 pathways represent leakage from the auxiliary
building or turbinebuilding that bypasses the auxiliary building stack filters.
This amount of assumed leakage varies from an instantaneous release to 100%
volume/day. A large amount of' leakage could occur if the auxiliary building
ventilation systems failed and/or the negative pressure differential with
respect to ambient could not be maintained. Remember that an auxiliary build-
ing is not designedto be a final barrier to fission product released from the
core. T-nmany areas the only thing separating the inside of the auxiliary
building from the outside is a roll-up door. Pathway C-1 represents a catas-
trophic failure of the auxiliary building. This might happen because of an
earthquake or as the result of the Zircaloy fire. Even for total failure
(e - g. , earthquake) of the bui I di ng contai ni ng the spent f ue 1 pool the pool
would be covered by considerable debris. In addition, the rate of spent fuel
heatup and resulting release will be much slower than for a reactor core follow-
ing a loss-of-coolant accident. This will allow more time for natural processes
(plateout on debris) to act to reduce the non-noble fission products released
from the spent fuel. Therefore, for even a total building collapse the natural
process reduction ft-tor for 1-hour holdup will be assumed. The reduction fac-
tors for these patimays are summarized in Table .

5.2 BWR Fuel Buildw Release Pathways

The pathways for ENark 1, Mark II, and Mark III containments are illustrated
in Figures 3 througbS of this appendix. Pathway C-1 represents a large open-
ing in the reactor WIding, which could be caused, for example, by an earth-
quake. The top of te building does not have to be blown off for a large
release to occur, but substantial driving pressures must exist inside the reac-
tor building. Pathm C-2 shows the filtered release through the standby gas
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Table Summary of major PWR SFP accident release pathway
reduction mechanisms

Fission pro- Reference
:-:t barrier pathway Reduction Assumed
:-cached Pathway Figure 2 mechanism Condition OF

Auxi I i ary Catastro- C-1 Natural Building 0.10
building/fuel phic failure processes debris
building

Filter C-2 Sprays 1-hour 0.05
bypass/ holdup
leakage

2- to 12- 0.03
hour
holdup

Natural
processes

1-hour 0.10
holdup

2- to 12- 0.04
hour holdup

Control 1 e d C-3 Filters Large or 1.00
venting wet re-
through lease of
auxi 1 i a ry fission
buildi ng product
stack aerosols
filters

Small and 0.01
dry re-
lease of
fission
product
aerosols

treatment system (SGTS). As discussed earlier, the SGTS is designed to filter
out fission products for design-basis accidents and not for an accident like
the SFP fire where a high density of hot particulates and aerosols would exist.
Pathway C-3 shows leakage out of the turbine building or reactor building that
bypasses the SGTS. The RDFs for these pathways are summarized in Table 6.

Even for total failure (e.g. earthquake) of the building containing the spent
fuel pool, the pool should be covered by considerable debris. In addition, the
rate of spent fuel heatup and resulting release will be much slower than for a
reactor core following loss-of-coolant accident. This will allow more time for
natural processes (plateout on debris) to act to reduce the non-noble fission
products released fron the spent fuel. Therefore, for even the total building
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.Cailure the natural process reduction factor for a 1-hc-r holdup will be
assumed.

Table 6 Summary of major BWR SFP accident re'e-ase pathway
reduction mechanisms

Fission pro- Reference
duct barrier pathway Reduction Assumed
breached Pathway Jigures 35 mechanism Condition ROF

Reactor Catastro- C-1 Natural Building 0.10
building/fuel phic failure processes debris
building

Controlled C-2 Filters Large or wet 1.00
venting release of
through fission pro-
SGTS duct aerosols

Small or dry 0.01
release of
fission pro-
duct aerosols

Filter C-3 Sprays I-hour holdup 0.05
bypass/
leakage

2- to 12-hour 0.03
holdup

Natural I-hour holdup 0.10
processes

2- to 12-hour 0.04
holdup

6 RESULTS

As discussed in Section 54 of NUREG-1210, Vol. 6 dose estimates are useful in
projecting possible consequences. Dose projections also have been performed
and presented in trees as was done in Section 54. These calculations were
performed using the same transport computer code (MESORAD) and assumptions as
those for the reactor core cases. The dose projections for total release of
various spent fuel inventories are shown in Table 7 As can be seen, the doses
for the cases assuming 3 months after discharge are within a factor of 6 of the
1-month and I-year cases. Therefore, the 3-month cases will be assumed in the
calculations. Event trees have been developed for the four cases: (1) Zir-
caloy fire in total pool, 2) gap release from entire pool, 3) Zircaloy fire
in only one batch, and 4) gap release from one batch. The resulting event
trees are shown in Figures 6 7 8, and 9.
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Table 7 I-mile dose factors used in spent fuel event trees (1)

Total whole-body dose (rem) - Adult thyroid inhalation dose
age of last batch 2) (rem) - age of last batch

.Ypes, of spent
fuel pool acci-
cent 1 month 3 months 12 months 1 month 3 months 12 months

Zircaloy fire 3xJ03 3x103(4 3403 5403 2xjO3(4 ) 2403
in entire pool
(15 batches)
(welt)

Gap release from JX102 1X102(4) 1XI02 1X102 JX102(4) X102

entire pool (15
batches)

Zircaloy fire 6X102 6X102(4 4XI02 3X103 5X102 4 ) 3XJ02

i n batch 3)

Gap release from 2401 2401 (4) qxjOO 8401 2x,01(4) 8xjOo

1 batch

(1) Total release of inventory specified, 1-mile dose, 4 mph, D stability, NRC
MESORAD code.

(2) Cloud shine, 3 hours of ground shine, and inhalation.
(3) Most likely case. Table 2 and inventories from Table .
(4) Used in event tree calculations.
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4n

holdup rolodso rote*** what*-bedy thyroid
pool fitt*r time buf dfrmj fraction fraction dose (rem) dose (rem)

condition conditions no spray teak rate non-nobtes noble gas at I mile at I mile

--- 100%/hour
not 1.00E_01 I.OOE+00 3.00E+02 2.00E+02

---- filtered ----------- 11 hour ------------ I---- 100%/day

4.OOE-03 4.OOE-02 1.20E*01 8.00E+00

U1 --- 100%/hour

4.OOE-02 1.00E+00 i.20E+02 5.00E+01
12-12 hours -------- I---- 100%/day

i.60E-03 4.001E_02 4.80E+00 3.20[+00
ZINC FIRE

WITH PROPAGATION
TO 15 BATCHES

... 100%/hour
1.00E-03 1.0OE+OO 3.OOE+00 2.00E+00

-- filtered ------------- 11 hour ------------ I---- 100%/day

4.OOE-05 4.OOE-02 1.20E-01 8.00E-02

--- 100%/hour

4.OOE-04 1.00E+00 1.2OE+OO B.OOE-01
12-12 hours -------- I---- 100%/day

1.60E-05 4.00E-02 4.80E-02 3.20E-02

Figure 6 Spent fuel pool release event tree for a Zircaloy
fire to total spent fuel pool (15 batches)
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holdup release release whole-body thyroid
poot fitter time building fraction fraction dose (rem) dose (rem)

condition conditions no spray teak rate non-nobtes noble gas at I mile at mile

100%/hour
not 1.00E-01 1.00E400 6.OOE+O1 5.00E401

.... filtered ----------- 11 hour ------------ ---- 100%/day

4.OOE-03 4.OOE-02 2.40E*00 2.00E+00
co

--- 100%/hour
4.DOE-02 1.0015+00 2.40E+01 2.00E*01

12-12 hours -------- ---- 100%/day
1.60E-03 4.OOE-02 9.60E_01 8.00E-01

ZIRCALDY FIRE
IN ONE 3 NONTH
OLD BATCH

--- 100%/hour
I.OOE-03 1.001400 6.OOF-01 #.00r,01

-- filtered ------------- 11 hour ------------ ---- 100%/day

4.OOE-05 4.OOE-02 2.40E-02 2.OOE-02

--- 100%/hour
ts.OOE-04 1.00E400 2.4015-01 2.00[_01

12-12 hours -------- ---- 100%/day

1.60E-05 4.DOE-02 9.60E-03 8.00E-03

Figure 7 Spent fuel pool release for a Zircaloy fire to batch of fuel



M

release whote-body thyroid release whole-body thyroid
fiection release dose (rem) dose (raw) fraction dose (rem) dose (rem)

W pool holdup rim nobles fraction at I mile at I mile non-noble at I mile at I mile
conditions time teak rote not filtered noble gas not filtered not filtered filtered filtered filtered

--- 100Y./hour
sprays 1�00F_01 1.00E*00 I.OOE*01 I.OOE*01 ....

..... off ............... 11 hour ............ I---- IOOX/day

4.OOE-03 COOE-02 4.00E_01 4.00E_01 4.00E-05 4.00C-03 4.0of-03

100%/hour
GAP RELEASE 4 OE-02 1.00(+00 4.00E#00 4.00E+00
FROM is SAICHES 12-12hours ........ I---- loox/daV

1.60E-03 4.00E-02 1.60[-Ol 1.60E-01 1.60E-015 1.60E-03 1.60E-03

--- ioo%/hot)r

always 5.001-02 I.OOE#OO S.OOE+00 5.00E*00
------ an ............... 1 hur ............ I---- 100%/day

2.OOE-03 4.OOE-02 2.OOE-01 2.00E_01 2.00E_05 2.OOE-03 2.00E-03

--- IDOX/hour

3.0011-02 I .OOE 4.0 3.ODE+OO 3.OOE*00
12-12 hours ........ I---- 100%/day

I.NE-03 4.OOE-02 1.20E-01 1.2%_01 1.20E-05 1.20f-03 1.20E-03

Figure 8 Spent fuel pool release for a gap release from total fuel pool (15 batches)
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roles** Wwla-be* thYrold roles" " e-bo* t" Id
traction rates" do" (w) dne (rw) fraction does (rem) do" qrsa)

w pool hold* "On-mbles fraction at I mile at I all* non-naMe at I mile at I oil*
Oi Carditlerw tiew took role not littered now� ess not IF I I tared not filtered t I I tered f I I tared filtered
OD

ay 2.0"444 2.0011#00
..... Off ............... II t4w ............ .... 10OX/day

4.00(-03 4.9K-02 0.00L-02 CON-02 8.00E-04 S. 00( -04

100%/how

WP LIAM 4.009-02 I.OWN 8.001-01 CON-41I

FM" one ........ .... 10021day
own TCO 1.6of-03 4.0"-02 3.2ft-02 3.M-02 I.M-95

1OOXA~

S.OK-02 1.0000 1.0"040 1.01111#40
...... SW .............. 11 how ............ IOM&Y

2.00V-03 4.00[-42 4.0ft-02 4.0ft-02 2.41M-45 4.001-04 4.001-04

3.0DE-02 1.0014" CON-01 6.001-01 6"ft
12-12 hew$ ........ IOMday

i.20E-03 4.00-02 2.4"-02 2.4ft-02 I.M-" 2.4M-04 2.4w-04

Figure 9 Spent fuel pool release for a gap release from 1 batch
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