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RADIONUCLIDE RELEASE FROM SEVERE ACCIDENTS
AT NUCLEAR POWER PLANTS

EXECUTIVE SUMMARY

Report prepered by a study group of the American Physical Society
under contract with the U.S. Nuclear Regulatory Commission

In 1983, the American Physical Society formed a study group
on radionuclide relesse from aevere accidents at nuclear power
plants to ‘“review the adequacy of the technical base upon which
the phenomenoclogical models for radionuclide release from
postulated severe reactor accidents are constructed, the adequacy
of the models themselvee, and the correct use of the complex

computer codes that incorporate these modelas in the analyses of
accident sequences."

The impetus to the existing research came from the
observation that much less radicactive iodine was released during
the Three Mile Island accident than had been expected in an
accident of that magnitude. It is of obvious interest to inquire
how general that obeervation is.

Although this executive aummary deacribes, explaina, and
paraphrases some of the conclusions of this report, any reference
ahould be to the specific conclusion as written in Chapter VIII
rather than to the executive saummary.

This report ies concerned with the release of radionuclides
from a hypothetical severe nuclear reactor accident -- more
severe than any that has yet taken place. It discusses both the
predictions and the scientific basis for making thenm. Although
we have not calculated probabilities of individual accident
sequences, we have chosen for detailed discussion those sequences
deemed by others to be "risk dominant" or to involve a wide range
of physical and chemical phencmena.

The study group finds considerable progress in developing
both a scientific basis and computational ability for predicting
the conaequences of hypothetical nuclear reactor accidents saince
the Reactor Safety Study of 1975 (WASH 1400) which ia the current
basis for regulation concerned with severe accidents. In several
cases, the new calculations indicate that significantly amaller
quantities of radionuclides reach the environment than calculated
in the Reactor Safety Study. In other cases, the calculated
quantities have not changed dramatically.

A reactor accident can lead to severe consequences only if
saeveral barriers between the radicactivity and the environment
are breached. One postulated acenario by which this could occur
ia the failure of the core heat-removal ayatema. This would
cause the core to overheat, lose coolant, melt, fall to the
bottom of the reactor pressure vessel, melt through the vessel
and be quenched in the water of the reactor cavity. This would
release atean and non-condensible gases to the reactor
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containment building, and thereby increase the pressure, which
would stress the containment. The Reactor Safety Study assigned
e high probability -- one in ten -- that the containment would
fail at this time. Thie is now ccnaidered to be very unlikely.

Once +%“he water in the reactor cavity is evaporated, the core
would remelt from the heat generated by the decay of the fission
products and would attack the concrete floor. This interaction
would be very complex, releasing gases and radicactive @aserosols.
Calculations indicate that this would cause the containment

building to fail from overpressure many houre later ~-- although
it is possible (and claimed by some investigators) that the
containment would hold for many days. If the containment does

not fail, the molten core wmight eventually penetrate the
base-mat, but this poessibility would have only modest immediate
consequences for public safety.

Where new calculations indicate that radionuclide emiasions
would be less than those reported in the Reactor Safety Study,
the reduction can he attributed to three principal factors:

(i) the recognition that the containment buildings, which are
designed to contain the radionuclidee in the event of an
accident, are atronger than was assumed in the Reactor Safety
Study and therefore would fail, if at all, at later times;

(ii) the inclusion in the modeling of various physical and
chemical phenomena, previously neglected, that will lead to
retention of fission products; this retention is particularly
effective if more time elapses before containment failure; and

(111) the 4inclusion in the calculation of a number of sites
which can retain fission products -- such as suppression pools
and ice beds, and in some cases auxiliary buildings -- that had
not previously been considered in detail.

The Reactor Safety Study pessimistically assumed that iodine
would be released to the environment as gaseous molecular iodine.
There is good evidence that the iodine reacts with cesium to form
cesium jiodide, a salt of low volatility, which would either
dissclve in water or condense to form an aerosol. Some of the
aerosols would deposit on surfaces in the primary reactor systenm
or, if a sufficiently long time were available, on surfaces in
the containment building; in either case, the release to the
environment would be reduced.

Some reactors are equipped with suppression pools and ice
condensers that are designed to condense ateam. These can reduce
the releasase by sacavenging the fission products. However,
experimental studies to evaluate their effectiveness are only now
in progressa (auppresasion pools) or have nct been planned (ice
beds) . Moreover the effectiveness of these devices has not been
subjected to detailed peer review. Reactors that contain these
scavenging sites ~-- the Boiling Water Reactors with suppression
pools and those few Pressurized Water Reactora with ice condenser
containments -- have been studied far leas than Pressurized Water
Reactore with large dry containments, and little confirmatory
work has been carried out. The study group recommends more study

i1
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of hypothetical severe accidents involving these reactors.

The study group looked for phenomena which might increase the
radionuclide releasea above those calculated in the Reactor
Safety Study. One such effect is the release of non-volatile
radionuclides during the core-concrete inte.action,. Some
non-volatile fiassion products, such ag lanthanides, and some
transuranics, such = a plutonium, are biologically quite
dangerous. The phenomena in the core-concrete interaction are
complex and are not fully understood; releases depend critically
upon the temrerature achieved in the core-concrete interaction,
and other parameters which are not understood. Moreover,
the calculations are only in a preliminary atage. Some
recent calculations indicate that releases of non-volatile
species may be greater than predicted in the Reactor Safety Study
for some postulated accident sequences. More experiments and
analytical work are needed to improve the knowledge of the
chemistry and physics in this crucial area.

Phenomena that could generate aerosols or volatile iodine
late in an accident sequence as the result of decay heating or
chemical reactions may also be underestimated. The aerosocls or
iodine might have very slow depoeition rates, and even be emitted
to the environment following a late containment failure. These
phencmena are not included in the present NRC computer models.

The atudy group examined results produced by the computer
codes used by participantas in the severe accident research
progranm, These codes have not, in general, been publicly
released. Although these computer codes go a long way toward
desacribing the complex phenomena involved, and represent a major
advance in the art of accident description, the normal scientific
procedure for establishing the reliability of the results is not
complete. The study group recommends that the theoretical and
experimental studies be published in archival, peer-reviewved
journals, and that the computer codes together with a clear and
complete technical description of the models and the assumptions
be made available to interested parties.

Reliable estimation of possible radionuclide release during
severe accidents at nuclear power planta requires direct
calculations, complex computer codes, amall scale experiments,
and large scale experiments. This research has been underway in
several countries, asome of the research being of an international
cooperative nature. Because of the complexitiea of the phenomena
being modeled, it is essential to compare the computer codes
against well contreolled, amall scale experiments and against
realistic, adequately instrumented, large acale integral
experiments to insure that all important phenomena are modeled
with sufficient accuracy. Such comparison is not yet completed.
Because of this, the study group concluded that it cannot endorse
at this time specific quantitative estimates for the amounts of
radionuclides released. However, the general trenda ahown by the
calculations are consistent with our understanding of the
chemical and physical phenomena involved. Fortunately, some of
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the key parametera are largely determined by overall energy
considerations (as for exemple the maximum pressure reached in
the containment) and these can be eatimated with a reaaonable
degree of confidence.

The quantity of radionuclides released is called the source
term. It conaists of contributions from groups of radionuclides,
broadly clessified as gaseous, volatile, and non-volatile. The
contributiona from the first two of these have been widely
considered to have the most aignificant potential impacta on
public health. These are better understood now than they were
previously.

The environmental impacts and mechanisas for releases of
noble gases are the best understood. Their releases are not
thought to differ importantly from those calculated in the
Reactor Safety Study, except insofar as radiocactive decay could
reduce their radicactivity when containment failure is late. Some
current calculations of the release of the volatile radionuclides
to the environment predict substantially semaller valuea than
those reported 1in the Reactor Safety Study because of the later
times to containment failure. The magnitude of the contribution
from the npon-veolatile radionuclides ie still open to question,
prinarily because of the uncertainty of the core-concrete
interaction.

For the reasons described in the previous six paragraphs,
the study group believes that it is not yet possible to derive
factors by which the source terms for all radicnuclides and all
reactors can be changed from the values reported in the Reactor
Safety Study. Research that is currently in progress will
improve this situation and may enable such factors ¢to be
determined for all important reiionuclides and reactor seguences.

iv
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I. PREAMBLE

After the degraded-core accident at  Three Mile Island in
March, 1979 the U.S. Nuclear Regulatory Commisesion (NRC), the
nuclear industry, the nuclear technical community, and the

utilities ali established separate groups to reassess the
technical basis for evaluating the consequences of severe
accicdents at nuclear power reactora. The American Physaical

Society was asked by the NRC to carry out a broad sacientific
review of these studies, which were ascheduled to appear in 1984.
The APS formed this study group in 1983 to review the adequacy of
the technical base upon which the phenomenclogical models for
radicnuclide release from postulated severe reactor accidents are
constructed, the adequacy of the modela themselvea, and the
correct use of the complex computer codes that incorporate these
models 1in the analyses of accident seguences.

Just over a decade ago the American Physical Society adopted
a policy of analyzing important and timely iasuea with
significant scientific and technical content as a public service.
One of the first of these reports, prepared by the Study Group on
Light-Water Reactor Safety in 1975, haed as 1its goal "the
assessment of the technical aspecta of the safety of large
light-water nuclear power reactors typical of present commercial
practice in the United States..." (Lewis et al., 1975). 1In its
transmittal letter, the peer review committee for the Lewie study
group noted, among other thinga, the inadequacy of the scope of
the experimental research programs and the absence of eatablished
acaling relations between experiment and actual reactor
operations. The Lewis Study Group called for revised and
expanded research and for remedial programs that might require a
decade to resolve the problemas completely.

The Reactor Safety Study (WASH-1400 (NRC 1975Sa)] has served
as the basis for the analysis of the risk from severe accidents
included in the environmental impact atatement for each reactor
constructed during the last decade. Since its publication there
has been continuing discussion of its methodology, the results of
the -alculations for fiasion product release from severe accident
sequences, and the consequences for the general public of such
postulated releases.

The dozen members of this study group have, on a part-tinme
basis, spent the last eighteen months organizing and analyzing
information gathered from many of those working on the severe
accident consequences problem. The charge to the atudy group 1is
acientific, and its members have carefully limited their work to
the acientific problema encompassed in that charge. During ita
mneetings the atudy group learned of an extensive body of work on
such phenomena as aerosol formation and deposition that were
ignored or only partially described in earlier analyses. We have
therefore included expanded summaries of the scientific and
technical data bases for such phenomena.

The layout of this report is as follows: Chapter I shows how
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this study came into being. Chapter II begins with an historical
discussion of the ettespts to understand radionuclide relesse,
and the impetus to the preaent research from the cbservation that
little iodine was relessed during the Three Mile laland accident.
Section II.B gives a brief asummary of how the atmoapheric
dispersaion is calculeted, and of the reletive bioclogical
importance of the various radionuclides.

Chapter IIl discusses the general features of severe nuclear
reactor accidents, including the safety features that must fail
if a particular accident is to have severe consequences. Then we
outline the method of choosing accident sequences, using an event
tree analysis. Although we have not calculated probabilities of
individual accident sequences, we discuss those sequences deemed
by others to be “risk dominant™ or those that involve a wide
range of physical and chemical phenomena. In Section III.C, we
describe in some detail a particular accident aequence, TMLB, to
highlight the physical phenomena involved, and the method of
calculation of the source term for this particular sequence.

Chapter IV deals with the physical and chemical phenomena
themselvesa. Section IV.A details the thermal hydraulic
phenomena of blowdown, core-melt, and interaction of a molten
core with @& concrete basemat. Section IV.B discuasses the
chemistry of the radiocactivity released from the fuel and, to a
limited extent, the chemistry of the core-contrete interaction.
Section IV.C discusses the formation and depceition of aeercasols,
including a brief review of the large acale experimental teats
used to verify and atudy the relevant processea. Section IV.D
discuases the various kinds of containment veasele which have
been built to entrap radionuclides in the event of an accident,
and describes their ability to do so. Section IV.E discusses
various challenges to containment--a pressure rise from heating,
hydrogen burning, and metsl-water interactions.

In Chapter V we discuss the suites of computer programs that
have been written to describe theae phenomena. We present their
strengths and weaknessesa and suggest teets of their reliability
and senaitivity.

A simple pedagogical model to illuminate and describe some of
the numerical results of the computer codes is the subject of
Chapter VI. Hern we have tried to put the resulte into a
acientific perspective. Chapter VII discusaes the research
program that has developed worldwide to atudy the source ternm
isasues. We have also noted what may be expected from work still
in progress.

Although we include some conclusions at the end of each
chapter, the moast important conclusions and recommendations
are presented in Chapter VIII.

The group sppreciates the help that it has received from, and

acknowledgea the contribution of, R. & Budnitz, who
served aa apecial consultent, and of Kenneth Whitby, deceased,
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who waa a member during the early stages of its work. The group
also wiahes to recognize the work of H.S. Gutowaky, A. Acrivos,
H. Feahbach and W. Fowler, who served as the APS Council Peer
Review Committee.

Staff and members of the Nuclear Regulatory Commission, 1its
Accident Source Term Program Office, the Electric Power Research
Inatitute, the American Nuclear Society Special Committee on
Source Term, the Industry Degraded Core Rulemaking Program, the
Stone and Webster Engineering Corporation, Battelle Columbus
Laboratories, Sandia National Laboratories, Oak Ridge National
Laboraetory, the New York Power Authority, the Idaho Nationel
Engineering Program, and various foreign scientiats have all been
most generous in expleining their work to the group and have
graciously provided additional information on requeat.

The nmembers of the satudy group brought to their taak
experience in diverse technical backgrounds. A few had worked
directly on nuclear reactor safety problems; most had not. Some
memberas have served as membera of panela or commisaions on
technical policy issues; others have not. The group also realizes
thet there are as many published policy positions on nuclear
pover issues as there are partiea with veated or "pro bono"
interests in the role of nuclear power 1in the national energy
supply; the study group has not addressed any of these ancillary
iasues.

This report ie an exception to most articles in the Reviews
of Modern Phyeics, which presenta eccounta of published work., We
found ourselves in the position of reviewing work in progress. Ve
were given the results of analyses done with computer programa
atill under development, and we received preliminary resulta from
experiments still being evaluated. As a consequence, some of our
conclusions must alac be tertative. In spite of this, we chose
to complete our review now because of the presaing need for a
technical reassesament of the source term research.
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II. GENERAL INTRODUCTION
IT.A. History
IT.A.1. _Pre-1957

Since the earliest days of reactor power plant developmant,

N attempts have been made to calculate the probabilities of source

terms and consequences associated with hypothetical nuclear

Py reactor accidents. One of the important intermediste paraweters

in these calculations is the amount of radionuclides

relessed to the environment from a given reactor accident

sequence; this has been coliloquially dubbed the "scurce term"

because it is the source 1in any calculation of dispersion of
radiocnuclides.

The first U.S. Reesctor Safeguards Committee, whose name was
changed in 1953 to the Advisory Committee on Reactor Safeguards
(ACRS), was designated & statutory committee in 1957, It defined
in WASH-3 (AEC, 19%50) & 2zone around a nuclear reactor within
which the general public is excluded. The defined radiue of thias
circular aresa equalled (in miles) 1/100 x P where P is the
normal thermal power level in kilowatts. For a 3000 MW(th)
reactor, which 1is typical of modern nuclear electric generating
atationas, this crude formulation establishes an exclusion radius
of 17 milea.

In 1957, to provide a framework for indemnification for
insurance purposes (the Price-Anderson Act), Brookhaven National
Laboratory prepared the report WASH-740, “"Theoretical
Possibilities and Consequences of Major Accidents in Large
Nuclear Plants,"” (AEC,19%7). This report presented three reactor
accident scenarics in which large releases of fission products to
the environment were postulated. At that time nuclear reactors
as large as 500 MW(th) were being conatructed. Obviously, the
report waa atrongly influenced by a reactor accident that
occurred that year at Windacale in the United Kingdonm.

I1.A.2. The windecale Accident

. On October 9, 19%7 an air-cooled, graphite-moderated
plutonium production reactor at Windscale (Cumberland, England),
caught fire. The graphite moderator was being annesled by slowly
raising its temperature to release energy that had been astored in
g the graphite as fast neutrons knocked carbon atoms out of the
lattice (Wigner effect). The fire atarted in one fuel channel
but quickly spresd to 150 other chennels and burned for about
four days before it was finally extinguished by flooding the
reactor with water. The reactor was not enclosed by L]
containment bullding and the cooling air was directly released to
the atmosphere. Radioactive materisls carried by the air were
aubsequently diapersed and deposited over England, Walea and
parts of northern Europe. The major radionuclide found in ground
deposaita wea I[-131 that was preferentially released because of
its volatility, The physical conditions during the accident

II.A. History
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provided an environment that facilitated the formation of
elemental ilodine.

Estimates of the amounts of fission products releasased during
the accident have been made by Loutit et al. (1960) based mainly
on mesasurements of the contamination in environmental materials
around Windacale immediately after the accident, and by Clarke
(1974) who used a computer code to model the fission product
inventory of the reactor. Some of these estimates are presented
in Teble II.A.1.

The stack filter removed that part of the iodine attached to
particulate matter (estimated to be between 20,000 and 50,000
curies (Ci)) and retained between 800 to 1,000 Ci of cesium,
Hence 2%5-43% of the iodine and 17-18% of the cesium must have
escaped from the core.

Jodine 1e a particularly dangerous element Dbecause it
concentrates as it proceeds through the bioclogical chain and is
finelly atored in the body. It was estimated that the maximunms
individual thyroid dose to a child as the result of this accident
was 160 mSv (16 Rem) (Crick et al., 1982).

IT.A.3. The SL-1 Accident

Another accident that strongly influenced subsequent thinking
on consequences to the public occurred in Idaho in 1961, The
atationary low-power plant No. 1 (SL-1) “an - naturasl
recirculation, highly enriched (93x% U-23%), boiling watar reactor
with a 3 MW capacity designed for use at remote military
installations. The core consisted of elements of a
uranium-aluminum alloy, encased in sluminum-nickel cladding.

The accident occurred on January 3, 1961 during recoupling of
the shut-down and control rods to their drive shafts after
maintenance. The most plausible cause was postulated by General
Electric to be the manual withdrawal of the central control rod.
It led to a severe power excursion and steam explosion that
resulted in aome metal vaporization and damage to “20x% of the
core. Two of the operators were killed immedistely (one impaled
on a control rod) and & third died within one hour.

Approximately 20% of the core plates, containing ~ 40% of the
fission products, were destroyed, About 1/4 of the damaged
material (Sx of the total) resoclidified onto the intact portion
of the plates. The missing 15% of the fuel aho.ld have contained
about 30% of the total fission product inventory and 1790 g of
U-23%. Of this 1104 g of U~-235 ware recovered from the bottom of
the reactor veasel (Thompason et al., 1964),

It appesrs that between %% and 15% of the total fission
product inventory escaped from the reactor vessel, but less than
0.5% of *he 1-131 and ©0.01% of the non-volatile inventory were
found ocutside the reactor building in the surrounding desert (GE,
1962) .

IT.A. History
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The reactor building was not designed specifically to contain
radionuclides. It should be pointed out, however, that almost
all the energy released in the accident was released during the
short nuclear tranaient. The system was not pressurized and the
fission product decay heat was not sufficiently high to cesuse the
core to remain molten after the accident or to cause further core
melting when the coolant was lost. There was, therefore, little
driving force for the radionuclide release.

IT.A.4. Maximum Credible Accidents (Desian Basis Accidents)

The ACRS propoaed the uae of "maxinmum credible accidents." A
procedure was developed in which & number of severe accidents
were postulated that might happen to the resctor although they

were deemed very unlikely. Plant designers then developed
various approaches to avoid the effects of these postulated
severe accidentas. Such aepproaches inciuded the development of

engineered aystema intended to prevent an accident from
proceeding to core melt, and the provision of & containment
vessel to retain the radicactive products if they were releassed.
This concept of considering the "maximum credible accident” is
extremely useful in limiting or preventing the occurrence of
severe accidents. It was always realized that the engineered
safety devices developed to cope with these postulated accidents
might not work exactly in accordance with their designs, and that
failures of such devices might cause an accident that would
normally have minor consequencea to become an accident with
serious consequences. For this reason the word credible was
added to imply that, while more severe acenarios could be
envisaged, they were conaidered ao unlikely as to be deenmed
incredible by reactor designers and the AEC.

A substantial number of maximum credible accidents -- or as
they have been alternatively designated, Deaign Basis Accidents
(DBA’s8) =~- has been defined by the AEC (and retained for
continuing use by the NRC) to establish the licensing basis for
design requirements for the nuclear safety systems in the plants.
The most severe of the DBA’s 1is the sudden, double-ended,
gui.lotine break of the largest reasctor coclant pipe in the

primery system of the reactor -~ the ao-called DBA Loss of
Coolant Accident (DBA-LOCA). The blowdown of the high-pressure
reactor primary coolant system fror this event, and the

consequent increase in containment pressure from the conversion
of the thermal energy of the fluid in the primary system into
steam in the containment, are used to establish the design
pressure of the containment structure, In accordance with NRC
regulations, the DBA-LOCA was used to establiah the requirementa
upon which the emergency core cooling aystenm (ECCS) end other
engineered safety festures (such as containment eprays and
cooling fana) of the plant were designed, Consequently, the
double-ended pipe break LOCA became an incident that by
definition would not result in melting of the reactor core.

This practice of defining the maximunm credible accident 1is
accepted in emergency planning. For example, in water rescurces

I1.A. Hiastory
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management, the "100 year flood" has long been used as a guide to
the extent to which society should ressconably protect itseltf from
disaster.

IT.A.S. Barly Site Selection Criteris

The AEC defined a source term for the DBA-LOCA to help
eatablish criteria for the licensing of plant sites that
considered the kinds and magnitudea of public health hazards for
the population distribution about those sites. Thus, the source
terma for Design Basis Accidents were intentionally defined to be
arbitrarily (end wunrealistically) large. Although the DBA-LOCA
would not result in a core melt (because, by definition, it was
Assumed that the engineered safeguards would stop the accident),
the source terms were defined in termsa of quasi-core melt
conditions, Thus, in the source term defined for the DBA-LOCA
(which aleoc became known as the TID-14844 source term, in a
reference to the published report in which it was firet derived),
1S% of the fission product activity was considered to be released
te the conteinment vessel. Thia conaisted of 100% of the noble
gases, S0% of the io0dine in gaseocus form (based on the results of
the Windscale accident), and 1% of the "solids" in the fission
product inventory. Subsequently, one-half of the released iodine
in the containment aestructure and all of the "solid"” fission
products were assumed to fall out, to be adsorbed onte the
internal estructureas of the building, or to adhere to internsl
reactor components and, therefore, to be unavailable for release
to the external environment, In addition, designers were
permitted to conaider reductions in the esirborne iodine of the
source term in accordance with the projected effectiveness of the
design of the containment apray aystems as time passed following
accidental releases during the hypothetical accident sequence.
Release of this hypothetical fission product mixture from the
containment atructure to the atmosphere was then assumed to oceour
at a constant rate of 0.1 volume percent per day, as & result of
inabilitiea to design and fabricate a perfectly leax-tight
containment atructure. No substantive failure of the containment
Aystem was assumed to be associated with this design basis leak

In the late 1960’s, the TID-14844 source term was
incorporated intoe AEC Sefety Guides 3 and 4 (renamed Regulatory
Guides 1.3 and 1.4)ywhich specify the assumsptions to be used in
eatimating the off-site consequences of the maximum credible
accident,

I1.A.6. The Reactor Sefety Study (RSS) -- WASH-1400

By 1974, nuclear technology had advanced to a point at which
it was possible to try to make & reslistic estimate of the
probabilitiesa and consequences of nuclear power plant accidents
that wmight proceed beyond DBA linits to core melt. This was
attempted by Rasmussen and his collaborators in the Reacto:
Safety Study (RSS) (NRC, 197%). The RSS study team outlined
logical sequences of accidental steps that could lead to relesse

I1.A., History
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of radiosctive material--ususlly as & direct result of a core
nalt, They then attempted to assign probebilities to each atep
of the sequence. When available, historical data were used as
pases for the projected probabilities. If historical data were
not available, engineering judgments took their place.

Before the RSS, 1t was widely assurmed that only the Deaign
Bas.s Accidents could lead to core melt and release of
appreciable radicactivity. Emsphasis was pleced upon the double
ended guillotine break of a large coolant pipe. One of the
surprises of the RSS was that many more such sequenc-es ex.ist; 1in
total, the probabilities of their occurrence exceeded that of the
DRA. These sequences include small pipe breaks and various
transient-initiated events. Models of the phys.cal processes
associated with the sequences were developed (o assess the
magnitude and timing of the release, transport, .nd deposition of
the radicactive materials from the core thr ugh the primary
system and the containment to the environment. Jonsequence models
were also developed to calculate the dispersal of radiocactivity
inte the atmosphere 80 as to estimate the risks, thus coupling
the probability and health effect consequences of various
accidents.

The Reactor Safety Study was relessed just after the Atomic
Enargy Commission became ERDA and its regulatory functions were
teken over by the Nuclear Regulatory Commission (NRC),

The RSS was a trend setter in nuclear power plant safety
analysis. As & result, it has been criticized and extended. In a
rev.ew conducted by the NRC at the request of Congress, a
committee chaired by M, Lewis (1977) provided & number of
findings with respect to the sdequacy of the RSS, including (un
part) the following!

“IThe PRS®) was & substantial advance over previous
attenpts to estimate the risks of the nuclear option.
“he methodology has set a framework that can be used more
proad.y te mssess choices invelving both technicel
sonaejuonces and impacts on humans.

“i*re RED) was largely successful in at leasst three ways:
in making the atudy of reactor satety more rational, in
establishing the topeology of many accident seguences, and
i delineating procedures through whieh quantitative
est.mates of the risk can be derived for those seguences
for which & Jdats Lase S<18L8 .00 v

“Despite its shortcomings, (the RSS) provides at this
time the nmost complete single picture of accident
probabilities associated with nuclear reactors. The
fault-trew/wvent ‘tree approach coupled with an adequate
dats base is the best available tool with which to
quantify these probabilities. ... ...

“It is conceptually impossible to Dbe complete in A

I1.A, History
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Babcock and Wilcox reactor like TMI-2, the methodology would have
predicted a frequency of occurrence of once in 300 years. Babcock
and Wilcox reactora had an operating history of about 30 reactor
years. The differences stemmed from:!: (a) the pressure relief
valve settings that caused the valve to be relessed before
reactor scraeam and (b) the fect that the stean generator had a
small heat capacity and dried out in ten minutes, compared with a
time of about an hour calculated for the Westinghouse resctors
such as Surry. The eactual valueas of the probabilities and
frequencies calculated in the reactor safety atudy may not be
correct in view of the uncertainties associated with their
prediction; yet, if the methodology had been applied to the
reactor at Three Mile Island, the plant specific scenario
differences might have been noted, modifications might have been
nade, and the accident perhaps avoided.

This reasalization led to a general acceptance of the
methodology of Probalistic Risk Assessment (PRA) as an important
part of design and of accident prevention,

From measurement of off-aite radiation doses around TMI, it
can be estimated that between 2.4 million and 13 million curies
(Ci) of the noble gas xenon-133 escaped to the environment.
Since the calculated inventory of xenon-133 in the core was 1%4
million Ci, this i1a & release fraction of between 1.6 and 8.4%,
On the other hand, only 17 Ci of iodine-13]1 was released to the
environmant, The total inventory was 64 million Ci. Approximately
16.68 of the Lodine was retained in the containmsent bullding
water, about 0.06% in the containment atmosphere, and about
6.3% in the auxiliary building teanks (outside the containment).
The relesse fraction is 2.7 x 10°7, No cesium or other metallic
fission products are known to have esscaped to the environment
(Kemany et al., 1979,

Radiosctive xenon was the source responsible for almost all
of the offsite doses to people in the vicinity of the reactor. An
ad hoeo Dose Assessment group of aix federal agencies (Battist et
al., 1979) estimated that the maximum dose to any individual was
37 mrem. It is generally agreed that this is small; even Iif the
dose were nmultiplied tenfold (by & postulated 84% release of
noble geasesa), it would atill not be lerge. The differences
between the relesse fractions of noble gases and of iLodine can be
attributed to the following!

~ Noble gases by their physical and chesical nature are
itnert (i.e,, they do not react chemically with other materials
even At high temperatures), very volatile, and are not strongly
retained in water,

~ The majority of the iodine was chesically absorbed by the
primary coolant water in the core,. In the containment, the
deliberate injection of sodium hydroxide enhanced i1odine
absorption by incressing the alkalininity of the water,

« The general reducing environment (a hydrogen-rieh mixture

I11.A. History
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of steam, water, and hydrogen in which little or no free oxygen
was present) promoted the formation of metallic i1odides.

~ About 90% of tha i1o0dine relessed from the auxiliary
building was trapped by the filters.

It is important to note that, although the conta.inment
building was not completely isclated, there was no structural
failure of the reactor containment building at TMI-2, and that
the relesse of radiosctivity occurred through leaks in the
secondary systems of the auxiliary building. If the containment
had failed at the start of the accident, the 1i10dine relesse to
the environment could have been as large as 0,.06% to 0.2%., These
numberas can be compared with tre 1962 regulatory assumptions for
potential releases of noble geses and ifodine to the environment
for a DBA LOCA at TMI of 0.003% (noble gases) and 0.00001% iodine
for & emall LOCA (NRC, 1976a). For a large LOCA (NRC, 1976b),
the corresponding numbers are 3% and 0,04%,

Table 2 from Stratton (1984) summarizes the data from other
nuclear accidents,

The THI-2 event naturally led to a complete re-examination of
the regulatory assumptions. In its aftermath, some reactor safety
professionals came to Dbelieve that the source terms defined by
the Design Basis Accident procedure (AEC, 1962) or calculated by
the RSS (NRC, 1979%) procedures were unduly conservative (i.e.,
excessively large), It should be noted that the TMI accident
seguence was not aspecifically described in the Environmental
Impact Statement for the facility. It was neither a amall LOCA
without substantiael fuel failure ner - large
(rapid-depressurization) LOCA. Although the THMI accident was a
alow, amall Dbreak lesk, and was therefore not representative of
the DBA LOCA, it did demonstrate that, in the presence of a
reducing (hydrogen rich) stmoaphere and with a subatsntial amount
of water remaining in the reactor primary system, i1odine was
evidently not relessad from the resactor pressure vessel as an
elenantal vapor. On the contrary, the majority of the iodine
relessed in the partial core melt of THMI was found to have been
converted Lo cesium Lodide, & highly water soluble and relatively
nenvalatile compound. Thus, the cesium Lodide formed at THM] was
largely retained in the water theat leaked from the primary aystenm
to the containment atructure and/or the water that remained
within the primary aysteam of the reactor.

In any case, the resalisam of both the DBEA-LOCA source ters
defined for the licensing accident and the RSS source terms have
been challenged as a result of THI, whether or not the scenario
of THI term can be appropristely associated with the maximum
credible sccident, In reviewing the basis of the DBA LOCA
licensing source term, the NRC has maintained that its definition
was never based upon A perceived requiresent for realian
(Pasadeg et al, 1981), That source term was intended to provide
4 conservative presacription for a hypothetical acecident that
excaaded DBA limita and went to partial meltdown. Though the

I1.A. MHistory
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driving pressures behind the release of the source term fission
products were correlated with DBA-LOCA conditions in the
containment structure, the fission products deasignated as being
relessed were not intended to be a realistic representat.ion of
releasea from thia particular DeA or any other particular
accident. The NRC has ecknowledged that a reassessment of the
concept of using the DBA-LOCA source terms for site evaluation
nay be in order, but it has concluded that the rulemaking
processes associated with emergency planning, eiting, minimunm
engineered safety features, and degraded cores should be used as
the vehicle for such a reassessament (Pasadeg et al. 1981, p. B).

Aa & result of the observations of radionuclides releagsed at
THMI, .he NRC and the technical community have felt that a more
realistic evaluastion of severe reactor accident source terms is
necessary. The NRC, the nuclear industry here and abroadyand
regulatory commissions abroad have responded by supporting
greatly expanding progranmns of experimental research and
theoretical analysia of the physicel and chemical phenomena
involved in radionuclide release. Other physical processes that
night affect the relesse and distribution of radicactivity from
the core have also been reexamined.

The ma)or orgeanizetions in the U.S, inveolved in this "source
term research” are Battelle Columbus Laboratories (theoretical
analysias for the NRC), Qak Ridge National Laboratory
(experiments), Sandis National Laboratory (experimenta), the
Electric Power Resesrch Inatitute (EPRI), Stone and Webater
Engineering Corporation (SWEC), New VYork Power Authority, the
American Nuclesr Society and an ad hoc nuclear induastry group
called IDCOR (for Industry Degraded Core Rulemaking Program).
Internationally, there is& active experimental work in France,
Germany and Sweden, and theoretical analysis in France, Germany,
Japan and England.

I1.A. History
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I1.B. Release Conseguences
II.B.1. Release Conseguences

Of the various environmental impacts that could result from a
poatulated nuclear reactor accident, biological effects to a
population as a consequence of the radiation dose are of the
nignest concern. The number of people exposed and the
distribution ot dJdose over that population serve as measures ot
tne impact. The dose at a position as a result of the release of
a particular racionuclice depends on the amount releasec, its
radioclogical characteristica, the waeather conditions, the
duration o©otf exposure, and the geometric relationship between the
receptor and the source. The dose from each nuclide 18
proportional to the mass Of ragionuclicde relessed. How the wina
distrioutes releasea mater.als determines the magnitudes of doses
within given geocaraphical regions. The 1ntcormeation in this
chapter 1s backgrouna information, It i1s a summary of other worx
which can help the rYesoer 10 unaerstand the selection o
particular radionuclides for study.

JdJbll.a. maalation cose

JOM® TaQLONULC ] ICes whniCh COMLTr ise the sSource materis) are
rejeasea in gaseous forma and SOmMe A8 Aerosols. whatever thelr
IOIM, 4t 18 uUuSElul tO GiIBStINgUIBh TOUr ways i which they can
contrioute to tne total radiation dose (Ue).,

ta) L A0uo aose (W) - an externa, dogse Causea oy
exposure to radiation emittea oy
r8qionuciices in the ettluent
cLoud, Is the radionuclide
release .s O ShoOrt dJduration
comparea witnh the Jongitudina.
Ajlspersion daivigea DLy the wira
speed, 80 1S The Clioud cose.

‘&) Inhalation aose (L) =~ a4 dose causea oy i1nhalat,on o1t
radionuclide constituents ot the
cloua. Thies incluces & prompt
dose anad the dose from
reagionuclices retasineq «n the
pody. Because of this retention,
this aqose can sapresad over a
sppreciaple time interval,

‘4) wrouna acse (ua) - an external aose ceusea oy
ragionuciides tnat nave formed a
SUrtace Auposit Dy gravitational
settlina on the grouna and otihwr

surraces. ne aqrouna acee
aepenas upon the Lime the
inaiviaual remains Lh the
contaminatea area which, in

principie, Coula ve many years.,
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(4) Food pathway dose (D¢) =~ dose from ingestion of food ana
drink contaminated by deposited
radionuclides. In what follows,
the s8study group assumes that
procedures have been adopted to
limit the intal e of such
contaminated material so that
doses received are insignificant
compared with the other three
doses above,.

The cloud dose (De) that an individual at ground level
receives as a result of the radionuclides in the effluent cloud
ia the sum of the contributiona of direct radiation from all
sources distributed in the air around that individual, For a
passing cloud, the dose rate would begin when the cloud
approaches, reach a maximum when the cloud is overhead, and fall
off as the cloud recedes. The dose {8 estimated as a time
integral of the contributions of the radionuclides in each volume
element as the cloud passes through (or above) the position
concerned.

The magnitude of the inhelation dose (Dy) depends upon the
quantity of radionuclides inhaled. It is estimated as the
integral of exposure to the cloud for those volume elements at
the position of the individual (at ground level). The duration
of exposure depends on the effective radiological and biological
half-lives of the particular radionuclide in the body.

The ground dose (Dg) is determined both by the quantity and
distribution of source material deposited at ground level and by
the subsequent time interval during which the individual remains
in the contaminated region. Since the ground-level deposit
results from the fallout of eseroscls, the surface aource strength
also depends on the radionuclide concentration in the cloud at
ground level integrated over time.

I1.B.1.b. Effluent dispersion

When released into the atmosphere, radicactive gases and
aserosols will follow prevailing winds and be dispersed about that
path becsuse of wind direction fluctuations and local
atmospheric turbulence. Experiments show that the distributions
treansverse to the average path are nearly gaussian., A simple but
sufficient nmodel -- the '"gaussian plume” model -- treats the
distribution of the radicactivity in the cloud as the result of
turbulent diffusion superposed on the mean velocity of the enti e
nedium, This model is used widely, for analyzing the dispersion
of atmospheric pollutants and is well described in the procedures
guide for risk analysis (NRC, 1983b) and a pamphlet (EPA, 1979).
A particular version is given here. For any distance x from the
relesse point, the maximum ground level concentration of
radioactivity occurs beneath the center line of the cloud
directly downwind. This maximum value is useful as an estimate

I11.B. Release Consegquences




for the time integrated concentration at off-centerline positions
and may be estimated as:

Xo(x) = =) exp(-h2/(2¢322))
MUy Tz

where Yg(x) gives the time integrated concentration at ground
level resulting from a time integrated release of Q units of
radionuclides (in Ci-sec) from a height h (meters), at time
t = 0, and into & wind of velocity uy (meters/sec) blowing in the
x direction., The standard deviations for the distribution in the
Yy and 2z directions, ¢, and ¢z, are increasing functions of x.
The values of ¢, and oz (in meters) depend upon the ambient
weather conditiona. Sets of values for these have been obtained
from observational data (Pasquill, 1962; Slade, 1968). In
particuler, ¢z (see Teble A.1 in Appendix I) increases very
rapidly with distance for unstable atmospheres but much less
rapidly for atable atmospheres. When ¢; becomes larje compared
with h, the exponential factor is close to unity and the ground
level concentration becomes appreciable. It is usually assumed,
for a nuclear power accident, that the height of release 1s small
enough so that this is true for all values of x of interest.

Except for noble geases (and molecular iodine if 1t
remains), all other constituents of the release are transported
as aerosola. Fallout leads to an exponential depletion of
effluent plume concentretion and to the buildup of a ground
deposit. This is usually modeled by assigning a deposition
velocity, V4 (which is assumed to be constant), to the settling
of the aerocsols. Then the aerosol effluent concentraticn decays
oupcncntiolly with tncro..xng distance with an attenuation length
Lg = uxz/vd where Z ie the mean height of the cloud. Radiocactive
decay also leads to a further reduction in effluent activity with
distance. Ite characteristic relaxation length, Ly 18
Uxg/h = (uyty/31/1n2, where ) ia the usual radicactive decay
constant and t1,2 is the usual half-life. Combining all of
these, the expression for center-line ground level, the
time-integrated concentration Yg(x) becomes:

Xo(x) = "] exp(-h?2/(2032)) expl-x/Ly) expl-x/Lg)
PUxe Tz

Xo(%)/Q is often called the dilution factor F. (See Appendix I.,)
The "source term” ia often given as a fraction of the

radionuclide inventory I (given in curies) in the core, whence
Q@ = If, where f is the release fraction. In general values of f

are different for different radionuclides. Once the local
concentrations are known then the bioclogical dose conversion
faccors (given, for example, in Table 11.B.3), radicactive dose

estimatea for i(ndividuals exposed at distances (x's) from the
reactor can be calculated. These equations must be aummed over
all the radionuclides released.

I1.B., Release Consequences
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I1.B.1.c. Eastimetes of dose for particuler relesses

The dose at ground level from any isotope may be written as
the sum of the three components mentioned previously (omitting
the ingestion dose, as atated above)!

Dy'Dc‘D;’D'

These may be estimated by first representing both the cloud of
radionuclides and the ground deposit of radionuclides as unifornm
and infinite in extent and then correcting for the limited actual
cloud extent and ground deposit distributions. In this way the
explicit dependence of the dose at any distance from the release
point on both source characteristics and atmospheric conditions
18 considered.

In order to represent the consequences of a hypothetical
nuclear accident for a given site and specified population
distribution, numerical methods are customarily employed in order
to evaluate the effect of time dependent meteorclogical
conditions. It is8 usual to make many repeated calculetions of
the distribution of short and long term dose over the population
ares surrounding e site. Each calculetion in a set provides a
single deterministic projection of the local concentration
associated with the atmospheric dispersion that would have
resulted from a statistically selected hourly description of
veather conditions from the past history at the site. The set of
results is then analyzed statistically for the potential
consequences considering the year’s weather conditions. The
results may be used to infer probability distributions for the
dose at verious distances and directions from the site for a
given type of accident. This set of calculestions is usually done
using a computer code, of which the most commonly used is the
CRAC2 code (Calculation of Reactor Accident Consequences ~-
Version 2) developed by the N'C,

It 18 traditional to categorize various radionuclides into
groups according to their physical and chemical similarities,
The radionuclide groups are related, in part, to the vapor
pressure of the radionuclides at the temperature of the damaged
core of the reactor,. The groups commonly used are the noble
gases, the halogens, the cesium and rubidium group, the tellurium
group, the barium and estrontium group, the volatile oxides or
ruthenium group, and the non-volatile oxides or lanthanides, For
nobie gases the release fraction can be close to unity, but 1ise
nuch leasa for other radionuclides depending on the details of the
accident. The relative contributions of each of the three major
elements to doses, Do, Dy, and Dg, vary considerably depending
upon the nature of the accident and the meteoroclogical
conditions. However, the development of the illustrative model in
Appendix I indicates that the spatial dependence of doae
distributions for different radionuclides should be very similar
assuming that deposition velocities (Vgq) for the relevant
radionuclides are similar. This suggests that the consequences
derived from an analysis of the noble gas group could be useful

11.B. Releaae Consequences
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for making first order estimates of consequences for other
radionuclide groups for a given site based upon projected release
fractions for the other groups.

Karahalios (1984) has noted that the shape of the spatial
distribution curves of dose appears to be relatively independent
of local weather histories, particularly for the high dose, low
probability tail of the dietribution of dose. Thia somewhat
counterintuitive result can be understood more readily when the
contributing factors of the high dose distribution are
understood. One cause of an unusually lerge dose ie rain that
falls just as the cloud of radionuclides passes over the
receptor; this greatly incresses the local concentration and the
surface deposit. At nearly all receptor locations around nearly
all reactor sites enough rain falls during the averaging period
©of a year to yield an appreciable probability of an event with an
unusually large dose at each location. Meteorlogical difference
nake some substantial differences in statistical dose
distribution from one site to another, but they are small enough
in the dose, low probability, end of the distribution to make
Karahalics’ statement approximately correct.

I1.B.2.a. Biclogicel effects of radiation

This section is & very brief summary of this subject: a more
detailed description is given in Appendix II.

Exposure of individuals or populations to high levels of
radiation may result in the incidence of severe health effects,
which vary with dose and with time elapsed after irradiation. The
most definitive human data are for the very high exposures
experienced by survivors of A-bombs and by medical patienta
treated with massive doses of radiation. Observed deleteriocus
effects range from death soon after exposure to various fatal and
non-fatal neoplaams that may appear many years following
exposure, The evaluation of response to lower exposures is
uncertain in that the incidence of effecta resulting frons
radiation exposure 1is masked by @& much larger incidence of
similar effects from other, uncontrolled sources. Mocdels have
been developed for the relationship between exposure and effect,
and, while there is substantial uncertainty in the predictions
for very low doses, there is reasconable agreement on the expectaed
consequences for doses above 10 rad.

I1.B.2.b. Lethal and near-lethal doses of rediation

The consequences of whole body irradiation depend both on
the dose and on the time elapsed after exposure. A typical
characterization is that an external gamma source producing an
air dose of about 3%0 rad delivered in & short time will kill SO%
of exposed but untreasted people in 60 days (LD-%0/60) (Cronkite,
19%8) ., It is Dbelieved that 100% mortelity would be resched a*
about S00 rad unless alleviated by extensive medical treatment .
The aveilability of such treatment would Jepend, at lesst in
part, on the number of casualties relative to the treatment

ey
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capacities of nearby hespitals (Cronkite, 1981). Prompt
fatalities are not ordinarily seen at doses below 150 rads. It
is interesting %o note that ¢the dose 1limit allowable for
astronauts -- who are hesvily exposea to cosmic rays -- i1s set at
75 rads, safely below prompt fatality levels but substantially
avove the porotective action guidelines for the general public set
by the EPA at 1 to S rads.

11.B.2.¢c. Whole body exposure to cub-leths) doses of radiation

Early clinical effects of whole body radiation exposure are
not statistically significant for doses less than about 150 rads
(Conrad, 1980). For exposures near that value, the sources of
supply of mature functional cells are reduced so that 1individual
organs and the host individual have impasirea function (this
depletion can be detected at doses as low as 40 rade 1in some
organs). If the individual survives the early period (30-60 aays)
following exposure, the damaged organ is likely to regenerate its
norma. complement of cells and the individual will recover. For
those whe do survive, the most serious long term somatic effect
i the increase 1in probability of delayed cancer incidence.
Periocds of delay between exposure and 1i1ncidence of cancer are
seldom less than five years, and incidence may not occur for
periods of 30 years or more after exposure,. Estimates of an
individual’s probability of dying from radiation induced cancer
from low doses (of the order of 10 rads) vary substantially among
protagonists of various biological consequence models. The
estimates of probability of death range from the order of 10°3 to
about 10°9% -- with correspondingly lower values (approaching
negligibility at the lower limit) as doses decrease in magnitude
("‘30 19‘0. T.bl. V°25) .

11.8.3, Contributions of Radionuclides to Health Eifects

The cuestion of which radionuclides are most significant to
health eftects depends strongly upon the nature of the accident
being evaluated and the resultant si1ze of the accidental
release. In addition to the prompt doses associated with exposure
directly from the cloud, from material deposited on the ground,
and from inhalation of the cloud, longer term exposure may also
result from ingestion of radioactive material through the food
chain or inhalation of resuspended material deposited upon the
ground, Local emergency procedures mnay reduce the effects of
these last two mechanisms. The current investigationa .indicate
that substantial changes may be in order for the source terms
used from the RSS as & basia for specification of current
emergency planning procedures for public health protection about
nuclear power plants., If this proves to be correct, revisions
would be necessary in the projections f{or the dominant
radioisotopic contributors to public health effectas from the
upgraded source terma. Under these circumatances, it would also
be desirable to investigate the potential for improvements in the
effectivenesa of some emergency procedures (such as evacuation,
sheltering, and temporary relocation concepts) in light of
potential changes in the radiation charscteristics of the revised
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mix of radiocisotopes projected for the revised source terms.

Various eastimates have been made of the relative importance
of the three reletively short term dose induction mechanisms
(here we again omit the 1ingestion dose) (e.g., NRC, 1975,
Appendix VI: Lewis et al., 1975, Appendix II). Even if only the
noble gases Kr and Xe were released, the inhaled dose exceeds the
cloud dose. Although these gases deposit neither in the lung to
give a persistent inhalation dose, nor on the ground, yet because
they are 4 enmitters the increased solid angle of inhaled
radionuclides leads to & larger dose. For other radicnuclides
the cloud dose contribution is generally substantially smaller
than the contributions to dose from either of the other two
sources.

For aerosols, there can be appreciasble deposition in the lung
and on the ground. For a gas such as molecular iodine, there can
be deposition in the lung by absorption on the lung surfaces.
These processes are similar to the depositional processes that
take place in @& reesctor environment (Section IV.C). The
radionuclides that are particularly dangerous are those which
deposit on the ground or lung, but for some reason do _not depoait
in the reactor.

1f local emergency procedures are relatively effective and
ground exposures are limited to one day or less, then the
inhalation dose may be substantially larger than the ground dose.
For example, in the previous APS study (Lewis et al., 197%) of
consequences of very severe reactor accidents for PWR-2 source
terms (shown in Table II.B.1), it was found that the cloud dose
contributed about 4 percent of the oversll whole-body dose (an
estimated 4.4 million person-rems) ; the inhalation dose
contributed 7] percent; and the one-day ground dose contributed

2% percent,. In Table I1.B.1, the RSS estimates are shown for
contributions to dose from various exposure pathways (NRC,
19830 . Asauming that ground doses are approximately

proportionsl to exposure duration, the whole-body dose results
for one-day ground exposure would have approximately the same
proportional contribution as in those APS results. In Table
II.B.2, the significent radionuclides for the RSS results are
ahown (NRC, 1983b). Approximate agreement exists between the
determination of weignificent radionuclides in the APS study and
RSS.

Teble 11.B.3 liste the most important radionuclides present
inh  the reactor at the time the accident is assumed to occur.
Column 3 shows the radionuclide inventory (in curies) in the
resctor at the shutdown of the fission process. Columns 4, %, and
& show the whole-body dose conversion factors for the cloud dose,
inhalation dose, and ground dose, respectively, The cloud dose
conversion factor in column 4 converts locel velues of the
integrated ground leve. cloud radioisotope concentration (which
is derived in Ci-sec/mnd) directly to whole-body dose for a human
receptor., In order to determine inhalation dose, the
individual’s exposure to the locel concentration of the cloud,

I1.B., Release Consequences




Table 11.6.1 Contribution of different exposure pathways to latent-cancer fatalities
for the PWR-2 release category®:P

Percentage contribution

Gl All
Pathway Leukemia Lung Breast Bone tract® othersd Total
External irradiation from
cloud (D) 0.2 0.1 0.5 0.1 0.1 0.1 1 1
Inhalation from clowd (D) 0.5 < 0.7 0.2 0.4 0.2 6 3
External grouand (D)
<7 days 3 2 ? 0.7 0.9 3 16
>7 days 12 - 28 3 4 n 66
Inhalation of resuspended
contamination 0.2 1 0.2 0.4 0.2 0.1 3
Ingsstion of contaminated
foods (Dg) 2 1 3 L . o =
Total 18 1e 39 S [3 16 100

Spata from Wall et al. (1977).

Bmis table does not include latent fatalitles from thyrold cancer, which are calculated separately,
as discussed in Appendix VI of the Reactor Safety Study (USNRC, 1975).

“The gastrointestinal tract includes the stomach sud the rest of the alimentary canal.

d=a11 others”™ denotes all cancers except those specified in the table.

S¥hole-body values are proportional to the SO0-year whole-body population dose commitment (man-rem).

* Reproduced from NRC (1983b; Table 9-7).



Table 11.5.. Radionuclides considered in the Reactor Safety Study conssquence analysis®

Element Radionuclide Elemenc Raa onuclide
Cobslt Co-58,* Co-60* lodine 1-131,€.9.0.4 1-432,0.9.0 yo933,b.9.4
Krypton Kr-85,° Kr-85=,° Xr-87,* Kr-eg® 1-134, 1-135P.9.h
rabidium Rb-86°* Y=pon Xe-133, Xe-135
strontism Sr-89,€ sr-90,9® g- 1 Ceslum Cs-134,€ Ce-136, “s~137)
Yitrium 7-90,* -9 Sarium Ba-140€
Zroconjium 95, Zx-97 Lanthanum La-140
Alohiue ND-95°® Cerium Ce-141, Co-143,% _.-14¢f
Molybdenur Mo-359 Pra.ecdymium Pr-143*
Technetium Tc-39a* Neodveiia ra-147"
Ruthenium  R+-103, Ru-105,* Ru-106f Neptun i am Kp-239
Rhod 1 um ®h-105* Plutonium P.-238,€ Pu-239, Pu-140, Pu-241°
Tellurium Te-127,* Te-127m, Te-129,* Te-13im, Amer icium Am-241°

Te-132b.c.9 Cur fum Om-242, Om-244

Aantimony Sb-127, Sb-129

*Applicable to releases from LWRs only. The radisauclides marked with an asterisk are negligible
contributor: to health effects. The most significant contributcore are signaled with superscript letters
for the modes or effects listed below.

bcloudshine . 9Groundshine (early effects).
Cinhalation (early effecte). hrhyroid dose.

dpeukemia (inhalation dose). iMilk-ingestion pathway.
©gone cancer (inhalation dose). JjLong-term groundshine.

'u-q cancer (inhalation dose).

* Reproduced from Ref. NRC, NUREG/CR-2300, Table 9-11.
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integratad over time, and his/her breathing rate must be used to
deternine the integrated quantities of radionuclides inhaled
(activity measured in curies’) during the exposure period. From
this quantity, the conversion factor in column S permitas direct
determination of the inhslation dose. The ground doase to an
individual may be determined by applying the conversion factor in
column 6 to the projected local surface radiation deposition, S
‘derived in Ci/w2), It should be noted that the conversion
fector for ground dose ia listed here for a 7-day exposure, but
with evacuation or relocstion much of this factor could be

reduced. The conversion factor for the inhalation dose, given
for 0-50 years, includes the dose commitment of the inhaled
material. Many c¢f the potentially significant radioisotopic

contributors to the inhalation dose have exceptionally long
biclogical and radiological half-livee and hence may contribute
to the dose over substential portions of the SO year commitment
period.

The current studies of the source term have tended to
concentrate thair attenti:-n on icdine, cesium, and to a modest
extent, tellurium, These fission products are relatively
volatile, and their relesse frections were believed to be higher
than the 1relesse fractions for other radionuclides. From an
inspection of Table II.B.3, it is spparent that, if released 1in
sufficiently large quantities, some of the relatively low
volatility or nonvolatile fission products and actinides might
also contribute to consequences. An examination of the inhalation
dose conversion factors sahows that some of these less volatile

(more refractory) radionuclides, especially the actinides:
plutonium, americium, and curium, might be associated with very
large dose-conversion factors. Because the dose-conversion

factors for these radionuclides are so large, it is clear that a
small fractional release of the refractory core materials could
have a large impact on consequences. Similar arguments could be
given for the need for specisl consideration of the radionuclides
with saignificant ground dose conversion factors. The magnitudes
of these factors suggest that several of the less volatile
radionuclides could be significant contributors to conseguences
and hence could be important elements of the source term.

In Appendix I, a set of calculations are reviewed that

compare ©the bPioclogically aignificant doses contributed by
combined exposure to the cloud, inhalation, and a one-day ground
dose as & function of distance for various nuclide groups. From

these calculetions, Table II.B.4 shows the release fraction for
@each group that could produce a whole body dose at 5 miles
equivalent to that contributed by exposi.re to 100% of the noble
gases for parametric conditions of 2-hour and 24-hour delays
between reactor shutdown and containment failure. The
differences between the results for the two parametric conditions
reflect tha presence 1in the cloud of significant short-lived
radicactive imotope components in the noble gas group (cf., Table
IT.8.3). If (see Table II.B.4) a smeller reference value is
projected for the 24-hour release condition than for the 2-hour

II.B. Release Consequences
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Tsble 11.8.4
Table of Doses due to Releasse
of 100x of Core Inventory
of Nocble Gases

and

Equivalent Relesses ot Other Groups

2 Hour Decay 24 Hour Decay
Prior to Re.ease Prior to Releasse
85th percentile Noble Ces Dose
40 Ren 7.9 Renm

Q0% R

Gases

Iodine 0.04 0.016
Volatiles

Cs-Rb 0.06% 0.01

Te-Sb 0.0% 0.01

Ba-Sr 0.022 0.00%

Ru 0.02% 0.00%
Non-Voletiles

La 0.001 0.0002

Release Conditions

3412 MWt PWR End of Life Core Inventory
2 hour release duration

Deposition Velocity 0.0l m/sec

Miami Typical Meteorclogical Year Data

Distance (x) S miles downwind from reactor
Equivalent Whole Body Dose

24 Hour Exposure to Ground Ceontamination
Lifetime Commitment for Inhalation Dcse

I11.B. Reiease Consequences
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release condition for one of the gaseocus, volatile, or
non-volatile fission product groups, 1t indicates that a smaller
release fraction of such groups could be required to achieve dose
equivalence with the corresponding noble gas 24-hour releasse
conditions. Since the noble gases would almost certainly be
released (eventually) for the severe nuclear accident conditions
conaidered in our investigations, the noble gases have been
considered to be benchmark conditions. While the projected doses
for Table 11.B.4 were determined for a distance of S miles, there
18 a similarity in the spatisl dependence of dose for all groups
(cf., Figure II1.B.1). This suggests that although doses from the
noble gases would decrease with distance, the magnitudes of the
single fission product release group equivalent values would
provide an appropriate approximation for doses at all distances.
Thus, for a 2-hour delay prior to release, 1f the release
fraction (f) for i1codine 1s 4% of the reactor shutdown 1inventory,
the iodine could (by itself) double the effective noble gas dose.
On the other hand, if only 0.1% of the shutdown inventory of
lanthanum were released, it (by itself) could also effectively
double the noble gas dose.

Relatively nonvolatile radionuclide contributors to the
source term have been neglected in many of the analyses by NRC
and others. In view of the contributions from biclogical dose
conversion factors cited in Table 11.B.3 and the "equivalent
release factors"” computed above, the relatively non-volatile
elements of the source term should be evaluated as carefully as
the contributions of the more volatile radiocnuclides. This 1s
particularly true when the release fraction of the volatile
radionuclides is calculated to be small.

In Figure II.B.1 are shown some upper 95th percentiles of the
dose probability distribution from several sets of CRAC2
calculations (Karahalios, 1984). Several observations are
pertinent. Firstly, dose-distance results are shown for the
cases where only the noble gases were released at parametric
timea of 2 hours and 24 hours after reactor shutdown, as a
function of distance from the reactor. Secondly, the ratiocas of
doses from other radionuclides to the dose from the noble gases
were normalized to unity at S miles. The near constancy of the
ratios suggests a potential for broad application of the insights
obtained from Table II.B.4 and Figure II.B.1. Suppose, for
example, that it 1s desired to consider an accident in which
almost all the noble gases are released after 2 hours. Then
(from Figure II.B.1) 95% of the time, the dose at a point 2 miles
from the reactor will be less than about 100 Rem. If no other
radionuclides were released, there would be no promp®t radiation
fatalities projected for this dose level. However, 1f an
additional 4% of the i1cdine were released, the 95th percentile
dose would be increased by about 150% (to nearly 250 Rem) and a
few prompt radiation fatalities might be expected if 1individuals
were exposed at this location.

If the type of accident leading to such releases were
estimated to have a frequency of 10-5 per year, the probability

1i1.8., Release Conseguences
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of an individual being exposed to the doses in the example at a
distance of 2 miles from the reac’or falls to 0.0% x 10-%5 or
S x 10-7, The projected doses would be reduced if the
containment retained its integrity for 24 hours or if the
emergency planning 2zone distance of 10 miles were used to

evaluate the projected doses and resulting health impacts for
potential individual exposures.

I1.B. Realease Consequences
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III. REACTOR ACCIDENTS: GENERAL FEATURES AND IMPORTANT SEQUENCES

I1I1.A. General Features of Reactors and Reactor Accidents

In this section we present a synopsis of the i1mportant
features of light water reactors (LWR) that determine the course
of reactor accidents, and the general safety features that are
incorporated to prevent accidents. The reader 1es also referred
to the "primer on LWR and related safety issues" in Lewis (1979).

ITX.A.3., Nu R rs

The energy in nuclear fission reactors comes from the fission
of wuranium or plutonium nuclei. The total rest mass of the
products is less than the rest mass of the fissioning nucleus
with the difference appearing as energy. On the average, the
fissioning of a single 235U nucleus releases 2 to 2 neutrons and

about 212 MeV distributed as shown 1in III.A.1l. Since the
neutrino energy cannot be recovered, the fission of a single 235y
nucleus effectively releases 200 MeV of recoverable energy. In

more common units, the complete fissioning of 1 kg of 235y
produces about 1000 MW-day of energy. The Kkinetic energies of
the fission fragments and neutrons, as well as the energy of the
prompt and capture gamma rays, are released coincident with the
fission events, while that portion asaociated with fission
product decay (about 15 MeV or 7.5 percent) is released
subsequently. In particular, fission product heat continues to
be released after the fission process has ceased.

III.A.2. Reactor Control
III.A.2.a2. Moderator

The spectrum of neutrons emitted in fission has an average
energy of 2 MeV and a median energy of 1 MeV. While the fission
cross section for the isotopes of uranium at MeV energies 1is
relatively small, the cross section for fission of 235U increases
rapidly with decreasing energy. It is necessary to incorporate a
light moderating material (usually water) to slow down neutrons
and increase the probability that they initiate another fission
rather than escape. Reactors used in the United States use
ordinary <lxght) water as a moderator. Natural uranium has 0.72%
of isotope 235U, the remainder being the 238U isotope. It 1is
necessary to enrich that fuel slightly in 235U to overcome losses
from parasitic neutron capture in water. Further, because 238y
has =& high (non-fission) resonant capture cross section for
neutrons in the energy range between the MeV and thermel regions,
it 18 necessary to arrange the fuel 1in rods separated by
moderator. The water filled space, at the density corresponding
to operating temperatures and pressures, is designed to allow
most fission neutrons to slow down to thermal energies before
reentering neighboring fuel rods. If the fission energy exceeds
the capacity of the heat saink, the moderator and fuel
temperatures rise. The corresponding decrease in moderator

III. General Features
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The Contributiocns te the Energy of Fission of 235y
_|E|is ({Mev)
Kinetic energy of fisaion products 168
Kinetic energy of fission neutron radiation S
Prompt < radiation 7
Fission product decay

4 radiation 8

Yy radiation y

neutrinocs (not recovered) 12
Neutron capture 7y rays

(depends on structures’ -

212
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density causes neutrons to reenter the fuel at slightly higher
energy than thermal, thus incressing the relative probability
that neutrons will be lost through parasitic capture in <38y,
The effective Doppler broadening of the 238y resonances through
the rise in fuel temperature also increases parasitic capture.
Together these effecta limit the extent of power transients,
Finally, 1f the water were to be removed completely, the fission
reaction could not continue.

I11.A.2.b. Delayed neutrons

At steady state, the chain reaction is in equilibrium. The
occurrence of each fission leads, on the average, to exactly 1
subsequent fission. The remaining neutrons are absorbed by
reactor fuel, structures or moderator, or by neutron absorbing
rods designed to control fission rate. The time that elapses
between successive neutron fissions (hundreds of microseconds)
would seem too short to allow steady state to be attained and
maintained by purely mechanical means. Control is possible
because a small fraction (less than 1 percent) of the average
number of neutrons emitted per fission is produced following the
radiocactive decay of precursor fission products. As a result,
the rate of change of neutron population has a component with a
time conatant of several seconda; this provides time for
mechanical controls to act.

I11.A.2.c. Control rods

The reactor is controlled by inserting or withdrawing control
rods of material that absorbs neutrons. They are arranged on a
ratchet so that they can enter quickly (to shut down the reactor)
but can only Le withdrawn slowly. The design is such that the
removal of a single control rod cennot change the reactivity of
the reactor by more than the number of delayed neutrons, so that
accidental withdrawal cannot lead to an uncontrollable rapid
excursion.

It 1s generally agreed that in most accident conditions for a
light water reactor, the chain reaction will cease and not cCause
further heat that might disperse the fuel with 1i1ts dangerous
radiocactivaity.

I1I1.A.3. Eission Product Heating

The energy from the decay of the fission products remaining
after the nuclear chain reaction is shut down is the principal
driving force for potential accidental dispersion of the fuel and
its radioactivity. After long term operation, the fission
product decay power level approaches 7.5% of the reactor’s
operating power at shutdown, or 250 Megawatts thermal for an 1100
Megawatt (electrical) (MWg) (or equivalently, a 3300 Megawatt
(thermal) (MW¢)) reactor. If the removal of heat from the
reactor were interrupted for a long enocugh time, this fission
product decay heat would be sufficient to melt the core and
liberate the radiocactivity.

i111. General Features
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After reactor shutdown, the decay power diminishes with time
== very rapidly at first and then more alowly ea the various
radionucl des decay. Figure III.A.l1. shows the fission and total
decay powar for a power reactor at the end of the second year of
operation calculeted using the 1979 ANSI standard (1979) and some
experimental results. One third of the fuel is normally replacec
in a reactor at each yearly refuelling shutdown, 8o that one
third of the fuel will have been irraciated for 1 year, one thira
for 2 years and one third for 3 years. The inventory of long
lived 1sotopes and of transuranic elements 18 highest at the end
of a life cycle.

III.A.49. Light Weter Reactor Design
III.A.4.a. The fuel

The hydrogen in the water of a light water reactor (LWR) not
only interacts, as desired, with fast neutrons to slow them down,
but also absorbs slow neutrons (cross section 0.33 barns). £
turns out that a chain reaction is8 not possible with uranium fuel
of natural isotopic composition (99.28x 238y and 0.72x 235y
since 238y 4is not fissile with slow neutrons. The fuel is
enriched in 235U, which 38 fiseile with slow neutrons, to about
3%. As the fission process proceeds, the 235U js consumed, and
some of the 238U 18 converted by neutron capture and subsequent
radiocactive decay to <239 u which 1s also fissile with slow
neutrona. At the end of the fuel life about 30% of all fissiona
come from 239y,

The fuel 18 arranged in sintered uranium dioxide (UQ,)
pelletsa, inserted in & long (12 ft) tube usually fabricated of
zZirconium alloy (zircalloy), so chosen because of its low neutron
capture. A typical reactions containa about 51000 (PWR) (47000
(BWR)] such fuel rods, arranged in 193 (PWR) (764 (BWR)) square
assemblies of 264 (PWR) (62 (BWR)] fuel rods each, as shown in
Figures III.A.2 and III.A.3.

III.A.4.b. The coolant system

In light water reactors the water moderator 1s also used to
tranafer heat from the hot reactor core to the electricity
generating aystem where water, as steaw, drives a steam turbine.
Since the system operates at high temperature -- about 600 K --
to maintain a ressonable thermodynamic efficiency, the water must
be pressurized.

In the primary side of a pressurized water reactor (PWR) the
water is heated in the core, passed through a heat exchanger, and
pumped back to the core at a pressure high enough to prevent the
water from flashing to steam (15.7 MPa, or 2300 psia). The
secondary side of this heat exchanger 18 a stesm generator, which
generates steam to drive the turbine. Its pressure i1s lower than
that of the primary side (about 5.5 MPa or 800 psia). This 1is
shown in the idealized schematic of Figure III.A.4, which

I111. General Features
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portrays just one primary “loop" ~-- steam generator, pump,
emergency core cooling aystem (ECCS) accumulator. Moat PWRe
contain 3 or 4 separate steam generators and pumps, each on a
separate 'loop."

In the beoiling water reactor (BWR), steam for operating the
turbine is generated directly in the core, at a pressure of about
7 MPa or 1000 psia, without utilizing the isolation provided by
the heat exchanger (steam generator) associated with a PWR. This
is shown in the idealized schematic of Figure III.A.S. The
turbine itself, not shown here, is similar to that for the PWR.
The ateam passing through the turbine 1s condensed and returned
as feedwater to the core. In addition, water i1s recirculated
through the core by a number of )et pumps driven by a water
recirculation pump. One of these pumps is shown in the schematic.

The characteristics of a typical PWR and a typical BWR are
shown in Table III.A.Z2.

I11.A.4.c. Barriers egainst radionuclide release

Protection of the public from radionuclide release 1n nuclear
reactor accidents isa provided by a series of barriers:

(1) the radionuclides reside moatly in the solid fuel
matrix;

(11) the zircalloy tube (fuel clad) surrounding the fuel 1is
normally leak tight;

(1ii) the reactor pressure vessel and primery water circuit
constitute a further barrier againat release;

(iv) a containment building surrounds the primary system ¢to
contain radionuclides (see Section IV.D for details);
these might be released should all three of the
preceeding barriers fail.

In all accidents that have occurred in commercial nuclear
power reactors, one or more of these barriers has remained
sufficiently intact to contain most of the radionuclides.

However, severe accidents have been postulated where these
barriers could be broken simultanecusly by melting of the fuel
and a buildup of internal pressure. If the moderator water is
lost by evaporation, and is not replaced, ther the meltdown will
follow; the resulting pressure in the containment will rise and
might crack the containment, resulting in a large release of
radionuclides.

I11.A.4.d4. The emergency core cooling eystem

A break 1in the reactor pressure vessel or primary coolant
circuit piping would ceause a loss of water or steam. To keep the
reactor cooled, and the fuel and fuel cladding barriers intact,
an emergency core cooling aystem (ECCS) 218 incorporated to
replace the water as soon as possible. These systems are shown
schematically in Figure III.A.6. (for a PWR) and Figure III.A.7.
(for a BWR).

I111. General Features
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Table III.A.2.

Operational Paremeters for
Light Water Reactors.

e e

Surry (PWR) and Peach Bottom (BWR)

Paremeters Surry Peach Bottom 2
Thermal power rating (MWt) 2441 3293
Electrical Output (MUe) 823 1065
Thermal Hvirasulic Date
Syaten Pressure (MPa) 15.8 7.0
Trniet Termperature (K) 557 464
Outlet Tamperature (K) 592 959
Coolant Flow Rate (106kg/h) 45.7 46.5
Core Data
Active Height (cm) 366 381
Equivalent Active Diameter(cm) 304 475
Core Weight (kg) 102,820 232,012

UD,(kg) 79,820 159,410
Z2ircalloy (kg) 16,500 65,490
Misl. (k@) 6,500 7,112
Flow Area (m<) 4.05 13.4
Assembliea /core 157 764
Rods /Assembly 2042 62b
Annual Discharge 1/3 1/3
Avg. Burnup at Equil. (MWd/MTU) 22100 20000
fuel Element Data
Pitch (em) 1.43 1.63
0. D. (cm) 1.072 1.23
Clad Thickness (cm) 0.0617 0.0813
Diametral Gap (cm) 0.019 0.0229
Number of rods 32,028e 47,3680
Initial Fuel Enrichment 3.6 2.99
Active Surface Area (m2) 3945 6140
Average Heat Flux (Ww/m?) 602695 514791
Nax. Heat Flux (W/m2) 1,684,402 1,349,784
1.0. of Shell (cm) 399 638
Overall Height (cm) 1232 2210
Primary Coolant System
Total Water Mass (kg) 192,000 290,620
Reactor Vessel Volume (m3) 105.3 585.2
subcooled liquid 222.2
sat. liquid 113.4
steanm 249.6
Piping (including pumps) (m3) 40.6 146.4
Steam Generator 91.5
Pressurizer ( 60% liquid) 36.8
Accumulators (67% liguid) 123.2

I111. General Features
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e I e e . T T T T T T T T T T Y Y YT s~

Parameters Surry Peach Bottom

Containment

Free Volume (m3) S.1x 104 7.9% 103
Urywell (m3) 4.5x 103
wetwell (m3) 3.4x 103

Initi1al Temperature (K) 311 311

Initial Pressure (MPa) 0.0689 0.101

Pressure Supression Chamber

Free Volume (m3) 3,370

Water Volume (m3) 3,851

e e T T N T T T T T T T

8 PURs now use the 17x17 fuel lattice shown 1in Figure 1II1.A.2.
However, these calculations were done with an older 15x15 fuel
lattice.

P BWRs have used an 8x8 fuel lattice since 1975, as shown in
Figure II1.A.3. However, i1n GCieseke et al. (Vol. 2, 1984), the’
analyses for PEACH BOTTOM used a mixed core of 8x8 and 7x7
lattice navingl( 62,63] and 49 fuel rods per assembly,
respectively. This was motivated by the availability of ORIGEN
runs for these assempblies. The total number of fuel elements in
Gileseke et al. was 44749,

I1I. General Features
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The emergency core cooling system has several subsystems that
operate at different times and different pressuresa. However, it
is possible to group theae subsyatems for subsequent discussion

into a passive subsystem and an active subsystem.

Each PWR has several pressurized accumulator tanks filled
with water (borated to absorb neutrons) at about 4.8 MPa, or 680
pasia, pressure. As soon as the reactor pressure falls below
4.8 MPa, a check valve opens and the core 1s reflooded. This .1s
a passive subsystem.

Both PWRs and BWRs have a number of active ECCS subsystems.
These emergency coolant injection systems are driven by pumps,
some of which operate at high pressure (ana low throughput) and
some at low pressure (and high throughput) tc maintain water in
the core. These are active systema. For their operation the
control circuits must operate. In some reactor designs these
pumps depend on electric power, while in other designs some of
these pumps are driven by sateam from the primary circuit.
Considerable redundancy 18 employed to ensure that the likelihood
of operation of the ECCS, when caslled upon, is high.

I{ the emergency core coclant systems operate properily, the
accident will normally be terminated without fuel damage or
breach of any of the barriers between the radioactivity and the
public. The (hypothetical) severe nuclear accidents with which
thia report is concerned are those 1in which elements of the
emergency core coolant system are assumed either not to operate
or to fail because of other failures that affect them. It should
be emphasized that such an accident has never occurred, and is
conaidered very improbable. At TMI, the ECCS was turned on and
off manually by the operators on several crucial occasions. Had
the systems been left to operate in their normal automatic mode
it is unlikely that the fuel would have been degraded.

III.A.S5. Sources and Sinks of Heast

The driving forces behind fission product releases are
derived from the heat generated in the reactor. It is therefore
important to understand the sources and sinks (reservoirs for
absorption) of heat that may be applicable to a given situation.
These are briefly summarized here.

IIT.A.S.a. 3gources

1) If the reactor protection system (control rods, borated
water) has failed toc screm, fission chain reaction heating will
continue until criticality 1is ultimately stopped by the use of
redundant control systems or loss of the water moderator.

1i) Under normal operating conditions , the fuel pins run at
a higher average temperature than the coolant (i.e,the center of
the fuel pin coperates at temperatures near its melting point,
while the outer surface i1s close to the coolant temperature).
Consequently there 18 sensible heat stored in the fuel pins which

III. General Features
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is released after the fission process ceases.

141) The radicactive fission products continue to produce
decay heat long after the fissicon reaction ceases (see Section
ITI.A.3).

iv) As the temperature riges above 1300 K the zirconium fuel
cladding begins to interact with water or steam, oxidizing 1in a
strongly exothermic reaction:

2r +2H20 -> 2r02+ 2H2
with an energy release aAH (Lemmon, 1957)
AH = 6.774x106 - 244.9 T

where Ao H is expressed in joules per kil-gram of 2r reacted and T
is in degrees Kelvin.

The rate of heat generated from the metal-water reaction
equals the heat of reaction multiplied by the rate of reaction,
the latter given, if sufficient steam 1s available, by a solid
atate diffusion law,

X = Ae(-B/T) /x,
where X is the metal reaction rate, A and B are kinetic constants
and Xy ia the thickness of the oxide layer on the outside surface
of the cladding.

Iron also oxidizes exothermically in a steam environment by
the reaction:

3Fe + 4H20 = Fe304q +4H2

with an energy release of 1.063 x 106 J per kilogram of iron
(ANL, 1966).

v) As the temperature rises further, other reactor vessel
internals, fuel supports or even the vessel itself can oxidize
exothermically. However these reactions are not as important as

the zirconium reaction discussed in (iv) above.

vi) At very high temperatures, and when very finely divided,
the uranium dioxide (U0 can oxidize further to Us0g
exothermically if exposed to air. This reaction is considered
unlikely in most accident sequences thought to be important.

IITI.A.S.b. Sinks

1) The secondary water flowing through the steam generator,
before isclation of the secondary system, can remove heat for
times varying from 30 seconds to many hours.

i1) Flow of water and steam in the primary system can remove

I1I. General Features



heat from the fuel rods and distribute it within the primary
aystenm, during a time period depending upon the accident
sequence.

iii) After loss of water, energy can radiate from rod to rod
and to the reactor vessel, resulting in heat exchange between the
fuel rods and the vessel -- but the view factor from the inner
rods to the reactor vessel is sufficiently small that theuir
temperatures are not strongly affected by this process.

iv) When steam or the molten core 1s released to the
containment, heat 18 transferred to the containment atmosphere,
and thereafter slowly to surfaces of equipment in the containment
or containment walls.

v) Finally, the whole external world outside the containment
isa an enormous potential heat aink.

I111.A.S.c. Rate of heat transfer

The amount of heat in a source and the capacity to store heat
in & s8ink are well determined. However it is often the rate of
heat transfer from one to the other that determines the course of
accidents, and this is less well determined.

The fission product decay heat rate (or power) is very well
determined, as shown in Figure III.A.1. The rate of the other
major source of heat -- the zirconium oxidation -- is dependent
on many factors. Figure III.A.8. shows the parabolic rate
constant of this oxidization rate, for various correlations, as a
function of temperature. The Urbanic-Heidrick (1978) correlation
is currently used in Gieseke et al. (1984) source term
computations. The discontinuity at 1850 K is due to phase change
in the oxide layer at that temperature. The Urbanic-Heidrick
correlation exhibits better agreement with the experimental data
(not shown in the figure) than the other correlations. The high
temperature data (> 1850 K) of various experiments generally show
acatter on the order of a factor of two.

In & core heatup transient, it is generally found that, for
temperatures above 1470 K, the zirconium-water reaction can bDe
steam-limited and Fig. III.A.8 cannot be used. Instead, from the
stoichiometry of the reaction, a steam-supply limitea rate 1is
used,

X = 91.22 We/(36pA), ca/s

where Wg = steam flow rate, gm/s
p = zirconium density, gm/cc
A = cladding surface area, cwm

MARCH calculations of core meltdown show little sensitivity
to the choice of the correlations in Fig. III.A.8, However, the
calculations are more sensitive to core meltdown models that
affect the steam flow rate and hence the cladding oxidization.

111. General Features
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The wuncertainty in the fraction of cladding reacted owing to the
ateam flow rate is estimated, based on MARCH calculaticons, to be
on the order of a factor of two.

For some accident analyses (as in the ECCS), overestimation
of the reaction rate is considered conservative (pessimistic),
However, as shown later in Table IV.B.2, a slower rate leaves
some zirconium unreacted at the time of reactor vessel
meltthrough, and this can be non-conservative.

The fission product decay heat, although prcduced at a slow
steady rate, 18 stored in the fuel 1in the reactor pressure
vessel, together with that part of the zirconiumn water reaction
that occurs therein. This atored heat is released into the
containment atmosphere suddenly i1f and when the reactor pressure
vessel melts through. Although ultimately this heat is expected
to be transferred to the numerous surfaces in the containment
vessel, the heat may be transferred to the containment gas more
rapidly than it can be tranaferred to the solid surfaces. This
is important, for it may lead to e sudden pressure rise that
becomes a major stress on the containment,

ITI.A.6. General Features of Severe Nuclear Reactor Accidente

The severe accident sequences that may result in large scurce
terms must proceed not only through core melt, but alsec through
containment failure. Although there are many accident scenarios
that could lead to core melt, and many causes of containment
failure, all basic accident processes are associated with
sequences of events similar to those shown in Figure III.A.9 and
Table III.A.3.

As noted above, the accidents that are expected to lead to
the possibliiity of an appreciable source term (i1.e., those 1in
which a substantiel amount and wide variety of types of
radicactive material are released to the environment) are al.
postulated to involve a system failure that results in loss of
water from the primary system,. An initiating event 1s assumed to
have occurred that may have been induced by either aquipment
failure, ana/or operator error, or external event (earthguaxe,
fire, etc.).

If a bresak 1i1n the Reactor Coolant System (RCS) has been
assumed to OoccCur as a result of & pipe or valve cpening, the high
pressure i1n the reactor pressure vesgsel (RPV) will drive water
and steam out of the break, The sudden depressurization s
called a Dplowdown. The accident 18 a Loss of Coolant Accident,
or LOCA., Alternatively, a tra.sient in the power level may
injtiete & turbine trip with an interruption in the heat remova..
If heat 18 not removed by another heat sink, the core temperasture
will rise, eventually rsising the internal pressure beyond the
pressure relief valve (PRV) setting eo that coolant may be lost
out the valve, In most eauch instances, the emergency core
cooling saystem (ECCS) will replace the lossea of coolant.,

Genera. Fearures
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Remarks

Loss of coolant through break or relief
valve. May be rapid or slow. May
occur at high pressure or with loss

of pressure.

Liquid level graduaslly drops as decay
heat vaporizes water and loss of
coolant occurs through breask or relief
valve.

Core becomes uncovered. Zircalloy
steam reaction produces hydrogen and
heat. Cladding fails, releasing
volatile fission products which
migrate and deposit in primary system
circuit and/or escape to the
containment with ateam.

Bulk of core is uncovered; core

melt drips/fragments and begins to fall
into water pool in vessel bottom.
Fission product migration through
primary, and to containment can be
significant for more volatile fission
products. Small scale steam explosions
in vessel are probable, and large cnes
unlikely but possible.

Pressure vessel fails as molten core
melts through the bottom head and drops
into reactor cavity.

The molten debris falls to the reactor

cavity. It boils off whatever water 1is
there. If sufficient water 1ia present,
the core would be cooled and solidify,

and would subsequently remelt.

Steam exp.osions may also occur at this
time as the molten fue. falls onto
water in the reactor cavity. This can
disperse fuel, creaste radiocactive
serosols, and increase the rate of heat
t-ransfer to the containment atmosphere.

The molten corium attacks the concrete
basemat, which it proceeds to
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penetrate, and creates a cauldron that
releases aercsols and gases.

Containment pressure rises and the

containment fails, or the core melts
through the basemat.

I111. General Features
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However, 1n the hypothetical case that the emergency systems are
inoperable, fail to operate, or are disabled, the core would
eventually become uncovered. This phase of the accident 1.s

called boiloff.

Although the nuclear chain reaction will have stopped, either
by the reactor protection (SCRAM) system of control rod or boron
poison insertion, or by removal of the water moderator when
there 18 no more water to cover the core, there will be enough
fission product decay heat to heat up and ultimately to melt the
core.

In the heat up phase, the core will be heated well above the
boiling point of water until it approaches temperatures at which
melting of the cladding and fuel mixture occurs.

As the core heats to temperatures above 1300 K, the steanm
will begin to react chemically with the zirconium cladding of the
uncovered fuel elements, to produce a new source of heat, At
temperatures of 1500 K and above the reactions could produce
enough heat to be comparable with that of the decaying fission
products, 1f sufficient steam were available for the reaction. In
this zirconium oxidation process, hydrogen is liberated from the
steam and would mix with the remaining steam that had not
participated in the reaction. In addition, at elevated
temperatures the Zr could combine with the U02 fuel to form
phases with a significantly lower melting point than that of UO2.

The hot water and steam leaked to the containment building
during this period would increase the pressure and temperature in
the building. In addition, the flow of high temperature gases
and vapors within the reactor coolant system could lead to
localized changes in the temperature and pressure throughout the
entire system and (in particular) within the reactor pressure
vessel (RPV).

At temperatures of the order of 1000 K and above (depending
upon initial pressurea built up by release of fission product
gases within the fuel rods), the Z2Zr cladding could begin to
weaken, balloon, and rupture. Evidence of this effect is seen in
Figure III.A.10 which shows photographs of damaged fuel rods
used in the Power Burst Facility (PBF) experiments. Upon rupture
of the cladding, & few percent of the most volatile fission
products would be released. The noble gases Xe and Kr, and the
volatile materials Cs, I, and Te would diffuse ocut of the hot
fuel and would be released as vapors. Wwhile the chemically inert
xenon and krypton would exist as inert gases, the other elements
would begin to undergo chemical interactions among themselves,
and to form aerosols that could move throughout the system. The
eventual melting of the fuel elements would complete the release
of most of the volatile radioactive products.

If there were breaks in the reactor coolant system (RCS)

boundary, some of the transported radiocactive material would be
immediately released as gas and aercscol into the reactor

I11. General Features
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containment building, along with the steam, hydrogen and reactor
coolant. Whether in containment or inside the RCS, the aerosols,
though rather stable, would tend to increase 1in size by
agglomeration processes. Aa time passes, the larger aerosols
would he slowly removed by settling, and transported to surfaces
by diffusion, temperature differences, and other processes. The
total suspended mass of aeroscols at any time would depend upon
their generation rate as well as their removal rate.

As the heat up continues, the fuel would continue to distort
and melt. The melting fuel 2lements would eventually destroy the
reactor’s core support structure and would fall in moliten form
into the lower head of the reactor. The coolant passages between
the fuel elements might become blocked by the melting material.
As the hot material fell into any remaining water 1in the lower
head, the steam generation process would be accelerated. The
continued evolution of decay heat from the molten core would
evaporate the remaining water in the RPV, and the combined molten
fuel and structural materials would then attack the lower head of
the RPV,

This point represents a logical division in the progression
of the accident. When the core is calculated to melt through the
bottom o©of the pressure vessel, the molten material (including
part of the support structure and pressure vessel) and all the
remaining radioactive materials would then be deposited in the
containment volume. Whether this would occur slowly or rapidly
as materials are 1injected 1into the containment in a j)et would
depend on the previocus history of the core melt scenarico and, in
particular, on the pressure in the RPV at the time of failure.

The failure of the RPV would be followed by a substantial
increase in the containment pressure as the internal energy of
the steam and gases retained within the RCS is released to the
containment along with the molten corium (a molten mixture of
core fuel ana vessel internal and core structuresl supports).
This represents a crucisl time in the accident progression. If
this pressure rise were large enough to cause the containment to
fai1l, the failure would oc¢ccur at a time when many of the
radicactive aerosols haa just been generated and released to the
containment, and before they had a chance to agglomerate and
settle or be removed by other processes.

At this time steam explosions can occur as the molten core
falls on the water in the reactor cavity.

If the containment were to remain intact at this time, the
pressure would fall as steam condensed on various containment
structures. If there were no water 1in the cavity below the
reactor vessel, or after the water is vaporized, the molten core
and vessel material would attack the concrete basemat, which
would liberate copious amounts of CO2, steam, and the flammable
gases H2 and CO., These processes would all contribute to an
increase in the containment pressure (whether or not the
flammable gases burned or exploded) that might lead to 1its
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failure at the same time that the concrete would be going through
rapid dissolution. As this occurred, aerosols would be sparged
from the molten mass into the atmosphere of the containment
volume. A small proportion of these aerosols would be
radiocactive. If the containment failed <from these pressure
sources, any newly generated and suspended aerosols would then be
immediately dispersed into the environment.

I£ the containment were to survive the pressurization
associated with the above processes, the remainder of the molten
core would continue to erode the concrete floor, until it could
ultimately penetrate the basemat and release radiocactive material
into the s80il beneath the reactor. If this were to occur, it 1is
probable that the molten core would quickly reach equilibrium
with its surroundings as 1t penetrated the soil, and would not
descend to any substantial depth into the ground. (Calculations
suggest maximum depths of penetration of about 3 m.)

There are additional engineered safety features (ESF)
designed intoc the reactor system. These include spray systems to
spray water into the containment building to condense steam and
deposit seroscls. However, in any severe accident the electrical
power 18 often assumed to be unavailable. In some reactors, the
partial or complete removal of fission products may be
accomplished without active intervention, by the action of
passive suppression pools through which the steam, vapors, and
aerosols must flow 4in bo.iling water reactors (BWR), and by 1ice
condensing systems in some pressurized water reactors (PWRs). On
the other hand, 1f a sufficient time passes before containment
failure, electrical power may be restored and active intervention
by fans and spray systems 1n the containment volume for PWRs or
BWRs could then also reduce the fission product aerosol
densities. As 1long as these active or passive safety systems
function in accordance with their designs, they would also serve
to reduce containment temperature and pressure loadings, 1n
addition to accelerating fission product removal processes. These
fans and spray systems are so effective that, 1f operative, they
wouid usually prevent containment failure. Thus, An the
evaluation of risk dominant accident scenarios, the sequences of
principal concern are those 1in which the engineered safety
features are assumed to fail or to be inoperative,

I1I. General Features
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III.B. Seguence Selection

It 1is always difficult to foresee the future. It is,
however, easy to postulate the occurrence of catastrophic
accidentsa associsted with natursl and man-induced events. The
scientific community has been trying to estimate the probability
and consequences of postulated severe accidents in nuclear power
plants on the basis of hiatorical experience with lesser
accidents 1in similar plants. The procedures for making such risk
projections have been developed over the laat 29 yeara (beginning
with efforts conducted in the aerospace industry’® and have gainecd
increasing crecdibility within the scientific community with the
rassaqge of tima, During the last decade, risk analysis
technigues have veen &pplied within the nuclear industry. In the
course of such applications, the state-of-the-art of risk
analysis has been advanced ancd the concepts have gained
increasing acceptance. This study aqroup has not addressed
probabiiaistic risk analyses cirectly. Nevertheless, the
probability of severe accident scenarios has been utilized as an
important criterion in selecting them for review, as discussed in
more detail below.

12.8.2. T [ i g P f the RBSS (NRC, .979)

Thne inaccuraciee of the probability estimation of the RSS,
discussed earlier :n Section II.A, have not been a focus for tn.is
report, althocugh we note that subsequent probabilistic raisx
analyses have improved upcn that study. However we nocte that =he
procedure of attempting to prolect ali of +the lozical.ly
consistent scenarios by which accidents might occur 18 generaily
accepted, even though it 1s stilil subject o the innerent
iimitations on completeness cited by the Lewis Committee (13973)
(see II.A above). Nevertheless, we have considered the resuits
of probabilistic risk analyses 1in our reviews of accident
scenarios in order to ascertain potentially risk dominant
scenariocs and to evaluate he relative likelihood of certain
categories of events. Beyond that application, accident scenario
probabilities have not played a particularly significant role 1in
our deliberations; hence we have not attempted to verify the.r
reliability.

The statistical reliapility of the RSS depends in part upon
the observation that the gross course of an accident may bpe
represented by a series of dichotomous events (e.g., dces the
emergency core cooling aystem (ECCS) function or not when callec
upon? Does & valve close or not?) Under these circumstances, tne
accident sequences or 8scenarios involve a number of steps that
are wusually 1independent--or can bpe designed to be near.y
independent. Consider an example of an accident scenario with
four such steps. If the projected frequency of the first steo .1in
the accident occurring is Fj, and the probabtility of failiure of
successive safety devices 2, 3, and 4 are respectively P2, P3 and
Pq per cali, the overall frequency of an adverse consequence F =
Fi1ePoeP3+*Pgq. The frequency Fi; of the initiating event can »pe
determined with reasonable accuracy 1i1f 1t 18 of the order of

i1l1l.8. Sequence Se.ection



Table III.B.l. Summary of RSS Accident Source Terms Involving Core (from NRC,
1975, Table 5-1).
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KEY TO PWR ACCIDENT SEQUENCE SYMBOLS

A = Intermediate to large LOCA.
B -~ Failure of electric power to ESFs.

B' = Failure to recover either onsite or offsite electric power within about I to J hours following
an initiating transient which is a loss of offsite AC power.

€ = Failure of containment spray injecticn system.

0 =~ Failure of emergency core cooling injection system.

F - Failure of containment spray recirculation system.

G =~ Failure of containment heat resoval system.

H = Pailure of emergency core cooling recirculation system.

K = Pailure of reactor protection system.

L =~ Failure of secondary system steam relief valves and the auxiliary feedwater system.

= Pailure of secondary cystem steam relief vaives and the power conversion system.

FFEEEEREE

L]
Q =~ Pailure of primary system safety relief valves to reclose after opening.
R

~ Massive rupture of the reactor vessel.

L A small LOCA with an equivalent diameter of about I to 6 inches.
. da A small LOCA with an equivalent diameter of about 1L/2 %o 2 inches.
= Transient event.

Chemical and volume control system,
= LPIS check valve failure.

<Ca= -
'

- Containment rupture due %0 4 reactor vessal steam explosion.

Containment failure resulting from inadequate isclation of containment cpenings and penetrations.

-
.

Containment failure due %0 hydrogen burning.
§ =~ Containment failure due to overpressure.

€ ~ Containment vessel melt-through.

KEY TO TABLE 11I.B,2



Table III.B.3. BWR DOMINANT ACCIDENT SEQUENCES OF EACH
EVENT TREE vs., RELEASE CATEGORY (from NRC, 1975),
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Rupture
Failure
Failure
Failure
Failure
Failure
Failure
Failure
Faillure
Failure
Failure
Failure

Failure

of
ot
of
of
of
of
of
of
of
of
of
of

Small pipe

Small pipe

KEY 70 BWR ACCIDENT SEQUENCE SYMBOLS

reactor coolant boundary with an equivalent diameter of gJreater than six inches

electric power to ESFs.

the Ieactor protection system.

vapor suppressicn.

emergency core cooling injection.

emergency core cooling functionability.

containment isolation to limit leakage to less than 100 volume per cent per
core spray recirculatiun system.

Llow pressure recirculation system.

Aigh pressure service water system.

safety/relief valves to open.

safety/relief valves to reclose after opening.

normal feedwater system =0 provide core make-up water.
break with an equivalent diameter of about 2%-6",

break with an equivalent diameter of about 1/2"=-2".

Transient event.

Failure of HPCI or RCIC to provide core make-up water.

Failure of low pressure ECCS to provide core make-up water.

Failure to remove residual core heat.

Containment
Containment
Containment
Containment
Containment
Containment

Containment

failure due to steam explosion in vessel,

failure due to steam explosion in containment.

failure due "o overpressure - release through reactor building.
failure due to overprassure - releass direct to atmosphers.
isolation failure in drywell.

isolation failure in vetwell.

leakage greater than 2400 volume per cent per day.

Raactor building isolation failure.

Standby gas treatment system failure.

KEY TO TABLE III.B.3.

day.
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17100 years or greater. Similarly, the probabilities of failure
of safety devices can be measured with reassonable reliasbililty 1if
they are of the order of one percent or greater. Thus if we can
believe .n the i1ndependence of events with as many as three
safety system failures with probabilities of these magnitudes, 1t
appears that we might discuss frequencies as small as 10°8 per
year with aome degree of confidence. Qften the results are
expressed as probability per year instead of frequency.

This method, as simply applied, depends upon the independence

of the steps 1,2,3,4 and their dichotomous nature. Much
calculaticnal and engineering design effort 18 expended in an
endeavor to ensure this independence. However, in the actual

performance of probabilistic risk analyses, analysts can, and do,
evaluate cases 1in which dependent relationships exist among
individual ateps. Though the evaluation of interstep
dependencies may be adifficult, independence i1s not a prerequisite
for such probabilistic analyses.

The risk to the public 1s a combination of the freguency of
the occurrence of adverse events (e.g., as calculated in the RSS)
and the maanitude of the consequences of the event. The
magnitude of the conseguences in turn, depends upon the amount of
radionuclides relessed (the '"source term"” studied here’), the
transport to the public, and the specific Dbioclogical hazard
induced by the radicactive exposures to the population. RSS wase
the first study to make a significant attempt to use realistic
scenarios to define the probability and con: ,uences of the
accidents investigated. However, Dpecause of uncertainties uin
physical models of the processes invol’/ed in the scenarios, it
was often necessary for the RSS analysts to use conservative
parameters in their accident evaluations: hence the realism of
the RSS results has been questioned by some members of the
acientific community.

I11.B.2. Risk Significance of R3S Accident Sequences

The results of the investigations of source terms and
accident segquences by the Reactor Safety Study are presented .in
Tables III.B.1, 2 and 3. (NRC, 1975, Main Report, pp. 78-82),
Table 111.B.1 presents the RSS source terms 1in the co.iumns
Labeled “Fraction of Core Inventory Released” as a function of
the PWR and BWR relesse categories listed in the first coliumn. In
Table 111.8.2, the nine representative PWR release categories are
related to the principal accident sequences associated with them,
Each of the alphabetizen sequences raepresents a particular
accident scenario whose composite elements are described 1in the
backup key to the accident sequence symbols on the following
page. The greek symbols at the end of the alphabetical sequences
indicatre containment failure mechanisms associated with the
sequences, For example, TMLB’-§ symbolizes an acciaent initiated
by & transient event (T) for which there is a failure of the
secondary system relief vaive and the power conversion system
(M), plus failure of the auxiliary feedwater system (L), ana
failure to recover electric power within one to three hours of

"I1.B., Sequence Selection




the initiating event (B”), and with containment failure stemming
from overpressure (&), The principel BWR sequences are defined
in Table III.B.3 and the key to their alphabetical descriptiona
presented on the page following that tabie.

Estimates of the probsbilities that individual sequences wili
occur during any given reactor-year are presented below each of
the contributing sequences in Tables III.B.2 and III1.B.3. The
probabilistic reaulits are summed for the major types of
initiating events considered in the sequences: large and small
loss-of-coniant-accicents (LOCAs) ; reactor vessel ruptures;
interfacing system LOCAs; and transient events. Overal!
summations ot RSS aeatimetes of accident sequence probabilities
for the various release categories are presented at the bottom of
Tables II1I.6.2 and III.B.3.

From a scan of the accident sequences and associated release
categories shown in Tables III.B.2 and II1.8.3, it can be seen
that a few sequences dominate the tabulsted probabilities. The
probabilities of contributing PWR sequences are dominatea (for
all release categories) by about ei19ht sequenceas. The
probabilities of the sequences in the PWR 2 release category are
dominated by the V (4 x 10°%) and TMLB'-& (2 x 10°8) gequences.
These two sequences represent 75% of the total median probability
for the PWR 2 release category. The PWR 3 release category is
dominated by the single accident sequence, S2C-& (2 x 10°®), The
probability of this single sequence represents one-half of the
total probability of the PWR 3 release category (4 x 10°6), In
relesse category PWR 7, the probabilities are dominated by the
SiD-epeilon (or SiH-epsilon) (3 x 10°® each) and the similar
SzD-epsilon (or SpH-epsilon) (~1 x 10°5 gach) sequences, as well
as the transient sequences such as TML-epsilon 6 x 10°%), Taken
together, these five sequences from the PWR 7 release category
represent about 80 percent of the total median probability of the
release category (4 x 10°9), Considerirng all eight of these
sequences from the FWR 2, 3 and 7 release categories, their
collective probabilities represent two-thirdas of the overall
mnedian probability of core melt accidents shown in Table II11.8.2.

If we sssume that the aocurce terms enown in Table I11.B.1 are
correct, it 18 clear that the fissior product release fractions
associsted with the PWR 1, 2, and 3 ceategories far exceed the
source terma of other PWR release categories. From Table
I11.B.2, it can be seen that the release categories PWR 1, 2, and
3 are dominated by gross containment failure mechanisms such as
bypass of the containment atructure by an interfacing system LOCA
(the V sequence), or through containment building ruptures
resulting rom asteam explosionsa, or over-presaurization from
hydrogen turning, or simply failures because of excessive steanm
pressures. The V sequence for containment bypass represents the
failures of the check valvea between the low-presasure injection
ayatem (LPIS) of the emergency core cooling systemn and the
primary side of the reactor coolant system. The LPIS i.s located
outside of the containment structure, and connected to the
primary system by a pipe running through the containment wall.

I11.B. Sequence Selection
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If the check valves fail to function, the low-pressure injection
ayatem (designed for €00 pal pressuresa) may suddenly be subjected
to the 2500 pai operating pressures of the primary asystem,
Imnediate failure of the L7IS piping outside the containment
structure 1s assumed to occur 1f the check valves fail. Release
Category PWR 7, on the other hand, i1s associsted exclusively with
the containment basemat melt-through mechanism (the so-called
“China-syndrome'’ @acenario). It should be noted that the aource
terms associated with such failure mechan.sms are very small
compared with those of the PWR 1, 2, and 3 categories with thear
above ground containment failure mechaniama. The sasource terms
for basemat melt through failure mechanisms are small because the
ground into which the fission products are released 18 a very
effective filter. Release Categories PWR 4 and 5 are exclusively
associated with above ground releases resulting from electrical
and mechanical peretration failures., These forms of containment
failure mechanisms have been associsted with source terms of
intermediate (but relatively small) magnitude in the RSS results
as the penetrations were assumed to present a tortuous path for
released fission products that provided some filtering effects.

It can be shown thet for the RSS, the calculated public
health risks from PWR accidents would be dominated by Release
Categories PWR 1, 2 and 3 -~ assuming that the magnitudes and
probabilities of these releases were valid, In spite of the
relatively low probabilities of accidents occurring within theae
three relesse categoriea, the public health consequences
associated with their source terms have been calculated to be so
much larger than those of other categories thst the accident
sequences in these release categories dominate the PWR risks in
the RSS. Thus the most significant accident sequences
contributing to PWR risks according to RSS are the V, TMLB’, and
52C sequences.

A similar assessment may be made of the dominant BWR accident
sequences for the RSS shown in Teble III.B.3 as a function of
associated relesse categories. The probabilities of sequences
for release categories BWR 1, 2, and 3 are dominated by the
transient TWw and TC sequences. A review of the results presented
in Table II. E. 1 indicates that the source terms associated with
relesse categories BWR 1, 2 and 3 eare roughly comparsble .in
magnitude to those of the PWR 1, 2 and 3 categories. Hence the
TC and TW accident sequences would tend to dominate the BWR risks
defined by the RSS,

Since the publication of RSS, many new insights have evolvecd
that affect reactor accident sequence likelihoods. These
insights were derived from the findings of PRAs, conclusions from
other studies, special studies, operational experience and
changes resulting from Three Mile Island "fixes". The Accident
Sequence Evaluation Program (ASEP) (Kolaczkowaki, 1983) is
attempting to formulate updated LWR accident probsbilities. Some
of the important rebaselined sequences (including new sequences)
are shown in Table 111.B.4 for Surry (PWR) and in Table 171.8.9
for Peach Bottom (BWR)., We note that the probability for the

I111.B., Sequence Felection
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TMLB’ has increassed, primarily through the inclusion of the
long-term blackout effects; the probability of the V sequence .is
now reduced as a result of changes introduced (testing and
nonitoring of Low Pressure Injection System (LPIS) check valve --
a better probability value would require a plant-specific
re-analysia). Two new sequences were added for Surry; TKMU and
S3D. The latter represents a emall LOCA caused by a Reactor
Coclant Pump (RCP) seal leak,.

However if, as noted later in the report, & TMLE’ segquence
will not lead to containment failure for several hours, instead
of the 90 minutes postulated in RSS, then the probability that
on site power cannot be recovered in time to prevent containment
failure (and release to the environment) will be much reduced.

The probability of TQUV sequence for Peach Bottom has been
reduced principally because of revised estimates of the success
criteria for Passive Heat Removal (PHR) by Low Pressure Coolant
Injection. The reduction in TV sequence probability reflects
reduction in the non-recovery factors and a4 decresse 1i1n the
offsite power non-recovery. The new sequence TB iz a variation
of Lhe TQUV sequence with the addition of station blackout.

111.8.3. Basis for Seiection of Scenarios for Source Term Studies

An NRC study (Gieseke et al., 1984) has Deen conducted to
upgrade asource term definitions using the advanced codes and
models of the physical processes occurring during core malt
accidents that have been developed since the Reactor Safety Study
was completed. The NRC’'s investigators have selected accident
sequences ana specific plants for aeanalysis which involve a
cons.derable range i1n physical conditions. In the selection
pre © for the sequences, analysts have included potentially
3 . , large-consequence accident sequences for the planta
(in an appearent attempt Lo bound the probable range of interest
ftor physical processes and daesign characteristics of nuciear
plants),

The specific plants and sequences that have been chosen for
the current NRC atudy are as follows,

© Surry (a8 Westinghouse PWF - 822 MWg - with a large, dary
subatmospneric containment): AB, TMLB’, 520, V (Gieseke et al.,
1984, Vol. %

o Peesch Bottem (& GE-BWR -~ 106% MWy, - with a Mark |
containment (light Dbulb and torus designl)i AE, TC, "W (Giesexe
et al., 1984, Voi. 2

© Grand Guif (a OGE-BWR - (2% MWg - with 8 Mark
containment (utilizing & moat & weir type suppression pooll)!
TQUV, TPI, S2E (Gieseke et al., 1984, Voli. ®

111

111.6. Sequence Se.action
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Sequence RSS Frequency Re-Baseline Frequency
THLE 3.3 x 106 2. x 10°9
THL 6, x 10°6 4. x 10°6
v 4, x 10-6 < l. x 10-6
TKMU (new sequence) 1. x 10°9
S30 (new segquence) 9, x 10-9

i11.,6E., Sequence Selection
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Ssquence RSS Fregquency Re-Baseline Freguency
Tw 1.% x 10-9 3. x 10°6
TQUV 4.9 x 10°7 2. = 10-7
TE (new segquence) 8. x 10°6
I111.B. Sequence Selection
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© Sequoyah (a Westinghouse PWR - 1148 MwWg - with a steel
shell, 1i1ce condenser containment (reinforced concrete, aecongary
containment/shield building) S2HF, TML, TMLB’ (Gieseke et al.,

1984, Veol. 4

o 2Zion (a Westinghouse PWR - 1040 MWe - large, dry,
reinforcea concrete containment): TMLB’, S2D <(Gieseke et al.,
1984, Vol. 6)

The deteails of some of these sequences are discussed in
Section III.C. Here we consider the criter.ia for theair
selection,.

It should be noted that the Surry and Feach Bottom units were
the specific plants used in the RSS (NRC,1975) to model "typical"”
U.S5. nuclear power plants, As noted above, the current NRkC
selection embraces a larger, more representative variety of
plents and facilities than was included in RSS. Although the RSS
analyzed a much larger set of accident scenarios than is being
evealuated in the current study, the accident scenarios shown
above do represent many of the more risk significant, plant
specific events upon which the analysis of fission product
releases ana source terms might be conducted.

In the selection process, it appears that the Surry and Peach
Bottom plants were selected for resnalyses ao that the R3S could
be used as 8 Dbasis for comparison of early and updated
projections of source terms. For Surry (and PWR's in general),
the TMLB’ and V sequences were evidently selected for
reassessment because they were shown by the RSS to be relatively
high probability - very high risk eventa. The S2D event was
probably selected because in the RSS calculations it was shown to
be one of the highest probability sequences - not because it was
found to be & significant contributor to the public health risks
derived in the RSS. The AB sequence (though found to be
relatively low in probability in the RS5S) may logically have been
selected because it is representative of an event in which all
the reactor cooling water is lost rapidiy and early in the
sequence, As & result, core nmelt is celculated to occur
relatively rapidly in the AB scenario. In the TMLB’ sequence, on
the other hand, & very long time is projected to be required
pefore core uncovery. In this seguence, the decay heat removal
aystems are assumed to be inoperative, leading to excesaive
temperatures and pressures in the reactor coolant systenm. As a
result, the reactor coolant is calculated to be lost slowly as
high pressure triggers the relief valve resulting in the
equivalent of a small leak through the valve (somewhat similar to
the TMI event). Thus the AB and TMLB’ sequences represent
potentislly high riek scenarios that bracket the short and long
term time scales for their chronological sequences leading to
core-melt,

The selection of the accident sequences for the Peach Bottonm

facility may have been justified on & similar basis. The TC & TW
scenarios were found to be relatively high probability, high risk
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contributing segquences in the RSS. The AE scenario, on the other
hand, was shown to be a relstively low probability event but it
was alao projected to be a potentially high consequence
contributing sequence. Agein, the besis for selection of the
large LOCA (AE) sequence may have been that such events appear to
represent ceses of rapidly progressing core melt scenarios for
evaluation--when compared with the relatively slow characteristic
core melting times of transient induced sequences auch as the TC
& TWw scenarios (although the TC sequence progresses relatively
rapidly when compared with the TW transient).

The Grand Gulf (BWR) sequences were apparently selected to
perform a comparative evaluation of the fission product filtering
effectiveness of the mo. e modern Mark III containment, with its
new and ostensibly improved suppression pool design, and the
older Mark I BWR containments. In the Mark III containment
design, fission products relessed during core melt processes
would have to pass through the suppression pool under most
conceivable circumstances -- even if the external containment
structure itae.f were projected to fail. Thus analysts have
anticipated that source terms for Grand Gulf would probably be
smailer than those of egquivalent sequences for the Peach Bottonm
(Mark I containment) design, where suppression pool bypass
sequences have been projected to exist, The principal issues to
be examined in the Grand Gulf design would be the effectiveness
of the auppression pool as a filter for fission products 1i1f the
fluia in the pool was in either nonboiling or boiling condition
as & result of the sequential events of the saveral accident
acenarios peing evaluated.

Consideration of the newer aspects of BWR designs embodied in
the Grand Gulf facility required analyses of several additional
accident sequences (TPI, TQUV, and S2E). The TPl sequence is a
slowly progressing scenario aimilar in time acale to the Tw
sequence for Peach Bottom. Initially, the TQUV sequence
progresses rapidiy (much like the TC sequences) but analysts have
evalustaee the sequence under the assumption that a suppression
pool covling system 18 functional throughout the accident., (In
the TC & TV sequences, the RSS analysts asssumed that the
suppression pool was DpDoiling at the time of core meltdown,
thereby reducing its filtering effectiveness., This assumption is
also part of the current scenario analysis.’ In the S2E sequence,
events are calculated to progress rapidly, and an early drywell
containment failure i1s assumed to oOCcur 80 that some fission
proaucts may DbDypass the suppression pool. Otherwise, the SJE
sequence 18 not dramatically different from the TQUV sequence .n
the timing Of the core melt related events,

Each of the Grand Gulf sequences (TC, TUUV, TPI, and S2E) was
determined to have & significant individual contribution to the
overall aeaccident probabilities in & PRA conducted for the plant,
in a subsequent rebrselining of the frequencies of risk
contributing sequences (Kolaczkowsaki 1983), these Grand Guif
aventa retained their significance, with rebaselined
probabilities comparable to the original Peach Bottom (NRC, 197%)
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TC and TW seguences probabilities shown in Table III.B.3.

In addition to the Surry plant, other PWR containment designs
were a.s0 considered by the NRC in their current study. The
Sequoyah piant was analyzed 1n order to sestudy the modelled
fission product filtering effectiveness of a facility that uses
ice (stored permanently in the containment builaing) to condense
the steam from a DBA-LOCA. Distributed abpout the perimeter of the
Sequoyah’s steel shell containment structure are 2.45 million
pounds of ice held 1n a& tubular, cylindrical strucure, nearly
50-ft high and apout l4-ft wide, supporting a collection of ice
pasxkets. Theoretically, the 1ce 1in the Sequoyah containment
would perform a function similar to that of a suppression pool
for a BWR, condensing and filtering the steam that passed through
it following a LOCA. However, the effectiveness of the 1ice beds
tor filtering fisaion products released i1n a severe reactor
accident 18 somewhat uncertsin, since there has been no study of
tne extent to which channeling of the steam flow 1n the i1ce beds
(ana hence preferred, unfiltered pathways) would occur during the
plowdown period of the sccidents,

The TMLB' sequences for Sequoyah and Surry are very similar
in the timing of their characteristic accident stages. Moreover,
the TML sequence is very similar in timing to the TMLB' sequence.
However, in the TML sequence, the containment safety features
{i.2., recirculsation fans, containment sprays, and hnydrogen
igniters) are ail assumed to pe operable -- whereas in the TMLB’
sequence, the satation blackout assumption (B’) results in the
unavai.apility of all these safety features throughout the
duration of the accident., In Sequoysh, the S2HF sequence 1is
initiatea by a small preax in tne reactor coolant aystenm. The
emergency core cooling and containment spray systems are assumed
o function in the injection mode for this segquence, but fail
auring the recirculation moade due to a common mocde failure. The
conseauences of the 3equoyah SoHF sequence are potentially more
severe than the $2D sequence in the Surry plant, A
SJequoyan-apecific PRA suggested that an S)HF sequence might
result in a Category ¥ or 4 reiease whereas the S;0 sequence in
Surry 13 associatea witn a Category 7 release (cf, Table
131.B.4, The revised estimate of the probapility of the SHF
sequence’s sccurring wae determinea from the Sequoyan PRA to be
about 3 x 10°9, which made i1t one of the most propab.e seguences
analyzed (Kolaczrowski, 1983,

As & study Qroup we bel.ieve that the process of selection of
scciaent sequences for asssessment wilil have a very significant
impact on resulting projections of source terms., We acknowieage
that choosing sequences for analysia from among the more propaple
scenarios leading to core melt ia an appropriate selection
criterion, We recognize that it is important to have s realist.ic
understanding of the effectiveness of the ungineerecd safety
features in reducing released fission products. Hence, we
acknowledge that attention should be given to sequences where the
engineered safety foatures are operational, Howaever, we believe
thet when & limited numper of scenarios L8 Dbeina evaliuasted,
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attention should be focussed upon sequences that are potentially
risk dominant (i.e., those that could potentially lead to large
source terms). The focus should be maintained on risk dominant
sequences even 1f the chosen sequences appear to be somewhat
lower i1n probability than some sequences that may appear to be
potentially less threatening. In this regard, we have seen no
Justification for the neglect of the S2C sequence for Surry

(which had a relatively high probability -- 2 x 10°¢ -- put was
projectad by RSS (NRC,1979) to lead to much larger releases --
Category 3 -- than the S2D sequence -- a Category 7 event that is

currently under review).

We find no other particu.ar problems with the NRC’s selection
of the accident seguences that have been made available to us for
review., However, we recognize that the number of sequences
evaluated 1s relatively small when comparea with the sequences
considered i1n the RSS. The number of sequences that has been
analyzecd 18 not sufficient to reestablisnh the existence of source
term re.esase cCcategoriaes ~- such as those utilized in 33, with
the re.ative.y small number of sequences examined, it 18
difficult to bpe sure that those that have been selectec are
representative of sequences that might still belong to the
original, risk dominant RSS release categories for comparative
purposes or to be sure that the risk relevant sequences have been
bounded. Thus 1t 18 difficult to be sure that we have examined
the risk dominant sequences to see how our improved understanding
of the physical phenomena and processes associated with core melt
accidents has influenced the projections of the magnitudes of
their contributions to reeactor accident source terms, Further,
to the extent that sequences originally believed to be risk
dominant are now shown to result in smaller releases, other
sequences must be examined to ensure that they are not in fact
riak dominant.

Nevertheless, e velieve that the physical concepts,
analytical methods, and numerical procedures or codes associated
with the more aignificant core melt physical phenomensa have been
exercised in most of their critical modes in the sequences that
T nave examinaed, The study group’s evaluation of the
affectiveness of these concepts, methods and procedures as they
are utili.ed in analyzing core melt and fission product release
phenomena will be discussed 1in Sections IV.A.6 and IV.B.3
respectively,
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IT1I.C. Specafic Seguences
I11.C.1. petsiled Descraptiop of the TMLE'’ Sequence

in Tapie II1.C.i, & description 1s presented of the time

sequence of events for a specific accident scenario -- THMLB’ -
calculated for a specific reactor (Surry) (Cieseke et al.,
1983, Vol. V). The parameters and evente of this important

sequence ire further illustrated in Figures III.C.1 to I11.C.7
that have been reprcduced (with some eaitorial comments of the
study group added] from the referenced document. This set of
figures will be used iater in this report to emphasize addaitional
features associated with source term calcuiations.

Figure III1.C.1 shows a containment pressure-time trace of the
TMLB’ scenario. In Table II1I.C.i, a corresponding list .1s
presented of the physical phenomens and their characteristics as
they are associated with the features shown 1n the pressure-time
trace. At t20, a transient 1s assumed to occur that initiates the
accident at the plant. As implied by the alphabetical. seguence
descriptors for the event, failure of the secondary steanm reliet
vai.ves, the power conversion aystem, the auxiliary feeawater
saystem, and & continuing station blackout (without recovery ot
onsite or offsite power) is postulated in this scensario. As a
result of the failure of the auxiliary feedwater system, anda the
continuing reiease of decay heat of the fuel, the secondary
system water Degins to boil away almost immediately azrter the
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