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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 contrect with the U.S. Nuclear Regulatory Commission

In 1983, the American physical Society formed a study group,

~, on radionuclide release from severe accidents at nuclear power
plants to " review the adequacy of the technical base upon whichu (=. the phenomenological models for radionuclide release from

1

postulated severe reactor accidents are constructed, the adequacy.

of the models themselves, and the correct use of the complex
computer codes that incorporate these models in the analyses of
accident sequences."

The impetus to the existing research came from the '.-observation that much less radioactive 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 observation is.

Although this executive summary describes, explains, and
paraphrases some of the conclusions of this report, any reference
should be to the specific conclusion as written in Chaptor VIII
rather than to the executive summary.

This report is 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 them. Although
we have not calculated probabilities of individual accident

have chosen for detailed discussion thosesequences, we sequences
deemed by others to be " risk dominant" or to involve a wide range
of physical and chemical phenomena.

The study group finds considerable progress in developing
both a scientific basis and computational ability for predicting
the consequences of hypothetical nuclear reactor accidents since
the Reactor Safety Study of 1975 (WASH 1400) which is the current
basis for regulation concerned with severe accidents. In several
cases, the new calculations indicate that significantly smaller

o quantities of radionuclides reach the environment than calculated
in the Reactor Safety Study. In other cases, the calculatedY-g quantities have not changed dramatically.

* A reactor accident can lead to severe consequences only -if
several barriers between the radioactivity and the environment
are breached. One postulated scenario by which this could occur
is the failure of the core heat-removal systems. 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 steam and non-condensible gases to the reactor

.
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cnntoinnont building, and thereby incrocco tho proosuro, which
would stress the containment. The Reactor Safety Study assigned
a high probability -- one in ten -- that the containment would
fail at this time. This is now considered to be very unlikely.

Once the water in the reactor cavity is evaporated, the core *

would reselt 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 radioactive aerosols.
Calculations indicate that this would cause the containment ,

building to fail from overpressure many hours later -- although
4

it is possible (and claimed by some investigators) that the
containment would hold for many days. If the containment does "F"
not fail, the molten core might eventually penetrate the ,

base-mat, but this possibility would have only modest immediate
consequences for public safety.

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

(1) the recognition that the containment buildings, which are
designed to contain the radionuclides in the event of an

,

| accident, are stronger 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

(iii) the inclusion 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 possimistically 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 iodide, a salt of low volatility, which would either
dissolve in water or condense to form an aerosol. Some of the ,

'

aerosols would deposit on surfaces in the primary reactor system
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 steam. These can reduce .

the release by scavenging the fission products. However,
experimental studies to evaluate their effectiveness are only now 'q

6~in progress (suppression pools) or have not been planned (ice e

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 Reactors with ice condenser

have been studied far less than pressurized Watercontainments --

Reactors with large dry containments, and little confirmatory
work has been carried out. The study group recommends more study

11 . 1
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of hypothetical severe accidents involving these reactors.

The study group looked for phenomena which might increase the
radionuclide releases above those calculated in the Reactor
Safety Study. One such effect is the release of non-volatile

.

radionuclides during the core-concrete inteesetion. Some
non-volatile fission products, such as lanthanides, and some
transuranica, such as plutonium, are biologically quite

a dangerous. The phenomena in the core-concrete interaction are
complex and are not fully understood; releases depend critically

b gg- upon the temperature achieved in the core-concrete interaction,
and other parameters which are not understood. Moreover,

i* the calculations are only in a preliminary stage. 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 andj

! 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 aerosols or
iodine might have very slow deposition rates, and even be emitted
to the environment following a late containment failure. These
phenomena are not included in the present NRC computer models.

The study group examined results produced by the computer
codes used by participants in the severe accident research
program. These codes have not, in general, been publicly
released. Although these computer codes go a long way toward
describing 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-reviewed
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 plants requires direct
calculations, complex computer codes, small scale experiments,
and large scale experiments. This research has been underway in,

several countries, some of the research being of an international
f' cooperative nature. Because of the complexities of the phenomena
( being modeled, it is essential to compare the computer codes

against well controlled, small scale experiments and against,

realistic, adequately instrumented, large scale 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 shown by the
calculations are consistent with our understanding of the
chemical and physical phenomena involved. Fortunately, some of

.

iii
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tho kcy p recotcro aro largoly datormined by overall cncrgy
considerations (as for example the maximum pressure reached in
the containment) and these can be estimated with a reasonable
degree of confidence.

.

The quantity of radionuclides released is called the source
term. It consists of contributions from groups of radionuclides,
broadly classified as gaseous, volatile, and non-volatile. The
contributions from 'the first two of these have been widely
considered to have the most significant potential impacts on e

public health. These are better understood now than they were g
previously. 4

The environmental impacts and mechanisms for releases of a

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 radioactive decay could
reduce their radioactivity when containment failure is late. Some

,

current calculations of the release of the volatile radionuclides ;

to the environment predict substantially smaller values than
those reported in the Reactor Safety Study because of the later
times to containment failure. The magnitude of the contribution
from the non-volatile radionuclides is still open to question,
primarily 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 radionuclides 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 radionuclides and reactor sequences.

|
|
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I. PREAMBLE
.

After the degraded-core accident at.Three Mile Island in
March, 1979 the U.S. Nuclear Regulatory Commission (NRC), the
nuclear industry, the nuclear technical community, and the
utilities all established separate groups to reassess the ,

! technical basis for evaluating the consequences of severe
j accidents at nuclear power reactors. The American Physical

,

Society was asked by the NRC to carry out a broad scientific
review of these studies, which were scheduled to appear in 1984. .

The APS formed this study group in 1983 to review the adequacy of
the technical base upon which the phenomenological models for
-radionuclide release from postulated severe reactor accidents are
constructed, the adequacy of the models themselves, and the
cortect use of the complex computer codes that incorporate these '

.

models in the analyses of accident sequences.
'

Just over a decade ago.the American physical Society adopted
a policy of analyzing important and timely lasues 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, had as its goal "the
assessment of the technical aspects of the safety of large
light-water nucicar power reactors typical of present commercial

. Lewis et al., 1975). In itspractice in the United States..." (
transmittal letter, the peer review committee for the Lewis study
group noted, among other things, the inadequacy of the scope of
the experimental research programs and the absence of established
scaling 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 problems completely.

The Reactor Safety Study (WASH-1400 (NRC 1975a)) has served
as the basis for the analysis of the risk from severe accidents
included in the environmental impact statement for each reactor

conatructdd during the last decade. Since its publication there
has been continuing discussion of its methodology, the results of
the calculations for' fission 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-time 4|

"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 study group is
scientific, and its members have carefully limited their work to

,

the scientific problems encompassed in that charge. During its

meetings the study 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 auch phenomena. ,

1The layout of this report is as follows: Chapter I shows how
i

i

l

I. preamble !

l

|
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this study came into being. Chapter II begins with an historical
discussion of the attempts to understand radionuclide release, *

and the impetus to the present research from the observation that
little iodine was released during the Three Mile Island accident.
Section II.B gives a brief summary of how the atmospheric

. dispersion is calculated, and of the relative biological
importance of the various radionuclides.

i

Chapter III 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 sequence, 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
themselves. Section IV.A details the thermal hydraulic
phenomena of blowdown, core-melt, and interaction of a molten
core with a concrete basemat. Section fV.B discusses the
chemistry of the radioactivity released from the fuel and, to a
limited extent, the chemistry of the core-con: rete interaction.
Section IV.C discusses the formation and deposition of aerosols,
including a brief review of the large scale experimental tests
used to verify and study the relevant processes. Section IV.D
discusses the various kinds of containment vessels 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 metal-water interactions.

In Chapter V we discuss the suites of computer programs that
have been written to describe these phenomena. We present their
strengths and weaknesses and suggest tests of their reliability
and sensitivity.

* A simple pedagogical model to illuminate and describe some of
3 the numerical results of the computer codes is the subject ofU Chapter VI. Hero we have tried to put the results into a,,

scientific perspective. Chapter VII discusses the research*
program that has developed worldwide to study the source term
issues. 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 most important conclusions and recommendations
are presented in Chapter VIII.

The group appreciates the help that it has received from, and
.

acknowledges the contribution of, R. J. Budnitz, who
served as special consultant, and of Kenneth Whitby, deceased,

I. preamble



Pcgn 10

who was a member during the early stages of its work. The group
*

also wishes to recognize the work of H.S.'Gutowsky, A. Acrivos,

H. Feahbach and W. Fowler, who served as the APS Council Peer
Review Committee.

Staff and members of the Nuclear Regulatory Commission, its ,

Accident Source Term Program Office, the Electric Power Desearch
Institute, 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
Laboratory, the New York Power Authority, the Idaho National
Engineering Program, and various foreign scientists have all been
most generous in explaining their work to the group and have
graciously provided additional information on request.

.

The members of the study group brought to their task

experience in diverse technical backgrounds. A few had worked
directly on nuclear reactor safety problems; most had not. Some

members have served as members of panels or commissions on
technical policy issues; others have not. The group also realizes
that there are as many published policy positions on nuclear

power issues as there are parties with vested or " pro bono"
interests in the role of nuclear power in the national energy

supply; the study group has not addressed any of these ancillary
issues.

This report is an exception to most articles in the Reviews
of Modern Physica, which presents accounta of published work. We
found ourselves in the position of reviewing work in progress. We
were given the resulta of analyses done with computer programa
still under development, and we received preliminary results from
experiments still being evaluated. As a consequence, some of our
conclusions must also be tentative. In spite of this, we chose

to complete our review now because of the pressing need for a
technical reassessment of the source term research.

.

! g:
4

*
,

i

I

I

i
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II. GENERAL INTRODUCTION
.

II.A. Historv

II.A.1. Pre-1957
o

Since the earliest days of reactor power plant development,
, attempts have been made to calculate the probabilities of source

terms and consequences associated with hypothetical nuclear
. reactor accidents. One of the important intermediate parameters

in these calculations la the amount of radionuclides
released to the environment from a given reactor accident
sequence; this has been colloquially dubbed the " source ters"
because it la the source in any calculation of dispersion of
radionuclides.

.

The first U.S. Reactor Safeguarda Committee, whose name was
changed in 1953 to the Advisory Committee on Reactor Safeguards
(ACRS), was designated a statutory committee in 1957. It defined
in WASH-3 (AEC, 1950) a zone around a nuclear reactor within
which the general public is excluded. The defined radius of thisi

'

circular area equalled (in miles) 1/100 x [p where p is the
normal thermal power level in kilowatta. For a 3000 MW<th>
reactor, which la typical of modern nuclear electric generating
stations, this crude formulation establishes an exclusion radius
of 17 miles.

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,1957). This report presented three reactor

| accident scenarios in which large releases of fission products to
the environment were postulated. At that time nuclear reactors

L as large as 500 MW(th) were being constructed. Obviously, the
, report was atrongly influenced by a reactor accident that
| occurred that year at Windacale in the United Kingdom.

II.A.2. The Windscale Accident

| 0 On October 9, 1957 an air-cooled, graphite-moderated
|3 plutonium production reactor at Windacale (Cumberland, England),
, caught fire. The graphite moderator was being annealed by slowly|,* raining its temperature to release energy that had been stored in)* the graphite as feat neutrons knocked carbon atoms out of the

lattice (Wigner effect). The fire started in one fuel channel
but quickly apread to 150 other channela and burned for about
four days before it was finally extinguished by flooding the
reactor with water. The reactor was not enclosed by a
containment building and the cooling air was directly released to
the atmosphere. Radioactive materials carried by the air were
subsequently dispersed and deposited over England, Wales and
parts of northern Europe. The major radionuclide found in ground
deposits was 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 iodine.

Estimates of the amounts of fission products released during
the accident have been made by Loutit et al. (1960) based mainly
on measurements of the contamination in environmental materials

*
around Windscale 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 Table 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 (C1)) and retained between 800 to 1,000 Ci of cesium.
Hence 25-434 of the iodine and 17-18k of the cesium must have
escaped from the core. -

Iodine is a particularly dangerous element because it

! concentrates as it proceeds through the biological chain and is
finally stored in the body. It was estimated that the maximum

' individual thyroid dose to a child as the result of this accident
was 160 mSv (16 Rem) (Crick et al., 1982).

II.A.3. The SL-1 Accident

Another accident that strongly influenced subsequent thinking
on consequences to the public occurred in Idaho in 1961. The
stationary low-power plant No. 1 (SL-1) was a natural
recirculation, highly enriched (934 U-235), boiling water 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 aluminum-nickel cladding.

The accident occurred on January 3, 1961 during recoup 11ng 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 manuel withdrawal of the central control rod.
It led to a severe power excursion and steam explosion that
resulted in some metal vaporization and damage to '204 of the
core. Two of the operators were killed immediately (one impaled
on a control rod) and a third died within one hour. .

Approximately 20% of the core plates, containing * 40% of the ( 0
fission products, were destroyed. About 1/4 of the damaged 'n

material (54 of the total) resolidified onto the intact portion .

of the plates. The missing 15% of the fuel should have contained
about 304 of the total fission product inventory and 1790 g of
U-235. Of this 1104 g of U-235 were recovered from the bottom of
the reactor vessel (Thompson et al., 1964).

It appears that between 5* and 15% of the total fission
product inventory escaped from the reactor vessel, but less than
0.5% of the I-131 and 0.014 of the non-volatile inventory were
found outside the reactor building in the surrounding desert (GE, -

1962).

II.A. History
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Table II.A.1
.

ESTIMATED RADIONUCLIDE RELEASES FROM THE WINDSCALE ACCIDENT
*

Released to a
Isotope Inventory Atmosphere percent a

'

(C1) (C1) Released
....... ......... ............ ........o

' Mr-85 1593 1593 100'

Xe-133 3.24 x 105 3.24 x 105 loo-

I-131 162,000 16,200/19,980 10.0/12.3
Te-132 161,000 16,200/11,880 10.1/7.4

,

Ba-140 173 -

Sr-89 275,000 138/81 0.05/0.03
Sr-90 11,500 5.9/2 0.05/O.02
Ca-134 32
Ca-136 40
Ca-137 12,300 1,242/594 10.1/4.8
Ru-106 32,000 159/81 0.5/0.3
Ru-103 1,080
Mo-99 972
2r-95 203
Y-91 173
Co-144 218,000 108/81 0.05/0.04
La-140 173
Co-141 192

.................................................................
*The first figure is from Clarke (1974): the second from Loutit
et al. (1960).

Note! Very recent reports of the Windscale accident reveal that
immediately before the annealing, the reactor was being used to
produce Po-210 (an intense n-emitter with a 140 day half-life)
and tritium by irradiation of bismuth and lithium respectively.
The total polonium release was estimated at 180-290 C1 (Nuclear

o News, 1983).

.

1

o

.

.
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The reactot 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 transient. The system was not pressurized and the

fission product decay heat was not sufficiently high to cause the
core to remain molten after the accident or to cause further core ,

molting when the coolant was lost. There was, therefore, little
driving force for the radionuclide release. ,

II.A.4. Maximum Credible Accidents (Denian Basis Accidents) J.

The ACRS proposed the use of " maximum credible accidents." A

procedure was developed in which a number of severe accidents
were postulated that might happen to the reactor although they

~

were deemed very unlikely. Plant designers then developed
'

various approaches to avoid the effects of these postulated

severe accidents. Such approaches incAuded the development of
engineered systems intended to prevent an accident from

proceeding to core melt, and the provision of a containment
vessel to retain the radioactive products if they were released.

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 consequences to become an accident with
serious consequences. For this reason the word credible was

added to imply that, while more severe scenarios could be
envisaged, they were considered so unlikely as to be deemed
incredible by reactor designers and the AEC.

A substantial number of maximum credible accidents -- or as
they have been alternatively designated, Design Basis Accidents

has been defined by the AEC (and retained for(DBA's) --

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 is the sudden, double-ended,

guillotine break of the largest reactor coolant pipe in the
the so-called DBA Loss ofprimary system of the reactor --

Coolant Accident (DBA-LOCA). The blowdown of the high-pressure e

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 establish the requirements
upon which the emergency core cooling system (ECCS) and other

engineered safety features (such as containment sprays and

cooling fans) 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 maximum credible accident is

accepted in emergency planning. For example, in water resources

II.A. History
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management, the "100 year flood" has long been used as a guide to
the extent to which society should reasonably protect itself from

,

dinaster.

II.A.5. Early Site Selection Criteria
e

The AEC defined a source term for the DBA-LOCA to help
s establish criteria for the licensing of plant sites that

considered the kinda and magnituden of public health hazards for
the population distribution about those attes. Thus, the sourcee

terms for Design Basis Accidents were intentionally defined to be
arbitrarily (and unrealistically) large. Although the DBA-LOCA
would not renuit in a core melt (because, by definition, it was
assumed that the engineered safeguards would stop the accident),
the source terms were defined in terms of quest-core melt
conditions. Thus, in the source term defined for the DBA-LOCA

,

(which also became known as the TID-14844 source term, in a
reference to the published report in which it was first derived),
154 of the fission product activity was considered to be released
to the containment vessel. This consisted of 1004 of the noble'

gases, 50% of the iodine in gaseous form (based on the results of
the Windacale accident), and 14 of the "solida" in the fission
product inventory. Subsequently, one-half of the released iodine<

*

in the containment structure and all of the " solid" fission
products were assumed to fall out, to be adsorbed onto the
internal structures of the building, or to adhere to internal
reactor componenta and, therefore, to be unavailable for release
to the external environment. In addition, designers were
permitted to consider reductions in the airborne iodine of the
source term in accordance with the projected effectiveness of the
design of the containment spray ayatoms as time passed following
accidental releases during the hypothetical accident sequence.
Release of this hypothetical fission product mixture from the
containment structure to the atmosphere was then assumed to occur
at a constant rate of 0.1 volume percent per day, as a result of
inabilities to dealgn and fabricate a perfectly leak-tight
containment structure. No substantive failure of the containment
system was assumed to be associated with this design baala leak
path (AEC, 1962, pp. 14-16).

* In the late 1960's, the TID-14844 source term was
! incorporated into AEC Safety Gulden 3 and 4 (renamed Regulatory

Guides 1.3 and 1.4)swhich specify the assumptions to be used in.

estimating the off-site consequences of the maximum credible*
accident.

II.A.6. The Reactor Safety Study (RSS) -- WASH-1400

By 1974, nuclear technology had advanced to a point at which
it was possible to try to make a realistic estimate of the
probabilities and consequences of nuclear power plant accidents
that might proceed beyond DBA limits to core melt. This was
attempted by Rasmuanen and his collaborators in the Reactor .

Safety Study (RSS) (NRC, 1975). The RSS study team outlined
logical sequences of accidental steps that could lead to release

>
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of radioactive material--usucily as a direct result of a core ,

melt. They then attempted to assign probabilities to each step
of the sequence. When available, historical data were used as

bases for the projected probabilities. If historical date were
not available, engineering Judgments took their place.

.

Before the RSS, it was widely assumed that only the Design
Basis Accidents could lead to core melt and release of a

appreciable radioactivity. Emphasis was placed upon the double
ended guillotine break of a large coolant pipe. One of the .

surprises of the RSS was that many more such sequences exists in

total, the probabilities of their occurrence exceeded that of the
DBA. These sequences include small pipe breaks and various

transient-initiated events. Models of the phys. cal processes
,

associated with the sequences were developed to assess the ,

magnitude and timing of the release, transport, ,nd deposition of
,

the radioactive materials from the core through the primary
system and the containment to the environment. Consequence models
were also developed to calculate the dispersal of radioactivity

into the atmosphere so as to estimate the risks, thus coupling

the probability and health effect consequences of various
,
' accidents.

The Reactor Safety Study was released Just after the Atomic
Energy Commission became ERDA and its regulatory functions were
taken over by the Nuclear Regulatory Commission (NRC).

!

The RSS was a trend-setter in nuclear power plant safety
analysis. As a result, it has been criticized and extended. In a

review conducted by the NRC at the request of Congress, a

committee chaired by H. Lewis (1977) provided a number of

findings uith respect to the adequacy of the RSS, including (in
part) the following:

"(The RSS) was a substantial advance over previous

i ottempts to estimate the risks of the nuclear option.
The methodology has set a framework that can be used more
oroadly to assess choices involving both technical
consetsonces and impacts on humans.

,

*
"(The RSS2 was largely successful in at least three ways: >

An making the study of reactor safoty more rational, in
.

omtablishing the topology of many accident sequences, and ,

in delineating procedures through which quantitativo
*

estimates of the risk can be derived for those sequences

for which a data base exists......

"Despite its shortcomings, (the RSS) provides at this

time the most complete single picture of accident

probabilities associated with nuclear reactors. The
fault-tree / event + tree approach coupled with an adequate

data base is the best available tool with which to
quantify these probabilities...... .

"It la conceptually impossible to be complete in a

II.A. History
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mathematical sense in the construction of event-trees and -

fault-trees what matters is the approach to completeness
and the ability to demonstrate with reasonable assurance
that only small contributions are omitted. This inherent
limitation means that any calculation using this
methodology is always subject to revision and to doubt as
to its completeness......" (Lewis et al., 1977)

The Lewis Committee also stated in its f a r.d ing s :,

"We are unable to determine whether the absolute |
probabilities of accident sequences in the RSS are high
or low. but we believe that the error bounds on those
estimates are, in general, greatly understated. This is -

true in part because there is in many cases an inadequate -

data base, in part because of an inability to quantify
common cause failures, and in part because of some
questionable methodological and statistical procedures."
(Lewis et al., 1977)

Because of the many criticisms of RSS and the uncertainties
inherent in Probabilistic Risk Assessment, the methodology was
not used before 1979 for reactor design, reactor operator
training, or regulation.

II.A.7. The Three Mile Island-2 Re a c_t o r Accident
On March 28, 1979, a loss of feedwater transient occurred at

the Three Mile Island-2 (TMI-2) pWR nuclear power plant
(Fig.II.A.1) that led to a series of events culminating in a
partially mitigated loss-of-coolant accident (LOCA) with
significant core damage. The sequence of events that led to core
damage was a combination of equipment malfunctions, design
deficiencies, and human errors.

It is generally believed that in this accident most of the
noble gases escaped from the core into the primary coolant
system, and that 50% of the lodine and cesium and lesser amounts
of other isotopes also escaped from the fuel. These fission
products were presumably carried by the water, either in solution,

or as bubbles. Some were transported by means of a "let-down
line" to the auxiliary building atmosphere from which a fraction

* 1eaked to the environment. Because the let-down line was not
o isolated, a limited amount of the primary coolant water was

transported out of the containment building.

The first reaction of many observers to the accident was that
the Reactor Safety Study methodology was completely wrong because
it had not predicted that type of accident would soon occur. The
particular sequence, TMLQ, (cf. Section III.B for a description
of the acronyms used in the RSS) was calculated for the Surry
facility (a Westinghouse reactor upon which the RSS results were
modeled) to have a frequency of once in 105 years. Yet, even as -

early as the afternoon of March 28, several analysta realized
with surprise that, if the RSS procedures had been applied to a

II.A. History

_ _ - _ - _ _ _ _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _



"*e , o e

NNG (NAlWE
,

: AUXILIARY

! BUILDING

A Stack,

'

@Pilet-operated

Safety volve k)
" relief valve

i.

(a Block valve| g i~ Ventilation filters-

f aaaa" Weste gas Cars 0) cressurizer TURBINE BUILDING
* ' '

-

decay tank flood (ih ( ,/ ,,,,3tank! Weste les compressar (67 generator

i o ntrol !
Vent heedert21

i
. j rods -

7- ' Turbine %|h ,

Vest valve High $ ( L L Generator -I '*

] ec ion 8 .O Q
'

),, jp M:; Condensate Condensate

J Purnp Maneup $ | Condenscr (ti i"O
~~

-

M h ptank
-

| Line g
g __ (n)-- D g''ICCk lpump storage tantB

~- T
. kM_ 'r s

4 b !! } 'o -;j b tetdown line -__ _t g - h| - [f ~
([n)]Demineraliser

'''

i
3~I Orsen v !.

-
-

Borsted water 6 Relief - b **"
[aj

- \ Main
-

-
g

Afeed=>terstarage tank v*e 0 , ,

.

| g , g- JE pump-- ~-
-

Radiation waste $;7 N * Emergency feedwater pump

| sury tank
Rapture disk | Reactor' coolant pump Hot leg

cctet Pt ATE s_ tut 2 FtANT SCHtatAftc CO!d leg Sump pump

|

| rs;. it.A.I. Txt-2 nuclear plant iafoue.

I

|

|
. . .



-. .

4 i

i

L

poco 18 ,

!
! :

!
,

I Babcock and Wilcox reactor like TRI-2, the methodology would have ,,

! predicted a frequency of occurrence of once in 300 years. Babcock
and Wilcow reactors had en operating history of about 30 reactor i

years. The differences stemmed front (e) the pressure relief !
valve settings that caused the velve to be roleesed before
reactor scram and (b) the fact that the stees generator had e * I

amall heat cepecity and dried out in ten minutes, compared with a !

time of about en hour calculated for the Westinghouse reactors 4

such as Surry. The actual values of the probabilities and
frequencies calculated in the reactor safety study may not be *

, correct in view of the uncertainties eseociated with their 4

| prediction; yet, if the methodology had been applied to the '

reactor et Three Mile Island, the plant specific scenario
differences might have been noted, modifications might have been
made, and the accident perhope avoided. .

!This realization led to a general acceptance of the'

| methodology of Probelistic Risk Assessment (PRA) es en important ;

j part of design and of accident prevention.

From measurement of off-site radiation doses around TMI, it
can be estimated that between 2.4 million and 13 million curies [;

| (C1) of the noble ges menon-133 escaped to the environment..

'

Since the calculated inventory of menon-133 in the core wee 154 f
i million C1, this is a release fraction of between 1.6 and 4.44.

On the other hand, only 17 Ci of iodine-131 was released to the !
'

environment. The total inventory was 64 million C1. Approximately
16.6% of' the iodine was retained in the containment building t

water, about 0.064 in the containment atmosphere, and about |

|
6.34 in the auxiliary building tenke (outside the containment). |
The release fraction is 2.7 x 10-7 No coelum or other metallic i

,

fission products are known to have escaped to the environment r
'

(Nemony et al., 1979). {
;

nadio.ctiv. m.non wee the source res,onsibi. fo, aimoet all
of the offsite doses to people in the vicinity of the reactor. An :

ad hoc Dose Assessment group of six federal agencies (Battist et !
el., 1979) estimated that the seminum dose to any individual wee ,

37 mrom. It is generally agreed that this is ame113 even if the j

done were multiplied tenfold (by a postulated 444 release of j
*

noble games), it would still not be large. The differences p
fbetween the release fractions of noble gases and of iodine can be
l

,

attributed to the following! ,'

l'

!*
Noble gases by their physical and chemical nature are-

I

inert (i.e., they do not react chemically with other materials
even et high temperatures), very volatile, and are not strongly [
roteined in water.

The majority of the iodine wee chemically absorbed by the-
,

primary cootent water in the core. In the containment, the

deliberate injection of sodium hydrowide enhanced iodine
absorption by increasing the elke11ninity of the water. .

- The general reducing environment (a hydrogen rich mixture

11.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 iodidos.

- About 904 of the iodine released from the auxiliary
* building was trapped by the filters.

O ' It la important to note that, although the containment
building was not completely isolated, there was no structural

* failure of the reactor containment building at TMI-2, and that
the release of radioactivity occurred through leaka in the
secondary systems of the auxiliary building. If the containment
had failed at the start of the accident, the iodine release to
the environment could have been as large as 0.064 to 0.24. These
numbera can be compared with the 1962 regulatory assumptions for

,

potential releases of noble gases and iodine to the environment
for a DBA LOCA at TMI of 0.0034 (noble gases) and 0.000014 todine
for a small LOCA (NRC, 1976a). For a large LOCA (NRC, 1976b),
the corresponding numbers are 34 and 0.044

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

The TMI-2 event naturally led to a complete re-examination of

| the regulatory assumptions. In its aftermath, some reactor safety
! professionals came to believe that the source terna defined by
I the Design Basis Accident procedure (AEC, 1962) or calculated by
i the RSS (NRC, 1975) procedures were unduly conservative (i.e.,
I excessively large). It should be noted that the TMI accident

sequence was not specifically described in the Environmental |

Impact Statement for the facility. It was neither a small LOCA
without substantial fuel failure nor a large
(rapid-depressurization) LOCA. Although the TMI accident was a
slow, ame11 break leak, and was therefore not representative of
the DBA LOCA, it did demonstrate that, in the presence of a
reducing (hydrogen rich) atmosphere and with a substantial amount
of water remaining in the reactor primary system, todine was
evidently not released from the reactor pressure vessel as an
elemental vapor. On the contrary, the majority of the iodine
released in the partial core melt of TMI was found to have been

*
converted to conium iodide, a highly water soluble and relatively
nonvolatile compound. Thus, the cesium iodide formed at TMI was

pe largely retained in the water that leaked from the primary system
to the containment structure and/or the water that remained'
within the primary ayatem of the reactor.

In any case, the realism of both the DBA-LOCA source ters
defined for the licensing accident and the RSS source terms have,

i been challenged as a result of TMI, whether or not the scenario
of TM! term can be appropriately associated with the maximum

'
credible accident. In reviewing the basis of the DBA LOCA
licensing source term, the NRC has maintained that its definition

! was never based upon a perceived requirement for realism
,' (Pasadog et al. 1981). That source term was intended to provide

a conservative prescription for a hypothetical accident that
; exceeded DBA limita and went to partial meltdown. Though the
|

!!.A. History
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Table II.A.2 Susanary of Fission Products Release at various Accidents (Involving Fuel Damagel in Test,
Research Experimental, and Power Production Reactors (adapted from Stratton, 1984).

Escape of Fission Products (Curies)

racility Coolant Iodine noble Gas Metal thermal Date

NRX Water not measured 10 in 10 gallons water not measured 30 12/12/52

BCRAX Water - - no measurement made- transient 7/22/54

10/9/57Windscale Air 2 x 10 (124) 3.4 x 10 (es t. ) 12,800 (es t. ) -

HTRE-3 Air 34 (24) not measured 0.1 (Sr-90) transient 11/18/58

WTR Water 0.0 260 0.0 60 4/3/60

SL-1 Water 10 in 16 hrs 10 (est.) 0.6 3 1/3/61
70 in 30 days

ETR Water O 6 (est.) - 170 12/12/61

SPERT Water none detected 74 0 transient 11/5/62

MTR Water O not measured - 40 11/13/62

24 7/1/63OFR Water 0.15 500 (est.) --

i

Snaptran-3 NaK none detected 3s O transient 1964

--
- - "no appreciable release"-- - -- - 9/29/65PRTR Water

Lucens Co 0.0 1.5 - 30 1/21/69
y

St. Laurent Co - -no measurement reported-
- 1350 10/17/69

y

6
Three Male Island-2 Water 13-18 2.5 x 10 -13 x 10 0 2700 3/28/79

.!. .,
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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 designated as being
released were not intended to be a realistic representation of
releases from this particular DoA or any other particular
accident. The NRC has acknowledged that a reassessment of the ,

concept of using the DBA-LOCA source terms for site evaluation
may be in order, but it has concluded that the rulemaking ,

processes associated with emergency planning, siting, minimum
engineered safety features, and degraded cores should be used as ,

the vehicle for auch a reassessment (pasadeg et al. 1981, p. 5).

As a result of the observations of radionuclides released at
TMI, Lhe NRC and the technical community have felt that a more
realistic evaluation of severe reactor accident source terms is

*

necessary. The NRC, the nuclear industry here and abroad andj
regulatory commissions abroad have responded by supporting
greatly expanding programs of experimental research and
theoretical analysis of the physical and chemical phenomena
involved in radionuclide release. Other physical processes that
might affect the release and distribution of radioactivity from
the core have also been reexamined.

The major organizations in the U.S. involved in this " source
term research" are Battelle Columbus Laboratories (theoretical
analysis for the NRC), Oak Ridge National Laboratory
(experiments), Sandia National Laboratory (experiments), the
Electric power Research Institute (EpRI), Stone and Webster
Engineering Corporation (SWEC), New York Power Authority, the
American Nuclear Society and an ad hoc nuclear industry 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.

.
9

,,

.

.

!
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II.B. Release Consecuences
.

II.B.1. Release Consecuences

Of the various environmental impacts that could result from a
postulated 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 tne
distribution of done over that population serve as measures of
the impact. The dose at a position as a result of the release of,

a particular racionuclice depenas on the amount released, its
radiological characteristica, the weather conditions, tne
duration os exposure, and the geometric relationship between the
receptor and the source. The dose from each nuclide la
proportional to the mass os racionuclide released. How the wino
distrioutes releaseo materials determinen the magnitudes of doses -

within given oeocraphical regions. The information in this
enapter is backgrouno information. It is a summary of other work
which can help the reecer to unoerstand the selection or
oarticular radionuclides for study.

s1.b 1 a. t99RL_LpL.c ome

Jome racionuclices which comprise the source material are
releasec in gaseous forms and some as aerosota. Whatever their
: o t' m , at is usesui to castinguisn tour ways in which they can
contrioute to tne total radiation dose (Dy).

51) Utouc cose (ve) an external cose causeo oy-

exposure to radiation emitteo ey
raotonuctices an the attluent
cloud. If the radionuclide
release is os short duration
comparea with the longitudinas
campersion aivaced oy the wino
speed, so is the clouc cose.

s21 inhalation cose LD3) a dose causeo oy inhalation et-

radionuclide constituents of the
clouo. This incluous a prompt

. dose and the dose from
racionuclices retaineo in the
cody. Because of this retention,
this cose can spnead over a

e; appreciaole time interval.

| an external cose cauceo oysJ) urouno cose suas -

| radionuelades tnat nave formed a
sursace cuposit oy gravitational
settlano on the grouno and otner
sursaces. ine arouno come
depends upon the time tne
anoividual remains its the
contaminateo area which, in -

principle, coulo ou many yeats.

|
| II.b. notease Consequences

|
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.

dose from ingestion of food and(4) Food pathway dose (Df) -

drink contaminated by deposited
radionuclides. In what follows,
the study group assumes that
procedures have been adopted to ,

limit the intake of such
contaminated material so that ,,

doses received are insignificant i

compared with the other three ,

doses above.

The cloud dose (Dc) that an individual at ground level
receives as a result of the radionuclides in the effluent cloud
is the sum of the contributions 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 is 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.

de' ends upon theThe magnitude of the inhalation dose (D ) pi

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
distributdon 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 aerosols, the surface source strength
also depends on the radionuclide concentration in the cloud at
ground level integrated over time.

II.B.1.b. Effluent diseersion

When released into the atmosphere, radioactive gases and *

aerosols will follow prevailing winds and be dispersed about that
path because of wind direction fluctuations and local
atmospheric turbulence. Experiments show that the distributions

*transverse to the average path are nearly gaussian. A simple but
treats thethe " gaussian plume" modelsufficient model ----

distribution of the radioactivity in the cloud as the result of
turbulent diffusion superposed on the mean velocity of the entire
medium. 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, 1975).
A particular version is given here. For any distance x from the
release 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

II.B. Release Consequences
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for the time integrated concentration at off-centerline positions
,

and may be estimated as:

= Q expt-h2/(2a 2))xo(x) z
ru ayezx

i

where xo(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 a wind of velocity ux (meters /sec) blowing in the

x direction. The standard deviations for the distribution in the
y and z directions, ay and az. are increasing functions of x.
The values of ay and az (in meters) depend upon the ambient
weather conditions. Sets of values for these have been obtained
from observational data (pasquill, 1962; Slade, 1968). In

'

particular, az (see Table A.1 in Appendix I) increases very
rapidly with distance for unstable atmospheres but much less
rapidly for stable atmospheres. When az becomes large 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 la small
enough so that this is true for all values of x of interest.

Except for noble gases (and molecular iodine if it
remains), all other constituents of the release are transported
as aerosola. Fallout leads to an exponential depletion of
effluent plume concentration and to the buildup of a ground
deposit. This is usually modeled by assigning a deposition
velocity, Vd (which is assumed to be constant), to the settling
of the aerosols. Then the aerosol effluent concentration decays
exponentially with increasing distance with an attenuation length
Ld = u z/Vd where z is the mean height of the cloud. Radioactivex
decay also leads to a further reduction in effluent activity with
distance. Its characteristic relaxation length, Lr is

(u ts/23/1n2, where A is the usual radioactive decayux/A = x
constant and tt/2 is the usual half-life. Combining all of
these, the expression for center-line ground level, the
time-integrated concentration xo(x) becomes:

2expt-h /(2a 23) expg.x/Lr3 expt-x/L 3xo(x) * Q z d,

ru eyazx

xo(x)/Q is often called the dilution factor F. (See Appendix I.)i

| The " source term" is often given as a fraction of the
l radionuclide inventory I (given in curius) 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 biological dose conversion
factors (given, for example, in Table II.B.3), radioactive dose
estimates for individuals exposed at distances (x's) from the
reactor can be calculated. These equations must be summed over
all the radionuclides released.

.

II.B. Release Consequences
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II.B.1.c. Eatisates of dose for narticular releases
.

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 stated above):

*De + Di + DgDy =

'

These may be . estimated by first representing both the cloud of '
radionuclides and the ground deposit of radionuclides as uniform

'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'

is considered. 7

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 meteorological
conditions. It is usual to make many repeated calculations of
the distribution of short and long term dose over the population
aree surrounding a site. Each calculation 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

weather 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 various distances and directions from the site for a
given type of accident. This set of calculations 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 NAC.

It is 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 strontium group, the volatile oxides or
ruthenium group, and the non-volatile oxides or lanthanides. For

noble gases the release fraction can be close to unity, but is' ,

much less for other radionuclides depending on the details of the
accident. The relative contributions of each of the three major

D, and Dg, very considerably dependingelements to doses, De, i

upon the nature of the accident and the meteorological
conditions. However, the development of the illustrative model in

,

Appendix I andicates that the spatial dependence of dose
distributions for different radionuclides should be very similar

assuming that deposition velocities (V ) for the relevantd
radionuclides are similar. This suggests that the consequences -

derived from an analysis of the noble gas group could be useful

II.B. Release 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 distribution of dose. This somewhat

, counterintuitive result can be understood more readily when the
contributing factors of the high dose distribution are
understood. One cause of an unusually large dose is rain that
falls Just as the cloud of radionuclides passes over the
receptor; this greatly increases the local concentration and the
surface deposit. At nearly all receptor locations around nearly -

all reactor sites enough rain falla 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
make some substantial differences in statistical dose
distribution from one site to another, but they are small enough
in the dose, low probability, and of the distribution to make
Karahalios' statement approximately correct.

II.B.2.a. Biological effects of radiation

This section is a 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 arradiation. The
most definitive human data are for the very high exposures
experienced by survivors of A-bombs and by medical patients
treated with massive doses of radiation. Observed deleterious
effects range from death soon after exposure to various fatal and
non-fatal neoplasms that may appear many years following
exposure. The evaluation of response to lower exposures is
uncertain in that the incidence of effects resulting from
radiation exposure is masked by a much larger incidence of
similar effects from other, uncontrolled sources. Models 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 reasonable agreement on the expected
consequences for doses above 10 rad.

o

II.B.2.b. Lethal and near-lethal doses of radiation
The consequences of whole body irradiation depend both on

the dose and on the time elapsed after exposure. A typical
character 12ation is that an external gamma source producing an
air dose of about 350 rad delivered in a short time will kill 50%
of exposed but untreated people in 60 days (LD-50/60) (Cronkite,
1958). It is believed that 1004 mortality would be reached at
about 500 red unless alleviated by extensivo medical treatment. *

The availability of auch treatment would depend, at least in.

part, on the number of casualties relative to the treatment

II.B. Releano Consequences
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capacities of nearby hospitals (Cronkite, 1981). prompt
fatalities are not ordinarily seen at doses below 150 rada. It -

is interesting to note that the dose limit allowable for
satronauts -- who are heavily exposeo to cosmic rays as set at--

75 rada, safely below prompt fatality levels but substantially
above the protective action guidelines for the general public set

*
by the EPA at 1 to 5 reds.

II.B.2.c. Whole body exoosure to sub-lethal doses of radiation, ,

"
Early' clinical effects of wnole 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 tnat individual
organs and the host individual have impaired function (this n
depletion can be detected at doses as low as 40 rada in some -

organs). If the individual survives the early period (30-60 days)
following exposure, the damaged organ is likely to regenerate its
normal complement of cells and the individual will recover. For
those who do survive, the most serious long term somatic effect
is the increase in probability of delayed cancer incidence.
periods of delay between exposure and incidence 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 rada) very substantially among
protagonista of various biological consequence models. The
estimates of probability of death range from the order of 10-3 to
about 10-4 with correspondingly lower values (approaching--

negligibility at the lower limit) as doses decrease in magnitude
(NAS, 1980, Table V-25).

II.B.3. Contributions of Radionuclides to Health Effects

The cuestion of which radionuclides are most significant to
health effects depends strongly upon the nature of the accident
being evaluated and the resultant size 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 may reduce the effects of
these last two mechanismo. The current investigations indicate

that substantial changes may be in order for the source terms ,

used from the RSS as a basis 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 for the dominent
radioisotopic contributors to public health effects from the

upgraded source terms. Under these circumstances, it would also
be desirable to investigate the potential for improvements in the
effectiveness of some emergency procedures (such as evacuation, *

sheltering, and temporary relocation concepts) in light of

potential changes in the radiation characteristics of the revised
.

II.B. Release Consequences
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mix of radioisotopes projected for the revised source terms.

Various estimates have been made of the- relative importance
of the three relatively short term dose induction mechanisms* (here we again omit the ingestion 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 A emitters the increased solid angle of inhaled
radionuclides leads to e larger dose. For other radionuclides
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 appreciable deposition in the lung
and on the ground. For a gas such as molecular todine, 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 a reactor 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 deposit
in the reactor.

If 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 doso.
For exemple, in the previous ApS study (Lewis et al., 1975) 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 overall whole-body done (an
estimated 4.4 million person-rema); the inhalation dose
contributed 71 percent; and the one-day ground dose contributed
25 percent. In Table II.B.1, the RSS estimates are shown for
contributions to dose from various exposure pathways (NRC,
1983b). Assuming that ground doses are approximately
proportional 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 significant radionuclides for the RSS results are
shown (NRC, 1983b). Approximate agreement exists between the
determination of significant radionuclides in the ApS study and
RSS.n

Table II.B.3 lists the most important radionuclides present
in the reactnr at the time the accident is assumed to occur.
Column 3 shows the radionuclide inventory (in curies) in the
reactor at the shutdown of the fission process. Columns 4, 5, and

| 6 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 local values of the
intngrated ground invol cloud radioisotope concentration (which -

is derived in Ci-sec/m3) directly to whole-body dose for a human
receptor. In order to determine inhalation dose, the
individual's exposure to the local concentration of the cloud,

!

I
.
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Table II.B.1 Contribution of dif ferent exposure pathways to latent-cancer f ata11tise
for the NR-2 release category ,ba

Percentage contribution

GI All Whole
Pathway Leukemia Lung Breast Sone tract othered Total body *c

External irradiation from
cloud (D ) 0.2 0.1 0.5 0.1 0.1 0.I 1 1c

Inhalation from cloud (D ) 0.5 4 0.7 0.2 0.4 0.2 6 3i
External ground (D )g

(7 days 3 2 7 0.7 0.9 3 16 16
>7 days 12 8 28 3 4 11 66 68

Inhalation of resuspended
contamination 0.2 1 0.2 0.4 0.2 0.1 3 2

Ingestion of contaminated
foods (Dg) 2 1 3 1 1 1 9 10

Total 18 16 39 5 6 16 100 100

speta from Wall et al. (1977).
bThis table does not include latent fata11tica from thyroid cancer, which are calculated separately,

as discussed in Appendix VI of the peactor Saf ety Study (USMac, 1975).
cThe gestrointestinal tract includes the atomach eaJ the rest of the alimentary canal.
d'A11 othere" denotes all cancere except those specified in the table.

; *Whole-body values are proportional to the 50-year whole-body population dame commitment (man-res).

* Reproduced f rom NRC (1983b; Table 9-7) .
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Table II.B.; hdionuclides considered in the peactor Safety Study cossequence analysias
-

4

Klement Radionuel1de s Elcement. Badfonuc1ide \
1:x' x . ,

Iodine I-131,c,g,h,1 1-132,b,g,h 1 333,b,g,iCobalt co-58,* Co-60* . ,

I-135 ,g,hb w
Frypten Kr-85,* Kr-85m,* Kr-87,* Kr-ea C 1-134,

~ '

babidium 2-86* 3,nza Xe-133, Xe-135'
s

Strontiam, Sr-89,c Sr-90,d,e Sr-}1 .Casium Cs-134,C Cs-136, S-1373 *
'

.,

Ytfriwa
~s

Sarium B.1- 140 cF-90,* Y-91 -

_' * \.

ritconium 22- 95, 2r-97 Lanthanum La-f40

ttichlum , Mb-95* Cerium ( Ce-14'1,'Co-14'3,* C -144E'

|
' Molybdomust MD-99 i y ; PraZwody:mium ) Pr-143*' - *' '

,

|
Technetium 'Tc-99m* sg' . Neodpit.a , yd-147* , ,

I
' '

,

| hathenium ' P-103, 23-105,* ha-106f Neptunjum ' t:p-239 ',

Plutonium Pa-238,e Pu-239, Pu-240, Pu-2418
4 shodium ph-105* g

|
- Tellurium Te-127,* h-127m, Te-129,* Te-131m.- Americium An-241*

Te-132b,c.g ~w
, Curium N242, On-244

| w,
'

! - Antimony Sb-127, sb-129 ,

App 11 cable to releases from IDRs only. The radiaauclides marked with an asterisk are negligibleS

| contributora to health effects. The most significant contributors are signaled with superscript letters
| for the modes or effects listed below.

bcloudehine. 9Groundshine (early effects).
hcInhalation (early effects). Thyroid dose.

dLeukemia (inhalation dose). IN11k-ingestion pathway.
*Done cancer -(inhalation dose) . jLong-term groundshine.
flung cancer (inhalation dose).

t

i
!

* Reproduced from Ref. NRC, NUREC/CR-2300, Table 9-11.

l
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TABLE II.B.3. RADIOACTIVE INVENTORIES & nm0LE-800Y 005E CONVERSION FACTORS
( 3200 MWt -- PWR)

Shutdown Cloud Inhalation, xi Ground
Radio- Half-life Inventor / Dc/Xo ( rem /Ci-inhale d) D /S -

g
Nuclides tg (days) (106 curies) (rem-m3/Ci-s) (0-50 yrs) (rem-m /Ci)2

Noble Cases
~~

Kr-tm 3 %0. .56 .415E-03 . 310E +00 -

Kr-85m .183 24. .364E-01 .260E+00 -
*

Kr-81 .0528 41. .181E+00 .100E+01 -

Kr-88 .111 68. 461E+00 .230E+01 -

Xe-133 5.28 - 1 10. .906E-02 .100E+00 -

-, Xe-135 .384 34. .561E-01 .120E+01 -

* Iodines
T T3T ~ 8.05 85. .812E-01 .600E+03 .108E+03
I-I32 .095E 120. .511E+00 .100E +02 .101E +03
I-133 .8 15 1 10. .154E+00 .200E+03 .311E+03
1-134 .0366 190. .533E +00 .300E+02 .414E+02
I-135 .280 150. .4I9E+00 .350E+03 .285E+03

Cesitsns & Rubidiums ;
cs-134 iw, 1.5 .350E+00 410E+05 .369E+04
Cs-136 13. 3.0 .418E+00 .590E+04 410E+04
Cs-131 11,000. 4.1 .122E+00 .360E+05 .131E+04.

Rb-86 18.1 .026 .201E-01 .660E+04 .185E+03

Telluritsas
& Antimony
re-izi .391 5.9 .936E-03 .340E+02 .813E +00
Te-121m 109. 1.1 .110E-02 .240E+04 .584E+02
Te-129 .048 31 .14FE-01 .980E+0i .198E +01
Te-129n .340 5.3 .183E-02 .300E+04 .246E+03-

Te-131m 1.25 13. .314E +00 .550E+03 .960E+03
Te-132 3.25 120. 415E-01 .150E+04 .300E +04
$b-121 3.88 6.1 .151E+00 .190E+03 .920E+03
$b-129 .1 19 33. .268E+00 .110E+03 .104E+03

Alkaline Earths
3r-c9 52.1 94. - 410E+04
Sr-90 11,030. 3.10 - .240E*06
Sr-91 .403 110. .169E +00 . 310E +03 .205E+03
84-140 12.8 160. .444E-01 .190E+04 .365E+04

Volatile Osides (Ru)
co-de si. .18 .216E+00 420E+04 .224E+04
Co-60 1920. .29 .600E +00 .820E+05 .588E+04
Mo-99 2.8 160. . 364E-01 420E+03 .325E+03
Tc-99n .25 140. .306E-01 .900E+01 .162E+02
Ru-103 39.5 110. .IllE+00 .190E+04 .116E+04
Ru-105 .185 12. .119E+00 .660E+02 .194E+02
Ru-106 366. 25. 431 E-01 .620E+05 4%E +03
Rh-105 1.50 49. .182E-01 .%0E +02 .561E+02

Nonvolatile Oxides (La).
7-vu e.ei 3.9 .180E+03 --

Y-91 59.0 120. .625E-03 .560E+04 .591E+01
fr-% 65.2 150. 162E +00 .560E+04 .111E+04
Ir-91 . 11 150. 422E-01 .520E+03 .53BE +03
Nb-95 35. 150. .166E +00 .190E+04 .I64E+04

O L a-140 1.61 160. .56Tf+00 .920E+03 .I80E+04
'

Ce-141 32.3 150. .183E-01 110E+04 .182E+03
Ce-143 1,38 130. .681E-01 .340E+03 .224E+03
Ce-144 284. 85. 431E-02 .320E+05 .120E+03
Pr-143 13.1 1 30. .820E+03-- ~

. Nd-141 11.1 60. .314E-01 .190E +03 . 305E +03
| Np-239 2.35 1640. .308E-01 .250E+03 .202E+03
i Pu-238 32,500. .051 .525E-04 .130E+08 .620E+01
'

Pu-239 .8.9E+06 .021 .230E -04 .820E+08 .263E +01
Pu-240 2.4E+06 021 464E-04 .830E +08 .541E+01
Pu-241 5350. 3.4 .411E-09 .150E+01 .221E-02
Am-241 1.5E+05 .0011 465E -02 .860E+08 .143E +03
Cm-242 163. .50 .500E-04 .190E+01 .546E+01

-

Cm-244 6630. .023 .142E-02 .430E+08 .346E+02

I
,

|
i
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integrated over time, and his/her breathing rate must be used to .

determine the integrated quantities of radionuclides inhaled
(activity measured in curies) during the exposure period. From
this quantity, the conversion factor in column 5 permits direct
determination of the inhalation dose. The ground dose 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/m2). It should be noted that the conversion "
factor for ground dose is listed here for a 7-day exposure, but

*with evacuation or relocation much of this factor could be
reduced. The conversion factor for the inhalation dos ~, givene
for 0-50 years, includes the dose commitment of the inhaled
material. Many of the potentially significant radioisotopic
contributors to the inhalation dose have exceptionally long -

biological and radiological half-lives and hence may contribute -

to the dose over substential portions of the 50 year commitment
period.

The current studies of the source term have tended to
' concentrate their attentien on iodine, cesium, and to a modest

extent, tellurium. These fission products are relatively
volatile, and their release fractions were believed to be higher
than the release frections for other radionuclides. From an
inspection of Table II.B.3, it is apparent that, if released in
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 shows 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 special consideration of the radionuclides
with significant ground dose conversion factors. The magnitudes*

of these factors suggest that several of the less volatile
radionuclides could be significant contributors to consequences
and hence could be important elements of the source term.

*

In Appendix I, a set of calculations are reviewed that
i

compare the biologically significant doses contributed by
,

combined exposure to the cloud, inhalation, and a one-day ground !
I dose as a function of distance for various nuclide groups. From ,

these calculations, 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 exposure 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 the presence in the cloud of significant short-lived
radioactive isotope components in the noble gas group (cf., Table
II.B.3). If (see Table II.B.4) a smaller reference value is -

projected for the 24-hour release condition than for the 2-hour

II.B. Release Consequences
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"'Table II.B.4

[ Table of Doses due to Release
of 1004 of Core Inventory

i *
i of Noble Gases
!
L, and

* Equivalent Releases of other Groups

2 Hour Decay 24 Hour Decay
Prior to Release Prior to Release

95th careentile Noble Gea Dose
~

,

40 Ram 7.5 Rem

Fractional Release of Sincle Groues Whose
95th cercentile Dose is the Same
as that from 100* Noble Gas Release

Gesea
Iodine 0.04 0.016

Volatiles
Cs-Rb 0.065 0.01
Te-Sb 0.05 0.01
Ba-Sr 0.022 0.005
Ru 0.025 0.005

Non-Volatiles
La 0.001 0.0002

Release Conditions

3412 MWt PWR End of Life Core Inventory.
2 hour release duration
Deposition Velocity 0.01 m/see
Miami Typical Meteorological Year Data

$

Distance (x) 5 miles downwind from reactor
Equivalent Whole Body Dose
24 Hour Exposure to Ground Contamination
Lifetime Commitment for Inhalation Dose

.

#

.
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release condition for one of the gaseous, volatile, or .

non-volatile fission product groups, it indicates that a smaller
release fraction of such groups could be required to achieve dose
equivalence with the corresponding noble gas 24-hour release
conditions. Since the noble gases would almost certainly be
released (eventually) for the severe nuclear accident conditions =

considered in our investigations, the noble gases have been
considered to be benchmark conditions. While the projected doses

"~for Table II.B.4 were determined for a distance of 5 miles, there
is a similarity in the spatial dependence of dose for all groups *

(cf., Figure II.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, if the release .

fraction (f) for iodine is 4% of the reactor shutdown inventory,
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 biological dose
conversion factors cited in Table II.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 radionuclides. This is
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
times of 2 hours and 24 hours after reactor shutdown, as a

function of distance from the reactor. Secondly, the ratios of
doses from ot'her radionuclides to the dose from the noble gases
were normalized to unity at 5 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.I. Suppose, for
example, that it is 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 i

radionuclides were released, there would be no prompt radiation )
fatalities projected for this dose level. However, if an I

additional 4% of the icdine 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 individuals
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

II.B. Release Consequences
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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 0.05 x 10-5 or 1

f5 x 10-7 The projected doses would be reduced if the
containment retained its integrity for 24 hours or if the i

emergency planning zone distance of 10 miles were used to,
evaluate the projected doses and resulting health impacts for ;

potential individual exposures.

4
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III. REACTOR ACCIDENTS: GENERAL FEATURES AND IMpORTANT SEQUENCES

III.A. General Features of Reactors and Reactor Accidents

In this section we present a. synopsis of the important
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 is also referred
to the " primer on LWR and related safety issues" in Lewis (1975).

*

III.A.1. Enerov Production in Nuclear Reactors

The energy in nuclear fission reactors comes from the fission
of uranium 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 3 neutrons and
about 212 MeV distributed as shown in III.A.l. Since the
neutrino energy cannot be recovered, the fission of a single 235g
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 kinetic 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 associated with fission
product decay (about 15 MeV or 7.5 percent) is released
subsequently. In particular, fission pro'uct heat continues tod
be released after the fission process has ceased.

III.A.2. Reactor Control

III.A.2.a. 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 is
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 (light) water as a moderator. Natural uranium has 0.72%
of isotope 235U, the remainder being the 2380 isotope. It is

necessary to enrich that fuel slightly in 235U to overcome losses
from parasitic neutron capture in water. Further, because 238u r

has a high (non-fission) resonant capture cross section for
neutrons in the energy range between the MeV and thermal regions,
it is necessary to arrange the fuel in 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 sink, the moderator and fuel
temperatures rise. The corresponding decrease in moderator

~

>
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*Table III.A.1

The Contributions to the Energy of Fission of 235g

e End Product Enerov (Mev)

Kinetic energy of fission products 168
Kinetic energy of fiasson neutron radiation 5
Prompt y radiation 7*

Fission product decay
4 radiation 8
y radiation 7
neutrinos (not recovered) 12

Neutron capture y rays ~

(depends on structures) _1
~

212

4

.

.

4

g.I

i

l

o

.
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l
!

density causes neutrons to reenter the fuel at slightly higher
*

energy than thermal, thus increasing the relative probability
that neutrons will be lost through parasitic capture in 238u,
The effective Doppler broadening of the 238U resonances through
the rise in fuel temperature also increases parasitic capture.
Together these effects limit the extent of power transients. ,

Finally, if the water were to be removed completely, the fission
reaction could not continue.

III.A.2.b. Delaved 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
radioactive decay of precursor fission products. As a result,
the rate of change of neutron population has a component with a

time constant of several seconds; this provides time for
mechanical controls to act.

III.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 te withdrawn slowly. The design is such that the
removal of a single control rod cannot 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 is generally agreed that in most accident conditions for a
light water reactor, the chain reaction will cease and not cause

! further heat that might disperse the fuel with its dangerous
radioactivity. .

III.A.3. Fission product Heatina

The energy from the decay of the fission products remaining e

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 7.5x of the ' reactor's
operating power at shutdown, or 250 Megawatts thermal for an 1100
Megawatt (electrical) (MWe) (or equivalently, a 3300 Megawatt

(thermal) (MWt)) reactor. If the removal of heat from the
reactor were interrupted for a long enough time, this fission

,

product decay heat would be sufficient to melt the core and
liberate the radioactivity.

III. General Features
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After reactor shutdown, the decay power diminishes with time
very rapidly at first and then more slowly as the various

--

radionuclides decay. Figure III.A.1. shows.the fission and total
decay power for a power reactor at the and of the second year of
operation calculated using the 1979 ANSI standard (1979) and some.
experimental results. One third of the fuel is normally replacea
in a reactor at each yearly refuelling shutdown, so that one
third of the fuel will have been irradiated for 1 year, one thiro
for 2 years and one third for 3 years. The inventory of long.

lived isotopes and of transuranic elements is highest at the end
of a life cycle.

III.A.4. Licht Water Reactor Desian
..

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 O.33 barna). It

-

turns out that a chain reaction is not possible with uranium fuel
of natural isotopic composition (99.28x 2380 and 0.72x 235U)
since 238U is not fissile with slow neutrons. The fuel is
enriched in 235U, which La fissile with slow neutrons, to about
34 As the fission process proceeds, the 235U is consumed, and
some of the 238U is converted by neutron capture and subsequent
radioactive decay to 239 u which is also fissile with slowP
neutrons. At the end of the fuel life about 30x of all fissions
come from 239 u.P

The fuel is arranged in sintered uranium dioxide (UO2)
pellets, inserted in a long (12 ft) tube usually fabricated of
zirconium alloy (zircelloy), so chosen because of its low neutron
capture. A typical reactions contains about 51000 (PWR) (47000
(BWR)) such fuel rods, arranged in 193 (PWR) (764 (BWR)3 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 is also used to
transfer heat from the hot reactor core to the electricity
generating system where water, as steau, drives a steam turbine.
Since the system operates at high temperature -- about 600 K --

' ,~
to maintain a reasonable 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 paia). The
secondary side of this heat exchanger is a steam cenerator, which
generates steam to drive the turbine. Its pressure is lower than
that of the primary side (about 5.5 MPs or 800 paia). This is

''

shown in the idealized schematic of Figure III.A.4, which

III. General Features
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portrays Just one primary " loop" steam generator, pump,--

emergency core cooling system (ECCS) accumulator. Most pWRs

contain 3 or 4 separate steam generators and pumps, each on a
separate " loop."

In the boiling 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.5. The -

turbine itself, not shown here, is similar to that for the pWR.
The steam passing through the turbine is condensed and returned
as feedwater to the core. In addition, water is recirculated
through the core by a number of Jet 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.2.

.

III.A.4.c. Barriers acainst radionuclide release

protection of the public from radionuclide release in nuclear
reactor accidents is provided by a series of barriers:

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

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

(iii) the reactor pressure vessel and primary water circuit
constitute a further barrier against 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
proceeding 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 simultaneously by melting of the fuel

*
and a buildup of internal pressure. If the moderator water is
lost by evaporation, and is not replaced, then the meltdown will
follow; the resulting pressure in the containment will rise and

I might crack the containment, resulting in a large release of
*radionuclides.

III.A.4.d. The eneroency core coolino system

A break in the reactor pressure vessel or primary coolant
circuit piping would cause a loss of water or steam. To keep the
reactor cooled, and the fuel and fuel cladding barriers intact,
an emergency core cooling system (ECCS) is 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).

III. General Features
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Table III.A.2. .

Operational Parameters for Surry (PWR) and Peach Bottom (BWR)
Light Water Reactors.
............._ .._._________....._. _.._......._____._______ ____

Parameters Surry Peach Botton 2
___________.....__.....___...______. __......______...._........ .

Thermal power rating (MWt) 2441 3293
Electrical Output (MWe) 823 1065

Thermal Hr<:raulie Data -

System Prt.asure (MPa) 15.8 7.0
Inlet Temperature (K) 557 464
Outlet Tamperature (K) 592 559

6(10 kg/h) 45.7 46.5
|

Coolant Flow Rate
.

Core Date
Active Height (cm) 366 381
Equivalent Active Diameter (en) 304 475
Care Weight (kg) 102,820 232,012

UO2(kg) 79,820 159,410
Zircalloy (kg) 16,500 65,490
Misl. (kg) 6,500 7,112

Flow Area (m2) 4.05 13.4
Assemblies / core 157 764
Rods / Assembly 204a 62b
Annual Discharge 1/3 1/3
Avg. Burnup at Equil. (mwd /MTU) 22100' 20000

Fuel Element Data
Pitch (cm) 1.43 1.63
O. D. (cm) 1.072 1.23
Clad Thickness (cm) 0.0617 0.0813
Diametral Gap (cm) 0.019 0.0229
Number of rods 32,028a 47,368b
Initial Fuel Enrichment 3.6 2.99

Heat Transfer at Rated Power
Active Surface Area (m2) 3945 6140
Average Heat Flux (W/m2) 602695 514791
Max. Heat Flux (W/m2) 1,684,402 1,349,784

.

Reactor Vessel Data
I.D. of Shell (cm) 399 638
Overall Height (cm) 1232 2210

a

Primary Coolant System
Total Water Mass (kg) 192,000 290,620

Reactor Vessel Volume (m3) 105.3 585.2
subcooled liquid 222.2
set. liquid 113.4
steam 249.6

Piping (including pumps) (m3) 40.6 146.4
Steam Generator 91.5 .

Pressurizer ( 604 liquid) 36.8
Accumulators (674 liquid) 123.2

III. General Features
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.....______.....________.______..______________________ _______..

Parameters Surry Peach Bottom

- , .......___.______......_______......___.__..__________.__._____..

Containment
Free Volume (m3) 5.1x 104 7.9x 103

Drywell (m3) 4.5x 103*

Wetwell (m3) 3.4x 103
Initial Temperature (K) 311 311
Initial Pressure (MPas 0.0689 0.101

;

Pressure Supression Chamber -

Free Volume (m3) 3,370 *

Water Volume (m3) 3.851
___.____....______...___.________ .__..______...._______________.

! a PWRs now use the 17x17' fuel lattice shown an Figure III.A.2.
However, these calculations were done with an older 15x15 fuel
lattice.

b BWRs have used an 8x8 fuel lattice since 1975, as shown in
Figure III.A.3. However, in Gieseke et al. (Vol. 2, 1984), the*
analyses for PEACH BOTTOM used a mixed core of 8x8 and 7x7
isttice havingt 62,633 and 49 fuel rods per assembly,
respectively. This was motivated by the availability of ORIGEN
runs for these assemolles. -The total number of fuel elementa in
Gieseke et al. was 44749.

o

.

.

.
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The emergency core cooling system has several subsystems that
operate at different times and different pressures. However, it
is possible to group these subsystems 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
paia, pressure. As soon as the reactor pressure falls below
4.8 Mpa, a check valve opens and the core is reflooded. This is
a passive subsystem. .

Both pWRs and BWRs have a number of active ECCS subsystems.
These emergency coolant in]ection systems are driven by pumps,
some of which operate at high pressure (and low throughput) and
some at low pressure (and high throughput) to maintain water in ]
the core. These are active systems. 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 steam from the primary circuit.
Considerable redundancy is employed to ensure that the likelihood
of operation of the ECCS, when called upon, is high.

If the emercency core coolant systems operate croceriv. the
accident will normally be terminated without fuel danace or
breach of any of the barriers between the radioactivity and the
public. The (hypothetical) severe nuclear accidents with which
this report is concerned are those in 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
considered very improbable. At TMI, the ECCS was turned on and

I 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.S. Sources and Sinks of Heat
i

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.

III.A.5.a. Sources
a

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

ii) Under normal operating conditions the fuel pins run at,

a higher average temperature than the coolant (i.e.the center of
the fuel pin operates at temperatures near its melting point, .

while the outer surface is close to the coolant temperature).
Consequently there is sensible heat stored in the fuel pins which
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*is released after the fission process ceases.

iii) The radioactive fission products continue to produce
decay heat long after the fission reaction ceases (see Section

* III.A.3).

iv) As the temperature rises above 1300 K the zirconium fuel
cladding begins to interact with. water or steam, oxidizing in a

* strongly exothermic reaction:

Zr +2H O -> 2rO + 2H22 2

with an energy release AH (Lemmon, 1957)
_

AH = 6.774x106 - 244.9 T ~

1

where A H is expressed in Joules per kiirgram of 2r reacted and T
! is in degrees Kelvin.

The rate of heat generated from the metal-water reactioni

equals the heat of reaction multiplied by the rate of reaction,
the latter given, if sufficient steam is available, by a solid
state diffusion law,

X = Ae(-B/T)/x,
.

where X is the metal reaction rate, A and B are kinetic constants
and Xa is 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 + 4H O = Fe304 +4H22

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.
#

.

and when very finely divided,vi) At very high temperatures,
the uranium dioxide (UO ) can oxidize further to U 082 3
exothermically if exposed to air. This reaction is considered
unlikely in most accident sequences thought to be important.

III.A.S.b. Sinks

1) The secondary water flowing through the steam generator,
before isolation of the secondary system, can remove heat for

,

times varying from 30 seconds to many hours.

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

III. General Features
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i
I

heat from the fuel rods and distribute it within the primary .,

system, 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 e

but the view factor from the innerfuel rods and the vessel --

rods to the reactor vessel is sufficiently small that their
temperatures are not strongly affected by this process.

.

iv) When steam or the molten core is released to the
containment, heat is 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

is an enormous potential heat sink.

III.A.5.c. Rate of heat transfer

The amount of heat in a source and the capacity to store heat
in a sink 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.l. The rate of the other

the zirconium oxidation -- is dependentmajor source of heat --

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 Urbanie-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 X) of various experiments generally show
scatter on the order of a factor of two.

In a core heatup transient, it is generally found that, for
*

temperatures above 1470 K, the zirconium-water reaction can be
steam-limited and Fig. III.A.8 cannot be used. Instead, from the

stoichiometry of the reaction, a steam-supply limiteo rate is

used, ,

91.22 Ws/(36pA), cm/sX =

where Ws = steam flow rate, gm/s
p = zirconium density, gm/cc
A = cladding surface area, em2

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 oxid12ation.

III. General Features
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.

The uncertainty in the fraction of cladding reacted owing to the
steam flow rate is estimated, based on MARCH calculations, 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 produced at a slow
steady rate, is stored in the fuel in the reactor pressure
vessel, together with that part of the zirconiun water reaction

,

that occurs therein. This stored heat is released into the
containment atmosphere suddenly if 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 transferred to the solid surfaces. This
is important, for it may lead to a sudden pressure rise that
becomes a major stress on the containment.

III.A 6. General Features of Severe Nuclear Reactor Accidents

The severe accident sequences that may result in large source
terms must proceed not only through core melt, but also through
containment failure. Although there are many accident scenarios
that could lead to core melt, and many cauces 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 possibility of an appreciable source term (i.e., those in
which a substantial amount and wide variety of types of
radioactive material are released to the environment) are all
postulated to involve a system failure that results in loss of
water from the primary system. An initiating event is assumed to
have occurred that may have been indaced by either equipment,

failure, ano/or operator error, or external event (earthquake,
fire, etc.).

If a break in the Reactor Coolant System (RCS) has been.
assumed to occur as a result of a pipe or valve opening, the high
pressure in the reactor pressure vessel (RPV) will drive water
and steam out of the break. The sudden depressurization is
called a blowdown. The accident is a Loss of Coolant Accident,
or LOCA. Alternatively, a tra.isient in the power level may
initiate a turbine trip with an interruption in the heat removal.
If heat is not removed by another heat sink, the core temperature
will rise, eventually raising the internal pressure beyond the
pressure relief valve (PRV) setting no that coolant may be lost ,

out the valve. In most such instances, the emergency core
cooling system (ECCS) will replace the lossen of coolant.

*1!. General Foetures
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Table III.A.3 .

Accident phase Remarks

In Vessel
.

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

*of pressure.

Bo11off Liquid level gradually drops as decay
heat vaporizes water and loss of
coolant occurs through break or relief _

valve. .

Heatup Core becomes uncovered. Zircelloy
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 steam.

Core Melt / Slump 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 ones
unlikely but possible.

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

Ex Vessel
*

Core quench The molten debris falls to the reactor
cavity. It boils off whatever water is
there. If sufficient water is present,
the core would be cooled and solidify, *
and would subsequently reselt.

Core dispersion Steam explosions may also occur at this
time as the molten fue. falls onto
water in the reactor cavity. This can
disperse fuel, create radioactive
aerosols, and increase the rate of heat
transfer to the containment atmosphere.

.

Core-Concrete The molten corium attacks the concrete
Interaction basemat, which it proceeds to

III. General Features
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However, in 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 is
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 is 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 un 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. c1

As the core heats to temperatures above 1300 K, the steam
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, if 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 UO2 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 pressures built up by release of fission product
gases within the fuel rods), the Zr 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, a few percent of the most volatile fission
products would be released. The noble gases Xe and Kr, and the

,

volatile materials Cs, I, and To would diffuse out of the hot
'

fuel and would be released as vapors. While 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 radioactive material would be

immediately released as gas and aerosol into the reactor

III. 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 in size by
agglomeration processes. As time passes, the larger aerosols
would be slowly removed by settling, and transported to surfaces,
by diffusion, temperature differences, and other processes. The
total suspended mass of aerosols at any time would depend upon
their generation' rate as well as their removal rate.

s

As the heat up continues, the fuel would continue to distort
and molt. The melting fuel elements would eventually destroy the
reactor's core support structure and would fallLin molten form
into the lower head of the reactor. The coolant passages between
the fuel elements might become blocked by the molting material. _

As the hot material fell into any remaining water in 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 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 injected into the containment in a jet would
depend on the previous history of tne core melt scenario 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 anc vessel internal and core structural supports).
This represents a crucial time in the accident progression. If
this pressure rise were large enough to cause the containment to
fall, the failure would occur at a time when many of the

* radioactive 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 in 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 its

III. General Features
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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
radioactive. If the containment failed from these pressure
sources, any newly generated and suspended aerosols would then be ,
immediately dispersed into the environment.

If 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 radioactive material
into the soil beneath the reactor. If this were to occur, it is
probable that the molten core would quickly reach equilibrium
with its surroundings as it penetrated the soll, and would not ]
descend to any substantial depth into the ground. (Calculations
suggest maximum depths of penetration of about 3 m.)

-
i

There are additional engineered safety features (ESF)
designed into the reactor system. These include spray systems to
spray water into the containment building to condense steam and
deposit aerosols. However, in any severe accident the electrical
power is often assumed to be ungvailable. 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 in boiling water reactors (BWR), and by ice
condensing systems in some pressurized water reactors (pWRs). On
the other hand, if a sufficient time passes'before containment

,
failure, electrical power may be restored and active intervention
by fans and spray systems in the containment volume for pWRs or!

BWRs could then also reduce the fission product aerosol
densities. As long as these active or passive safety systems
function in accordance with their designs, they would also serve
to reduce containment temperature and~ pressure loadings, in
addition to accelerating fission product removal processes. These
fans and spray systems are so effective that, if operative, they
would usually prevent containment failure. Thus, in the
evaluation of risk dominant accident scenarios, the sequences of
principal concern are those in which the engineered safety
features are assumed to fail or to be inoperative. *

.

.

|

)

I

'
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III.B. Seauence Selection
.

It is always difficult to foresee the future. It is,
however, easy to postulate the occurrence of catastrophic
accidents associated with natural and man-induced events. The

e scientific community has been trying to estimate the probability
and consequences of postulated severe accidents in nuclear power
plants on the basis of historical experience with lesser
accidents in similar plants. The procedures for making such risk
projections have been developed over the last 35 years (beginning*

with efforts conducted in the aerospace industry) and have gained
increasing credibility within the scientific community with the
passage of time. During the last decade, risk analysis
techniques have been applied within the nuclear industry. In the
course of such applications, the state-of-the-art of risk
analysis has been advan:ed and the concepts have gained -

increasing acceptance. This study group has not addressed
probabilistic risk analyses directly. Nevertheless, tne
probability of severe accident scenarios has been utilized as an
important criterion in selecting them for review, as discussed in
more detail below.

I!!.B.1. The Risk Analysis procedures of the RSS (NRC. 1975)

Tne inaccuracles of the probability estimation of the RSS,
discussed earlier in Section II.A. have not been a focus for this
report, although we note that subsequent probabilistic rian
analyses have improved upon that study. However we note that tne
procedure of attempting to proyect all of the logically
consistent scenarios by which accidents might occur is generally
accepted, even though it is still subject to the innerent
limitations on completeness cited by the Lewis Committee (1978)
(see II.A above). Nevertheless, we have considered the results
of probabilistic risk analyses in our reviews of accident
scenarios in order to ascertain potentially risk dominant
scenarios and to evaluate the relative likelihood of certain

categories of events. Beyond that application, accident scenario
probabilities have not played a particularly significant role in

our deliberations: hence we have not attempted to verify their
reliability.

e

! The statistical reliability of the RSS depends in part upon
the observation that the gross course of an accident may be
represented by a series of dichotomous events (e.g., does the

*
emergency core cooling system (ECCS) function or not when callec

| upon? Does a valve close or not?) Under these circumstances, the
| accident sequences or scenarios involve a number of steps that

are usually independent--or can be designed to be nearly

| independent. Consider an example of an accident scenario with
! four such steps. If the projected frequency of the first step in

the accident occurring is F1, and the probability of failure of
successive safety devices 2, 3, and 4 are respectively p2 P3 and
p4 per call, the overall frequency of an adverse consequence F =

Fl=p2*P3*P4 The frequency F1 of the initiating event can ce -

determined with reasonable accuracy if it is of the order of

III.B. Sequence Selection

- - _ , - -. -- _ - -- . .-
.



.

o

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 ACOII:ENT SEQUENCE SY.E .S -

A = Intermediate to large ICCA.

B = Failure of electric power to ESFs.,

S' - Failure to recover either onsite or offsite electric power within about 1 to 3 hours following
an initiating transient which is a loss of of fsite AC power.

, C - Failure of the containment spray injection system.

0 - Failure of the emergency core cooling injection system.

F = Failure of the containment spray recirculation system.

G - Psilure of the containment heat removal system.
,_

N - Failure of the emergency core cooling recirculation system. *

K = Failure of the reactor protection system.

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

Failure of the secondary system steam relief valves and the power conversion system.M =

Q Failure of the primary system safety relief valves to reclose after opening.=

A = Massive rupture of the reactor vessel,

s - A small LOCA with an equivalent diameter of about 2 to 6 inches.

32 * A small 14CA with an equivalent diameter of about 1/2 to 2 inches.

T = Tranetont event.
U - Olemical and volume control system.
v . Ists check valve failure.

Containment rupture due to a reactor vessel steam emplosion.a a

8 Containment failure resulting from inadequate isolation of containment openings and penetrations.-

Containment failure due to hydrogen burning.Y *

4 Containment failure due to overpressure.-

t Containment vessel melt-through.-

o
,

KEY TO TABLE III.B 2

.

e
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'Tablo III.B.3. BWR DCMIHANT ACCIDENT SEQUENCES OF EACH
EVENT TREE vs. RELEASE CATEGORY (f rom NRC,1975) .

.
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KEY "'O BWR ACCIDENT SEQUENCE SYMBOLS

A - Rupture of reactor coolant boundary with an equivalent diameter of greater than six inches
.

8 - Failure of electric power to Esrs.

C - Ta11ure of the reactor protection system.

D - Failure of vapor suppression.
o

E - Failure of emergency core cooling injection.

F - Failure of emergency core cooling functionability,
o

G - Failure of contatnment isolattort to limit leakage to less than 100 volume per cent per day.

H - Tailure of core spray recirculation system.

I - Failure of low pressure recirculation system.
.

.

J - Failure of high pressure service water system.

M. - Failure of safety / relief valves to open.

P - Failure of safety / relief valves to reclose af ter opening.

Q - Failure of normal feedwater system to provide core make-up water.

S - Small pipe break with an equivalent diameter of about 2"-6*.g

3 - Small pipe break with an equivalent diameter of about 1/2"-2".
2

T - Transient event.

U - Failure of NPCI or flCIC to provide core make-up water.

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

W - Failure to remove residual core heat.

3 - Containment failure due to steam emplosion in vessel.

8 - Containment failure due to steam exploston in containment.

Y - Containment failure due to overpressure - release through reactor building.

Y' - Containment failure due to overpressure - release direct to atmosphere.

4 - Containment isolation failure in drywell.,

t - Containment isolation failure in wetvell.

4 - Containment leakage greater than 2400 volume per cent per day.
.

rl - Reactor building isolation failure.

8 - Standby gae treatment system failure.

KEY TO TABLE III.B.3.
*

,
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1/100 years or greater. Similarly, the probabilities of failure
,

of safety devices can be measured with reasonable reliabilllty if
they are of the order of one percent or greater. Thus if we can
believe An the independence of events with as many as three
safety system failures with probabilities of these magnitudes, it
appears that we might discuss frequencies as small as 10-8 per ,

year with some degree of confidence. Often the results are
expressed as prooability 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
calculational and engineering design effort is expended in an
ondeavor to ensure this independence. However, in the actual
performance of probabilistic risk analyses, analysts can, and do,
evaluate cases in which dependent relationships exist among ',

individual steps. Though the evaluation of interstep

dependencies may be difficult, independence 14 not a prerequisite
for such probabilistic analyses.

The risk to the public is a combination of the frequency of
the occurrence of adverse events (e.g., as calculated in the RSS)
and the magnitude of the consequences of the event. The
magnitude of the consequences in turn, depends upon the amount of
radionuclidos released (the " source term" studied here), the

transport to the public, and the specific biological hazard
induced by the radioactive exposures to the population. RSS was
the first study to make a significant attempt to use realistic
scenarios to define the probability and cont- ,uences of the
accidents investigated. However, oecause of uncertainties in

physical models of the processes involsed 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
scientific community.

III.B.2. Risk Stanificance of RSS Accident Secuences

The results of the investigations of source terms and
accident sequences by the Reactor Safety Study are presented in

Tables III.B.1, 2 and 3. (NRC, 1975, Main Report, pp. 78-82).
*

Table III.B.1 presents the RSS source terms in the columns

1abeled " Fraction of Core Inventory Released" as a function of
the pWR and BWR release categories listed in the first column. In
Table III.B.2, the nine representative pWR release categories are

*
related to the principal accident sequences associated with them.
Each of the alphabetized sequences represents a particular
accident scenario whose composite elements are described in the

backup key to the accident sequence symbols on the following
page. The greek symbols at the end of the alphabetical sequences

indicate containment failure mechanisms associated with the

sequences. For example, TMLB'-4 symbolizes an accioent initiated
by a transient event (T) for which there is a failure of the
secondary system relief valve and the power conversion system .

(M), plus failure of the auxiliary feedwater system (L), and
fatlure to recover electric power within one to three hours of

III.B. Sequence Selection
!

L
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the initiating event (B'), and with containment failure stemming
,

from overpressure (4). The principal BWR sequences are defined
in Table III.B.3 and the key to their alphabetical descriptions
presented on the page following that table.

* Estimates of the prooabilities that individual sequences will
occur during any given reactor-year are presented below each of,

| the contributing sequences in Tables III.B.2 and III.B.3. The
probabilistic results are summed for the major types of

| initiating events considered in the sequences: large and small
'

| loss-of-coolant-accidents (LOCAs); reactor vessel ruptures:

( interfacing system LOCAs; and transient events. Overall
| summations of RSS estimates of accident sequence probabilities
'

for the various release categories are presented at the bottom of
,

Tables III.b.2 and III.B.3.
,

i From a scan of the accident sequences and associated release
| categories shown in Tables III.B.2 and III.B.3, it can be seen

that a few sequences dominate the tabulated probabilities. The
probabilities of contributing pWR sequences are dominatec (for
all release categories) by about eight sequencea. The
probabilities of the sequences.in the pWR 2 release category are
dominated by the V (4 x 10-6) and TMLB'-6.(2 x 10-6) sequences.
These two sequences represent 754 of the total median probability,

! for the PWR 2 release category. The PWR 3 release category is
dominated by the single accident * sequence, S2C-4 (2 x 10-6). The
probability of this single sequence represents one-half of the
total probability of the pWR 3 release category (4 x 10-6). In
release category PWR 7, the probabilities are dominated by the
S D-epsilon (or 51H-ops 11on) (3 x 10-6 each) and the similar! 1

| 52 -eps11on (or S2H-epsilon) (il x 10-5 each) sequences, as wellD
as the transient sequences such as TML-epe11on (6 x 10-6). 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 10-5). Considering all eight of these
sequences from'the PWR 2, 3 and 7 release categories, their
collective probabilities represent two-thirds of the overall
median probability of core melt accidents shown in Table III.B.2.

If we assume that the source terms shown in Table III.B.1 are.

correct, it is clear that the fission product release fractions
associated with the PWR 1, 2, and 3 categories far exceed the
source terms of other PWR release categories. From Table
III.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 structure by an interfacing system LOCA
(the V sequence), or through containment building ruptures
resulting ?* rom steam explosions, or over-pressurization .from
hydrogen turning, or simply failures because of excessive steam
pressures. The V sequence for containment bypass represents the
failures of the check valves between the low-pressure injection;

system (LPIS) of the emergency core cooling system and the
primary side of the reactor coolant system. The LPIS is located .

outside of the containment structure, and connected to the
primary system by a pipe running through the containment well.

III.B. Sequence Selection

.
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If the check valves fail to function, the low-pressure injection .

system (designed for 600 pai pressures) may suddenly be subjected
to the 2500 pai operating pressures of the primary system.
Immediate failure of the LPIS piping outside the containment
structure is assumed to occur if the check valves fail. Release
Category pWR 7, on the other hand, is associated exclusively with *

the containment basemat molt-through mechanism (the so-called
" China-syndrome" scenario). It should be noted that the source
terms associated with such failure mechanisms are very small

*compared with those of the pWR 1, 2, and 3 categories with their
above ground containment failure mechanisms. The source terms
for basemat melt through failure mechanisms are small because the
ground into which the fission products are released is a very
effective filter. Release Categories pWR 4 and 5 are exclusively _

associated with above ground releases resulting from electrical -

and mechanical penetration failures. These forms of containment'

failure mechanisms have been associated 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 that 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 these
three release categories, the public health consequences
associated with their source terms have been calculated to be no
much larger than those of other categories that 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
$ C sequences.2

A similar assessment may be made of the dominant BWR accident
sequences for the RSS shown in Table III.B.3 as a function of
associated release categories. The probabilities of sequences
for release categories BWR 1, 2, and 3 are dominated by the
transient TW and TC sequences. A review of the results presented
in Table II. E. 1 indicates that the source terms associated with *
release categories BWR 1, 2 and 3 are roughly comparable an
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 evolved
that effect 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) (Molaczkowski, 1983) is
attempting to formulate updated LWR accident probabilities. Some
of the important rebaselined sequences (including new sequences) -

are shown in Table III.B.4 for Surry (PWR) and in Table III.B.5
for Peach Bottom (BWR). We note that the probability for the

III.B. Sequence Selection
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'

TMLB' has increased, 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
monitoring of Low Pressure Injection System (LPIS) check valve --

O a better probability value would require a plant-specific
re-analysis). Two new sequences were added for Surry; TXMU and

S3D. The letter represents a small LOCA caused by a Reactor
Coolant Pump (RCP) seal leak.

,

However if, as noted later in the report, a TMLB' sequence
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

Insection. The reduction in TW sequence probability reflects
reduction in the non-recovery factors and a decrease in the
offsite power non-recovery. The new sequence TB is a variation
of the TQUV sequence with the addition of station blackout.

III.B.3. Basis for selection of scenarios for Source Term Stuging

An NAC study (Gieseke et al., 1984) has been conducted to
upgrade source term definitions using the advanced codes and
models of the physical processes occurring during core melt
accidents that have been developed since the Reactor Safety Study
was completed. The NRC's investigators have selected accident
sequences and specific plants for analysis which involve a
considerable range in physical conditions. In the selection
pro s43 for the sequences, analysts have included potentially
h4 .ru., large-consequence accident sequences for the plants

* (in an apparent attempt to, bound the probable range of interest
for physical processes and design characteristics of nuclear
plants).

The specific plants and sequences that have been chosen for.

the current NRC study are as follows.

o Surry (a Westinghouse pWR - 822 MWe with a large, dry-

subatmospheric containment): AB, TMLB', S D, V (Gaeseke et al.,2,

1964, Vol. 5)

with a Mark Io Peach Bottom (a GE-BWR 1065 MWo- -

containment (light bulb and torus design)): AE, TC , *.' W (Gieseke
et al., 1984, Vol. 2)

with a Mark !!!o Grand Gulf (a GE-BWR 1250 MWe- -

containment (utilizing a most & weir type suppression pool 3)! TC,
TQUV, TPI, S E (Gieseke et al., 1984, Vol. 3)2 ,

III.B. Soquenen Selectaen
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Teole III.B.4

Immortant Surry Re-Baselined (Revised) Results
(after Kolaczkowski. 19832 Annendix D. Table M e

|

| Egguencg 835 Freauency Re-Baseline Frea m

TMLS 3.3 x 10-6 2. x 10-5 ,

TML 6. x 10-6 4, x 10-6
V 4. x 10-6 < 1, x 10-6
TXMU (new sequence) 1. x 10*S
53D (new sequence) 9. x 10-5 .,3
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Table III.B.5 -

Innertant Peach-Botton Re-Baselined Results
(after Kolaczkowski. 19831 Annendix H. Table H.2)

e
Seauence RSS Freauenev Re-Baseline Freauency

TW 1.5 x 10-5 3. x 10-6
o TOUV 4.9 x 10-7 2. x 10-7

TB (now sequence) 8. x 10-6

.

.

. .

.

,

f
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l
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l
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with a steelo Sequoyah (a Westinghouse PWR - 1148 MWe - .

shell, ice condenser containment Creinforced concrete, seconcary
S2 F, TML, TMLB' (Gieseke et al.,Hcontainment / shield building)

1984, Vol. 4)

o Zion (a Westinghouse PWR large, dry, '1040 MWe --

SD (Gieseke et al.,reinforcea concrete containment): TMLB', 2
1984, Vol. 6)

'The details of some of these sequences are discussed in
Section III.C. Here we consider the criteria for their
selection.

.

It should be noted that the Surry and Peach Bottom units were
,

the specific plants used in the RSS (NRC,1975) to model " typical" -

U.S. nuclear power plants. As noted above, the current NRC
nelection embraces a larger, more representative variety of
plants and facilities than was included in RSS. Although the RSS

,

analyzed a much larger set of accident scenarios than is being'

evaluated 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 and source terms might be conducted.

In the selection process, it appears that the Surry and Peach
Bottom plants were selected for reanalyses so that the RSS could
be used as a basis 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

SD event washigh probability - very high risk events. The 2
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 a significant contributor to the public health riska
derived in the RSS. The AB sequence (though found to be
relatively low in probability in the RSS) may logically have been
selected because it is representative of an event in which all

the reactor cooling water is lost rapidly and early in the
sequence. As a result, core melt is calculated to occur
relatively rapidly in the AB scenario. In the TMLB' sequence, on' ,

the other hand, a very long time is projected to be required
before core uncovery, In this sequence, the decay heat removal
systems are assumed to be inoperative, leading to excessive
temperatures and pressures in the reactor coolant system. As a ,

result, the reactor coolant is esiculated 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
potentially high risk 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 Bottom
facility may have been Justified on a similar basis. The TC & TW
scenarios were found to be relatively high probability, high risk

III.B. Sequence Selection
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contributing sequences in the RSS. The AE scenario, on the other
*

hand, was shown to be a relatively low probability event but it
was also projected to be a potentially high consequence
contributing sequence. Again, the basis for selection of the
large LOCA (AE) sequence may have been that such events appear to
represent cases of rapidly progressing core melt scenarios fore

evaluation--when compared with the relatively slow characteristic
core melting times of transient induced sequences such as the TC
& TW 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 more 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 released during core melt processes
would have to pass through the suppression pool under most

even if the external containmentconceivable circumstances --

structure itself were projected to fail. Thus analysts have
anticipated that source terms for Grand Gulf would probably be
smaller than those of equivalent sequences for the Peach Bottom
(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 suppression pool as a filter for fission products if the
fluto in the pool was in either nonboiling or boiling condition
as a result of the sequential events of the several accident
scenarios ceang evaluated.

Consideration of the newer aspects of BWR designs embodied in
the Grand Gulf facility required analyses of seversi additional
accident sequences (Tp!, TQUV, and S2E). The TPI sequence is a
slowly progressing scenario similar in time scale to the TW
sequence for peach Bottom. Initially, the TOUV sequence
progresses rapidly (much like the TC sequences) but analysts have
evalustao the sequence under the assumption that a suppression
pool cooling system is functional throughout the accident. (In
the TC & TW sequences, the RSS analysts assumed that the
suppression pool was boiling at the time of core meltdown,,

thereby reducing its filtering effectiveness. This assumption is
also part of the current scenario analysis.8 In the S E sequence,2
events are calculated to progress rapidly, and an early drywell
containment failure is assumed to occur so that some fission.

products may bypass the suppression pool. Otherwise, the S E2
sequence is not dramatically different from tne TQUV sequence in
the timing of the core melt related events.

Each of the Grand Gulf sequences (TC, TQUV, TPI, and S2E) was
determined to have a significant individual contribution to the
overall accident probabilities an a PRA conducted for the plant.
In a subsequent rebt.selining of the frequencies of risk
contributing sequencen (Molecukowski 1983), these Grand Gulf ,

events retained their significance, with rebaselined
probabilities comparable to the original Peach Bottom (NRC, 1975)

!!!.B. Sequonco Selection
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i
4

TC and TW sequences probabilities shown in Table III.B.3. *

In addition to the Surry plant, other pWR containment designs
were also considered by the NRC in their current study. The,

j Sequoyah plant was analyzed in order to study the modelled
f fission product filtering effectiveness of a facility that uses *

Ace (stored permanently in the containment building) to condense
the steam from a DBA-LOCA. Distributed about the perimeter of the,

; Sequoyah's steel shell containment structure are 2.45 million
*

I pounds of ice held in a tubular, cylindrical strucure, nearly
! 60-ft high and about 14-ft wide, supporting a collection of ice

| oaskets. Theoretically, the ice in the Sequoyah containment
would perform a function similar to that of a suppression pooli

i for's BWR, condensing and filtering the steam that passed through ni
it following a LOCA. However, the effectiveness of the ice beds *

1 t for filtering fission products released in a severe reactor
'

f, accident is somewhat uncertain, since there has been no study of
tne extent to which channeling of the steam flow in the ice beds

| (ano hence preferred, unfiltered pathways) would occur during the
.

elowdown period of the accidents.
!

The TMLB' sequences for Sequoyah and Surry are very similar1

l 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

1

! (i.e., recirculation fans, containment sprays, and hydrogen
ignitors) are all assumed to be operable -- wnereas in the TMLB''

sequence, the station blackout assumption (B') results in the :
) unavailaellity of all. tnese safety features throughout the

duration of the accident. In Sequoyah, the S2HF sequence is
initiateo by a small breax in tne reactor coolant system. The
emergency core cooling and containment spray systems are assumed
to function in the injection mode for this sequence, but fail
during the recirculation mode due to a common mode failure. The

z
consecuences of tne Sequoyah S2HF sequence are potentially more
severe than ene S2D sequence in the Surry plant. A

Sequoyan-specific pRA suggested tnet an S2 F sequence mightH;
result in a Category 3 or 4 release whereas the S D sequence in2

f Surry is associated witn a Category 7 release (ci, Table
III.B.1). The revised estimate of the probacility of the S HF2 , ,

.

"

sequence's occurring was determined from the Sequoyah PBA to ce
; about 3 x 10-5, which made it one of the most prooable sequences

,

analyzed (Kolaczkowski, 1983).'

4 *

As a study group we believe that the process of selection of

accioent sequences for essessment will have a very significant

! 1mpact on resulting projections of source terme. We acknowleoge
1 that choosing sequences for analysis from among the more procaole
: acenarios leading to core melt is an appropriate selection

criterion. We recognize that it is important to have a realistic
,

; understanding of the effectiveness of the ungineered safety
j features in reducing released fission products. Hence, we

,,

,

acknowledge that attention should be given to sequences where the
j engineered safety features are operational. However, we believe

j that when a limitud number of scenarios is being evaluated,
I

4 r

i

i
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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 if the chosen sequences appear to be somewhat
lower in 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 S C sequence for Surry2
2x 10-6 .. but was(which had a relatively high probability --

projectod by RSS (NRC,1975) to lead to much larger releases --

* Category 3 than the S D sequence2 a Category 7 event that is-- --

currently under review).

We find no other particular problems with the NRC's selection
,

of the accident sequences that have been made available to us for
review. However, we recognize that the number of sequences ]
evaluated as relatively small when compared with the sequences
considered in the RSS. The number of sequences that has been
analyzed as not sufficient to reestablish the existence of source
term release estegories such as those utilized in RSS. With--

the relatively small number of sequences examined, it as
difficult to be sure that those that have been selected 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 at as 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 reactor accident source terms. Further,-

to tne extent tnat 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
risk dominant.

Nevertheless, we believe that the physical concepts,
analytical methods, and numerical procedures or codes associated
with the more nignificant core melt physical phenomena have been
exercised in most of their critical modos in the sequences that
ue have examined. The study group's evaluation of the
effectiveness of these concepts, methods and procedures as they,

are utili wd in analyzing core melt and fission product release
phenomena will be discussed in Sections IV.A.6 and IV.B.3

i respectively.
.

.
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L III.C. Soecific seauences .

III.C.1. Detailed Descriotion 9f the TMLB' Seouence

! In Taole III.C.1, a description is presented of the time
TMLB'

! sequence of events for a specific accident scenario -- .--

calculated for a specific reactor (Surry) (Gieseke et al.,*

i 1983, Vol. V). The parameters and events of this important

sequence are further illustrated in Figures III.C.1 to III.C.7'

that have been-reproduced (with some editorial comments of the a

study group added) from the referenced document. This set of' "

figures will be used later in this report to emphasize additional- -

features associated with source term calculations.
,

-,

| Figure III.C.1 shows a containment pressure-time trace of the t

| TMLB' scenario. In Table III.C.1, a corresponding list is
,

! presented of the physical phenomena and their characteristics as
they are associated with the features shown in the pressure-time'

trace. At tso, a transient is assumed to occur that initiates the
,

accident at the plant. As implied by the alphabetical sequence
;

! descriptors for the event' failure of the secondary steam relief
valves, the power conversion system, the auxiliary feeowater'

system, and a continuing station blackout (without recovery of
j onsite or offsite power) is postulated in this scenario. As a

result of the failure of the auxiliary feedwater system, and the*

continuing release of decay heat of the fuel, the secondary

p system water begins to boil away almost immediately after the
' accident is initiated. At 67.5 minutes the steam generators dry

out.'

.

! The heat transfer from the fuel rods to the primary coolant

| water is governed by " pool boiling" this mode of heat transfer

is understood well enough that the steam generation rates, first;-
f in the secondary system and then in the primary system, can be
I calculated reliably from the decay heat in the core. Only a

; anell amount of the heat goes into increasing the temperature

! of the primary system piping. Since the pipes are well insulated
| to prevent losses to the surrounding containment volume in

( ordinary operation, heat losses in this accident are also ame11.
I *

! The time (ts) at which the secondary system dries out is

! given approximately by:

'

de *

Qd dt a p htg Vac + insulation losses (III.1)
,..

t

a

where Qd * decay power
,

! Vac * volume of liquid in the secondary side of the steam
' - generators

p * density
latent heat of evaporation at the steam generator

[ hig a

! relief valve set point of about 7,6 MPa (1100 psia) -

|
a

i
j

,
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.

Table III.C.1

Thermal Hydraulic Scenario for the TMLB' Event
o

..................................... .........................
Event Time tains.)

, ...............................................................

Transient Occurs 0.

Steam Generator Dry 67.5-

' Pressure Surge Lane Uncovers
(steam enters containment ano slowly
condenses) 85 -

Core uncovers 95.5
Core melt starts 118.3
Core starts to slump,

(surge of stees to containment) 146.3
Core collapse 147.3

'

Pressure vessel dry out 152.7
Bottom Head Falls 157.3

(Molten cortum enters containment
temperature rises, pressure rises, then
steam slowly condenses although steam--

generation continues for more than
an hourt

Corium quenches 159
Cavity dry (steam generation stops) 214.9
Core reselts and attacks concrete 269.9
Basemat melt-through a 738,2

...............................................................
* If casemat melt-through does not occur, the pressure will

'

continue to rise until the containment fails.
,

o

.

.

.

.
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For this purpose we shall use the simpitfied equation for Gd .

that was used in Appendix VII of the Reactor Safety Study (NRC.
1975),

Qd = 1.20 (Qo x 0.0766 t-0.181) 10 < t < 150 s
1.20 (Qo x 0.130 t*0.283) 150 < t ( 4 x 10 a *=

A multiplication factor of 1.20 is included here to account
roughly for the decay heat from the actinides.

d

! The mass of water in the steam generator in 1.4x105 kg and is at

a pressure of 6.89 Mpas the heat of vaporazation, hfg . As

1512 kJ/kg. The energy required to vaportze this water is. thus.
2.13 x 103 MJ. -

j.

t

Qd dt = -1.88 Qo * C.217 Qats0.717
= 2.13 x 10S MJ

For Go = 2441 MW we find
ts = 69 min.

As a consequence of the drying out of the steam generators, no
heat sink is subsequently available for the removal of the heat

which continues to evolve within the primary system. The
containment temperature (Figure III.C.3) and pressure (Fagures
III.C.1 and III.C.2) begin to rsse slowly at the onset of the
accident. After the secondary system dries out. the pressure an
the . primary system rises until it exceeds the pressure relies
valve set point. Then the steam enters the the containment
through the pressurizer quench tank. The containment as then
heated by the release of the primary system steam.

The time (t2) at whtch the core uncovers is given oys

di
d dt = p hig Vpu. Cv T+ insulation lossesa

,

*

where Vpu * the volume of the primary above top of the core.
Heat capacityCy =

AT e is the temperature difference between operating
temperature and boiling temperature at the relief ,

valve setting.

The insulation heat losses will elevate containment
temperatures a small amount and increase ti and t2 slightly.

The mass of water in the primary system in 1.94x105 kg, Of
this. 1.29x105 kg must be lost to uncover the core. Decause of

the PWR system geometry about 1.04x105 kg of liquid water is
forced through the relief valve before steam leaMage begans. The -

amount of liquid water converted to steam is the amount forced
through the relief valve as steam plus the amount of steam

III.C. Spectiac Sequences
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I required to fill the volume vacated by the liquid water forced

|
through the relief valves this amount is 4.82x104 kg. The energy

= 830 kJ/kg) is! required to vaporize the water (with hfg
1 4.35 x 104 MJ. Ignoring the sensible heat of the water (the

second term in the above equation),o

! bi
| Qd dt -84.7 Qo + 0.217 Qo t20.717=

0
a

= 4.35 x 104 MJ

=> t2 = 90 min
.

These approximate results of 69 min for ts and 90 man for t2 *

compare favorably with the computer preaiction (see Tacle
III.C.1) of 67.5 and 95.5 man. Therefore this approximate
calculation seems to provide an adequate physical representation

f of this sequence during the no11off stage, and the full
calculation with all the corrections, seems reasonable.

For a small pipe break, in which the blowdown and bo11off are
occurring simultaneously, the phenomena are more complex. The
time to core uncovery is then determined by the properties of two
phase flow which it is then important to describe accurately.
Such accidents are analyzed in, e.g., the 52D sequence in Vol V
of BMI-2104.

The precise amounts of heat and gas in the containment are
sensitive to the details of the thermal hydraulics, core molt,
fission product deposition within the primary system, the core
concrete interaction, etc. In the following paragraphs, we
present a " scoping" calculation which roughly gives the values of
the temperature and pressure in the containment without knowing
these details. Data are taken from Table III.C.2 and steam tables
(Keenan et al., 1978). The results of the calculations are
presented in Fig. III.C.8 as an overlay on a graph of the
computer calculations given in Gieseke (1984).

As indicated above, 1.04x105 kg of water goes into the*

containment with the specific enthalpy of saturated water at the
pressure reiset valve set point, 1666 kJ/kg. Since this is not
enough for all the water to flash into steam, the amount of water

* ending up as steam can only be found by trial and error using the
specific heats and steam tables. The result is that 574
(5.93x104 kg) of the water is in the form of steam and the 'pressure la

pate 0.205 Mpa (29.7 paia).

The pressure surge line uncovers at approximately 85 minutes
after the accident as initiated, the pressure in the reactor

*

pressure vessel reaches the relief valve actuation level and
*

steam is rapidly released to the containment as the primary

III.C. Spectfac Sequences
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TABLE III.C.2 .

M y_of Data for Surry TMLB'

Containment Volume 5.1x104 m3 .

NORMAL OPERATING CONDITIONS:
A

H2O in Reactor Coolant System 1.94x105 kg c4.28x105 id;
Pressure in Containment 6.9x104Pa (10 pala)
Temperature in Containment 311 K (380C)
Mass of Air in Containment 3.96x104 kg
Pressurizer Release Valve Set Point 16 MPa i

CONDITIONS AT SURGE LINE UNCOVERY,(85 min):

Liquid H2O Remaining in Pressure Vessel 6.85x104 kg (1.51x105 1o3
Steam Remaining in Pressure Vessel 2.15x104 kg (4.72x104 lb)
H2O Rolesed as 11gurd to containment 1.04x105 kg (2.29x105 in)

CONDITIONS AT CCRE UNCOVERY (95 man): -

Liquid,H2O Remaining in Pressure Vessel 3.98x104 kg (8.77x104 lb)
Steam Romaaning in Pressure Vestel 2.51x104 kg (5.5x104 lb)
H2O Relesen as steam to containment 2.50x104 kg (5.51x105 lb)
Temperature in Containment 369 K
Pressure.in Containment 0.172 MPa (24.9 paia)

CONDITIONS AT START OF FUEL SLUMP (146 min):

Liquid H2O Remaining in Pressure Vessel 2.44x104 kg (5.37x104 lb)
Steam RemainAng in Pressure' Vessel 2.10x104 kg (4.61x104 lb)

CONDITIONS AT CORE COLLAPSE (147 min):

Liquid H2O Remaining in Pressure Vessel 2.18x104 kg (4.79x104 lb)
Steam Remaining in Pressure Vessel 1.84x104 kg (4.05x104 lb)

*

CCNDITIONS AT BOTTOM HEAD DRY OUT (152 min):

Liquid H2O Remaining in Pressure Vessel 8.86x103 kg (1.95x104 lb)
Steam Remaining in Pressure Vessel 2.23x104 kg (4.9x104 lb) ,

Temperature in Containment 377 K
Pressure in Containment 0.205 MPa (29.8 psia)

.
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CONDITIONS JUST PRIOk TO VESSEL FAILURE (157 min):
.

Liquid H O Remaining in Pressure Vessel 8.86x103 kg (1.95x104 lb)2
Steam Remaining in Pressure Vessel 2.2x104 kg (4.9x104 lb)
H2O in accumulators 7.9x104 kg
Temperature of Accumulator H O 322 K2.
Temperature in Containment 375 K 1

Pressure in Containment 0.197 MPa (28.6 psia) I
Temperature of Core 2,550 K

o
COMPOSITION OF CORE:

Comoound Eggg Heat Cacacity Internal Enerav

UO2 79,630 kg 2.97 x MJ/K 0.95 MJ/kg -

2r 6,690 kg 2.4 x MJ/K 0.93 MJ/kg -

ZrO2 13,210 kg 7.9 x MJ/K 1.53 MJ/kg
Fe 34,140 kg 13.7 x MJ/K 1.02 MJ/kg

ASSORTED ENERGIES AFTER VESSEL FAILURE:

Remaining in Melt 1.26 x 105 kJ
Accumulator H2O o.16 x 105 wJ
Steam in containment 1.61 x 105 kJ
Total 3.03 x 105 kJ

MISCELLANEOUS CONSTANTS:

Gas Constant for Air 0.286 kJ/kg-K
Specific Heat of Air (Cv) 0.718 kJ/kg-K

10-5 bar = N/m2 = 1.45 x 10-4 pai1 Pa =

e

,

e

.
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system pressure relief valve is actuated. The remaining 2.51x104 .

kg of water emerges as s*r.am through the pressure surge line as a
result of the repeated activation of the relief valve until at
95.5 minutes the core uncovers. The specific enthalpy of
saturated steam at the pressure release valve set point is
2.57x103 kJ/kg. If the steam were released quickly, so that there a

was no time for conduction to the walls, this would result in
8.44x104 kg of steam filling the containment with an internal
energy of

a

U = 0.57 x 1.04x105 x 2500 + 2.51x104 x 2570 = 2.15x108 kJ

or a specific internal energy of 1.78x103 kJ/kg and a specific
volume of -

.

51,000 m3 s,44xio4 kg =0.604 m3/kg/=vat

Again, this is not enough energy to maintain the water as steam

and some must condense; this time, 63% of the H2O remains as
steam and the resultant prassure and temperature are

0.185 MPa (26.8 paia)=pat

0.087 MPa (12.6 psia)=pair

0.272 MPa (39.4 paia)=ptot

391 KT =

The water and stecia are actually emitted over a period of
approximately half an nour and there is time for heat transfer to
the walls. As- a result the pressure is predacted (Figure
III.C.1) to decline gradually after peaking at about 0.2 Mpa (29
psia).

Subsequent to core uncovery, the remaining water in the
pressure' vessel boils at a lower rate, (ano tne core heats up
rapidly). The steam already in the containment condenses upon
various surfaces leading to the fall in containment pressure
shown on Figure III.C.1 at times between about 100 and about 150-

*
minutes. This can also be seen clearly in the plot of tne partiai
pressures of gases and vapors contributing to the overall
containment pressure as shown in Figure III.C.2. During this
time, the fission product decay heat is augmented by heat from

*
the zirconium-water reaction. At 118.3 minutes the core begins
to melt -- an event carely reflected in the containment thermal
hydraulic parameters shown. Of course, a plot of fission product
content within the reactor pressure vessel woulo be expected to
show the effects of the onset of core melting more significantly.
At 146.3 minutes, the core begins to slump to the bottom of the

reactor vessel (causing rapid boiling of the remaining water
there and sending a surge of steam to the containment vessel).
Approximately one minute later, the remainder of the core is -

predicted by the computer calculations to collapse into the

bottom head.

III.C. Specific Sequences
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"

About ten minutes after the core collapses, the reactor
pressure vessel fails, and the molten core, together with the
melted remains of the vessel internals and core support structure
(a mixture called "corium" in the Jargon of the trade) fall to

* the concrete floor of the reactor cavity. What happens then is
uncertain, but in this particular calculation, it is assumed that
water is released by the passive elements of the emergency core
cooling system as the reactor pressure vessel fails and the

* pressure in the primary system is rapidly reduced. This
relatively large quantity of water (about 7.9x104 kg) is
discharged into the reactor cavity onto the melt, where it boils
away rapidly until the corium is quenened (solidified). This
rapid steam evolution process leads to a significant pressure
rise in the containment which may be separated into two ,.
components: 'the first (Ap = 0.12 MPa (17.4 pala>> from the steam
released from the vessel at reactor pressure vessel failure, and
the second (AP 0.13 MPa (18.4 paia)) from the steam produced by=

debris quench. The two components together contribute to a peak
total containment pressure of 0.44 MPs (64.4 psia).

Since the time scale is shorter, these pressures can be
roughly understood by simple calculations as follows:

At the time of core collapse, the temperature of the
containment is predicted by the computer codes to be 369 K (Table
III.C.2). The pressure of the air at that temperature is

0.069 (369/311) = 0.08 MPa (11.6 paia)Pair =

and saturated steam has a specific volume of 1.91 m3/kg and a
pressure of .088 MPa for a total pressure of

Pat Pair ' O.168 MPa (24.4 psia)*

compared with the computer prediction of 0.172 M Pa. There are
2.67x104 kg of water remaining in the containment51,000/1.91 =

as steam.

Between core collapse and vessel dry out, 0.9 x 104 kg of,

saturated steam are released to the containment at the pressure
relief valve set point.

This results in a total of 3.58 x 104 kg of steam with an, ,

internal energy of 6.68x107 kJ from the steam originally present
and an additional 2.34x107 kJ carried by the steam from the
vessel for a total of 9.01x107 kJ. This amount of energy is

j sufficient to supq;'est the steam slightly. The specific volume
is 1.4 m3/kg and the iemperature and pressure are given by

- T= 383 K

and .

0.208 MPa (30.1 psta)ptot Pat == * pair

|

'
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.

At the time of vessel failure, 0.886x104 kg of liquid HO2
and 2.23x104 kg of steam remain in the vessel. When the vessel
fails the calculated temperature in the containment is 375 K. At
this temperature the containment can hold 3.26x104 kg of

'saturated steam, the remaining steam having condensed. The total
amount of water is then

Mwater = (3.26 + 3.12)x104 = 6.38x104 kg
.

with a total internal energy of

1.54x108 kJUtot =

or 2.41x103 kJ/kg is the specific internal energy. J

0.799 m3/kg,At this specific volume, 51,000/63,800 =

saturated steam has a temperature of 396 K, a partial pressure of
3 kJ/kg. The0.22 Mpa, and a specific internal energy of 2.53x10

air pressure is 0.088 Mpa for a total pressure of

-ptot = 0.308 Mpa (44.6 paia)

An additional 120 kJ/kg or O.75x107 kJ is required to keep the
steam from partially condensing. We assume that this heat is
supplied by the molten core which is at a temperature of 2,550 K

with an internal energy of

= 1.37 x 105 MJM nti

and the required heat is about 54 of that available.

This estimated pressure is somewhat less than the 64.4 paia
of Figure III.C.1. This, however, is not the end. possible

scenarios include:

(a) The accumulators will dump their water when the vessel
depressurizes. If that water drops on the molten core, it will
boil, cooling the core but adding steam and pressure to the
containment. ,

(b) Alternatively, the molten core may be sprayed into the
containment under. pressure forming a fine aerosol which directly
heats the air-steam mixture in the containment. -This results in ,

h,igher pressure (the accumulator water then dumps onto thea
containment floor and does not immediately cool the containment).

The actual pressure in the containment depends upon the
amount of 2r - oxidation -- whether the process proceeds through

Zr + O2 or 2r + H2O -- the rate at which heat is removed from the
containment, and the rate at which the melt is quenched. These
all depend critically on assumptions regarding how the melt is

ejected from the pressure vessel and fragmented and, at later -

stages, upon its behavior during the core-concrete interaction.
Both the code calculations and these estimates can only give a

III.C. Specific Sequences
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range of possible values. ~,
l

'In the first case, there is not enough energy in the melt to
boil all the accumulator water. However, tne water can interact

a with tne Zr in the melt to produce additional heat. If all the Zr
reacts, the heat is more than adequate to boil all the water.
However, the amount that actually interacts depends upon the
extent to wnich the the water has access to the Zr: this is
modeled in terms of the fragment size and the codes predict that-

a few percent of the Zr is in fact oxid12ec at tnis stage. In
these calculations, the remaining water is boiled away slowly by
the decay heat. The pressure in the containment derives from the
neating of tne air and steam already present, the additional
steam boileo by the melt, and the H2 9enerated by the reaction, ~

,

2r + 2H O --> ZrO2 * 2H2 616 MJ/xg-mole.2 +

In the absence of the Zr reaction, the amount of water boiled can
only be found by trial and error using the neat capacity of the
core and steam tables. The result is tnat about 4.47x104 kg of
accumulator water can be boiled by the neat in the melt. The
various energies availaole are shown in Table.III.C.2.

The 1.09x105 ag of saturated steam in 5.1x104 m3 have a
m3 xg, at a pressure of 0.393 MPaspecific vol. of 0.470 /

(56.9 psia), a temperature of 416 K. At this temperature, the air
pressure is

0.069 (416/311) 0.092 MPs (13.3 paia)pair = =

and the total pressure is

pst Pair 0.485 MPa (70.3 psia)ptot = * =

In this scenario, we expect that the zirconium oxication and
the decay heat of the melt will continue to heat the saturated
steam atmospnere of the containment; however, they should'not do
so rapidly on the time scale of removal of heat to the walls.
Indeed, snis estimate of the containment pressure is already in.*
excess of the computer code preciction, presumaoly because of the
losses.

The alternative scenario in which the melt is sprayed as an,

aerosol into tne containment results in the direct heating of the
original air ano steam. The energy available is now 2.91x108 kJ
(Table III.C.2) since tne accumulator water does not participate.
From Taole III.C.2 tne heat capacity of the melt is 2.7x104 kJ/K,
hence the internal energy of the melt may be written as

1.37x105 2.7x104 (T - 2550) kJUp,1t = +

6.82x107 2.7x104 T kJ
_

= +

ano, using the steam tables, one finds that the temperature is
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T = 793 K -

and

0.46 MPa (66.6 psia)=Pst
.

0.176 MPa (25.5 psia)0.69 (859/311) ==Pair

or
.

Ptot = 0.64 MPa (92.7 psia).

The 2r is now in the form of an aerosol in the containment
and may be oxidized directly, -

2r + O2 --> 2rO2+ 1,100 MJ/kg-mole

releasing 807x107 kJ. The temperature is then given by the steam
tables to be,

T= 1.34x103 K

and,

0.773 MPa (112 paia)=Pat

Pair = 0.297 MPa (43 psia)

1.07 MPa (155 paia)=Ptot

This should be compared with the design pressure of the
containment, about O.41 MPa~($9 paia) and the expected failure
pressure, about 0.925 MPa (130 paia) [ Table III.F.11.

In addition, the iron can also oxidize, [ Handbook of Chemistry
and Physics)

2 o.,.7 279 MJ/kg-mole1/2 0 --> Fo 00.947Fe + +

and the 34,140 kg of Fe can oxidize to generate 4.93x107 kJ ,

(there is only enough 02 to oxidize about 27% of the Fe). An
interpolation of the steam tables yields the result that- the
pressure in the containment could reach, if it did not fall
first, 1.32-MPa (191 psia). Of course this most pessimistic .

number assumes that all the core fragmented into an aerosol so
that heat transfer and zirconium oxidation are complete. This is
generally considered to be highly unlikely.

The details of the computer programs also toll us how much
heat is transferred to the walls during the period of melt
through and core ejection. This transfer occurs on a time scale
of about an hour; hence it may be neglected during processes

~

which complete within a small fraction of an hour but not over
longer times.

III.C. Specific Sequences

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



page 71

The core cebris lying on the floor of the containment will -

renest as a consequence of the radioactive decay, melt anc cegin
to attaca the concrete floor. As a result, gases are given off
which. .ti the containment is still intact, will further loac the
containment and may eventually cause it to fail. The process*
depenas on the rates of attack, wnich in turn cepend on how tne
deorts is distributec. The effect on tne containment is a calance
among the rate at which neating takes place, gases are evolvec,
anc heat is dissipated throughout the containment. We nave not,

attempted to estimate tne resultant pressures.

We now return to tne computer calculation for the remainder
of tne discussion.

-

Given the detailed scenario used in the computer coces, aoout -

3.3xlO4 kg of water remain on the cavity floor that was not
evaporated in the corium quenching process. Tnis water continues
to boil in the reactor ~ cavity owing to the continued generation
of decay neat until 214.9 minutes, when the cavity is finally
dry. During this time the steam condenses on the walls anc
materials inside the containment slightly faster than it is
prooucec. This leacs to a relatively small drop in pressure to a
value of C.4Mpa (58.6 psia) in the containment. Thereafter, for
a little over an hour after the reactor cavity cries out, the
steam condenses rather rapidly and the containment pressure drops
to about 0.31 MPa (45 pale).

After the cavity is cry, the corium heats up again, remelts,
at 289.9 minutes, and begins to attack the concrete base mat. Tne
noncondensible gases generated in the course of the dissociation
of the cencrete cause the pressure to rise slowly in the
containment. In the particular TMLB*-s scenario shown, the
corium penetrates through the base mat at 738 minutes, relieving
the containment pressure and releasing a portion os the
radionuclides tnat are suspendec within tne containment to
permeate into the soil beneatn tne containment structure (wnich
acts as a very efficient filter against subsequent releases of
fisalon products to the air outside the containment).

* If the reactor case met were substantially, thicker than tnat
of the Surry plant usec in the example, the pressure could
increase within the containment until it failed (either as a
result of leakage through a relatively cmall opening which might

e stab 11=e the pressure, or until tne containment cracxed with a
large hole ano copressurized rapidly). Alternatively, given
aufficient time, site power might be restorec (either from
external sources or oy eventually starting -- or replacing -- one
or more emergency diesel generators) and the pressure might then
be brought within acceptable limits by the action of containment
sprays and fans.

After reactor pressure vessel melt-through occurs at 157.

minutes, the metal-water reactions occurring during tne corium
,

quench generate hydrogen which enters the containment. Still
nore hydrogen and other noncondensicle gases (such as carbon
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monoxide and carbon dioxide) are subsequently generated by the -

core-concrete interaction. Figure III.C.4 shows that for this
particular calculated sequence and in this large, dry containment
structure, the hydrogen ignition point would not be reacheo --

primarily because sufficient steam is generated to prevent the
flammability limits from being reached in the hydrogen-air-steam *

mixture.

Figure III.C.5 shows the total airborne aerosol mass at
*various times after failure of the reactor pressure vessel need.

Just after reactor pressure vessel failure, a large quantity of
core debris is suspended as an aerosol. These aerosols, and
associated- fission products, are calculated to settle out within
a few hours, substantially reducing the airborne density. -

'

However, more aerosols are added after about 200 minutes as the -

core remelta and then begins to attack the concrete. Figure
III.C.6 shows a partial isotopic subdivision of this total mass
of aerosols. Figure III.C.7 shows the quantities of

4

nonradioactive gases present in the containment.
j

By comparing Figures III.C.1 and III.C.5, we see that if the
containment failed at or close to the time at which it was

subject to its highest pressure (at about 158 minutes) it woula
do so close to the time of the highest airborne mass. Therefore,

failure at this time would have tne highest potential for
significant release of radionuclides; such a sequence is

considered in the analysis of TMLB'-4 in BMI-2104 Vol. V. As

shown in Figure III.C.6, if the containment did not- fail until

I several hours later, the airborne densities of Cs and I would
have been substantially reduced from their peak values. Uncer
these circumstances, the principal isotopes available for release
from the containment would be aerosols liberated in the concrete

attack (Te along with "other" radioactive and nonradioactive
materials).

The extension of the above TMLB' scenario description to

other large dry pWRs is straightforward. The calculated
magnitudes and timing of the events would be expected to vary

slightly with different power levels ano containment sizes, but
the general features of the scenario woulo presumably be the ,

same. See for example, the treatment of TMLB' in the Zion plant
as described in Vol VI of Gieseke et al. (1984>.'

,

i

; In some large, dry pWRs the reactor cavity might be more ,

completely filled with water. Such an accident scenario woulo be
expected to proceed along lines similar to the events shown in

Figure III.C.1, but the reactor cavity would not be expected to,

dry out at 215 minutes. Steam would continue to be generated and I

the pressure would also be expected to rise slowly beyond the i

values shown in Figure III.C.1. The core concrete interaction |

would then be expected to occur at a later time. Under such
circumstances, it is possible to develop scenarios in which fewer
radionuclide aerosols would appear in the_ containment building.

-

However, the total quantity of aerosols generated over the time

period of the accident scenario is not as critical a variable for
>
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evaluating source term magnitudes as is the quantity of aerosols
that remains in suspension at the time of containment failure.

For a pWR with an ice condenser containment, the TMLB'
* accident related processes occurring inside the reactor pressure

vessel will oe almost identical to those occurring in a reactor
in a large, dry containment. However, in an ice condenser
facility, the steam emitted a t' 85 minutes would almost

*
1mmediately be condensed. Thus, the initial pressure spike
inside the containment (as shown in Figure III.C.1) would barely
exist. The pressure increase that did occur would be causeo
primarily by transfer of the thermal energy of the accident to
the non-condensible gases within the containment prior to the
accident. Thus, the large pressure spike shown in Figure III.C.1

~

at reactor pressure vessel failure (157 minutes) would start from
,

a lower level, and would undoubtedly be much smaller in
magnitude. On the other hand, the containment vessel has a
smaller volume, which would act to increase the peak pressure
ration for the two containment structures in inverse proportion
to their volume ratios (assuming all other variables remained
constant). More importantly, the noncondensible gases releasec
up to this time in the sequence would be mostly hydrogen. Thus,
as a result of the large quantitles of steam condensed by the
melting ice, the mixture of gases and vapors in the containment
building could possibly be above the flammability limit--and
perhaps the explosion limit--of hydrogen-air-steam mixtures (cf.

! Figure III.C.4). Two variations of the TMLB' sequence are
explicitly considered for an ice condenser containment in Vol IV
of Gieseke et al. (1984).

The modiilcation of the results snown in tne figures for
application to other scenarios is less obvious, but can also be
seen in a general way. If, for example, the primary system in a
TMLB' sequence heated up enough, a loop seal might fail and
release pressure prior to the time at which the reactor pressure
vessel melts through. Under these hypothesized conditions, steam
could enter the containment at an earlier time than shown in
Figure III.C.1 for vessel melt-through. If this occurred, at
could cause a pressure spike related to the initial portion of,

the pressure increase at melttnrough in Figure III.C.1: 1.e..
the increase owing to release of the energetic steam within the
primary system (Ap 0.12Mpa (17.4 para)). Following the=

, release, the steam would then begin to condense ano the pressure
would decrease. The peak total pressure spike that occurreo
thereafter (at the time of reactor pressure vessel failure for

,

this loop seal failure case) would be correspondingly reduceo in
| direct proportion to the effectiveness of the steam concensation

process prior to reactor pressure vessel failure.

III.C.2. Containment Bvoess Seauences

For sequences in which the containment is bypassed (the V -

sequences), tne core must still melt or at least be bacly camageo
to release radionuclides. But the containment cannot act to hold
up radionuclides.

i

|
|
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.

In a typical containment bypass sequence, a valve in a pipe-

leading from the primary coolant circuit through the containment
wall, opens, and the secondary side of the pipe is immediately

j subjected to the high primary system pressure end breaks. Then
,

any radioactivity released into the primary system passes
; directly through the pipe.

However even in this case there will not necessarily be ,

complete release of radioactivity to the environment. Each case
,

is likely to be different. A study of the Surry plant has
! suggested that the pipe would break in an auxiliary building
4 outside the containment where, during accident conditions, the

break would be underwater (Warman, 1984). Then the radionuclides
''

;

would be scrubbed by the water--Just as the radionuclides are
j scrubbed in the pressure suppression pool of a BWR (Section
i IV.C.7). It has been suggested that in the Indian point III

'

reactor the secondary section of the pipe would break inside the
containment vessel, so that what initially appears to be a
containment bypass sequence is averted.

Even if the pipe leads directly to the environment, there is
likely to be some deposition of radionuclides along the length of
the pipe. The flow will be turbulent so that the surfaces will
be available for deposition. At the moment of valve failure and
subsequent pipe break there will be a rush of fluid (steam) I

passing through the pipe. If all the radionuclides are available
for release at this time, few will be deposited. However, if the

RPV depressurizes through the break before most of the
radionuclides are released, then there will be little pressure to
drive the radionuclides through the pipe. These deposition
processes are discussed further in Section IV.C and the computer

i

codes to describe them in V.B.7. Experiments to " validate" these !

codes are in progress at ORNL, Hanford( LACE program), and Sweden
(MARVIKEN) program. ;

The Reactor Safety Study (NRC 1975) showed that the
containment bypass sequence V was a major risk contributor for
the Surry plant. prompted by this, changes were made in the
frequency of inspection of the valve leading through the *

containment, and the failure probability was thereby reduced.
This immediate use of the RSS methodology to reduce risk was, and '

is, widely applauded. The study group notes here that if careful
thought is given to the containment bypass sequences for each *

reactor, there is ging potential for reduction of the
consecuences associated with the sequence. This is particularly
true in the initial design stage of a reactor. This can be done
by ensuring that all potential bypasses lead to auxiliary

buildings with additional potential for radionuclide removal.

Elsewhere in the report (Section IV.A.5) it is noted that if
a steam generator fails during a TMLB' accident, there is a .

containment bypass path to the secondary system and through a
pressure relief valve direct to the environment. Appropriate

arrangement of the outlet pipe can increase the potential
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retention in this hypothetical scenario. ,

III.C.3. Failure to Isolate Containment

If some valve or penetration of the containment has been left
,

open, then the containment vessel cannot contain any

radionuclides released into it. Any accident will proceed'almost
independently of the holes in the containment, except that the
pressure in the containment cannot build up..

For example during the bo11off phase of the TMLB' sequence,
the steam will pass out through the hole. During the period when
steam is condensing in the containment, the small pressure
difference will reverse and gas will flow Lata the containment _

from outside. ;

When radioactivity is released, Just before and Just after
the reactor pressure vessel failure, the pressure will act to
drive out the steam and radioactivity, but not at as a high

pressure as was calculated in Figure III.C.1 Egag holdup of.

radionuclides will still occur depending on the size of the hole.
The exact amount is dependent upon the details of aerosol
deposition and not upon the general timing of accident
conditions. This is discussed further in Sections IV.E.1 and
V.D.2.

The details of the calculation will depend upon where the
open hole in the containment goes to. A large hole direct to the
outside is almost sure to be noticed. Holes in the containment
are most likely to be along penetrations to various auxiliary
buildings which can allow the radionuclides to deposit. The

amount of deposition is therefore critically dependent on the
details of the location and size of the opening.

The study group notes that there have been several recorded
instances where a reactor has operated for a considerable length
of time with a hole through the containment through careless
operation (see Section IV.D.5). Such mistakes are more likely

Just before or Just after a shutdown, and it seems that a core
* meltdown is also more likely at such times. This unnecessary

increase of risk can be avoided by careful operational
procedures; allowing operation of the containment only at

subatmospheric pressures can clearly make such a mistake less
likely.*

Just as in the containment bypass sequences, careful thought
can show ways to reduce both the orobability and consecuences of

an accident where the containment is not isolated. For example,
the penetrations that might be left open to the outside can be

led to an auxiliary building with (some) potential for
radionuclide retention.

III.C.4. BWR Seouences .

There are two important sets of BWR sequences. Sequences
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*such as AE (loss of coolant accident and failure of ECCS) have
been calculated to result in high release of radioactivity.
Although these, sequences were believed to have a low probability
(Table III.B.3), the early reactor vessel meltthrough and early
containment failure can lead to high radioactivity release and

,

makes them important. The energy available in the core-melt can
be greater than in a pWR case, and hence the radioactivity
release greater, because of the large amount of zirconium in the
channel boxes (Figure III.A.3). Outside NRC, the source-term

,

community has not given much attention to these sequences and the
APS study group mucn less.

At the other and are the more probable transient sequences.
Transient events are initiated by any occurrence wnich requires 3

the reactor to shutdown. Following the shutcown, steam will
~

continue to be generated, out at a slower rate. The steam would
flow to tne condenser via the turbine bypass and return as a
condensate by the condesate return system, maintaining a normal
water level in the reactor.

The TC sequence results when the reactor protection system
falls to SCRAM the reactor. Basically there are two variants of
this sequence: one in which the containment is assumed to breach
before severe fuel damage (TC1) and the otner in which the
containment is assumed to breach after severe fuel damage (TC2).

In the TCl transient the main steam isolation valves isolate
the reactor from the turoine generator and the concenser and the

recirculation pumps trap. As the reactor continues to generate
power, the pressure rises rapidly until the set point of the

safety relief valves is reached. Steam would blowdown through
the relief valves to the suppression pool, and the drop in the
reactor coolant pressure would increase the voiding of the core,
causing the power to fall, levelling out at about 8-20% of rated
power. Water makeup systems are assumed to continue to supply
water sufficiently to keep the core covered for the time being.

The continued discharge of steam at this power level would
exceed the capability of the residual heat removal (RHR) system
to remove heat from the suppression pool and hence further steam .

generation starts to pressurize the containment which would reach
breaching pressure in about an nour.

If the RHR and HPCI (High Pressure Coolant Injection) pumps =

are unable to pump the saturated water, water makeup to the

vessel halts and the coolant would continue to bolloff until the

core begins to uncover ano heatup. As the core uncovers, the
power level would decrease to decay heat levels. As severe fuel

damage starts, at aoout 1.5 hours into the accident, the volatile
fission products would be released into a creached containment.

Reactor vessel melt through is predicted to occur at about 3
hours, causing the escape of the less volatile fission products

,

in the subsequent core-concrete reaction.
.

If the steam generation rate (due to high power level) is

III.C. Specific Sequences
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greater than the makeup water, the accident follows TC2 sequence. -

In this case, the water level starts to drop early in the
accident, with the core uncovering and severe fuel damage
starting as early as 1/2 hour after the accident starts. Reactor

e vessel penetration is calculateo to occur at about an hour later,
with containment breaching following shortly from overpressure.

Leaxage from tne containment would be into the shield
outlding where natural aerosol deposition ano settling would take*

place. Some of the nullding atmosphere would be processed
enrough the SGTS (Stanoby Gas Treatment System) to the builcing
stacx, with the remainder possing to the atmosphere through the
building's normal leakage path.

Another transiont sequence TW is initiated by an event which *

trips the reactor but in which the RHR falls to function. After
reactor shutdown, decay heat would be removed from the core by
the automatic discharge of steam through the safety relief valves
to the suppression pool with makeup coolant supplied by the HpCS

or (HpCI) systems which is assumec to be operational. The main
steam isolation valves would close, in this sequence, isolating
the reactor from a potential heat sink, the concenser.

Failure to remove heat from the suppression pool would
eventually raise tne pool temperature to saturation, inhibiting
further steam concensation. The pressure would rise slowly to
creacning pressure in about 25 to 30 hours. Shortly thereafter
the ECC systems (which use the suppression pool as a source of
maxeup water for cooling the core) fail since tney cannot pump
sat *urated water. The coolant in the vessel would continue to
ooil off anc the tuel begins to uncover. Overheating and melting
woulo me predicteo to start at about 29 to 36 nours into the
accident. penetration of the vessel is calculateo to occur in 33

to 37 hours; 2.e., several hours after containment has been
creacned.

III.C.S. Accidents Causeo ov Eartnouage_s. Fire and Sabotace

For a variety of reasons, the procaollities and consequences
,

*
( of accioents initiateo by earthquakes, fire, ano sabotage were
| not evaluateo in the Reactor Safety Stucy (NRC, 19751 The types

| of events are not only capable of initiating an acetoent, but
eney magnt also simultaneously lead to couplec <depencent)

' failures of engineereo safety systems or mitigating devices, ano
mignt even concolveoly cause failure of tne containment.
Therefore, the proceollities assocasteo with scenarios for suen
initiating events often cannot ce evaluateo with the simple
relationships oy whicn the prooabilities of a series of
anoependent events can be analy=ec te.g., tne multipitcation of
prooabilities of anoependent events may not apply unoer cuen
circumstancess. Tne procao111 ties of suen Anatiating events are
not reacily determineole and nave .arge uncertainctes ascociateo

~

with them. Moreover, the cnaracteristics of tne scenarios

associateo with suen initiatino events are more drificult to
i define than tne RSS type of fatlure scenarios. In fact,
|

,

III.C. Spectiac Jequences
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*

determination of the probability of events associated with acts
of sabotage have generally been considered to be beyond the scope
of conventional probabilistic risk analyses because of the
uncertain nature of the coupling mechanisms that might exist
between potential system and component failures. ,

However, the consequences of such accidents can be considered
in a qualitative manner using the same general approach that was
used for the RSS. Even the strongest earthquake or the most ,

devious sabotage attempt, for example, would be limited in its
effects. For example, neither of these initiating events could
increase the inventory of radionuclides, nor alter the laws of
chemistry. which govern whether radioactive iodine is released in
the molecular or gaseous form, or whether it is released as
cesium iodide. An earthquake or sabotage attempt might initiate

,

an accident leading to core melt, pressure vessel melt through,
and might also potentially crack the containment. However, the
accident scenario after initiation could conceivably (and
probably would) resemble some of those which have already been
analyzed in pRAs, given the large number of scenarios with
multiple system failures that have been investigated. For
example, an earthquake could conceivably lead to a transient
event with loss of all offsite and onsite power, such as the
TMLB' event analyzed above and simultaneously lead to failure of
the containment. Under such circumstances, the consequences of
such an accident could be very similar to those analyzed above

basically a core melt accident with afor the TMLB'A event --

preexisting hole in the containment.

As noted above, the Reactor Safety Study (NRC, 1975) barely
discussed the possibility of such events; and the NRC has not (as
of this date) addressed them in the context of the source
term with the importance that the study group feels they deserve.
The study group notes, however, that some recent probabilistic
risk assessments (PRAs) such as that for Indian Point (NYPA.
1982) have calculated the effects of earthquakes and have
estimated that for this particular plant they would apparently
dominate the risks. However, the source terms predicted in the
analyses conducted for such accidents have been smaller than
those predicted in the RSS results. (The analysts for the Indian *

Point pRA attempted- to incorporate some of the newly developed
models and codes for source term evaluations that have been

preparea since the results of the Three Mile Island accident
became apparent.) The study group did not review the Indian *

Point PRA in any detail. We note in passing, however, that the
analysts who conducted the pRAs completed their efforts while the
source term methodology was still in an embryonic stage, prior to
the intensive peer review to which the methodology has recently
been subjected. Consequently, we do not feel that we are in a
position to express a well-substantiated opinion on the
reliability of the Indian Point pRA results.

.

For completeness, it should be noted that acts of war have
also been neglected in the probabilistic risk analyses that have
been conducted for nuclear power plants. For perspective, it
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should be noted that the probability that the U.S. might be ,

involved in a war in any given year which could affect this
continent is probably of the order of 1:100. Under ccaditions of
war, a variety of threats to nuclear plants might be imaginable.
Some such scenaries could almost certainly lead to conditions

* yielding larger source terms than the accident scenarios
discussed in this review. In fact, some scenarios might
conceivably be developed which could lead to larger source terms
than were derived in the RSS projections. The study group notes

*
that acts of war exceed the scope of the NRC's responsibility for
maintaining reactor safety. We also acxnowledge that war-related
scenarios leading to large source terms are quite improbable and
have large uncertainties associated with them. Consequently,
though we have speculated about a few such scenarios _in passing. _

we have not addressed them in any significant manner in this /
review.

.
.

,

.
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IV. CHEMICAL AND PHYSICAL FHENOMENA .

IV.A. Therma.1 Hverauip;s: F;uid Flow. Hea: Transfer. anc
; n - ve a se ._,he n eM e rla,

*IV.A.l. .ntlgg,v et i o n =

n this section we expsnd uoon the discussion of scensrlos in
'

I:2.C ano cascuss tne tnermal nyaraulic phenomena tnat are
*important.

:n Table III.A.3 we showed several chases of the reactor
accicent snat are moderately distinct. Tne fir t four pnases enc
with the failure of the reactor pressure vessel ano a larco -

prensure increase in the containment. In the sections that follow -

we ciscuse . t.e phencnons that must se nece;ec in eacn onsse. :n,
^

Chapter V we will concrime now well tne computer codes cescribe
# *he phenomena listoc nere.
4

t

There are two sets of qusntaties snet nust ce understoco:
tne flow of water througnout the system, and the neat trancier
netween various quantatios of water or steam, ano outween ne
water and metal surfaces. This ileic la often referred to as
thornal nydraulacc. The more general fielo of flusc dynamics, or
nydrodynamico, anc neat transfer are usually descricoc oy groups
of oimensionless quantitles. This carries over into snermal
hydraulica. For oxample, the flow of coolant tnat is circulatec
through the core during normal operations will require a cortain

amount of pumping power that is determineo in part oy tne
frictional losses resulting from sne water passing tnrougn ene
passages between the fuel rods anc vessel wali. These losses are
usually represented by formulao similar~ to the formulae nst
describe the flow of fluids in pipes. Tnus, the loss can ce

'

expressed in terms of a drag coefficient CD and sne sluto
CU2, where CD| velocity U as 1/2 p(K iL/De s. In tnis=D +

expression, both "f" and "K" represent frictional . interaction
netween fluid and solio surface, but the latter is meant to
account for the transients causec by the fluid entering anc
leaving the passageway while the former accounts for the " major",

effect as the fluid flows along a c1 stance "L" of sne " pipe" ,
,

whose effective diameter is given in terms of tne pipe area "n"
and whose wetteo perimeter "a" oy D, = 4A/s, the censity of tne,

fluid beAng p.
.

On theoretical grounds one can show tnat the friction factor
'

"f", for example, can be represented as a function of another
dimensionless quantity, the Reynolds number Re, and possaoly one
or more additonal dimensionless quantities. The Reynolds number
plays an important role in many sapects of fluid cynamics where

Ud/v. where "o" is aviscous effects are significant for Re =

charactorantic castance and v is the xinematic viscosity. The
transition from laminar flow to turbulence is determined largely
by the value of Re. For large Reynold's number the flow is *

1aminar; for small ones it is turbulent. For tnat reason, the
formula for the friction factor will also cepenc on what rance of

IV.A. Tnermal Hycraulica
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Re exists in tne flow field. The thickness of the boundary layer
netween the solid surface of the walls or the fuel rods and tne .

oulk fluid 'will also scale with Re: and this will be of
particular interest to the heat transfer process, wnich can ce
expected to differ in manner near the walls from its cenavior
within the bulk fluic. nceed, this important aspect of neat

~

* transfer usually requires the introduction of yet anotner
dimensicnlesc quantity, the prandt1 number, pr v/a, wnten 1s^=

simply the ratio of one diffusivity (v for fluid momentum) to
another (a is the thermal diffusivity and a= R/pe, where "k" is,
.the ordinsry thermal conductivity, "c" is the heat capacity, ano
p is the fluid censity, as above).

The rate at which neat may me expected to flow from solic to
fluid (or vice versa) will be proportional to the temperature -

difference between the two regions. The constant of .'
proportionality "h" is the heat transfer coefficient. This
quantity, in turn, may be obtained in terms of another,

dimensionless quantity, the Nussolt numoer, Nu = no/k. In a
; numoer of instances, however, it will ce more convenient to

obtain "h" througn the Stanton numoer, St, which can ce expressed
as St = Nu/Repr, whence h = (k/d)StRepr. In terms of tne
previously definec group of dimensionless quantitles. As an
illustration, consider a formula proposed oy Dittus and Boelter
(1930s whten is quite accurate for fully developeo turbulent flow
in smooth pipes, over a certain range of termperatures ano flow
conditions.

0.023 Re-G.2pr-0 8 (III.n.1)St =
.

There are three constants in this formula, in addition to the
Aeynolds number ano tne pranotl numoers, wnien are fattee to

' data over the range of temperature and flow conditions.
Expressions of this nature, for finding values of "n" or "i" or
similar variabloc, are usually referred to as correlations since'
they correisig oxperimental data. It is important to osserve
tnat such correlations are most often empirical, having coen
determinec through experimental measurements. Consequently,
there may be little or no tneoretical casts for extrapolating
them to ranges of temperature and flow conditions that are far

o from the range where their validity has oeen well estaollaneo.r

| Jutte clearly, the regimes. that resemole normal operating
conditions in reactors have been thoroughly explored ano are well
understocc. So are the regimes that woulo covelop soon after

e large or small pipe ruptures in tne primary system. These are
the accioent schemes that were hachlightoo during the many years
of studios concernea with emergency core cooling systems, anc
that is why one is reasonsoly conizoent that the regime of
elowdown is ratner well understoon. The same degree of

'

confidence, however, can not be held witn respect to regimes that
con develop once tne core begins to uncover and core degrecation
becomes significant. Iuch consicerations snat must ce weigneo af
one is to decide whether a certain area of thermal hydraulics
requires further study or not before the methocology of ~

calculating the consequances of severe roactor accidents can ce

~V.A. Tnermal Hyorsulics
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said to rest on souno scientific ground. .

IV A.2. Blowdown

When a break occurs in the primary system piping, tne
pressure in the primary system will drop--eventually to the level .

of the pressure in the containment vessel, which starts at or
near atmospheric pressure. Since the temperature of the not
. water (500 K) is higher than the boiling temperature of water at
atmospheric pressure, the water will flash (quickly boll) to .

steam. Fluid will be forced out of the reactor vessel. This as
calleo tne blowdown. In a large creak (such as the AB sequence)
the rate of the loss of fluid depends upon where the creak
occurs. If the creak is in the cold leg, the water will flash to

_

steam as at leaves the break and the flow will be a two-pnased .

choged flow which is slower than the flow of subcooled or
saturated water. If the break is in the not leg, the fluio will
quickly turn into steam, and the mass' flow will be slower than
liquid or two phase flow.

For a large creek, the blowdown will me very rapid and will
be over in about a minute. At the end of that time the core will
be uncovered. In most design basis safety calculations, the
important issue is whetner the Emergency Core Cooling System
(ECCS) will reflood the core before the core temperature is
dangerously high. For such questions, the calculation of the rate
of blowdown is important. These calculations have received a
great deal of attention in the period 1971-79 and the detailed
phenomena are now well understood (Bankoff and Jones, 1977). The
passive part of the ECCS system will almost certainly operate and
the accumulators will dump the water into the reactor vessel as
soon as the pressure drops below 680 psia, at which time the
checx valve opens. However for an accident which leads to core
molt, the active part of the ECCS is assumeo not to operate and
the core will ory out again. The duration of the blowdown is
snort compared with the duration of core melt; and any small
change in this duration has only a small effect on suosequent
events.

For a smaller pipe creak the blowdown is much slower. Tne
*

duration of the blowdown is now long enough snat there is no
sharp distinction between bolloff and blowdown and the exact
detalis of the blowdown affects the subsequent events much more.

'
IV.A.3. Bo11off (Until the Core Is Uncovered)

The simplest boiloff scenario occurs in a transient sequence
such as TMLB' (see III.C.1) where the heat sink is lost, ano the
flutd leaves through the pressure relief valve. The heat
transfer from the fuel roos to the primary coolant water is

governed by " pool boiling": this mode of neat transfer as
sufficiently rapid that the steam generation rates, cotn in the
seconoary system ano in the primary system, can ce calculateo -

re11 ably from the decay heat in the core. Only a small amount of
the heat goes into incroaarng the temperature of tne primary

IV.A. Tneraal nyaraulica
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l

system piping. Very little also goes into heating of the *

containment gas, since the pipes are well insulated to prevent
losses in ordinary operation. Figure IV.A.1 illustrates
schematically the boiloff phase,

e
For the small pipe break, where the blowdown and bo11off are

occurring simultanteously, the phenomena are more complex. It is
important to describe the two phase flow at the location of the
break accurately because this determines the time the core is.

uncovered.

IV.A.4. Heatun

After the core is uncovered, the fluid mechanical processes -

are no longer simple. The neat transfer from hot (uncovereo) -
,

fuel rods to steam is much lower than the heat transfer to water,,

I largely because of the lower heat capacity. As the fuel roos are
uncovered, the surface area in contact with water decreases, ano
the rate of vapor (steam) generated diminishes. The fuel above
the liquid level will only be cooled by the rising steam, and its
temperature will rise. The rate at which the water boils will
therefore drop and the temperature of the fuel will rise. This is
shown in Figure III.C.2 as a drop of pressure in the containment
at 95.5 minutes when the rate of condensation of steam in'the
containment exceeds the bo11off rate.

Since the decay heat is higher in the center of the core than
in- the edges, the temperature will rise faster in the center.
This difference is somewhat reduced by radiative heat transfer
from the central rods to the outer rods anc the outer rods to tne
reactor vessel. Figure IV.A.2 anows schematically the state of
the core in this phase.

The heat transfer from rods to flowing steam and/or hycrogen
is "usually" modelled using the standard Dittus-Boelter (1930a
correlation for turbulent conditions, and a standard correlation
for flow in tubes under laminar conottions. These correlations
have a large data base and can be considered reliable to witnan
10% for normai forced convective flow conditions. Their2.

* accuracy decreases somewhat for conditions of flow accompantec by
chemical reactions. When chemical reactions take place their
accuracy is good to within '404 (Kress, 1964). Tne overall
effect of the uncertainty in the heat transfer coefficients is

' anell, however, because the amount of heat transferred is limiteo
primarily by the heat capacity of tne steam and its flow rate.
not the heat transfer coefficient.

As portions of the claddino reach temperatures greater than
1300 K, the chemical oxidation reaction of the zircelloy cladding
with steam which was mentioned in Section III.B.1.e, begins to
oecome significant. Factors determining the rate of oxidation
are; availabilty of steam; decomposition of steam into hydrogen
and oxygen; and mass transport (diffusion) of oxygen through *

zirconium oxide, from the outer surfaces to the inner part of the
cladding. The energy liberated by the oxide formation is

IV.A. Thermal Hydraulics
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Fig. IV.A.l. Boil-Off

Physical - Accident sequence has begun. Water inventory' in the reactor
'

vessel is depleting. W e core has begun to uncover. Cladding has begun
to degrade mechanically by ballooning and degrade chemically by exidizing.
Gap activity of fission products is released when cladding ruptures.

Model - me heat rise in the exposed regions is calculated taking into
account convective heat loss to flowing steam. The chemical reaction
between zircalloy and steam is modelled using well established rate laws.
Ballooning is not simulated. The effect of the loss of heat with released
fission products is not considered until fuel melting occurs. -
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Physical -- Exposed portions of the core are overheating. In the central
core regions, furthes t from the coolant, some of the fuel has melted.
Fission product release is well-established where the f uel is molten. The
melting process progresses downward.

Mode l -- He at is simulated to trans fer to lower nodes representing the
core. The nodes remain in place s physical movement is not simulated but is
accounted for in the heat transfer analysis.

.
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released near the outer surfaces and principally -conducted -

through the cladding and oxide layer radially, and some is
carried away by the steam and by the hydrogen formed in the
reaction.

At about 2100 K zircalloy melts. It is known however that *

even at a temperature lower than 2100 K, zircalloy can form a
11guld phase with iron and uranium oxide. During this part of
tne accident differential expansion causes the gap between
cladoing and fuel to close, promoting the formation of liquida. *

Tne fuel roo may melt ano flow locally. This flow may change the
core geometry, the str m flow path and tho available surface area
for furtner zirconium .dation, and hence may alter the fuel rod
nesting and melting patterns. -

;

The bottom of the core and the lower plenum can continue to

be oatheo in 11guld coolant (with film boiling present) for a
much longer period of time than tne top of the core and the
steaming rate from the bottom will determine, in part, the rate
of fluid flow through tne core. Other parts of the primary
coolant system, particularly the steam generator with its high
heat capacity, act as a region where steam can concense and
return as 11guld (reflux) to the lower plenum. By this time,
the upper plenum and internal' structures will have been heatec by
tne passing steam for over an hour and will be unlikely to
concense much steam. But the upper plenum may act as a filter,
wnere aerosois can settle out upon comparatively cool surfaces.
Thus, the thermal hydraulic behavior of- the steam / hydrogen gas
mixture and its interaction with walls anc solid surfaces will
influence the extent to which the fission products escaping from
the core can pass out of the reactor vessel into the primary
coolant system.

IV.A.S. Natural Conveetton

It is widely suspected that at this stage in the accident the
thermal hydraulics of the primary coolant system is dominateo by
natural convection and cellular (recirculating, cross flow, etc.)
flow patterns. These are not modeled in tne current set of risk
analysis system codes discussed in Chapter V. The details of the ,

heat transfer pattern throughout the primary system can, in the
presence of natural convection cells, be significantly different
from what less sophisticated zero dimensional or one dimensional
thermal hyoraulic codes would predict. The consequences of such ,

departures from current modeling practice in risk analyses would
,

De greatest for those accident sequences where there is a |
!reasonaole prolongea period (about an hour) between uncovering

the core and vessel failure. These tend to be the transient
inouced, high primary pressure sequences, such as TMLB.
$1gnificant temperature variations across the core are expected
when fuel melt starts, and the fuel will oegin to block coolant
Jassages. Table III.C.1 anows that this will occur about 40
minutes before RPV meltthrough.

-

The type of convection that needs to be modeled in snown in

IV.A. Tnermal Hydraulics
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Figure IV.A.3. Once convection cells are established, one may
expect tnat convection will act to make the temperature
distributions in the core more uniform, as well as in other
portions of the primary that are connected via the circulation
cells. ''his, in turn, should distribute the heat being released

a by the core over a wider region and result in the core's heating
up mod. ;;adually, but also more uniformly. Some preliminary
calculations,' (Seghal, 1964J confirm this trend, but also snow
very rapid core melting once the zirconium-steam ox-recox

* reaction is anatteted.
/

In addition to the thermal convection within the core and
upper plenum, natural circulation can provide some circulation
around the primary system.,

How these details of heatup will affect the details of core
"

2

melt, and hence the final source term calculations is not yet
.' obvious. The release of some fission products, particularly the

less volatile ones, might be delayed as a consequence of the less
,

rapid degradation of the core. At the same time the distribution
of released fission products within, the primary should oecome*

more widespread as the circulation cells tend to mix the fluid
and smootn the temperature gradients. Whetner such effects add

) to or subtract from the ease of retention of fission procucts 'in
tne primary is still difficult to foretell.

It may be, however, that such high pressure sequences as TMLB
will be effected very significantly by neat transfer processes
that arise frem natural convection and circulation of flow. It
has been suggested, -for example, that with more uniform heat
distribution in the primary, the Jikelihood of vessel failure by
the nett-through of the bottom need will no longer be the most

j probable route. Instead, the primary system may fall by a
; melt-through at a weaxer spot within the primary and do so at an

earlier time than might have been predicted. This could convert
the TMLB sequence into a large or medium scale LOCA while the
core still.has a high degree of mechanical integrity. A failure
at the pump seal as one possibility. The sucaequent blowdown of
the primary coolant system, and the slow condensation of the
steam that enters the containment system, would then make it very

*
likely that the sudden pressure steps in the containment pressure
that are predicted at RpV melt-through (see Section III.C.1)
would be appreciably reduced, making containment failure at this
time even less likely.

, 7 ,

The suggestion with a most dangerous consequence is that
' failure will occur first in the steam generator as the steam

tubes on. the primary side melt through or fracture. This could
lead to an immediate pressure stress on the secondary system,
which would be relieved through a pressure relief valve (pRV),
which often leads directly to the environment (see Figure
III.A.1). This would becomeca containment bypass sequence (V),
which has severe ramifications (see Section III.C.2).

.

The consequences of the considerations mentioned above may be

IV.A. Thermal Hydraulics
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FIG. IV.A.3 Schematic of core / plenum recirculation pattern.
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less significant for BWR's tnan pWR's since the former have more ,

massive structures in tne core and pressure vessel, resulting in

even less unobstructive passages than a pWR for cross-flow
circulation patterns. Nevertheless, there appear to be ample
reasons today to proceed with trying to understand more
thoroughly the nature of natural convection anc heat transfer in .

reactor systems, under conditions expected to exist in the event
of severe accidents. This will be discussed further under
Chapter VII, Research program.

.

If natural convection cells are established, then vapor
recirculating between the upper enamber and the core can return
steam to the core, allowing a representative particle of steam to
make several passes through tne core region. If steam has been
depleted by the zirconium-steam oxidation process this .

recirculation could increase the availability of steam at the
surface of the fuel rods, and hence would increase the rate of
the reaction between zircalloy and steam.

These aspects of the mecnanism of metal / steam reaction will
exist regardless of whether or not one assumes that there are
recirculating, natural convection loops present. The progress of
the reaction, however, can be quite different, if, for example,
one adopts the once through model for steam flow, rather than
assuming 'that natural convection occurs. Then the metal / steam
reaction decreases dramatically as the steaming rate drops.
However, wnen the molten core debris falls into che bottom
plenum, which is still filled with water, the reaction might
start up violently once again. By this sequence of events
sudden, strong bursts of hydrogen within the pressure vessel are
predicted witn bursts of steam escaping through the relief
valve. Thus, the postulate of recirculation has as one
consequence the smoothing out of events, and less abrupt changes
in energy and gas liberation. Since recirculation also transfers
neat .to the ' upper plenum effectively, recirculation slows down
the neating of the' fuel rods and prevents condensation of

;

radioactive aerosols on the pe4er plenum, sending them to cooler
regions of the primary systcV.

( IV.A.6. Core Melt
e

I

|

The process of of severe core degradation is complex. It

involves melting of the fuel rods, along with the support
structures ano other solla material in the core (i.e. control

*

[
rods, instrumentation rods) followed by the slumping of this
mixture of molten material (referreo to as "corium" in the jargon
of the trades to the bottom of the pressure vessel. The geometry
of tne core at this ' point is unoetermined, and only general
statements can be made about fluio flow iates (see Figure
IV.A.4).

The least demanding model needed to analyze this situation

| requires at least a two dimensional, time cependent neat transfer -

' calculation. If one assumes that the original axial symmetry of

the core is retained tnrougn the melt cown sequence, then'the

IV.A. Tnermal Hydraulics
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FIG. IV.A.4. Melt progression.

* Physical -- Core has been extensively degraded. Structural materials
continue to collapse. Molten corium continues to move downward and
contacts the lower grid plate. The grid plate fails and corium falls
into the lower plenum.

Model - In the regional slumping model, when the molten zone reaches
the grid plate it is assumed to fail in that region. We fuel in that
radial region is then treated as if it had fallen into the lower plenum
whe re it is cooled. Neighboring radial regions are unaffected in the

,

model other than by the enhanced production of steam.

1
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exiel variation (Z) anc radial variation (R) of temperature can
be calculated, leading after each time-step to a two dimensional,
time-cependent temperature distribution T(2,R:t). Most safety
studies adopt this approach in the interest of having numerical
codes that can.be run relatively quickly and cheaply in order to

, explore a variety of accident scenarios and reactor conditions.
There are, however, more elacorate codes in existence and in the
process of development by which one can try to explore the
limitations of tne somewnat simpler two dimensional calculations.

4

In such calculations it is customary to incluce, in

addition to radiative heat transfer, ex1al heat conduction along
the fuel rods as well as convective heat transfer to the
surrouncing fluid. At elevatec temperatures, nowever, convection
appears to have 11ttle influence on ene course of melt down, -

aside from the steam starvation and hydrogen olenketing arguments -

presented earlier in connection with metal-steam reaction rates.
Similarly. It is ooserved that neat conduction within fuel rods
has only a small ir ''.uence on the results of these calculations.
(Radial conduction within fuel rods anc radial temperature
variations within a differencing node are neglectec from the
outset in tne MARCH coce and similar treatments). Inus,
raciative heat transfer emerges as the cominant mecnanism for
reda'stributing energy in many of these models ano, not

surprisingly, leads to a smoothing of the temperature
distrioution within the core.

The mechanism of fuel rod failure, core degradation and
fission procuct release is far from oeing completely understooc.
Here we wish to focus on the physico-chemical processes
associated with core melting and slumping. During the neatup
phase, some . swelling and expansion of the cleading can de
expected, so that in physical terms tnere is opportunity (and
space) for zirconium-zirconium oxide - uranium oxice (fuel
pellets) to interact, cassolve and form 11guld phases.
Consequently. the precise temperature at which the start of
melting of fuel rods oegins is difficult to define, out will
probably depend on the chemical composition at some particular
not spot. The melting point of :Irealloy is often taxen as tne
iusion temperature ~ in core nelt calculations. As the temperature

*
of =Arcalloy increases, the fuel roos may calzoon and ourst open,
and very rapicly tne noole gases anc most of the volatile fission
products leave the fuel (see Section IV.3) Tnese fission.

procucts will travel with the flowing steam to tne upper pienum.
'

wnere tne volatties may condense. deposit on cold surfaces, and
may uncer some conc 1:1ons re-evaporate as they neat up. If
recirculation in tne primary system is considerec, tnese fission
products will distrioute tnemselves around the primary system,
anc tne noole gases will oe releasec witn the steam tnrough tne
pressure release valve. This recuces tne cecay heat in'the fuel,
and increases neating of the primary piping. This accentuates
tne effect of heating up of the primary system througn neat |

transfer from the recirculating f_urc mentionec earlier whien can |'
change a TMLB sequences to a primary seal LOCA or a V sequence. ~

IV.A. Tnermal Hydraulics
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Onco the cladding hac failec anc melting cegins, the furtner
progresa of the accident is even more complex and hard to
precict. The uranium oxide fuel pellet is mace of ceramic
material with an approximate melting point of 3100 K. The binary
anc ternary phase clagrams of uranium oxide with circonium ano
also zirconium oxide have been investigated and a eucectic point +

on the uranium rich side, at-about 2700 K, has been identified.
Consequently, one may assume that in this range of temperatures,
2100 K to 2700 K, the entire content of the fuel rod should
become molten. *

Molten corium, as it is formed, will begin to drip down the
outside of the portion of the fuel rod that is intact. Melting
will start near the inner ring of fuel rods. within the core. -

where the power factor peakec anc where, consecuently, tne -

largest concentration of fission products are to be found. For
the same reason, an individual fuel roc shoulc begin to melt near
its middle. The question that neecs to be adolessoc now. As wl.1
the molten deoris fall cown carectly into tne pool of water ena-
atill exists at the bottom of the reactor vessel, or wl.. 1

solidify and form a crust on the lower, cooler portions of the
fuel rod, swmewhat like tne drip from a ourning wax cancio? Tne
only problem here, of course, is tnat tne " candle" is no ourning
from either end but rather from the midcle.

One can fashion mocels in wnich either tne region of me.:
progresnes preferentially cownwarc or upwarc or the mo. en cooras
falls promptly to the bottom, though it is believec the _atter
model may be farther from the truth. Since tne spacing se:woon
fuel rods is quite narrow (2 mm), tne mixture of molten corlun

and colid crust may form a cor: of s;urry that coulo block :ne
local pascago of gases anc steam anc so porturb tne multing
anc/or oxidation processes at higher levele within the core.
Eventually, nowever, it is to be expoetec that the severe;y
damagec fuel rods will slump or collapse succenly and fall into
the pool of water remaining ceiow in the lower neac of tne RPV
(see Figure IV.A.5).

These cliferent modes of melting anc final collapse alter
the interaction of tne hot corium deoras with the water remalnanc

*
at the bottom of the reactor vessel whicn can ce an amoortan
source of aeditional neat, stesm, anc consequently nycrogen from
=tzconium oxidation and other metal water reactions. Tnese
factors can affect the further progress of core degrecation

's29nificantly, producing additional sharp pressure spiges
within the ApV. Small steam explosions, unien are procaole as
molten corium falls into tne water, may also alter the timing anc
manner.oy whien the remaining fission products leave the core and
the primary system. There remaan, therefore, consicoracle
uncertainties asnociatec with the physical mechanism of core
melting ano slumping. A variety of simuistion experiments anc
much more elaoorate theoretical studies is now ceing concucted.
:n addition, if an energetic steam explosion were :o occur, wnien --

is now considered unlixely as discussed in Section IV.E.3, the
reactor vossel head might be liftec ano, scting as a missile,

IV.A. Thermal Hydraulles
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!

l
.

destroy the containment building. -1

IV.A.7. Melt-throuch

As enough molten corium accumulates in the bottom of the,

pressure vessel,.the remaining water will boil away, leaving the
region dry. The debris-water heat transfer is another area of
uncertainty. The configuration of' the debris bed is unknown

. (average particle size, stratification, geometry, etc.). If it
can be determined then the heat transfer rates can be modelled by
a dryout heat flux formalism.

Some of the less volatile as well as more volatile
radionuclides will have left the corium and deposited themselves -

throughout the primary vessel. Since the volatile -

radionucluides, Xe, Kr, I, Cs, Te, contain 40% of the decay heat,
the rate of energy generation drops (within a few minutes for the
TMLB' sequence). There is sufficient decay heat to form a
corium-iron eutectic and melt through the pressure vessel at
about 1800 K. Typically it is calculated to take 10 minutes from
core slump to reactor pressure vessel failure if pressure in the
RPV is maintained.

The mass of molten material produced as the corium melts
its way through the walls of the bottom head adds to the weight
of molten mass already present. This molten mass heats up any
gas, vapor and water present. This in turn creates the increase
of pressure in the TMLB' sequence which represents the stress
that must be supported b;- the structural portions of the vessel
that remain. This was estimated on crude energetic considerations
in III.C.3.

To calculate the temperature of the bottom head properly
requires a two-dimensional treatment, namely radial and axial
-(direction of the thickness). If the debris is solid, a
transient conduction equation can be used; if not a natural
convection calculation would be required in the liquid zone. Thus
the heat flux from the debris to the wall of the bottom head can
be determined. Once the heat flux is specified, a transient

* conduction equation can be solved for the temperature
| distribution in the outer wall, and thus the interfacial
; temperature between debris and bottom head can be calculated. The
| conventional criterion for failure is the point at which the,

! total tensile stress from the combination of sources mentioned*

above Just exceeds the tensile strength (yleld stress) at the
weakest point of the vessel.

. The critical areas or weak spots in the reactor pressure
' vessel may be welds, Joints or small intrusions containing,

' instrumentation probes, etc. When the reactor pressure vessel
fails at any of the weak spots, some molten fuel is impelled
through the hole at rates depending in part on the magnitude of
the internal RPV pressure, which enlarges enough to permit a *

rapid depressurization of the RPV, rapid erosion of the opening,
and the ejection of most of the fuel through the hole.

| IV.A. Thermal Hydraulics
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FIG. IV.A.S. Core collapse..

Physical -- Corium has fallen into the lower head of the reactor vessel.
Molten corium is partially quenched when it contacts the residual water
inventory. Corium reheats and liquifies. %ermal stresses and mechanical
stresses begin to degrade the reactor' vessel.

Model -- A debris bed (composed of core and lower plenum structures) is
formed in the lower head that transfers heat to residual water. When the
water is gone the debris bed reheats and liquifies. Heat is conducted ,

from the debris bed into the lower vessel head.
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.

A cause of uncertainty is whether the corium will melt
through the reactor vessel or melt through seals and pipe
intrusions. If the latter, the core is likely to come out (at
least initally) in a 3et. Figure IV.A.6 illustrates pictorially

*what might happen at vessel failure.

On the other hand, if the assumption is made that all the
core and reactor internal structures drop to the bottom of the

*
reactor vessel and mix into a molten mass before melting through
the reactor pressure vessel, forming a eutectic with the iron in
the reactor vessel which melts at 1800 K, then the total heat
content of this mass of corium at the moment of melt through is

defined by this mass and this temperature. The unknown details -

of what goes on during meltdown and melt-through determine the -

following;

a) the amount of metal-water reaction with its consequent
hydrogen release;

b) the amount of Zr remaining to help drive the core-
concrete interactions;

c) the amount of steel in the melt;

d) the amount of fission products deposited elsewhere in
the primary system;

e) the exact time of RpV melt through;

f) whether some portion of the core and structural
supports stays intact in the RpV.

Thus it can be seen that the pressure spike Ap at reactor
pressure melt-through (calculated from total energetic
considerations in Section III.C.1) is well determined, except

that item (f) above could reduce it. Items a, b, c, d, and e can
be considered variable parameters for input into the subsequent
parts of the accident analysis. For'exemple, subsequent analysis
can be made with the various amounts of unreacted zirconium. ,

More precise modelling of the meltdown and melt-through
phases may result in a smaller pressure spike than calculated in

III.C.1. Some of the core can remain behind, although it is only .

the outer layer that'one expects to stay behind and this has a

smaller decay heat density. However, a delay in the melt-through
might give a higher containment pressure since more heat will

have been accumulated in the containment before the pressure
spike arrives.

IV.A.8. Core-Concrete Interaction

When the molten core falls onto any water below the reactor,
-

small steam explosions (see Section IV.E.3) are again probable.
These can have two effects. In the steam explosion, the portion

IV.A. Thermal Hydraulics
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FIG. IV.A.6 Vessel failure.
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Physical -- If the reactor system is at its operating pressure, then
the corium is ejected through small breaches as a jet. If the reactor
system is depressurized, then the corium flows into the reactor cavity.

Model -- There is no distincticn made in the MARCH codel between the
two modes of failure and release of corium. Typically in a high pressure
sequence, f ailure occurs virtually instantaneously following core
collapse. In a low pressure sequence the corium must reheat and partially
melt the lower head before the stresses are high enough to cause failure.

.
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of the molten core participating in the violent interaction would
be finely divided and could be distributed forcefully throughout. *

the containment. This could increase the denalty of radioactive
aerosols at a critical time. The steam explosion also produces
an oxidation process in which the scattered corium aerosol
elementa could rapidly contribute additional energy to the, ,

pressure within the containment. The contribution of additional
! energy through the oxidation process at an already stressful time

might stress the containment beyond its limits. These processes
have been neglected in the current reports of contributions of.

source terms.
<

| After the molten core has fallen to the base mat, it will
interact with any water present. The fuel may form a crust
(quench) as it boils the water residing in a layer above the '

melt.
~,

As soon as molten material contacts the concrete, attack will
begin. Genes are likely to be violently expelled from the
concrete, according to experimental observations. The
non-condensible gases generated will increase the pressure in the
containment. In addition, the gas bubbles rising through the very
hot melt present a large area for sparging "non-volatile" fission4

products and other radionuclides remaining within the core and1

,

contribute strongly to their dispersal throughout the containment '
4

'

volume.

The core-concrete interaction itself is endothermic and the
pressure stress on the containment that it causes is driven by
the fission product decay heat (alhough there may remain some i,

zirconium to be oxidized and add to this heat). The pressure,

! increase in the containment until the time the core-concrete
interaction commences was driven by the decay heat integrated up
to that time, algt heat from the zirconium-water reaction,
reduced by some transfer of heat to varium walla and surfaces.
The rates of concrete. attack and of gas generation can be*

calculated from similar energy considerations. It is easy to
see, on general principles and without discussing the uncertain
details of the -core concrete interactions, that a significant

, pressure rise (after the initial spike) can only occur over a
* time period comparable to the time between accident initiation

and reactor vessel melt-through. This will also apply if heat is
transferred slowly to the containment atmosphere instead of being
transferred to the concrete.

-

'
If the containment remains structurally sound for long

periods of time (hours) after vessel failure and the onset of>

core-concrete attack, then it is conceivable that the earliest
{ breach of containment may occur when the core molta through the

basemat and reaches the . reactor building's foundation. This
so-called China syndrome, however, should present far less danger

j to the public than any direct release to the atmosphere. The
core will not penetrate for an unlimited distance into the earth'

,

but will reach thermal equilibrium after a penetration of less
than 3 m. Migration of radionuclides through the earth will be

4

i

j IV.A. Thermal Hydraulics
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governed by ionic transfer processes and will be slow about--
,

3 m a year. This is not the case with material escaping into the
atmosphere, unfortunately. This conclusion depends upon the
material being in the form of aerosols rather than as gases.

Study on the rather complex nature of core-concrete ,

interactions has only recently begun. Experimental studies have
been of molten steel and UO2-ZrO2-2r, poured onto concrete.
Concrete does not have a uniform composition. Consisting of
cement binder and an assortment of matrix substances (e.g. .

9 ravel, sand, limestone) its composition of metal oxides,
; carbonates, silicates, bound and free water can take on a variety

of values, depending on its source materials. Ordinary concrete
density of about 2300 to 2500 kg/m3 and contains about 44has a

or more by weight of free and chemically bound water. It }
virtually disintegrates at about 800 K. When the hot, molten
core meets the concrete, the concrete will heat up and abiste,4

releasing carbon dioxide and water vapor. The rate at which these
reactions take place and the rate at which the concrete ablates
is a function of a rather complicated series of heterogeneous
reactions, involving immiscible liquida of molten metal, liquid
layers of metal oxides, and solid crust, as well as solid
concrete covered with a possible gas film. Through this
cauldron, escaping gas bubbles up, leading to a regime of bubbly
heat transfer and two phase hydrodynamics that has yet to be
fully explored (Greene, 1983).

>

The thermal analysis here is concerned both with the heat
transfer from melt to concrete and then the bubble-melt
interactions. The water vapor and CO2 liberated from the
concrete react with the metallic cor.at tuents of the melt and are
reduced to H2 and CO. The rising H2 can further interact with
non-volatile fission products such as La203 to form more volatile
oxides such as lao, described more fully in Section IV.B.6. At
this stage the required calculations are the rates of generation
of condensible, non-condensible, and combustion gases, the rates
of erosion of the concrete, the composition of the melt, and most
importantly (since it determines the evaporation rates of fission
products) the temperature of the melt.

Some experimental studies suggest that the corium separates *

into two clearly defined immiscible layers of different
,

densities. These are taken to be (from bottom to top) uranium
oxides, and the support metals (iron, zirconium, etc.). This
implies that the melt can be modeled as separate layers, with *

gases bubbling through them, although if substantial quantities
of gas are released the bubbling condition may tend to mix
adjacent layers to an unknown extent.

As the uranium dioxide attacks the concrete, it will melt

milica which will mix with the UO2 and decrease the liquidus
temperature. The incorporation of silica also changes the
viscosity of the melt and may reduce heat transfer rates. .

Eventually it may become less dense than the metal layer and
change places with it.'

IV.A. Thermal Hydraulics
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.

The heat exchange processes need to be modeled at various
interfaces shown in Figure IV.A.7.

a) Between the uranium oxide and the concrete below, in,

region I.

b) Between the various layers and the concrete at the sides
(region II).*

em
c) Between the uranium oxide and the metal layer (region VI).

d) From the debris (oxidic layer) top surface to the
surrounding atmosphere and structure (region III). In -

some cases the top surface may be covered by a boiling -

water pool.

The heat transfer from the debris to the concrete would,

have to contain a convective component (through a gas film), a
conductive component when the film collapses or the debris
solidifies, and a radiative component.;

The convective heat transfer model should account for the
various postulated regimes: bubbling film region for horizontal
interface (region I), a laminar gas film and turbulent gas film

j region for vertical interfaces (region II).

Given the heat flux to the concrete interface, a transient
,
'

ablation model would be a reasonable approach to calculate the *

melting and removal of concrete adjacent to the melt (or the gas
film). The heat of oblation is the integrated enthalpy change
from ambient to the ablation temperature. This enthalpy includes
the energy required to evaporate both the free and bound water in
the concrete, decarboxylate the concrete, and melt the various
components in the concrete. The heat source is the fission
product decay heat plus heat of oxidation of any remaining
zirconium.

| The heat transfer from the interior of the molten pool to
' the gas film interface, across liquid-liquid interfaces and at

the pool surface, is enhanced convection driven by the two phase
bubbly effects of the gaseous concrete decomposition products.

. The heat transfer should account for gas flow (or no flow) across
*

the interface and for entrainment effects.

The gas flow in the pool creates a two phase,

'
bubbly / churn-turbulent flow regime. This has the effect of

j elevating the pool height and generating intense circulation
which maintains the pool in an almost isothermal state, except in

j the vicinity of material interfaces and boundary layers. Since
the bubbling action has a pronounced effect on all modes of heat

'

transfer, the void fraction needs to be determined.
.

| The top of the pool will radiate heat to the cavity and
'

structures above, and probably will freeze to form a porous

IV.A. Thermal Hydraulics
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crust. If a layer of water is on the top of the pool then a *

model for liquid-liquid film boiling with transverse gas flow
would be required for the period prior to formation of a crust.
The debris-concrete transfer should account for the eventual
freezing of the debris.

.

The above described heat transfer process, especially the
two phase bubbling, are poorly understood and have inadequate
experimental data bases to support development of appropriate
models. The data bases are noticeably lacking for prototypic *

reactor accident conditions and materials.

The major importance of the core concrete interaction is the
potential for fragmentation of the corium and the creation of -

aerosols, both from the concrete and from the vaporization of *

fission products.

As the bubbles rise through the core melt, they will present
a large surface area for evaporation. Even fission products of
low volatility can evaporate at the high temperatures of the
melt. These evaporating fission products will condense in the
cooler atmosphere of the containment into fine aerosols. In
addition the bursting bubbles can mechanically disperse portions
of the fuel as aerosols analogous to the formation of sea salt
aerosols by the bursting of bubbles in the ocean.

The rate of settling of these aerosols will in turn be
determined by the total density of aerosols present at the time.
Therefore the non-radioactive aerosols generated out of the
concrete in the core-concrete interaction will act to agglomerate
radioactive aerosols, hasten their deposition, and reduce the
source term. For the accident sequence TMLB', Figure III.C.5
shows how the total mass of aerosols is calculated to reduce as
the accident proceeds and Figure III.C.6. shows the relative
amounts of Cs, I and non-radioactive aerosols. The sensitivity
of this behavior to the details of the core-concrete interaction
still seems uncertain.

This complex nature of the processes in the core concrete
interaction causes uncertainty about the detailed nature of the

,

course of an accident following reactor vessel melt through.
However, several general gross features seem firmly borne out by
experiments with simulant materials at Sandia and abroad (mainly
at KfK, West Germany).

.

The containment vessel pressure will rise slowly, and
reach values that can fail the containment only after several
hours. The aerosols produced during that time will continuously
deposit, and more importantly, if on site power is recovered and
containment sprays operated, the accident can be terminated. Thus
in this case, the uncertainties introduced from the core-concrete
interaction will not be important. On the other hand, if the
time of containment failure coincides with a time of vigorous ~

core-concrete interaction, or if containment is bypassed, the
details of the core concrete interaction will be important. The

IV.A. Thermal Hydraulics
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'
source term could be large, and its magnitude very uncertain.

,

Tests of these critically important phenomena are in progress
at Sandia National Laboratory and in Karlsruhe, West Germany.
The BETA test facility at Karlsruhe is shown in Figures IV.A.8

* and IV.A.9. In the largest test, e melt with 300 kg steel and
150 kg alumina and silica simulating oxides, with a temperature
of 2700 K, was prepared in a thermite reaction tank and allowed
to fall into a concrete crucible, where the simulated core

* concrete reaction took place. Small scale experiments without
further heating (the recent SASCHA tests) have shown reaction
times of a few minutes, and have tested the model over short
times. In the BETA tests, the melt was further heated by an
induction coil with a high input power so that a high temperature
at a steady state was maintained as in the real situation.

,

.

Heating powers of 1.7 MW were achieved. Temperatures very from
700 K to 2100 K.

The experiments at Sandia National Laboratory are similar,
and more extensive (Powers, 1977, 1978; powers and Arellano,

|
1982). Several test series have been performed: COIL, j

sustained, large-scale 200 kg steel melts interacting with j
concrete; BURN, visualization of melt behavior on concrete by
X-ray map enhancements and NSS, transient interactions of 15-35
kg core molta, 304 steel, 544 UO , and 164 2rO2 with concrete.2
Three further test series are in progress: SWISS, TURC, and SURC.

The study group was informed of many differences between
these tests. In particular, the BETA tests show little aerosol
emission, and the Sandia tests show a lot. The reason for the
differences between these two findings is far from clear,

j

; although the differences in the concrete are suspected. Further
investigation is vital.

In future tests, the melt will, and should, be spiked with
stable isotopes of fission products so that the emission of
fission products can be simulated.

l
.

|*

!

l

.

.
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IV.B. Chemical Forms and Interactiona
1
I IV.B.1. Introduction
,

j Radioactive nuclides formed in power reactors include fission
,

products and isotopes of heavy elements such as plutonium and
neptunium. The great majority of fission products present after
any appreciable time of reactor operation are stable isotopes of ,

j the various elements. However, each element carries with it a ,

certain amount of its radioactive isotopes. We are concerned
here primarily with the amounts of radioactive isotopes of each

! element present which would escape into the environment in case
of failure of the containment after a reactor accident. This;

! depends on the chemical and physical properties of the element ',
i andsits compounds. , Finally, the " source term" will depend on the
i amount and characteristics of the radioactive isotopes carried by
| each element.
i

! Release of radionuclides from the reactor core during severe
; accident sequences occurs primarily in two separate steps. In
1 4 the first step, releases occur within the reactor vessel during

heatup and molting of the core. In the second step, nuclides are
'

released after vessel failure as the molten core debris reacts
! with the concrete basemet.
I
i
! More than 80% of the most " volatile" elements (Xe, Kr, Cs,

Rb, I, Br, Sb, Te, Ag) are released in the first step, and
,

moderately volatile ones (Ba, Sr, Ru, No) are partially released.3

I The remainder of the volatiles stay behind in fuel at the core
e periphery, which may not reach temperatures above 1470 X by the
; time of reactor vessel failure. Tellurium combines with metallic

zirconium, if available, which depresses its volatility.

} As the " volatiles" are carried in an atmosphere of steam and
'

hydrogen through the upper plenum, some may condense on stainless
! steel or other surfaces, or on aerosols formed from vapors of
I control rod or structural materials. These species may be
I partially retained in the reactor structure without ever reaching

the containment. The inert gases Xe and Mr will however all pass
to the containment. *

|
As the radionuclides are released from the molten debris

i during the core / concrete interation, they pass directly into the
| containment atmosphere as aerosols composed mainly of *

L nonradioactive materials.

| Of all the radioactive nuclides involved, iodine isotopes
I have been the focus of special attention because of their
i volatility combined with their danger to human health. In the

Reactor Safety Study it was conservatively assumed that iodine la.

j released from the fuel as gaseous molecular iodine and
transported as a gas without change of chemical form. Following' '

.

the accident at Three Mile Island, it became apparent that this
; assumption could lead to a considerable overestimate of the
; iodine release. So the chemistry of the volatile fission
!

i

|
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products under the conditions present during the course of severe
accidents was reexamined. *

A number of chemical issues can now be identified that could
affect the prediction of source term:

*
(a) The volatility of fission products during core

degradation as affected by the oxidation potential, steam
pressure and temperature.

O
(b) Reactor coolant system chemistry including potential

chemical reactions that could either fix cesium and tellurium --
that is, chemically attach to reactor structures or release--

more volatile forms of iodine.

(c) Chemical behavior of the non-volatiles in the -

core / concrete interaction.

(d) In-containment chemistry, particularly reactions that
would release volatile species of iodine.

(e) The effects of possible chemical reactions generally not
included in the models used in current accident analyses.
IV.B.2. Chemical State of the Fuel pina Durina Normal Operation

The fuel elements in light water reactors consist of UO2pellets, placed into cylindrical zircelloy containers to a
density about 95% of crystalline UO . When a U atom undergoes2
fission, the two product atoms share a kinetic energy of about
185 MeV, or 7.1x10-12 calories, to be dissipated as heat along
the fission track in the UO2 matrix. This will result in
localized melting and vaporization of about 3x10-16 moles or
2x108 molecules of UO2 which however will immediately vitrify or
recrystallize. Thus, after appreciable burnup every bit of the
UO2 will have momentarily melted thousands or millions of times.
The resulting sintering causes the UO2 pellet to contract,
increasing the gap between the UO2 and the cladding. Only a
negligible fraction of the fission products is formed outside the
UO2 matrix. As the fission process proceeds, the 3-5 pm UO2
grains originally present consolidate to around 35pm diameter,*

and the more mobile fission products such as the xenon and
krypton tend to congregrate at grain boundaries, (Onetek et al.,
1984). As the fuel becomes highly irradiated, it containa large
amounts of fission product impurities that inhibit further grain

*

growth. Stresses tend to become high enough to cause
microcracking and ultimately large radial and circumferential
fractures which 'are typically observed in highly irradiated UO2
pellets. The cracking frequently reduces or eliminates the gap
between fuel and cladding. When the cladding is breached and the
pellet heated, volatile products come out faster from the more
thoroughly irradiated samples (Lorenz et al., 1979).

During normal operation, a small fraction of the inventory of *

the volatile fission products (Xe,Kr,Cs,I) can escape into the

IV.B. Chemical F & I
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. gap. The Cs and I will not only combine to form the salt CsI,
,

but will also react with the zircelloy cladding to form surface
compounds leading to stress corrosion.

Though the contents of the gap have occasioned some
discussion, they are only a very small percentage of the total ,

volatiles, and, by themselves, cannot be a significant
contributor to the source term.

IV.B.3. Release of Padionuclides from Fuel ,

Processes involved in the release of radionuclides from fuel
and the temperatures at which these occur at appreciable rates
include the following:

_

-Diffusion of atoes from UO2 grains >900 K
-Diffusion of microbubbles from UO2 grains >1700 K
-Grain growth release, enhanced by exposure to steam >1700 K
-Oxidation of UO2 increases diffusion rate >1700 K
-Microcracking and other grain boundary separations >1700 K
-Linkage of bubbles at grain boundaries >1800 K
-Burst release when the cladding rupturea '1900-X
-Reaction between 2r and UO2> 1900 K
-Melting of pure zircelloy beginning at 2100 K
-Molten mixture of stainless steel, 2r and UO2 >2700 K

1. As the core heats up and finally melts there are several
factors that influence the release of the volatile nuclides. The
most important factor is the maximum temperature attained by the
fuel and the length of time the fuel stays at that temperature.
A second factor is the composition and rate of flow of the
steam-hydrogen mixture through the core. The ratio of steam (an
oxidant) to hydrogen (a reductant) sets the effective oxidation
potential which in turn can change the chemical form of elements
released. The steam pressure also affects the volatility of some-

materials. Finally, molten zircelloy cladding can react with UO2
to form liquid solutions of UO2 at temperatures considerably
below the molting point of UO2 and thereby speed the release of
iodine and cesium while retarding the release of tellurium.

Although it is possible to describe a mechanistic picture for e

releases, realistic values for individual nuclides cannot be
calculated from first principles. Consequently, all releases are
estimated on the basis of experimental measurements. In simple
concept, irradiated fuel is heated to molting and the release of .

Individual radionuclides is measured as a function of time. All
of the experimental conditions should be ad3usted as nearly as
possible to match those that are calculated for a severe
accident, including the oxidation potential and simulation of the
constituents of the core. The experiment is then repeated at
different~ heating rates until. the rates cover the range of
interest. Another experimental approach involves heating the
fuel to a specified temperature, holding at that temperature and ,

measuring the release of the individual nuclides.

IV.B. Chemical F & I
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Typical experimental data are shown in Figures IV.B.1 and
IV.B.2 from NRC (1980). It should be noted that the data for '

many elements of interest are sparse.

The data may be treated in different ways to produce release
curves such as those shown in Figure IV.B.3 (NRC, 1981). Whatever*

method is used, it is important to recognize that the validity of
calculated releases depends critically on the validity of the
experimental data and their relevance to accident conditions.
Some of the release curves are based on little or no experimental,
data. Figure IV.B.3 forms the basis for the BMI-2104 prediction.

of in-vessel fission . product release. It should be noted
that there is ag provision in the calculation for the release of
the non-volatile fission products or the actinides.

The release rate dM/dt is approximated by the first order
law:

dM/dt -XM (IV.B.1)=

where M is the mass of a fission product remaining at time t.
The release rate constant X may be expressed in the usual
Arrhenius form (Kelly et al., 1984; Andriesse, 1984)

.

X = Koexp(-Q/RT) (IV.B.2)

where Q is the activation energy for the rate-controlling release
mechanism, R is the gas constant, and T the temperature in
degrees Kelvin. When the smoothed curves of Figure IV.B.3 are
plotted as inX vs 1/T, a single straight line adequately
correlates the data for each element over the entire temperature
range, which suggests that the data of Figures IV.B.1 and IV.B.2
were fitted to an Arrhenius expression. Values of Ko and Q for
each fission product are reported in the references.

In the analyses reported in Gieseke et al. (1984) the
releases from fuel were estimated by a model described in NRC
(1981a). This model was chosen instead of an Arrhenius model for
ease of computation. Defining F as the fractional release, then
F is equal to 1 - M/Mo, where No is the initial amount of fission
product. Equation (IV.B.1.) then gives for constant X:.

F=1 - exp (-Xt> (IV.B.3)

The fractional release rate, X, is a function of temperature,.

X = A exp(BT) (IV.B.4)

Values for A and B are determined by fitting Equations (2) and
(3) to experimental data over small temperature ranges.

A detailed comparison of the release curves for the two
models show general agreement. However, the Arrhenius form
provides a better correlation over wide temperature ranges. *

IV.B. Chemical F & I
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Results of two series of more careful and comprehensive
experiments have appeared: the SASCHA tests from West Germany and
the so called HI tests from Oak Ridge (which have absolutely
nothing to do with hydrogen iodide). Results assembled by Xelly
et al. (1984) are shown in Figure IV.B.4, in which the logarithm ,

of fractional escape rates of various fission products are
plotted against reciprocal absolute temperature. We include only'

those experiments done in streaming steam. No consistent or
truly significant difference in volatility is seen among the five .

elements Kr, Cs, I, Te, and Ag, and results may be disagreeing by
an order of magnitude. The results on Sb show somewhat lower
volatility. Scanty experiments on Be show still lower
volatility, which is, however, important in view of potential

_

'
'

health effects of its radioactive isotopes. For Te, differences /
in volatility shown in different tests have been explained
(Lorenz et al., 1943) by a reaction of To with metallic zircelloy
to form non-volatile telluridos; the more the zircelloy becomes
oxidized during the test, the greater the release of Te. Other
irreproducibilities do not stem entirely from defects in the
experiments, but from unexplained differences in different
samples of exposed fuel. These testa show that the situation is
not nearly as neat and reproducible as might appear from Figure
IV.S.3.

The meaningful results of such experiments are obtained by
integrating the fractional release rates over the time required
to heat from uncovery to melting, which may take from 30-120
minutes or more, cepending on the scenario considered. All
estimates however agree that nearly all of the I, Cs and noble
gases are emitted prior to fuel melting. The data shown in
Figure IV.S.3 suggest that most of the Te is also emitted at this
stage. However, in other tests Te is reported to combine with
molten 2r clad if the 2r has not been oxidized, thereby reducing
the Te release. To can also form SnTe, a volatile material,
by interacting with one of the constituents of zires11oy. Of the
order of 10-404 Se and Sr are volatilized.

After melting begins, the slumping process may require some
time and fission products continue to be emitted before melt-
through of the reactor vessel. During this time important *

emissions of less volatile fission products could occur. Few
data exist in this region, but experimental programa now underway
should help fill this gap.

,

Experiments on salt volatilities suggest a possible increase
in the calculated release of some fission products into high
pressure steam. Subsequently the volatile species might be
transported through steam leaks or relief valves into the
containment. More experimental investigation is needed, which
investigation should consider a variety of fission products and
the range of H20/H2 and steam pressure likely to be of interest.

.

It might be helpful to review the chemical status of the
molten fuel constituents at the critical point in the accident

IV.S. Chemical F & I
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sequence Just prior to reactor vessel failure. Noet of the fuel
is in a pool of molten UO2 in the lower head of the reactor .

pressure vessel at a very high temperature, in excess of 2700 K.
Liquid metallic phases are also present. Little is known about
the thermodynamica of fission product compounds at these
temperatures but the non-volatile compounda are probably* distributed among the liquid phases as oxidea or elements. Some
volatile materials are likely to be released from the molten
pool, but there is little surface for mass transfer or release of
bubbles to the vapor above the pool. A portion of the fuel is*
still in solid form in the cooler regions of the vessel; this
fuel may still contain volatile as well as non-volatile fission
products. Some of the solid fuel may alump into the pool,
putting volatile elements such as Ca and I into the pool to be

; released later when some more surface area develops.
.

.

There is a continuing research program related to the release
; of radionuclides from fuel (NRC, 1983a). The program will
; consist of laboratory experiments and larger scale experiments in
'

the power Burst Facility (PRF). In laboratory experimenta,
'

aanples of hundreds of grams to kg-size will be heated to melting
and the release of the important radionuclides will be measured
with a variety of instrumentation. In these experiments it will
be possible to simulate some conditions resulting from severe
accidents, and to study the effects of important variables. We
emphasize the importance of testa of highly irradiated fuels at
high pressure. Careful experimenta can lead to the
identification of unexpected behavior in transport of particular
elements, which could lead in turn to the discovery of important
new chemical reactions.

IV.B.4. Chemical Transformation After Release From the Core

The chemical forms of fission products after release from the
'

fuel have been inferred from the behavior of the individual
elements in experiments, and by thermodynamic calculations.
Efforts are now underway to identify chemical species in
laboratory experiments by mass spectrometry and other analytical
techniques. Thermodynamic calculations depend upon
thermochemical data, and the ability to identify in advance all-

chemical species that might be present under the conditions of.

interest. An additional limitation is the assumption of
equilibrium conditions that may not apply. From these

'
considerations it may be seen that the identification of chemical
species should depend on parallel programa of calculation and,

experiment.

As the fission products are swept from the core by the
steam-hydrogen mixture they pass upward into the plenum region.
In this cooler space they may undergo the following
transformations!

' 1) condensation on and possible subsequent evaporation from
steel surfaces; -

IV.B. Chemical F & I
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2) condensation on and pessible sabe.equent evaporation from --

inert aerosol particles;

3) condensation th' form fine aerosols which then undergo
agglomeration;

.

4) chemical interaction with stainless steel surfaces;

5) chemical interaction with other vapors or aerosols formed
from vapors of structural and dontrol rod materials. *

,
,

The study of chemical zwections in the plenum region is in
'Its early stages. Even to; several ingortant reactions have been
' identified and are being studied in detail, so that their effects -

s may be incorporated in accident snalyses (Elrich and Sellsch, -

1983). Tellurius vapors react with tin, zirconium, stainless
steel, and other metals to form stable compounds. These'

reactions arm being studied under severe eccident conditions to
provide a quantitative basis for incorporating the effects into
accident analysec.

#

At the present time, there isj Meneral agreement that the
dominant form of iodine when ' released from the fuel under
reducing conditions is cesium iodide (NRC, 1980). This
conclusion comes from thermodynamic calculations and from
ex arimental observations.

7

an example, Sellach (1964) calculated equilibriump }.As
distributions for lodine axisting as CsI, HI, or c*.omic I vapors'

in steam-hydrogen mixtuses for a range of temperatures..

Conditions were chosen to simulate tests at the power Burst

Facility, IENL. I'3gure 19.B.5(a) models the SFD-ST test for
Ohtch the overald miler concentration ration were set as follows:
I/H$0 = 2 x 10-7;(Hip (= 2.0; Cs/I = J0. Under these conditions,-

';
Atomic iodine is+ftha,ga'eischar*.ctarizedasbeing" oxidizing."anaputsd to be the dominant species above 1275 K, but as the

,
temperature falls bel'ow 1275 K the fraction of iodine existing as,

Cs1 rapidly increases until at 875 X virtually all of the iodine'

/suists as CaI. The results are. somewhat sensitive to total
(/' pressure, higher pressuree favoring the formation of CsI. Figure

*

IV.B.5(b) models' the SFD 1+1 test for which the overall molar
sconcentration rat'ios=wqrr, set as follows: I/H O = 2 x 10-7;2
20. Under thema conditions the gas isH/O a' 30; Cs/I fe y#

characterized as being c'rreducing." Atomic iodine is computed to
*

be the dominant ,spncies,for,'tamperatures above 2275 K with thes
fraction of iodine existb.g gas Cat rapidly increasing at

temperatures below 1675' # butil.4t 875 K virtually all of the
iodine exists as Cal. In (the 'In$ntmediate temperature range,

significant fraction of1075 to 2275 K (deper ding on pressure), a
the iodine is computed to ow'. s t . as HI for these reducing

conditions. OseteV et al. (1984) found that the lodine release
rate as measured downstream from en in-pile 32-rod bundle for the
reducing' conditions of the $/D 1-1 test was less than that for

-

the rxidi31ng conditionk of test SFD-ST (see Figure IV.B.6).
A ove thermodynamic calculations as anti These auchcra cite the~
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explanation. For the reducing conditions, more of the iodine la
expected to exist as CsI and the lower vapor pressure of this .

compound relative to HI or In provides a greater opportunity for
iodine to be lost by plating out on the solid surfaces leading
from the fuel bundle to the detector.

* No formation of In has been observed in numerous experiments
in which heated UO containing fission products (actual or
simulated) was exposed to streaming steam. The iodine which came
was deposited as iodide, and all researchers involved agree that

* most of it was combined with cesium as CaI. Another compound
that could be present la hydrogen iodide, HI, which forma rapidly
at high temperatures by reaction of atomic lodine with hydrogen
gas. HI should quickly react with CaOH, present in eleven-fold
excess over iodine, to form CsI. The CaI might occasionally be

_

broken up by radiation, or by reaction with oxide layers on
.

surfaces of zircalloy or steel, and any I atoms that might be
released to the gas phase in auch processes would form HI.

In pressurized water reactors, boric acid is added to the
cooling water, and in many accident scenarios should form
deposits of boric acid in the plenum. This material may react
with cesium iodide (Elrick and Salleck, 1983) to form HI:

CaI + HBO CaBO (solvated) HI= +

Hydrogen iodide, though a gas, la extremely soluble in water and
is there completely ionized to H* and I . It la very unliksly to
be released to the environment as a vapor.

Cesium iodide has been observed to react with milica in
Inconal to yield a vaporous iodine. The fate of this iodine has
not been established.

When cesium is released from the fuel it will react with
steam to form CaOH. Barium and strontium may appear initally as
the stable oxides BeO and Sr0 which would hydrate to Ba(OH)2 and
Sr(OH)2 Antimony and tellurium are released generally in the
reduced elemental form.

|

A final example of the reactions of interest is that of,

cesium hydroxide with stainless steel. Very adherent deposits of
| cesium were found on stainless steel lead screws taken from the

Three Mile Island reactor vessel (VinJanuri, 1984). Since that
time laboratory studies have indicated that reactions occur with,

milica, a component in the corrosion films on steel. The,

| product, Ca2S140 , appears to be quite stable and is observed in9
steel specimens exposed to steam at temperatures in excess of
1300 K. The reaction rate to form cesium silicate is kinetically
slow, probably because the cesium must first diffuse through an
outer oxide layer that contains no milica. The reaction of
cesium hydroxide with the milica in steel is important because
the cesium silicate is not as easily reveporized as surface
deposits of cesium hydroxide.

.

{
! IV.B. Chemical F & I
I
i
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Considering the large number of element; arising from the *

primary constituents in structural materials including impurities
therein, as well as the wide range in temperatures, pressures,
and oxidizing potentials, it is apparent that several chemical
reactions important to the source term are possible. If one adds
to this complexity of reactions the influence of strong radiation *

fields, it is clear that a very substantial experimental program
is required to give reasonable assurance that these phenomena are
well understood.

.

A property which is little appreciated but could be important
in a high pressure accident series (TMLB) is the solubility of
cesium hydroxide, CaOH, in dense steam. Cobble (1984) has studied
the solubilities in steam of a number of substances, including
sodium hydroxide and sodium chloride, and based on the relations *

between this solubility and other properties has made estimates
for CaOH and CaC1. His formula for solubility S, in parts per
billion by weight for CaOH in steam naving molar volume V liters
at Kelvin temperature T is

log S = 3.96 log V - (1760/T) 7.59+

In a TMLB sequence for a pWR, if CsOH were sufficiently
soluble in steam that portion of the Cs would not deposit on
walls or aerosols and would be directly vented to the
containment. At these conditions (637 K) the density of steam is
0.1014kg/1, V=0.1776 1/ mole, and by Cobble's formula S = 5.23.107
ppb or 5.23x by weight. Actually, the steam in a TMLB' accident
sequence would be diluted with substantial quantities of hydrogen
and the CaOH content thereby reduced. The validity of the
research done by Cobble should be checked since it could have an
important impact on the retention of Cs in the primary system.
The salt CsI, though hygromeopic, is thought to be much less
soluble in steam (like Nacl compared with NaOH) and may largely
be carried into the containment on aerosols.

IV.B.S. Chemical Interactions in the Containment Buildina

Chemical reactions in containment are probably not as
complex sa those in the reactor pressure vessel, but they .

also affect the ' source term. Some containments are "inerted"
(the air is replaced by nitrogen) but others are not. When
oxygen is present, iodides could be oxidized under some
conditions to give a partial pressure of iodine vapor, which ,

would depend on the time, the amount of hydrogen present,
radiation intensity, and the pH of the iodide solution.

Iodidas suspended as particulates in the containment
atmosphere are subject to chemical change during hydrogen burns.
This has been established in integral testa (Nelson et al., 1983)
and laboratory tests (Taig, 1983) at Sandia with cesium iodide
particles. Volatile iodine could be formed by the oxidation of
the iodide.

,

Radiation-induced reactions in aerosols could release

IV.B. Chemical F& I
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f

! molecular species that would not settle as aerosola from the -

containment atmosphere.

Ionization of air or pure nitrogen results in formation of N
atoms and N + and N+ ions which can react with H2O vapor or 02 to2

*
: form oxides NO and NO2 that react in turn with water to form
; nitric acid, HNO . The acid would reduce the pH of water pools3

in the containment. This reaction has been known since 1946
(Allen et al 1947) but only one careful (but limited) atudy of it*
has been made since (Linacre and Marsh, 1981). In that study,

i

| sealed vessels containing pure water and N2 gas (pure or mixed
i with 02 or H2) were exposed in a research reactor to mixed gamma
; and fast neutron radiation, and nitrogen compounds formed in the'

water were determined. In all caser., the amount of compounds -

formed was proportional to the. amount N2 gas present and -'*

independent of the amount of water. The yield of HNO3, based on
the energy absorbed from the radiation by N2,.was G=1.5 molecules

i per 100 eV with pure N2, and increased to G = 2.7 or more when 02
gas was added. (G = 1 corresponds to 1.036x 10-7 g-mole per

. Joule.) When H2 gas was added with the N2, the yield of HNO3 was
much reduced and smaller and rather irreproducible yields of
ammonia, NH3, appeared. In a degraded-core accident, enough
hydrogen gas would enter the containment to reduce the yields of
acid formation and peroxide production, and assure that the,

; oxidation (if any) of the iodide would be a slow process.

The containment water may be sub ected to as much as 107J
rad /hr of beta and gamma rays, which la well known to cecompose
water to build up a steady concentration of 10-4 moles per kg.
(N) of hydrogen peroxide (H20 ) in the presence of oxygen. Iodide2
ion does not appreciably react with H 02 2 in neutral or alkaline
water (pH of 7 or more) but at pH 2 to 3 it reacts in seconds to
form volatile I2: H2 2 + 2H+ + 2I-0 I2 + 2H 0. As the reactions= 2 '

proceed, the radiation will build up more H 02 2 and the iodide in
these acid pools could be completely oxidized. However in the
presence of much hydrogen or absence of oxygen, the H022formation will be much reduced.

The nitric acid reaction, which has been ignored by source
term researchers, thus poses a possible threat to the iodine.

j source term in any scenario in which flooding of the containment
by alkaline water does not occur. Further study of the reaction
under various conditions is needed.

e

Tellurium, released to containment in the form of aerosols,
will decay to the lodine daughter. The fate of iodine formed in
this way should be included in calculating the source term.

IV.B.6. Chemical phenomena In the Core-Concrete Interaction

As noted above the release of radionuclides in the reactor
pressure vessel la dominated by iodine, cesium, and tellurium.
When the molten core debris penetrates the reactor vessel it -

falla onto the floor of the reactor cavity where it interacts
with the concrete basemet. The release of radionuclides from the

IV.B. Chemical F & I
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core-concrete interaction to the containment gas space is
esiculated by the VANESA Code as described in Chapter V.

Generally, more attention has been given to releases in the
reactor vessel because it was considered that the three volatile ,

radionuclides rolessed there constitute the major fraction of the
source term. The release of some tellurium and the more
refractory fission products such as lanthanides* and actinides
from the core concrete interaction may contribute significantly'

.

to the radioactivity held in containment. The amount of
| refractory materials released from the core concrete interaction
! is a sensitive function of the temperature of the molten pool, as
| described in IV.A.

_

For certain containment failure modes, releases that occur
late in the accident sequence could contribute to the release to
the environment. Calculated releases to containment for the
TMLB' sequence as reported for the Surry plant (Gieseke et
al., 1984, Vol V) are shown in Table IV.B.1.

It is worth noting in Table IV.B.1 that a substantial
fraction of the tellurium which had combined with zirconium and
stainless steel in the reactor vessel is expected to be released
later in the sequence during the interaction with concrete. The
table does ngt list iodine and cesium; these " volatile" fission

I products will also be released to the extent solid fuel debris
| was swept into the pool during core collapse.

The chemistry involved in the release is extremely complex.
When the molten core debris contacts the concrete basemat, the
high temperature causes thermal decomposition of the concrete.
Large volumes of carbon dioxide and steam are released. As these
gases sparge through the overlying layer of molten material they
are reduced by metallic constituents to hydrogen and carbon
monoxide. Some fission product oxides (such as La2 3) may be0
reduced to more volatile suboxides (lao) or metals at this point.
This would enhance their release. As the gemas pass through the
melt they pick up materials that are vaporized at the elevated
temperatures (above 2270 K). The gases leave the surface of the
. melt where the vapors condense and are transported into the *

containment as aerosols.

.The complexity of the chemistry arises from the large number
of chemical species involved and the complex physical conditions. *

Twenty-eight chemical elements are listed as constituents of the
core debris, thirteen different chemical compounds are listed in
the composition of the concretes, and the VANESA Code considers
137 vapor species. The physical conditions involve heterogenous
reactions occuring at temperatures up to 2800 K in multiphase
systems. Modeling such a complex system requires many simplifying
assumptions.

.

_________________________________________________________________

'The lanthanum group of radionuclides, as classified in the
Reactor Safety Study, contains Eu, Gd, La, Nd, Pm, pr, Co, Np,
and Pu.

IV.B. Chemical F & I
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Table IV.B.1

Calculated Radionuclide Release to Containment for Surry TMLB',

Core-Concrete Interactiona

.. ___ .______ ._______ .______________..____________...__..____
. SDecise Fraction Releasedb

______ ....._______..... _________...__ .. .._____..____________
Te 0.40c

. Sr0 0.12
Ba0 0.097
CeO2 0.001 '.
UO2 6.5 x 10-5 -

La203 5 x 10-6
Ru < 5 x 10-6

____... _.. ____ _.. _________________ ...____.._______________

* approximated from Tables 6.10 and 6.14 (Gieseke et
al., 1984, Vol. V)

b fraction of the original melt inventory
c 654 of the original core inventory was in the melt

.
.i

e

,

.
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The quantities of- radionuclides released as aerosols above ,

the melt are very sensitive to the conditions of the reaction and
to the composition of the melt. Release of the fission products
and actinides is an exponential function of the temperature, and
some fission products are influenced strongly by the oxidation
potential of the melt. This latter point is illustrated by some ,

of the calculated results reported in the Quest program (Lipinski
1984).

In studying the sensitivity of releases to the presence of .

metallic zirconium in the melt, Lipinski et al. (1984) calculated
the releases to containment for the Surry, TMLB' sequence as the
quantity of metallic zirconium in the melt (the amount not
oxidized in the reactor vessel) was varied from zero to 80% of _

the original inventory in the core. The base case of 41x .

zirconium corresponds to the calculation of the TMLB' sequence
reported in Gieseke et al. (1984; Vol. V). The results are shown
in Table IV.B.2. Since the fraction of zirconium that would be

present in the melt is rather uncertain, the high release of
lanthanum and cerium for 80% zirconium emphasizes the importance
of more experimental studies in this area.

These results are not auprising since the oxidation of
metallic zirconium in the melt increases the temperature, and
zirconium metal reduces some refractory oxides to the more
volatile elemental forms. Lipinski et al. state that this range

of zirconium in the melt has been reported in some studies;
however, they believe that only 20% oxidation of zirconium in the
reactor vessel is unrealistically low. In spite of these ,

reservations, it is clear that the calculated releases are
sensitive to this parameter. This could be especially important
for BWRs which have zirconium in the channel plates as well as in
the fuel rod cladding (Figure III.A.3).

,

La2 3 is one of the biologically active fission products0
which is recuced by zirconium to more volatile lao, LaON, or La.
forms. The ApS study group is especially concerned about some
potentially rapidly evolving BWR sequences, such as AE, which may
create zirconium metal-rich corium pools with significant
potential to vaporize the lanthanum group to aerosols. These

same sequences have the potential for early failure of Mark I *

containments.

The behavior of specific rare earths and actinides (e.g.
*plutonium) in such sequences require investigation.

Given the complexities of the core-concrete interaction, a
substantial experimental data base is required for reliable
calculation of releases. At present only limited data exist.
Ideally there should be data which is easy to duplicate and

analyze. In the future separate effects tests will be run to
measure vaporization rates of selected fission products.
Tellurium, barium, strontium and molybdenum are of primary .

interest in these tests. Integral testa mentioned earlier in

IV.B. Chemical F& I
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Table IV.B.2 *

Calculated Effect of Metallic Zirconium on
Release to Containment of Fission Products

(from Lipinski et al., 1984).

_________________.._____________________________________________

Fraction of
a Zr Metal Fraction Fission Product Released a ,

1_____________________._____________....________________. _______

g gb gc

O O.001 5x10-4 2x 10-5
41 0.12 5x10-6 o, col _

80 0.70 0.30 0.20 -'

. _______....___......________.......___________... .___________

a fraction of original inventory
b La is a surrogate for the group Eu, Gd, La, Nd, Pm, Pr,

Sm, and Y.
c Ce is a surrogate for the group Ce, Np, and Pu.

.

i

.
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Section IV.A will be conducted in the Large-Scale Melt Facility
at Sandia National Laboratory and at.the BETA facility of the *

Kernforschung Zentrum, Karlsruhe (West Germany), which will
measure not only tamperature increases but also gas releases. In
these tests, melts weighing about 200 kg will be placed in
concrete crucibles at temperatures of about 2900 K. Stable
isotopes of the fission products will be added to the melts as '

chemical surrogates.

The integral tests.should provide reliable data for releases.
"

! The study group stresses the importance of adding the full range
of biologically active materials to these tests (including

j

plutonium), and simulating the full expected range of temperature '

and zirconium metal content. An extensive program may be
required to elaborate the complex chemistry involved in the ~

interaction. For example, at present only elements, oxides and *

hydroxides are considered in the VANESA model; the presence of
halides or sulfides arising from the concrete could produce other
volatile fission product species. Such questions about .the |

chemistry can only be answered by experiment.t

IV.B.7. Conclusions

! a. There is sufficient information on the release from fuel
of the volatile fission products (I, Ca. Te) to allow a valid
calculation of the releases of these materials in severe accident i

analyses. There is not as much information on the release of the
less volatile nuclides such as barium, strontium and plutonium
and the calculation of their release contains broader
uncertainties. Confirmatory laboratory experiments are needed
over a wide range of parameters relevant to accident conditions
- to reduce the uncertainties in the calculated releases of the
less volatile nuclides. These sheuld include experiments at high

,

pressure.

b. Chemical resetions of the volstile fission products that
occur in the Reactor Coolant System could on the one hand lead to

'the formation of more volatile species or on the other hand to
compounds bound irreversibly to steel surt' ace s . The study of
such reactions is in an early stage. Experimental programs such
as those currently underway should be pursued if these phenome'na

,

are to be understood well enough to be included in accident i

analyses.

c. The release of fission product species in the complex
,

high-temperature environment of the core / concrete interaction
could lead to substantial relea'ses into the containment. The
computer programs are complex and use boiling correlations for
from tested regions. Date on the "non-volatile" fission products
to check these computer programs are particularly lacking. Both
laboratory scale and large-scale experiments to search for the
release of the more volatile coumpounds of the important
radionuclides which are considered as non-volatile in the present

~

calculations ~ hould be continued. These experiments should covers
the full range of compositions (including plutonium and other

IV.B. Chemical F& I
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materials of interest), temperatures, and oxidation-reduction
potential anticipated for accident sequences. -

d. There is a possibility that reactions exist, including
radiolytic reactions, that would partition iodine from aqueous
solutions in containment into volatile form. Sufficient work' should be done to allow an assessment of these types of
reactions, to determine if they contribute significantly to the
source term.

*
e. Chemical reactions of the fission products during

transport through the reactor system are not generally treated in
the computer codes used in current accident analyses. Chemical
parameters which affect the source term should be modeled in the
codes.

-

:

,

.-

t

e

.
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IV.C. Aerosol Theory and Exceriments -

IV.C.l. Introduction

As noted in the introductory section, the noble gases, Kr and
Xe, are released from the fuel as gases; these mix with the other =

gas flows and can be released as gases to the environment.
However, volatile fission products, such as Cs, I and Te, which
are volatile at the high temperatures of a degraded core either
condense to form liquid or solid particles or combine chemically "

to form lower volatility species which then condense. The
non-volatile fission products, together with other
non-radioactive material, can be released during the hot

core-concrete interaction. These then become solid aerosols or -

absorb water vapor to become 11guld aerosols. -

The behavior of these aerosols governs the flow of the
volatile fission products after they leave the fuel roda (during
the heatup and core-melt periods; see Section IV.A) and therefore
govern retention in the primary system. Their behavior governs
whether these deposit in the reactor vessel, to rejoin the
core-melt at reactor pressure failure, or deposit elsewhere in

the primary system. The behavior of aerosols also governs the
rate of deposition of these fission products in the containment.

An aerosol is a collection of particles suspended in- a gas.

The particles may be liquid, solid, or a mixture. Liquid aerosol
particles can be taken to be spheres owing to the action of
surface tension and their small size. Solid aerosol particles
may have a variety of shapes, some departing very significantly
from spherical. However, for purposes of this overview we shall
take solid aerosol particles also to be spheres unless otherwise
noted. Empirical shape factors may be introduced in;o formulas
derived for spherical particles to account for the influence of

particle shape when necessary. The effect is to reduce the
particle mobility and thereby decrease its deposition rate

compared with a spherical particle of equivalent volume. The
effect on. coagulation is more complex; the area for centact may
be increased, thus partially offsetting the reduction in

mobility. Since we are tsking the particles to be spheres, ,

particle size is uniquely specified by particle radius a,

particle diameter d, or particle volume v = rd3 /6.

Except for aerosols prepared under very special conditions, ,

each property of the collection of particles generally is

distributed over a range of values. For example, although the
limits are somewhat arbitrary, aerosol diameters could range from
as small as 1 nm (a cluster of a small number of molecules) to as
large as 1 mm. Figure IV.C.1 is a useful summary of the likely
size ranges for typical aerosols.

Aerosols are dynamic systems: particles are convected from

place to place by the flowing gas in which they are suspended.
~

particles move relative to the suspending gas if they are acted

upon .by external forces or if they possess sufficient inertia

IV.C. Aerosola
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that they are unable to follow changes in the gas velocity. ''

particles- diffuse relative to the suspending gas if the particle
concentration is spatially nonuniform. New particles may be
formed by nucleation from supersaturated vapors or by mechanical
disintegration of larger masses. Existing particles may increase,
in size owing to condensation or decrease in size owing to
evaporation, particles may increase in size and decrease in
number by coagulation. Finally particles may be lost from the

, gas by deposition onto surfaces. The kinetics of theseprocesses, and therefore their relative importance for a given
set of conditions, depend on the properties of the particles,
especially particle size, the properties of the suspending gas,
the geometry of the system, and the nature of the gas motion.

Many of these processes are understood reasonably well when
they occur individually and in systems of simple geometry with
simple composition. Excellent accounts of aerosol behavior under
such conditions are available in books by the following authors
among others: Fuchs (1964), Hidy and Brock (1970), Friedlander
(1977), pruppacher and Klett (1978), Seinfeld (1980), Hinds
(1982), and Loyalka (1983). Current knowledge of the kinetics of
the individual processes will be reviewed in this chapter.
Application of this understanding to estimation of the source
term is impeded by the facts that: during a severe accident many
of the aerosol processes occur simultaneously and are strongly
coupled; the geometry and chemistry are extremely complex; an
accident is an unsteady situation with conditions varying in
space; and the thermal hydraulics which drive the aerosol
processes currently are not modeled in great detail.

IV.C.2. Evolution Ecuation for the particle Size Density Function

Assume for simplicity that particle size is the only
important distributed property of the particles. Of course,
responses that depend on particle size such as settling speed
also will be distributed as can be seen from Figure IV.C.I. A
quantity of fandamental importance to the description of aerosol
systems is the particle size density function n(t,t,v). This la
defined such that n(t,t,v)dv is the number of particles per unit
volume of gas near position t at time t having particle volume

-

between v and v+dv. Evolution of n(t,t,v) due to the processes
enumerated above is governed by the following population balance:

* da(t,t,v) = -v -(En) - v-(En) v' ( Bvn )+

at

+[dak [da} [ da] (IV.C.1)+ +

(dt) source (dt/ growth (dt} coagulation

The ters on the left of Equation (IV.C.1) is the local rate
of accumulation or' depletion of particles of size v per unit
volume of gas. ,

The term T-(En) is the divergence of the flux of particles

IV.C. Aerosols
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of size v being convected with the gas at local gas velocity
u(t,t). A study of the thermal hydraulics ideally should provide
the spatial and temporal variation of the gas velocity as well as
the temperature, total pressure, and composition fields. Thermal
hydraulics is reviewed in Section IV.A. There it is shown that
during the critical time for aerosol transport -- the heatup and ,

core-melt phases -- the physical phenomena are complex and it is
not possible .to give the gas velocity, temperature, and
composition fields with a fine degree of resolution.
Consequently, a spatially averaged form of Equation (IV.C.1) is .

used for source term estimation. The averaged form of Equation
(IV.C.1) will be discussed in Section IV.C.3.

The term v.(en) is the divergence of the flux of particles .

of size v moving relative to the gas with a size dependent (and .

possibly time and position dependent) velocity q. Relative
motion arises when the particles experience an external force

! such as gravity or when the particles have sufficient inertis
that they can not follow changes in the gas velocity. Relative
motion is resisted by a drag force which depends on the particle
size and the relative velocity; e is found by solving the
equations of motion for a particle in response to these forces.
The determination of c for forces of interest in estimating the
source term is discussed in Section IV.C.4. However, for the
moment we simply cite the result for the steady velocity achieved
when a particle of density pp and a diameter d sediments in
response to the acceleration of gravity g through a gas of
viscosity p, density p, and mean free path X:

(p, p)gd2 Cp/(18p) (IV.C.2)caed =

C, is a correction to the results in the continuum regime to
account for slip and free molecular effects when the mean free
path of the gas is comparable to or larger than the particle
diameter. This correction is known as the Cunninghen slip
correction and is given by the empirical equation:

C,= 1 +(21/d)(1.257 + 0.400exp(-0.55d/X)) (IV.C.3)

The term - v-(B vn) is the divergence of the flux of
*

particles of size v relative to the gas by diffusion according to
Fick's law, with a size dependent diffusion coefficient B. The~

|
coefficient of diffusion in a gas at absolute temperature T is

given by the Stokes-Einstein relation:
| e

B = kTCp/3ryd (IV.C.4)

where k is Boltzmann's constant. Diffusion of aerosol particles
is discussed in Section IV.C.4. It will be seen that in most

applications because the coefficient of diffusion is small,

transport of particles by diffusion (especially near collecting
surfaces) is strongly coupled to transport by convection.
Consequently, deposition rates caused by diffusic, depend also on -

the gas velocity. We should expect different deposition rates for
laminar and turbulent flows and for forced and thermally driven

IV.C. Aerosols
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flows, and of course the deposition rates are geometry dependent. .

Here we cite as an example of an empirical correlation the
deposition rate J per unit area of surface for forced turbulent
flow in smooth tubes of diameter D and average gas velocity U:

* 3 = 0.023 (pDU/p)0.83 (p/p >O.33 (9n/D).g kn (IV.C.5)= d

In general, the ratio J/n of the deposition rate per unit area to
the aerosol number concentration is called the deposition

,
velocity, kd.

The term (dn/dt) source is the not production rate per unit
volume of gas of particles of size v due to nucleation. This is

,

| discussed in Section IV.C.7. It will be seen that the rate of ._

i particle production is an extremely sensitive function of the f

degree of supersaturation, the temperature, and the physical
,

properties of the condensed phase. For a single condensing'

species of molecular mass a forming pure liquid dro'ps of surface
classical nucleation theorytension e and molecular volume va,

gives the following expression for the production rate per unit
gas volume of droplets of the minimum thermodynamic 1y stable size
d*:

* Vm (pi/kT)2(2a/am)1/2(dn/dt) source

x exp(-16,,3 (v,32/3(kT)3(ins)2) (IV.C.6)

where

S = pi /pi, sat (IV.C.7)

and

d' = 4evm/kTin(S) (IV.C.8)

Here pi is the partial pressure of the cendensing species and
pi,sst is its equilibrium saturation vapor pressure at the
prevailing temperature. S is called the saturation ratio. Since
the vapor concentrations and gas temperature vary with position
and time and since vapor pressure is a strong function of.

temperature, the particle production rate by nucleation can be
extremely sensitive to fine details of the thermal hydraulics.
New particles also may be formed on preexisting nuclei, and the

e rate at which this occurs is sensitive to the chemical and
physical interactions of the condensed phase with these
pre-existing nuclei as for example the contact angle with
insoluble nuclei or the vapor pressure suppresion by soluble

,

nuclei. The rate of nucleation also can be very sensitive to the
scavenging of vapor and nuclei by surfaces especially the
surfaces of previously formed aerosols. When sufficient aerosol
area has been formed, supersaturation can be relieved by
condensation of vapor onto existing particles rather than by the
formation of new particles. .

The term (dn/dt)9rowth is the not rate of transfer per unit

IV.C. Aerosols
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i
'volume of gas of particles from other size classes to size v by '

the mass transfer processes of condensation and evaporation. If ,

G represents the local size dependent particle growth or
'

shrinkage rate, then (dn/dt) growth can be expressed as

'(dn/dt) growth = -4(Gn)/4v (IV.C.9)

particle growth and evaporation are discussed in Section IV.C.5.
Here we simply quote the result for the diffusional growth when

,
molecular diffusion of the vapor with diffusion coefficient Bm to
the particle surface is the dominant mass transfer mechanism:

G = 2r Dadvm ((p/kT)1 (p/kT)i, sat) Cat (IV.C.10)-

Cat is a correction to the result for the continuum regime to
account for slip and free molecular effects. According to Fuchs
and Sutugin(1971)'

3.46A/d + 5.333(A/d)2) (IV.C.11)Cat = (1 + 2A/d) /(1 +

Thus relief of supersaturation by condensation onto existing
particles is seen to be proportional to (S-1) whereas the relief
of supersaturation by nucleation of new particles depends very
much more strongly on S. The growth of hygroscopic particles
(above which the vapor pressure pi, sat of water may be
considerably reduced) by absorption of water vapor is believed to
play an important role in aerosol removal from the containment
vessel, by increasing -particle size and thereby increasing the
deposition velocity.

The term (dn/dt) coa 9ulation is the not rate of transfer per
unit volume of gas of particles of other size classes to size v
brought about by coagulation. particles of size v are lost when
'these collide and stick to any size particle, and particles of
size v are formed when two particles of total volume v collide

'

and stick. These rates are proportional to the concentrations of
' the particles entering collision so that

oo

(dn/dt) coagulation A(v,v) n(n,t,v) n(t.t,v) dv=-.

V O ,

1/2 A(v-v,v) n(g,t,v-v) n(r,t,v) dy (IV.C.12)+,

'

o'

As indicated by the arguments of A(v,v) which is called the' . ,
'

collision kernel, the collision rate per unit volume of gas .

depends on the particle volumes v and v of both particles
entering the collision. Different coagulation mechanisms give
different dependencies on particle size (and therefore indirectly
on particle volume concentration). Coagulation by Brownian
motion usually dominates when the number concentration is high

; and coagulation by differiential settling of unequal sized
particles is believed to dominate at lower number concentrations
likely to be found in the containment vessel late in an accident.
Coagulation will be discussed in Section IV.C.6. Here we simply

,

cite as an example the formula for A(v,v>- for Brownian
coagulation when both particles are larger than the gas mean free

IV.C. Aerosols
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path:
.

2kT/3p.(vl/3 + vl/3) (v-1/3 + v-1/3) (IV.C.13)A(v,y) =

* To a certain extent, nucleation and growth can be regarded
as special cases of coagulation, namely coagulation of particles
with individual molecules. However, because these processes
usually occur with different characteristic time scales, it is*

: often advantageous to regard them as different processes. The'

time scale for growth and nucleation are usually much shorter
than that for coagulation. Consequently it is often assumed that
they occur under pseudo-steady state conditions. As temperature
or supersaturation change, these rates also change; but their

_

instantaneous rates are given by steady state theory for the then .

prevailing conditions. A similar assumption is made in the
kinetic theory of nonuniform rarified gaaea, where, although the
gas is not in equilibrium, the distribution of molecular
velocities about the local mean velocity at each position and
time is the Boltzmann distribution based on the local
temperature. As a result of treating nucleation and growth as
separate processes, separate mass balances are required to keep
track of uncondensed molecular species and Equation (IV.C.1)
should be applied only to particles larger than the minimum
thermodynamica11y stable size.

New particles might be formed from existing particles by
breakage when particles collide with other particle or with

i surfaces at high speed, by the bursting of bubbles formed during
the rapid heating of particles, the development of thermal
stresses when the temperature of solid particles undergoes large
changes, and the shattering of charged drops when the Rayleigh
limit is exceeded. These processes are poorly understood, are not
included in source term modeling, and are omitted in this review.
An exception is the formation of aerosola from the molten pool by
the bursting of bubbles formed by the core-concrete interactions.

IV.C.3. Averaaed Eaustions for the particle Size Density Function

Solving Equation (IV.C.1) is impossible for purposes of,

source term estimation. In the first place the thermal hydraulics '

codes used are inadequately developed to give the spatial and
temporal resolution required for the velocity, temperature, and
concentrations. Secondly, the histories of the release rates of,

the various species from the core and their chemical conversion,
' to other condensible species is not known with sufficient
' preciaion to warrant the calculation. And thirdly, even if the

above information were available, the numerical computation would
be much too lengthy to permit covering. the wide range of
conditions that require investigation. Consequently all source
term calculations involving aerosols are based on a spatially
averaged form of Equation (IV.C.1).

.
' This averaged equation is obtained by integrating Equation

(IV.C.1) over some region of physical space of volume V. Since
some of the terms in Equation (IV. Col) depend nonlinearly on

.

|

.
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particle concentration, vapor concentration, and temperature, it -

is necessary to make some assumption about the spatial variation
of these parameters. The usual assumption is that all variables
are uniformly distributed within the control volume except
perhaps in very thin layers adjacent to bounding surfaces. Two
types of bounding surfaces are considered: open arous through .

which gas flows carrying with it particles, and surfacea on which
particles can deposit. The later might include the surface area
of sprayed water drops which can scavenge aerosol particles. When
the integration over the control volume is carried out, the first a

three terms on the right of Equation (IV.C.1) can be expressed as
surface integrals by use of the divergence theorem.

Let n(t,v) denote the averaged particle size density -

~

function for the control volume. Then the integrated equation -

takes the form:

IQ nnin - IQoutn - IAkdnV dn(t.v) = i

dt

+ (dn/dt) growth +(dn/dt) coagulation 3VC(dn/dt) source+

(IV.C.14)

Qn and Qout are the volumetric flow rates into and out ofHere i
the control volume and the summation signs for them indicate the
possibility of several such open areas. For these areas the
transport of particles by migration and by diffusion relative to

the gas are neglected compared to transport by gas convection,
kdn is given by the average component normal to a collecting
surface of area A of the vector -Cun+qn-Bvn) evaluated at
particle-surface contact. The summation sign here indicates the
possibility of several auch areas, for example floors, walls,
ducting, spray dropa, etc. In general each surface requires a
different value of kd depending on the geometry, flow, and major
deposition mechanism for that surface. The term kd has units of
length / time and is eslied the deposition velocity; in the
chemical engineering literature kd is called the average mass
transfer coefficient for the area considered. Correlations for kd
due to a variety of deposition mechanisms and geometries will be

*
discussed in Section IV.C.4.

.

Equation (IV.C.14) is the basic equation for computation of
aerosol transport and deposition in the reactor coolant system by

*
the TRAP-MELT code. However the term (dn/dt) source is omitted it
being assumed that no new particles are formed within the control
volumes. All particles are taken to have been previously formed

Qn nin.and are carried into the respective volumes by the terms i

Consequently, as a starting point it is necessary to specify the'

characterictics of the aerosol leaving the "immediate" vicinity
of the degraded fuel. This is done by assuming a lognormal
distribution with user assigned geometric mean radius and
geometric standard deviation. The number concentration is then -

computed so that the instantaneous mass flow rate of aerosol away
from the degraded fuel matches the mass release rate from the

IV.C. Aerosols
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fuel computed by the code CORSOR of those species judged to be -

sufficiently nonvolatile to have condensed to aerosol already.
Typically an initial average particle size of 0.05 pm and
geometric standard deviation of 1.7 are chosen. The implied
justification for this approach is the hope that when the initial,

number concentration is sufficiently large, the particle size
distribution function rapidly approaches a form independent of
the initial number and distribution due to coagulation. This
will be discussed more fully in Section IV.C.6. Other user,
specified properties of the particles are their density, a shape
factor for sedimentation, and a shape factor for coagulation.

Equation (IV.C.14) is also the basic equation for compution
of aerosol processes within the containment vessel by the NAUA
code. Again, it is assumed that no new particles are formed by -

nucleation in the containment. particles flow into the
containment from the reactor coolant system at a rate and size
distribution that is computed by the TRAP-MELT code, particles
are also introduced into the containment following melt through
of the reactor vessel owing to the gases formed by the
interaction of the molten core with the concrete. Some particles

generated by subsequent condensation of sufficiently volatileare
species sparged from the hot melt by the. rising gas bubbles and
some particles are generated by the bursting of gas bubbles at
the surface of the melt. The computer code VANESA provides these
inputs to NAUA. Those particles formed by condensation are
assigned a single diameter determined empirically from small
scale melt-concrete experiments to be proportional to the cube
root of the mass production of the condensible species as
computed by VANESA to have been sparged. The particles produced
by bubble bursting are assigned the diameter of 1 pm. Aerosol
formation by the mechanical processes of atomization at
melt through, bubble bursting, large droplet breakage on impact,
and steam explosions may be especially important for refractory
apacies in view of their relatively low volatility, even. at
molten pool temperatures.

As pointed out above, most aerosol processes are very
sensitive to particle size. For example, the deposition velecity
resulting from sedimentation is roughly proportional to the

*

aquare of particle diameter, and the deposition velocity because
turbulent ejection is roughly proportional to the fourth power of
particle diameter at least for much of the si=e range of interest

4 for source term estimation. The decontamination ratio usually
doponds exponontially on deposition velocity. Therefore modest
changes in the size distribution can have large influences on the
rates and locations of aerosol deposition. Equation (IV.C.1)
describing the evolution of the particle si=e. density function
containa several nonlinear phonemena. Nucleaction rates are
extremely sensitive to the degree of supersaturation which varies
with position. Coagulation is a second order process. Replacing
an equation in which n(t,t,v) is continuously varying in space by
an equation in which only an averaged value n(t v) is computed ~

can lead to significant errors in estimating aerosol processes li
the gas is not well mixed unless appropriate averages are

IV.C. Aerosols
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employed or sufficiently small control volumes are used. In
"

current computations using the TRAP-MELT code or the NAUA code,
the reactor coolant system and the containment vessel are divided
into a relatively small number of control volumes assumed to be
well mixed. Given the large size of some of these volumes, the
predicted large temperature and concentrations variations between
the gases and bounding surfaces at least in some parts of the *

flow path, the expected nature of the gas flow field, and the
sensitivity of aerosol processes to particle size, the assumption
that each control volume is well mixed certainly deserves much

*more scrutiny than it has recieved to date.

A step in this direction is the RAFT code which computes
aerosol transport and deposition processes in ducts. In this
code the gas is assumed to be well mixed across the duct }crosasection but properties are allowed to vary continuously
along the duct.

IV.C.4. Aerosol Deoosition Mechanisms and Deoosition Velocities

IV.C.4.a. General comments

The following mechanisms have been recognized to be of
potential importance for removal of aerosols from gases during a
severe accident at a nuclear power plant: sedimentation caused by
gravity onto horizontal surfaces (ksedimentation); thermophoresis
resulting from temperature differences between the gas and
surfaces (kthermophoresis); deposition by the Stefan flow
associated with the condensation of vapors on surfaces (kStefan);
inertial deposition from turbulent flow near surfaces-
(k urbulent); deposition by impaction owing to ebrupt changes int

i gas velocity near surfaces which the particles can not follow
(k m paction); and diffusional deposition owing to particlei

concentration differences near surfaces (kdiffursion). The symbol'
for the anaociated deposition velocity is ahosn in parentheses.
For each deposition mechanism, the deposition selecity depends on
particle size, flow conditions, and geometry. The dependence may
be quite complex, and since these variables can very widely it
may be necessary to use several different correlations to cover
the necessary range of variables even for a single deposition
mechanism. Deposition velocities are Jaually determined .

theoretically or experimentelly for conditions such that only one'

deposition mechanism dominates. When it is necessary to estimate
the deposition velocity with several mecaanisms operating
simultaneously, it is assumed that the individual deposition ,

velocities for that surface may be added linearly.

kd " kaedimentation *kthermophoresis +kStefan

+ k urbulence k mpaction + kdiffusion (IV.C.15)t +
i

Since in most cases it is expected that for a given surface or
portion thereof and given size particle and hydrodynamic I

conditions one deposition does dominate the others, this
,

j
asesumption probably does not introduce serious errors. Much more |

IV.C. Aerosols
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|

significant errors will result from applying correlations
established for relatively simple geometries to the complex

,

geometry of a nuclear reactor and for conditions where the
particle properties and flow conditions are not well known.

If deposition is the only important aerosol process occuring4 .

in a closed vessel, then Equation (IV.C.14) reduces to

V(dn/dt) = - (IAk ldn (IV.C.16)
e ,

and if IAkd is constant this equation is readily integrated to
give

n(t,v)= n(0,v) exp(-tIAkd/V) (IV.C.17)
.

or .

.

t= (V/IAkd ) In(n(0,v)/n(t,v)) (IV.C.18)

For these conditions the number concentration of still suspended
particles decreases exponentially in time at a rate reflecting
the dependence of kd on particle size. Alternately, the time
required to reach a given level of decontamination is inversely
proportional to kd and therefore also size dependent.

IV.C.4.b. Deposition by sedimentation

A small particle acted upon by gravity acquires a velocity
caed relative to the gas given by Equation (IV.C.2). Listed
below are the settling velocities for a range of particle
diameters computed from Equation (IV.C.2) taking the particle
density to be 3000 kg/m3 and the gas to be air at 288 K and 1 ata

~

(ie. p= 1.8x10-5 Pm-s and A = 64 nm)

' Settling Velocities for a Range of Particle Sizes
| _________________________________________________
!

i d (Am) 0.01 0.1 0.3 1.0 3.0 10.0
! caed (mm/s) 2.Ox10-4 2.6x10-3 0.013 0.11 0.86 9.2

|
,

| Since the terminal velocity is directly proportional to particle'
density, the velocities listed here can be scaled readily toe

* other particle densities. However it is necessary to use the
true particle density, which might be less than the density of
the material comprising the particle if it is an aggregate
containing significant voids. In computations with the TRAP-MELT
code, the density is input by the user. Early computations
assumed a particle density of 10000 kg/m3 but more recent
computations assume en input of 3000 kg/m3 In computations with
the NAUA code the particle density is an input from the TRAP-MELT
or VANESA code according to the source of the particles to the .

i

! containment. If particles in the containment are largely
composed of water as might be the case late in the accident, then

IV.C. Aerosols
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the appropriate density would be closer to 1000 kg/m3 .

Assuming that the vessel is well mixed with convection
velocities greater than caed everywhere except near solid
surfaces where the gas velocity becomes small owing to the
no-alip boundary condition of fluid mechanica, the deposition -

velocity resulting from sedimentation is simply caed and the
appropriate areas are the horizontal surfaces AH. Retaining only
the loss owing to sedimentation, Equation (IV.C.14) reduces to

.

AHcsed (IV.C.19)- AH caedn io., IAkdV dn/dt "=

In view' of the strong dependence of the settling velocity on
particle size, the time required to achieve a specified level of -

~

decontamination also is very sensitive to particle size. For -

example, using the terminal velocities listed above, the times
computed from Equation (IV.C.18) required for a decontamination
ratio of 100 in a vessel of volume 70,000 m3 and horizontal area
of 2,000 m2 are:

Times for Decontamination Factor of 100
______________________________________.

d (pm) 0.1 0.3 0.5 1.0 3.0 5.0 10.0
t (days) 710 140 61 17 2.2 0.79 0.20

In view of the long times for efficent removal of particles
smaller than a few microns, growth of particles by coagulation or
by absorption of water is important in acceleration of the
sedimentation process.

Although the concentration of each particle size decreases
exponentially with elapsed time, the overall mass concentration
of suspended particles varies with time differently because of a

distribution of sizes. If the initial size distribution is
n(0,v) and if sedimentation is the only aerosol process being
considered, then the mass concentration still suspended after
time t in found by integration:

*

Fraction of initial mass still suspended =

exp(-AH caedt/V)vn(0,v)dv / vn(0,v)dv (IV.C.20)
'

Ya O

We have carried out this integration numerically using the size

distribution given by Friedlander (1977) for Brownian coagulation
in the continuum regime under self preserving conditions (see
Section IV.C.6). For particles in the continuum regime C,may be
taken to be unity. Then the fraction of still suspended mass can
be expressed as a function of the single dimensionless group AH

c* sed t/V where c* sed is the terminal velocity based on the -

(6C/prN)O.333; here C andinitial number of median diameter d' =

N are the total initial mass concentration and total initial

IV.C. Aerosols
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number concentration of aerosol. The results of this calculation .

are shown in Figure IV.C.2 where they are compared with the
exponential decay for a monodisperse aerosol of diameter d'. With
increasing time, smaller and smaller particles remain suspended
and the rate of removal decreases relative to a monodisperse

= aerosol. Because of this, phenomena that might introduce smalldiameter particles into the gas late in the accident (nucleation
after much of the aerosol has already deposited) or sustain small
particles (recirculating flows which do not mix with the gas near* collecting surfaces) require careful attention.

IV.C.4.c. Denosition by thermoohoresia

particles suspended in a nonisothermal gas experience a -

force known as the thermophoretic force, owing to the more J
energetic molecular impacts on the hot side compared with the

' cold side. In the absence of other influences the particle
acquires a velocity relative to the gas given by:

K (p/pT) TT (IV.C.21)cther = -

where the coefficient K depends on the ratio of the gas mean free
path to particle diameter and the ratio of the thermal
conductivity of the gas x to the thermal conductivity of the
particle rp There is general agreement in the aerosol.

literature that the form of Equation (IV.C.21) is correct but the
numerical value of the coefficient is uncertain. Currently the
theory of Brock is used which gives:

(1.5 Cp) (x/rp + 4.98A/d)
K= (IV.C.22)_____________________________________

(1 + 6A/d) (1 + 2 x/rp + 9.86A/d)

The dependence of K on A/d and x/Ap given by Brock has not been
comfirmed experimentally, partly because the thermal
conductivities for most aerosols is poorly known. This also will
be the case for aerosols of uracertain size, composition and
voidage formed in a severe nuclear at.cident. Also the numerical
value of cTher is somewhat sensitive to the value adopted for
x/Ap at least for certain ranges of A/d. Currently in,

calculations using the TRAP-MELT code x/xp is assumed to be
0.01.

Aerosol deposition by thermophoresis is believed to be an,

important removal process in the reactor coolant system owing to
the large temperature differences betwen the flowing gas andsolid surfaces which gives rise to large thermal gradients across
the thin boundary layers adjacent to the walls. One of the
difficulties, however, is estimation of this temperature
gradient. In the field of heat transfer, heat transfer rates are
expressed in terms of a heat-transfer coefficient h, which is the
ratio of the heat transfer rate per unit area of surface to the
temperature difference driving the heat transfer. These heat -

transfer coefficients are correlated as a dimensionless group
called the Nusselt number (Nu) which also involves a

IV.C. Aerosols
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characterictic length of the system D and the gas thermal .

conductivity x:

Nu = hD/x (IV.C.23)

In forced convection, the Musselt number is found as a .

PUD /p and Prandt1 number Prfunction of the Reynolds number Re =

Cpp/x where U is the characteristic velocity of the gas and Cp=

is the gas heat capacity. Many such correlations exist in the
engineering literature for a variety of different conditions and .

geometries. For forced turbulent flow of gases in a pipe of
diameter 'e and everage gas velocity U the following equation may
be used:

0.023 ReO.8 Pro.33 (IV.C.24)Nu = .
,

The mass transfer analog of Equation (IV.C.24) was given above as
Equation (IV.C.5).

In free convection for gases, the Nusselt number is found as
gD p AT/Tp2 and Prandt132a function of the Grashof number Gr =

number where AT is the characteristic temperature difference
j between the gas and wall. Again, many such correlations exist in

the engineering literature, at least for simple geometries. For'

example, McAdams (1954) suggests' the following equations be used
for the laminar and turbulent regimes of free convection of gases
for vertical walls:

Nu = 0.59(Gr Pr)O.25 for GrPr < 109 (laminar) (IV.C.25) >4

Nu = 0.13(Gr Pr)O.333 for GrPr > 109 (turbulent) (IV.C.26)

Since HAT = AdT/dy at the wall, the temperature gradient at-

NuAT/D. Estimation of thethe well is given by dT/dy =
,

temperature difference driving the heat transfer is provided by
the MARCH and MERGE codes. Instead of using heat transfer
correlations appropriate to free convection when that mode of
heat transfer dominates, the TRAP-MELT first computes an

Re ff = (Gr/70)o.5 fer Gr > 107" effective Reynolds number" asi e
and then uses the larger of the true Reynolds number or this
effective Reynolds number in correlations established for forced -

convection such as Equation (IV.C.24). The same approach is used
for the estimation of the diffusional deposition of aerosols and
molecular species on the walls both by TRAP-MELT and additions to

*NAUA. This approach is not used in the conventional heat and
mass transfer literature and no Justification for it is provided

I in the TRAP-MELT documentation. Once a value for cTher for a
certain surface has been found, then it is used as the deposition
velocity due to thermophoresis for that surface and the analysis
proceeds exactly as above in the case of gravity.

IV.C.4.d. Denosition by Stefan flow and diffusiochoresis
.

When a vapor condenses on a surface, there will be a net gas
velocity toward that surface known as the Stefan flow. In

IV.C. Aerosols I1
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addition, particles suspended in a gas of nonuniform
*concentration experience a force known as the diffusiophoretic

force owing to the different nature of molecular inpacts on one
side compared with the other. For a two_ component system with
species A and B representing condensible and noncondensible
species respectively, the particle acquires a velocity given by:.

.

(1 + e4.x )C94 vin (x4) (IV.C.27)e =

e with e4, = 0.95(M 4 M.)/(M +M )-
4

-1.05(D 4 D )/(D + D.)-
4

where M,D and x are the molecular weight, molecular diameter, and
mole fraction of the indicated species, and Das is the diffusion ;

coefficient. This result comes from Waldmann and Schmitt (1967)
~

for 2X/d < 0.25.

Aerosol deposition by the Stefan flow may be an important
removal process during an accident in which large quantities of
steam are condensing. Examples include steam condensing from
rising bubbles in suppression pools, steam condensing in ice,

beds, and steam condensing on the cold walls of the containment
vessel. Researchers in source term estimation incorrectly call
this deposition mechanism'diffusiophoresis, whereas the dominant
mechanism with condensing steam is the Stefan flow. In order to
estimate the deposition velocity, it is first necessary to
determine the gradient of concentration near the surfaces. This
can be done using appropriate mass transfer correlations in a
manner analogous to that indicated above for thermophoretic
deposition.

IV.C.4.e. Deposition by imoaction
.

The motion of a small particle subject only to drag forces
is governed by Newton's laws:

m,(dgp/dt) = - 3rpdq/Cp (IV.C.28)

2- The quantity apCp/3rpd ppd C,/18p is a characterictic time for=
*

the particle velocity to adjust to changes in the applied force
or changes in the gas velocity. If U and D are order of
magnitude values of the gas velocity and a distance over which
the gas velocity changes, then D/U is a character 1ctic time for

* changes in the gas velocity. The ratio of these two time scales
is an important parameter in aerosol mechanics and is called the
Stokes' number:

2Stk d cpu /18pD (IV.C.29)= pp

The Stokes number being a measure of the importance of particle
inertia is the analog in particle mechanics to the Reynolds
number in fluid mechanics.

.

If the Stokes number is sufficiently large as in the case of

IV.C. Aerosols
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higg speed flow past small collectors (spray drops or filter;

elements). or in abrupt bends in the plumbing, then particle .
''Inerpia is important and the deposition rate depends on Stk.c

Capture dominated by the particle's inertia is called impaction.
*

-Mepy corre'lations for impacti'on, dominated deposition may be found
ini.the aerosol literature. For example, the following

.

correlatice is used to estimate the' rate of deposition on one =

falling water drop when captu're is dominated by impaction:
'

j i

2J *(r/4)D Une with a =-(Stk /(Stk + 0.17))2 (IV.C.30)
; i ,'- '. *

Here the. Stokes number is based on-the water drop diameter D and
i the dropf,a terminal velocity U. (Note that for impaction,

dominated capture tL a s deposition velocity is based on the
proJec,ted area of the collector.) For deposition la a packed bed n

i dominated by impacticn,' the rate of deposition on a single i
, j sphpric.a2\ grain is'tD'Ottavio and Goren, 1983)

s| 21

" J * (r/4)D Une (IV.C.31)s f,

wh'ere (A Stk)3.55/((A Stk)3.55' 1.67))v = .s
<

< .,

Here the Stokes number is based on the grain diameter D and the
,s u perfici a,1 gas velocity U through the bed; A(a,Re) is a known
i,Lnction of the fraction solids -in the bed and the Reynolds
number -based on D and U. A modification of Equation (IV.C.31)
might Occount for aerosol deposition in ice beds.

4,c

Nith the exception of capture by sprays, impaction ise

omIcted as a deposition mechanism from source term estimation
probably because the thermal-hydraulics is not known 'with
aufs?!cient accuracy to make reliable estimates for this

g epktition mechanism. In this regard, it is worth. noting thed
f , sen'a $tiy;ty of impaction dominated collection to particle size.'

The Stokes nO4bar is proportional to the second power of particle
diameter and for small Stokes numbers the deposition velocity is'

proportions) to the second or- higher power of Stokes number.
Consequently * che coefficient in the exponentially decreasing
concentration, Equation (IV.C.17), varies as the fourth or higher
power of particle diameter. This could have an important
influence on aerosol removal from the containment vessel late in

~

the accident. If .large particles do not reach the containment'
they will not be ave 12able there for scavenging smaller particles- .

' by differential. sedimentation. Also, if large particles are
efficiently deposktad in localized areas by impaction, this could

,

have important consequences. for subsequent revolatilization or '

equipment failure ^due to the decay heat associated with the
deposited fission products.(-

s ,
s

IV.C.4.f. Denosition Resultina from Turbulent Motion.

\(
Torbulent floc is a highly unsteady phenomenon with

fluctuating instanteqoous fluid motions normal to the wall. The
i ability''of a particle,to follow these fluctations depends on the -

time scale with which it ad hats to changes in applied force orJ -

s ,

,

s

'
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changes in fluid motion. This time scale was given above by t,=
2mp Cp/3rpd pm d Cm/18p. The time scale for fluid velocity=

.

fluctuations owing to turbulence near a w;.1 is related to the
time averaged stress at the wall rw and the fluio's viscosity,
and may be estimated as p/ r . When the ratio of these two timew
scales is sufficiently large, the particle is unable, because of

. its inertia, to follow the reversal of fluid velocity and is
! propelled toward the wall with a velocity achieved from the

inward directed fluid eddies. Dimensional reasoning suggests
'

that the ratio of the deposition velocity to ( r /p)O.5 can bew
' , correlated as a function of the dimensionless ratio t'

-

t y ry / p ==

2 r /18p2 This last group can be regarded as a kind ofd Cppp w
Stokes number appropriate to turbulent flows.

f

.i

j The only experimental results available to date are for
_

forced turbulent flow in ducts. For example, the awparimental f,

i results of Liu and Agarwal (1974) may be summarized by the
; equations:
.

f ( r /p)O.5 (6x10-4 (t')2 + 2x10-8 Rel for t' < 10k urbulentt = w

; and
. -

k urbulent = 0.01 for t' > 10 (IV.C.32)t

In forced convection in tubes and ducts, the time averaged stress
at the wall may be correlated as a function of the Reynolds
number Re PUD /p where U is the average velocity and D is the=

duct diameter. One such correlation for pipes is

20.5pU f = 0.5pU2 (0.0014 +0.125Re .32) (IV.C.33)=rw

Deposition rates from turbulent flow are known to be
sensitive to the roughness of the wall for small values of t*.
Consequently, Equation (IV.C.32) can significantly underestimate
the deposition velocity for forced turbulent flow. However the,

relationship between wall roughness and deposition velocity is
not fully understood and there is no way at present to estimate
the changing roughness of duct surfaces associated with deposited
material during a severe accident.

*
Another difficulty in applying these results to estimation of

the source term is the fact that in an accident the flows in the,

reactor coolant system and containment vessel are driven by free
convection during much of the accident. There are no"

experimental results for deposition from turbulent free
convection. The best one can do at present is to assume that
Equation (IV.C.32) still applies, but to use a time averaged. wall
stress determined from a heat transfer-fluid motion analogy
(Colburn analogy) coupled with an appropriate correlation for the
Nuaselt number such as (IV.C.26). For example the (Colburn
analogy) gives

r /pU2 = Nu/ Pro.33 (IV.C.34) -w

IV.C. Aerosols
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The deposition of aerosols from free convection flows deserves ,

experimental investigation.

IV.C.4.g. Q3cosition by diffusion

Small particles suspended in a gas are continually bombarded ,

by the gas molecules. This produces a random walk for any given
particle, resulting in a diffusive flux when the particle
concentration varies in space. The formula for the Brownian
diffusion coefficient is given in Equation (IV.C.4). Listed below .

are the diffusivities computed from this equation for a range of
particle sizes in air at 288 K and 1 stm.

Diffusivities f,or different particles sizes .

....___........ __.._. .....____......_____

d ' ( Am ) 0.001 'O.01 0.1 1 10
B (mm2 s) 5.1 0.053 6.8x10-4 2.8x10-5 2.4x10-6/

It is seen that the diffusion coefficient increases with
decreasing particle size but is very small even for particles as
snail as 0.01 jm. Consequently, deposition by Brownian diffusion
is strongly coupled to convection. There are many correlations-

~

in the engineering literature for mass transfer for various flow
conditions and geometries. One such correlation relevent to
source term estimation gives the deposition of particles from

. forced turbulent flow in a tube:
j

. kdiffusion * (Tw/p30.5 Sc .66 F(Sc) (IV.C.35)

where

Se = (p/pB)

and F(Sc) is a complicated but weakly varying function of the
Schmidt number, Sc, whose value is essentially constant at 0.058

,

for Sc > 103,
,

As in the case of deposition owing to particle inertie from a *

turbulent flow, the time averaged stress at the well is given by
an appropriate correlation such as Equation (IV.C.33). Equation
(IV.C.35) is the expression used for diffusion-dominated
deposition in the TRAP-MELT code. In the NAUA code kdiffusion is

*

set equal to B/8, with S as a user-specified parameter which is
taken to be independent of particle size.

Another correlation, relevant to source term estimation is

the deposition rate on a single sphere of diameter D much larger
than the> aerosol diameter and moving through the gas with
velocity U:

.

J =(r/4)D2Une with e = 4(9/UD)O.66 (IV.C.36)

IV.C. Aerosols
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(As in the case of impaction onto a sphere, the deposition ,

velocity is based on the projected area of the collector.) This
formula is useful in estimating removal by sprays.

IV.C.4.h. Intercomoarison of various deposition veloettles
&

The relative magnitudes of the deposition velocity.resulting
from various mechanisms will depend on the nature of the ficw
field (laminar versus turbulent ano forced convection versus free

* convection), the geometry (tube flow versus a confined gas), the
temperature difference driving heat transfer, and the physical
properties of the gas and particles. To illustrate the relative
magnitudes in one case, we nave selected forced flow of air
through a tube at a Reynolds number of 2x 105 For estimation
of kturbulent, the correlation of Liu and Agarwal was selected;

_

f
for estimation of kthermophoresis, K in Equation (IV.C.21) was
taken to be 0.75 in agreement with some experimental measurements
and AT/T was taken to be 0.1. The results are shown in Figure:

IV.C.3. For this case, capture is dominated by thermophoresis
for particles from less than 0.1 pm to about 3 pm and for larger
particles capture is dominated by turbulent deposition.#

IV.C.5. Aerosol Growth by Condensation or Shrinkace by
Evaporation'

.

As seen in Section IV.C.4, the deposition velocity is a
strong function of particle size. Consequently it is necessary
to model those processes that result in changes in particle size

,

in order to predict reliably the rates and locations of aerosol
; deposition. Two such processes are condensational growth and

evaporative shrinkage. The rate at.which the volume of a small
sphere changes because of these processes was given in Equation,

(IV.C.10). In that equation, pi represents the partial pressure
of the condensing species in the gas and pi, sat represents the
equilibrium vapor pressure of that species for conditions at the
particle's surface. If pi > pt, set, the drop grows by
condensation and if pi < pi, sat, the drop shrinks by evaporation.

Several factors can alter the vapor pressure at the
particle's surface, and thereby influence these mass transfer,

processes. First, the vapor pressure of a small particle is
larger than the vapor pressure of the bulk material owing to
surface tension and curvature of its surface. This phenomenon is
known as the Kelvin effect and is given by:,

p01,s exp(4evm/kTd) (IV.C.37)pi, sat "

Equation (IV.C.37) is essentially a rearrangement of Equation
(IV.C.8) for the minimum stable drop size for the prevailing
supersaturation. The fact that the vapor pressure of very small
drops increases with decreasing drop size plays an essential role
in nucleation theory. It is because of this fact that a
sufficiently large supersaturation is required to cause the -

formation of new pure particles at significant rates; the
formation of new pure particles is called homogeneous nucleation,

IV.C. Aerosols
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and its kinetics is given in Equation (IV.C.6). It also means -

that very small drops tend to evaporate more readily than large
ones; given sufficient time, the large drops grow at the expense
of the smaller drops.

Another important influence on vapor pressure is the s

presence of other species within the particle which reduce its
'

vapor pressure. For example, a drop composed of a fixed mass m2
of nonvolatile material reduces the vapor pressue of the volatile
species to .

dpi, sat * p01, sat 71x exp(4evm/kT )z

p01. set ((v -m2v2/M2)/(v-82[v2-v13/M2)
.

"

x exp(4evi/kTd) (IV.C.38)

Here ysis the activity coefficient.of the volatile species, x1 is
its mole fraction in the droplet, and M and v are the molecular
weight and molecular volume of the indicated species. The
presence of even very small amounts of nonvolatile species can
result in ~ very major reductions in vapor pressures for the
volatile species ad]acent to such particles. Consequently these
particles can grow at lower supersaturations than an equivalently
sized pure particle. Such a process is called heterogeneous
nucleation when existing particles smaller than the critical size
for homogeneous nucleation (Eq. IV.C.8.) grow at supersaturations'

such that homogenous nucleation would not occur with any
significant rate. This proceoss is extremely important in source
term estimation. particles formed earlier from lower volatility
materials serve as sites where -the supersaturation of higher
volatility species can subsequently deposit. If the deposition
rate is sufficient, new particles will not be formed, and there
would be less tendency to produce later, in an accident scenario,
small particles which have small deposition velocities. For
example, the cesium iodide formed can serve as a scavenger for
cesium hydroxide and tellurium. A similar process can occur for
the case of " homogeneous" nucleation whereby, after sufficient
aerosol has been formed, the surface so created scavenges vapor
and nuclei thereby quenching the nucleation process. This has

*
been discussed by Friedlander (1982).

Condensation and evaporation are associated with heat energy
release or absorption owing to the latent heat of vaporization.

*
uset released on condensation tends to heat the drop surface,

increasing its temperature, thereby increasing its vapor pressure
,

and reducing the rate of growth. The opposite trend occurs on
evaporation. For those processes in which drop growth or
shrinkage is sufficiently slow, the collision of the drop 'with
noncondensible species tends to keep the drop in thermal
equilibrium with the surrounding gas; the drop temperature may be

i

estimated to be the ambient temperature. However at larger mass
transfer rates the surface temperature must be found by solving a -

i simultaneous heat transfer problem. This results in the
following equation relating pi,a and Ts.

i
IV.C. Aerosols
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Ta - T= (AHBvm/AkT) (pi,a p) (IV.C.39) *-

Similarly, if the particle generates significant decay heat
because of its radioactivity its increased temperature would slow
condensational growth. This possibility has not been addressed,

and probably would be important only for larger particles.

'

The fractional rate of change of particle volume with time
given by Equation (IV.C.10) is size dependent: smaller particles,

show greater rates of change. The importance of this fact is
that if each particle grows significantly, and if there is no
nucleation of new particles or coagulation during this time, then
the ans11 particles will approach the larger ones in size.
Consequently, it may not be necessary to know the initial
particle size with great precision and the approach in the TRAP- -

MELT code of assigning the initial particles a user specified
size distribution may be Justified.

IV.C.6. Aerosol Growth By Coaculation

The particle size distribution changes as a consequence of
coagulation. Several different coagulation mechanisms have been
recognized to be of potential importance for the behavior * of
aerosols during a severe accident. These mechanisms include
coagulation because of Brownian motion, coagulation owing to
differential motion in a gravity field, and coagulation owing to
turbulence. Each mechanism contributes a term of the form of.

Equation (IV.C.12) to the population balance, but the dependence
of the coagulation kernel A(v,v) on the sizes of the particles
undergoing collision and on other parameters differs for the
different mechanisms. When several coagulation mechanisms operate
simultaneously, it is assumed that the kernels obtained for each
mechanism operating individually can be added linearly to obtain
the combined kernel.

The expression for A(v,v) owing to Brownian coagulation when
both particles are larger than the gas mean free path is given in
Equation (IV.C.13). This may be extended to somewhat smaller
particles by the.use of the Cunningham slip correction in the

* diffusion coefficient:

(2kT/3p) (v1/3 . v1/3) (Cpv-1/3 . Cpv-1/3) (IV.C.40)A(v,v) =

* This is the form used in the HAARM or QUICK subroutines of the
TRAP-MELT code and in the NAUA code for calculation of
coagulation. For particles much smaller than the gas mean free
path kinetic theory gives the result

(3r/4)1/6 (6kT/pp)1/2 (v-1 v-1 3 1/2A(v,v) = .

x (v1/3 + v1/3)2 (IV.C.41)
'

.

A complicated formula has been proposed by Fuchs(1959) to cover

IV.C. Aerosols
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.

the range of applicability of Equation (IV.C.41) to that of
Equation (IV.C.40) and has received some experimental support by
Wagner and Kerker (1977). However, since particles of interest
in source term estimation are expected to grow rapidly into the
size range where Eq.(IV.C.40) is applicable, Fuchs' equation is ,

not given here.

particles of different sizes have different settling
velocities in a gravitational field. This enables the larger .

particles to overtake the smaller, slower particles resulting in
co)11sion. For this mechanism A(v,v) may be written as:

d)2 (c - e) v(v,v) (IV.C.42) _
A(v,v) = 0.25r (d +

,

where the smaller particle is indicated with and v is an'

efficiency factor dependent on the sizes. There is uncertainity
as to the appropriate expression for e(v,v). Earlier computations

1.5(v/(v+v)).666 but more recentadopted the expression e(v.v) =

computations take a value one third this, ie

))0.666,0.5(v/(v +ve(v,v) =

These efficiencies account only for a collection mechanism known
as interception. The influence of particle inertia and increased
resistance to approach because of hydrodynamic interactions are
not included although these effects are known to be important for
particles in the 100 pm size range. Gravitational coagulation has
not received experimental exploration for particles of the size
range of interest to source term estimation. In view of the
importance of this mechanism for dry containments according to
code predictions, additional small scale experimentation is
warranted.

partices suspended in a gas with spatial gradients of
velocity may collide because of the relative motion of different
portions of the gas. The collision kernel for this mechanism is

(4G/3) (d +d)3 (IV.C.43)B(v,v) =

where G is the local velocity gradient. This collision mechanism *

has not been included in source term estimation, probably because
of the lack of information on the flow field.

| *
| particles suspended in a turbulent flow also may collide.

This is an extremely complicated situation. On the one hand, the
collision mechanism may be regarded to be essentially like that
brought about by shear flow, although the appropriate velocity
gradient must be related to .the properties of the turbulent
motion, especially the energy dissipation rates per unit mass of
fluid, 't. On the other hand, the collision mechanism may be
regarded to be essentially like that brought about by
differential sedimentation, although instead of g the appropriate -

acceleration must be related to et. The following formulas for
the two approaches are due to Saffman and Turner (1956):

IV.C. Aerosols
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1.7(#8t /#)0.5 (d+d)3 (IV.C.44)A(v,v) = ~

in analogy to Equation (IV.C.43),and

0.25r(d +d)2 (c' - e') (IV.C.45)A(v,v) =
,

where

2p,d Cp((5.78to.75 o.253/(po.25r)) / 18p (IV.C.46)c' = p,

instead of c = pp d2 Cg/18p

in analogy to Equation (IV.C.42). These formulas have never
received careful experimental validation. In addition there is n
the difficulty of estimating et in various parts of the flow ~

paths for source term calculations, particularly in large volumes
subject to free convection.

Coagulation is second order in particle number
concentration. This has an extremely important consequence for
source term modeling, as outlined below.

Let N represent the total number of particles per unit
volume of gas, ignoring the size dependence of the coagulation
kernel. In the case of Brownian coagulation, B is only weekly
dependent on particle size. Then for coagulatuion by Brownian
motion in the continuum regime, it may be shown that N(t)
satisfies the equation

-(4kT/3p) N2dN/dt = (IV.C.47)

whose solution is

N(t) N(O)/(1 4kTtN(0)/3p) (IV.C.48)= +

Equation (IV.C.48) shows that as the time increases, the
number concentration becomes independent of the initial number
N(0). The larger the initial number, the more rapidly the
coagulation progresses and the earlier the surving number

e concentration becomes independent of the initial value. Further,
it may be shown that the particle size distribution also
approaches a form that is independent of the initial distribution
of sizes, provided that the coagulation kernel is a homogeneous
function of size with order less than 1 as is the case for*

Brownian coagulation. The asymptotic size distribution
approached is called the self preserving spectrum, and has been
computed by Hidy and Lilly (1965) and Friedlander and Wang
(1966). The size distribution n(t,v) scaled to the total number
concentration N(t) and an average particle size v= V/N(t) where V
is the total volume concentration of aerosol, i.e. y =
n(v,t)V/N2(t), can be expressed as a function of the single
variable ny = vN(t)/V. This distribution is shown in Figure

~IV.C.4.

If self-preserving conditions are approached then details of

IV.C. Aerosols
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ene initial number and size distribution face from memory and
nave minor influence on the subsequent behavior of the aerosol. .

The two items needed to De known are the total volume of aerosol
per unit volume of carrier gas and the elapsed time since the
completion of nucloation. This provides some Justification for
the approach in TRAP-MELT wnero the user assigns some small
clameter to the initial aerosol leaving the core region, which *

insures in the calculation that there will be a very large number
concentration

*IV.C.7. Aerosol Removal ov Enoineered Safety Features
i

Nuclear power plants nave one or more engineered safety
features (ESFs) whose purpose la to limit the ouildup of pressure
within the containment by condensing the generated steam. For -

example, water sprayed from the top of the containment structure -~

is an " active" system requiring electric power to pump the water
through- no::les. Water sprays acting in the containment vessel
can prevent some severe sequences from ever causing a containment
failure. However, it is necessary that electric power be

operative and, by definition, electric power is inoperative in a

TMLB sequence. Some pWRs are designed with " passive" ice oea
condenser systems through which the gases from the primary system
must pass to reach the larger containment volumes for most
accident scenarios. Although these systems have been designed to

condense the steam from a large break LOCA accident, the large
ice surface areas involved also afford the opportunity to capture
aerosola. Suppression pools for BWRs act in a similar passive
way; these are designed to condense steam, but they also afford
the opportunity to collect aerosols owing to the large amount of
bubble surface area. The possible mechanisms operating for
aerosol capture in these engineering safety features are those
listed in Section IV.C.4. For suppression pools and ice beds
especially, growth of hygroscopic aerosols by the condensation of
water vapor and aerosol deposition by Stefan flow
(diffusiophoresis) are expected to play more important roles than
in other parts of the containment, owing to the fact that the
gases are computed to be rich in steam, which is condensing so
long as ice is still available or the pool is nonboiling.

IV.C.7.a. Sucoression cools .

Because of the smaller sizes and the lower design pressures
of containments for PWR reactors, the suppression pool is an
irportant safeguard against containment failure stemming from .

overpressurization. For a modern Mark III containment structure,

the suppression pool is a pool of water some 7 m deep in an
annulus surrounding the reactor cavity (see Figure IV.D 6). prior
to vessel melt through, gases released from the melting reactor

core are discharged below the pool surface through a large number
(about 300,000) of holes (spargers) 10 to 20 mm in diameter
drilled in an array of horizontal pipes (quenchers). When the
flow rate of gases becomes too large to be accomodated by these

*

holes, especially at the time of reactor vessel failure under
pressure, the gases are introduced into the pool through about 32

IV.C. Aerosols
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horizontal channels (vents) each about 0.5 m in diameter. At
this point, the mass flow rate of gases through the channels may

,

be of the order of 100 kg/s. As the gases rise through the pool,
bubbles are formed. These bubbles break and coalesce and areexpected to achieve a stable size distribution after rising
through a sufficient height. General Electric (Marble, 1983) has*
measured bubble size distributions resulting from the
introduction of air into water and finds a geometric average
bubble diameter of about 5 to 6 mm with geometric standard
deviation of 1.5. Bubbles this large are usually distorted from*
the spherical shape. Rise time through the pool la related
somewhat to bubble size, but is also dependent on the fact that a
localized swarm of bubbles will rise faster than an isolated
bubble. The rise time is an important parameter because the
modeling for suppression pool scrubbing of fission products ].auggests that the decontamination factor achieved is exponential
in contact time, and hence exponential in pool depth.

Two separate groups are developing computer models for
fission product removal in suppression pools. Alleman (1984)
(Kress, 1984) reports on a code given the name SpARC which is
under development with NRC sponsorship at Battelle, pacific
Northwest Laboratories. A similar code called SUPRA is under
development by SAI, pelo Alto, under EpRI sponsorship.

A key assumption in the modeling is that the gas within each
bubble circulates in a vortex motion as a result of the bubble's
rise through the water. Larger particles are computed to be
centrifuged to the bubble surface by this circulating flow. The
deposition velocity for this capture mechanism is found to be
quite sensitive to particle size and bubble diameter. Smaller
particles are captured at the bubble surface by Brownian
diffision, but the deposition velocity resulting from this
mechanism is also dependent on the circulation patterns, because
these reduce the mass transfer boundary layers in the vicinity of
the bubble's surface. When steam is condensing, particles are
subject to removal by the Stefan flow (diffusiophoresis) so that
the computed results also are sensitive to the mass fraction of
the bubble which is steam and to the pool temperature. Because
anell particles are more efficiently removed by diffusion as

,

b their size decreases and large particles are more efficiently
removed by centrifiguation as their size increases, the

.

decontamination factor usually shows a minimum as a function of
particle size. Calculations suggest the minimum occurs in they particle range of 0.1 to 1.0 pm.

Figures IV.C.5 and IV.C.6 (Owczarski, 1984) show the
decontamination factors computed from the SpARC code as a
function of particle size. For these calculations the depth of,

the suppression pool is 3.7 m, the aerosol particle denalty is1000 kg/m2, and the bubble ellipticity is 1.5. For Figure
IV.C.5. the volume equivalent bubble size is varied from 3 mm to
15 mm and the gas is air, i.e. no capture by the Stefan flow is

-assumed. This figure illustrates the sensitivity to bothparticle size and bubble size. A 3pm diameter particle in a 6 mm

IV.C. Aerosols
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diameter bubble has a decontamination factor of about 30 but *

increasing the bubble diameter to 15 mm or decreasing the aerosol
size to 1.0 pm decreases the computed decontamination factor by
more than a factor of 10. Figure IV.C.6. shows the influence of
capture by the Stefan flow for a bubble of initial diameter of 10

'
mm having various volume percents of steam. According to this
figure, the volume percent of steam must exceed about 904 before
the decontamination factors in the minimum efficiency range are
increased markedly.

,

Computations by the SUPRA code show similar trends for the
influence of steam concentration within the rising bubbles on the

~

decontamination factor. However, the region of minimum
efficiency is from 0.03 to 0.3 pm as opposed to 0.1 to 1 pm for -

the SpARC code. For example, Figure IV.C.7. is a computation
-

based on the SUPRA code (Ohlberg, 1964).

These codes have not be validated by experimentation. General
Electric (Marble et al., 1983) has carried out a limited set of
bench scale experiments for removal of aerosols from a single
train of rising bubbles injected through a small diameter orifice
into a quiescent pool of water. Although large decontamination
factors were measured, these were for Eu203 particles having a
significantly larger particle size and density than might be
expected for aerosols developed under accident conditions.
Battelle Columbus Laboratories has begun a more conprehensive
study of suppression pool scrubbing under more realistic
conditions (Cunnane, J., 1984). Their preliminary data for
bubbles emitted from a single quench hole indicate
decontamination factors of less than 10 for Cs, I and Te aerosols
in bubbles of low steam mass fraction but much larger
decontamination factors for steam mass fractions above 0.7. The
possibility of significant quantities of gas effectively
by-passing the pool as very large bubbles when the gas flows are,

large needs consideration.

IV.C.7.b. Ice bed condensors

In an ice bed condensor more than 1.1 x 106 kg of borated ice
is held in a large number of highly perforated (25 x 106 .

perforations) steel baskets about 0.3 m in diameter and 14.6 m in
length. These baskets are in an annular compartment surrounding
the upper perimeter of the containment structure. Gases released
are required to flow upward parallel to the perforated baskets. .

The large surface area of the baskets and their low temperature
may result in significant aerosol capture. A major uncertainty in
predicting the effectiveness of aerosol removal by ice beds is
uncertainty in the surface area of the ice at the start of an
accident, owing to glaciation and its change with time through
melting. A second major uncertainty is associated with the
assumption that the gases can readily flow through the
perforations rather than simply move vertically upward on the

*outside of the baskets or through channels in the ice bed formed
by melting. There has been no experimental study of aerosol
removal processes by ice bed condensers. However, various

IV.C. Aerosols
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EPRI's pool-scrubbing computer code,

SUPRA was used to calculate the effect oftparticle
. size and mass fraction of steam on DF. The case cal-
| culated was for a pool 3.5m (11.5 ft) deep at 300 K

(81*F). A steam-hydrogen mixture was assumed with
'*

varying mass fractions of steam (M
k n) j, e c t e d m a s s

a mixture tem-
perature of 600 K (620 F), and an flow
of 1.5 kg/s (3.3 lb/s). Note that the ordinate is
the log of DF and represents the exponent of the
power of 10, ranging from 0 (a DF of 1) to 6 ( a DF
of 106),

.

_ - ~ ., ,, ,.- - . _ _ - --m._ _ _y-- -_ _



page 137

possible deposition mechanisms have been discussed by Winegardner .

et al. (1983), and a computer code called ICEDF is under
development at Battelle Northwest Laboratories (Allemann, 1983).

IV.C.7.c. Water sorays and filters
O

Water sprays and filters are active engineered safeguard
systems requiring electric power to pump water through nozzles or
air through filter beds. Since aerosol capture by sprays and in

e filter beda has been studied extensively in the past, removal
efficiences can be computed with some degree of confidence
provided the spray drop size and aerosol properties are known.

IV.C.8. Numerical Solution Amoroaches
_

'
~

A number of computer codes has been developed to solve
Equation (IV.C.14.) These codes differ from one another according
to the separate phenomena retained in the equation, and according
to some of the expressions used for the various rate processes.
The codes also differ according to whether or not they specify
the form of the aerosol size distribution and compute only a few
of its characteristics such as mean size and standard deviation,

'
or whether no constraints are placed on the size distribution
other than an adjustable minimum size, maximum size and number of
size bins. The codes currently being used for source term
calculations, i.e. QUICK, as a subroutine in TRAP-MELT, NAUA and
RAFT are of the latter type. The RAFT code is the only code that
addresses the question of homogeneous nucleation in a mechanistic
fashion. It may be desirable to keep track of the variation of
chemical composition with particle size. A relatively new code,
MAEROS has the capability to do this but is not used extensively
for this purpose because of the significant computer time
required.

.

Table IV.C.1 from Loyaika (1983) compares some of the
features of several codes. Since the preparation of this Table,
the NAUA code has been modified to include the influence of
aerosol removal by sprays and work is in progress to include
removal in suppression pools and ice beds.

*
There appears to have been relatively little cross comparison

between the various codes. Also, we found no substantial effort4

;

to track down the reasons for any discrepancies where they exist.
Figure IV.C.8, taken from the OECD report on Nuclear Aerosols,,
shows one such comparison. These calculations refer to aerosols
largely of sodium oxide produced by a fire in a liquid metal fast
breeder reactor. It is postulaed that 1000 kg of Na producing
aerosols of mean size 0.5 pm with geometric standard deviation of
2.0 plus 225 kg of condensible fission products producing
aerosols of mean size 0.025 pm with geometric standard deviation
1.5, are introduced instantaneously into a vessel of volume 9.8 x
104 m3 and the various codes compute the aerosol mass still
suspended as a function of time. It can be seen that the '

different codes differ by as much as a factor of 10 in the
computed airborne mass at long times or alternately differ by as

IV.C.Aerosola
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TABLE IV.C.l. C04PARISON OF VARIOUS CONTAINMDsT CODES.
( FR04 IDYALKA,1983 )

.

HAA RM. QUICK. P4 RIDE 3EKO4!!
CORRAL.2 and ZONE M CA and AEROSIM

,
1

Reactor type LWR L M F'IR 4. h R L.MFOR
Cw m

ampartasets Muisip.e i.ngw H. h ;ngs Wup.e iPt.
W'20* O 3. age ' A a

,

aerosos serosos nerono4 Aerosos
Nasural proomsse

Browmas coagumaos Ya' Yes Yes Yes
Grensanomai
compasance Yes* Yes Ya Ya

~

Tertuisas compuauce Ya' Yes' No No
$,,,, _ -- .

os perusens Ye' No' )es No*
Vapet serpeos on
parecess Yes' No No No,

Granianomal
dessouos Yes* Yes Yes Yes
Ddamoene depomoos Ye* Yes Yes Yes
Thermophorenc
depuscoe Yu' Yes Yes Yes
Desmophorenc
depomose Ya* No No No
R No No No No
Lanhags Yu Yes Yu Yes
Elssarasiasse '

inesrescens Ya* No No No
Radsoectsve doesy No No No No
Phanschanges No No No No
Chamuel reaccoes No No No No
Aerosed - 5. f g h a-

Esposerad processa
Ramsevel by spreys Yar No No No
Removal by se
condsomers No* No No No
Ramsovel by
suppsumme poets No* No No No
Resevel by niests No' Yes No No

Souns torus Fined tasse Aretrary nane 4reetrary tirne Arbittsrv ritne
dependence dependence dependence Jependence

Therusal-hydrauass
_ _

taput laput input lopus

* This is as essension of Tabee 7 I o(NUR EG4771 le is cased on discuss.on n eversi documents a Sunz, schikarske and
Schock. IM t. Gassete es .st 196 8. Baybutt.1981; Nucieur Energy Assacy.19791

' The process a nos espiscitly modeled on CO R RA L.2. thousn because the code is empinca:Iy based.it may be thousat to ev
inchaded to some estent Thus the COR RAL.2 reuns cannot necessanty be espected to ne appropnaie for accidents in e hsh
the condauces are much daNonet than thoes in the CSE*t .

* Ths process is modstad but is not unlaasd Jue to uncertaanties .n the fortrutauon and ur datt
* The edust of staans se partially tanee into ascouas by assunung inat ad parts 6 hrs are spnencat
' Although taas prosess e euphotly modeled, the modet depends on the CSE reuns.
' The partsele assus ase Raad wuhia the code such that the sedimentanon loss modet pruccis abe attenuanon obsersed is the

CSE results its genereL the CSE's had toe aerosoi concentranons #
e HAARM.) assumes spouady 7 - . - __ sue distnbunone of pertras in the contaanment enn the stres of the partieres *

desnbeseed log sonnedy QUICK and TONE make no simphtying assumpoons acr>ut parnc6 inzet
* N AUA asumes opmundy .i - . a dainbunon of partsies out maam no simphrying assumpoon aeovi particse sizes*

NAUA ta&m seco account a saae dependent composahon of the partcies
' Arestrety particle saae destnbutions saa be consadered
* Organse iodsdes are nos consaserad for this procent
* Thss prosses is not especitly modened but its net edact is accounted for
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much as a factor of 10 in the computed time required to acheive ,

some small remaining concentration.

A more recent comparison of several codes with each other and
with a specific experiment, test AB5 performed at Hanford
Engineering Development Laboratory, was undertaken as part of the .

Aerosol Behavior Code Validation and Evaluation (ABCOVE) program
(Hilliard, 1983). In this experiment 222 kg of molten sodium was
sprayed into a 850 m3 containment vessel where it burned to form
sodium oxide. The mass of suspended aerosol was measured as a .

function of time by filter samples, and the size distribution was
measured occasionally by cascade impactors. The curve labeled 1
in Figure IV.C.9 shows the experingntal results. The other
curves are the numerical simulations of various codes by various .

laboratories. Although some of the calculations track the f
experiment with reasonable accuracy, others do not, and there are

' discrepancies of at least a factor of 10. particularly worrisome
is the observation that different laboratories running the same
code with ostensibly the same input data can produce markedly
different output; for example, compare the curves labeled 5, 6
and 7, which are the calculations of HEDL, BCL and ORNL all using
the HAARM-3 code. The QUICK code which is currently used as a
subroutine in TRAP-MELT appears to be in reasonable agreement
with the experiments.

A careful. fully documented, intercomparison of the various
codes is strongly warranted.

IV.C.9. Experimental Validation of Aerosol Modelina

Several large scale experimental programs are in progress
whose purpose is to provide a data base for and validation of the
computer codes used in modeling aerosol processes. Some of these
efforts are commented on briefly in this section.

IV.C.9.a. Nuclear Safety pilot Plant (NSpp)

This program underway at Oak Ridge National Laboratory with
NRC funding has as its objectives the performance of experiments
on aerosol deposition rates in containments. The aerosols are

*
U30s, Fe2 3 and limestone concrete. These aerosols are injectedO
into a vessel 38.3 m3 in volume and the amount remaining
suspended is measured as a function of elapsed time following
cessation of the injection. Special attention is being given to

*
the influence of relative humidity on the effective mass, shape
factors and removal rates.

Earlier results from ORNL on this program have been described
in the Quarterly progress Reports from ORNL (NRC, 1981b). As an
example, Figure IV.C.10. shows the mass fraction remaining
suspended for four experiments, three with steam-air mixtures and
one with dry aerosols. The presence of steam appears to
accelerate aerosol removal relative to the dry case. In these -

experiments, about 150 minutes in the wet case and about 350
minutes in the dry case are required to reduce the initial mass

IV.C. Aerosols
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concentration by a factor of 100. The results for the wet case
appear to be insensitive to the initial aerosol saan -

concentration over the range considered. 5.5 to 26 g/m3. - Figure
IV.C.10 should be compared to Figure IV.C.2. which shows aislarly
shaped theoretical curvas for the idealized came of medimentalon
alone.
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IV.C.9.b. Demonstration of the behavior of nuclear aerosols, ,,
1 (DEMONA?

{ This progres underway at Battelle-Frankfurt with funding by
j the West German and Swiss governments has at its objective the
! demonstration of the effectiveness of natural removal processes .
'

and validation of the NAUA code. This program has been outlined
:. by Hosemann and Haschke (1984). The aerosols will be mixtures of

metals (Ag, Fe, U, Sn, 2r) formed from vapors produced in a |,
; plasma torch. These aerosols are to be injected into a 1/4 scale .

'

model of the Biblis & reactor with a volume of 640 m3 Initial
I aerosol concentration will be of the order of 20 g/m3 A series

of seven experiments is planned, five with the vessel preheated ;

i to steady state conditions prior to the injection of aerosols and , , '
two with the vessel initially cold at the time of aerosol .";

; in]ection. Figure IV.C.11 is a schematic diagram of this |

experimental facility indicating that aerosols will be monitored tt

at several positions ~ using filters, light transmission meters,
j, and an aerosol impactor. The program is expected to be completed

in 1985. Bunz and Schock (1984) report on the one test recently,

; completed. A total of 7.8 kg of aerosol material was injected
under dry conditions into the chamber in two puffs and the amount
of aerosol remaining airborne was measured as a function of time.i

,

| Figure IV.C.12 compares these measurements to calculations of the '

i NAUA Mod-7 code. In recent thermal hydraulic experiments with
i this facility, Xanzleiter (1984) showed .that stable thermal

stratification does develop, a factor not included in currenti

modeling.;
|
'

IV.C.9.c. LWR Aerosol Containment Emneriments (LACE)

This program underway at the Hanford Energy Development>

j Laboratory with EpRI funding has as its objective measurement of
i aerosol retention in piping that simulates the reactor coolant

system, measurement of changes in aerosol characteristics passing
,

! through the piping, and measuring aerosol deposition in a >

! simulated auxiliary building. Emphasis is on understanding ;

i aerosol deposition and thermal hydraulics relevant to containment
; bypass, early containment leakage or failure to isolate, and
! delayed containment failure sequences. The program is briefly

*
; described by Muhlestein et al. (1944). The experimental layout

! is shown schematically in Figure IV.C.13. Soluble (NaOH) and
i insoluble (A1(OH)3) aerosols will be used in a steam-air
i mixture. A large scale, 63 mm inner diameter pipe 27 m long with i

*j several elbows and valves leads from the aerosol generator to a
'

vessel 450 m3 in volume which simulates an auxiliary building.

| Deposition in the pipes and containment will be measured. Two
i tests have been run, but the data has not yet been released
I' because it is desired to conduct " blind" tests of the code !
| calculations. One more test is scheduled. Additional*

j experiments with this facility depend on obtaining additional
j funding. These tests'are particularly important because in the
I sequences where the containment was not isolated, or where there .I
| La containment bypass, the only retention of fission products

results from aerosol deposition as the blowdown fluid passes

I

|
'

;

'IV.C. Aerosols
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FIG. IV.C.ll. Schematic Diagram of the DEMONA Experinwntal Facility,

Indicating Instrumentation for Aerosol Measurements (from Hosemann and

e Haschke, 1984).
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through piping and through the different compartments in the *

containment and aux 1111ery building. For the BWR TM and TW
sequences this is also important.

IV.C.9.d. MARVIKEN
e

This la a full scale integral experiment at the MARVIKEN
Nuclear plant, Sweden, funded by the NRC, EpRI and eight foreign
governments. The aim of the experiment is to improve,
understanding of transport and deposition of high concentration
aerosols (100 g/m3) produced under simulated overheated core
conditions. The aerosola will be cesium iodide, cesium
hydroxide, and tellurium particles condensed in steam after
evaporation in a plasma torch. The first experiments introduced .

these aerosols directly into the pressurizer and measured the ~

retention within the pressurizar, relief tank, and connecting
pipe lines. Future experiments plan to introduce the aerosols
into a vessel simulating the reactor vessel and to use aerosola
formed from a mixture of metals (Fe, Cr, Ag, Cd). It is hoped
that the information obtained will be used to validate the
TRAP-MELT code. However, information from these testa has not
yet been released by the sponsors.

IV.C.9.e. Smaller scale exoeriments

Several small scale experiments are planned or in progress.
These include aerosol transport, deposition and resuspension in
pipes and fission product capture on aerosola. The experiments
are being done at Oak Ridge National Laboratory under NRC funding
with completion expected in 1985.

IV.C.10. Concluatona

IV.C.10.a. A number of mechanissa operate to deposit aerosols
onto surfaces both within the primary system and within the
containment. To the extent that these processes were not
included in the Reactor Safety Study (NRC, 1975), that study
overestimated the " source terms" of condensible species for the
accident sequences considered.

e

IV.C.10.b. Aerosol deposition rates are very sensitive to
particle size. It is therefore necessary to know accurately the
size distribution of aersosola in the various spatial regions and

e at various times of an accident in order to estimate " source
terma" with some degree of reliability.

IV.C.10.c. The best method of predicting aersomol size
distributions and hence the " source terma" for a variety of
accident sequences and plants is to use calculations based on
mechanistic principles i.e. to account for important processes
such as aerosol formation, growth by condensation or coagulation,
and loss to surfaces by recognized mechanisma using the best

,

,

available kinetic expressions. This la the general approach
taken in Gieseke et al. (1984) although improvements can be made.
The various codes for aerosol transport and deposition differ in

IV.C. Aerosols
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their predictions ,the sources of these differences needs to be
'adentified,and resolved.

-'<

IV .C.10.d .' \ potenthelly important phenomena are not included'{ Comel
'in'the current codes '/ TRAP-MELT and NAUA). These are: the

formation of small part"1cles by homogeneous nucleation of vapors,
espec'is11y where gases pass from the primary system to the *

contairmont; the production of small particles by
re-en't'uinment, resuspension, or evaporation associated withr
stesa explosions, hydrogen burns, or rapid depressurization: the

*
development of thermal stratification or incomplete mixing in the

,

assigned' control volumes.
r> t

.

IV.C.10.e. Because of the complexities of the phenomena being
m e, del ec , it,'is' essential to validate the codes against well -

#controlled, small scale experiments and against realistic,

aduquately instrumented, large scale integral experiments to

insure that all important, phenomena are modeled with sufficient
'-accupey.

4

Q V '. O .10. f . Validation of the codes is incomplete. Large scale
experiments ( DE, MON A , MARVIXEN, pBF) are in progresa but the
currentpy available data are limited in scope, quantity, and'

,

. reliability.A Smaller scale experiments have not covered as wide
'

a range of parameters as desired.

s
' i

IV.C.10.g. Lyr9e decontamination factors are claimed for
engineered safety features. The experimental data base to

support these claims for realistic accident conditions is limited
in the case of suppreeston pools ape non yxistent in the case of
ice beds. ''. 1

*
3
' s

' YV.C.10.h. Aerosol deposition is not likely to occur uniformly
on surfaces. For example, large deposits by impaction may occur
at pipe bends. This could have important consequences for

revolatilization or structure melting 'owing to the associated
aecay't. eat.

I V . C .10.' A - The time history of aerosols within the containment

is eenottive to the duration of their introduction rate into the
containment. A scenario involving a sustained release to the .

containment neeca investigation. One auch scenario is only

partial loss of core at melt-through, followed oy intermittent

degradation of the remaining fuel rods.
'
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IV.D. Containment Inteority

IV.D.l. Introduction

Every commercial light-water reactor in the U.S. and in
non-Communist countries is enclosea within a containment vessel.* The containment is nominally designac to witnatanc a "cesign
oasis accident," 1.o., tne sudden rupture of the largest cooling
pipe of the primary system, releening tne not water inventory.
The structure as fabricated of steel or of reinforced or' prestressed concrete with a steel liner. Various engineered
safety features suen as spraya, coolers, water pools and/or ice
beds are used ' singly or in various combinations to reduce the
pressure buildup in the containment.

-

The containment vessel represents a major barrier to fission ~

product release following a severe accident. At the time of the
Reactor Safety Study (NRC,1975) at was conservatively assumed
that reactor containments could not withstand a complete core
melt unless mitigating features such as the core spray system
operated. If the shell did not fail, it was thought the basemat
would eventually be penetrated -- the " China Syndrome". Since
the Three Mile Island accident, substantially more analyses and
experiments have occurred which suggest that containment failure
may be dolayed substantially in time from that assumed in the
9SS, depending on the accident scenarios, the particular design
of the containment, and possible other leakage paths. This was
briefly mentioned in Section III.C.1 in the context of the
accident aequence TMLB'.

This aection explains why containment phenomena are important
for defining the nource term, describes typical containment
designs, anc summarizos the state of the art for predicting
containnment loads and failures. The following section, IV.E,
discussoa containment loaan and the several causes of containment
failuro.

~V.D.2. Why Containment Phenomena Are Imoortant

I- la almost a tautology that if the containment vessei
. remains intact there can be no radionuclice relesso in a nuclear

accident. Furtner, the time and manner of a containment failure
are decisive in determining the magnitude of a release.

i If a containmont crean occurs 1ust after the volatile,

fission procucts (Cs, Ter have been released to the
*

,

containment anc convertea to aerosols at acout 160--

nanutes into the TMLB' sequence shown in Figure III.C.2, icr
o:: ample there are predictions that 80% of the Cs and I--

inventories in the reactor core would me released to the
environment (Lipinsai, 1984). (This is the "early" high release
of the QUEST program.) On the other hand. if five days were to
elapse cotween the rosetor vessel failure and the containment
break, these might be time for aerosol to deposit on all the many ~

internal surfacea, ano tne Cs and I releases nave oeen calculated

|

IV.D. Containment Integrity

|
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to se reduced to 10-4 of tne inventory or less (Hosemann and
Hassman 1983).

,

Not only is the timing of containment failure a cecisive
parameter in source term prediction, but the sica of the nole
*hrough which the release occurs is also important. Wn11e a.

,

large hole results an a rapic release of the airborne contents of
the containment, a small hole slows cown the release so that
fission product aerosols are given more time to settle out on
surfacea within the containment. The QUEST results (Lapanski et ,

al., 1984) indicate that the fission product release to the
environment varies over en order of magnitude when the hole area
is varied from 0.001 m2 (1.55 in.2) to 10 m2 (15,500 in.23,
Calculations by Stone and Webster Engineering Corporation (SWECs
shown in Figure VI.3 show that the release reacnes a maximum with

~

a 1 square foot (' O.1 m2) hole. ,

IV.D.3. Description of Various Tvoes of Containment

Figure IV.D.1 shows schematics of various types of
containment with the numoers of each in the United States as of
1980.

!V.D.3.a. Lerce dry

The simplest design of containment is a large steel or
reinforced concrete vessel that nas sufficient volume to contain
the pressure of the Design Basis Accident LOCA. No special
devices such as water pools or ice condensers are used to
condense the steam from the secacent. Most pressurized water
reactors have been constructed with this "Large Dry" containment.
The Surry containment vessel (Fig. IV.D.2) is typical; the main
structure is of concrete reinforced by steel, with an internal
steel liner varying in thickness from 0.25 to 0.5 in.

German reactors use a dual containment structure. A steel
containment vessel is surrounded by a reinforced concrete
secondary containment, with the space between the two evacuated
through a filter. The steel vessel is expected to withstand the
design basis accident (LOCA).

.

The most recent French large dry containment is of unlined
concrete, with a secondary concrete shield building. Leakage
through cracks in the concrete is expected to prevent gross
overpressuri=ation failures (Hofmayer, 1984). The French are *

also seriously considering adding controlled filtered venting
systems to their containment structures to prevent build-up of
excessive pressure and subsequent catastrophic failure.

IV.D.3.b. Ice condenser

A few pWRs, such as Sequoyah (Fig. IV.D.3), use an ice bed to
condense steam and thereby mitigate pressure buildup during .

blowdown of the high pressure steam. The internal construction
is designed to force the blowdown gases to pass through the ice

IV.D. Containment Integrity
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bed, which has a large surface area to condense the steam .

rapidly. By this means, these structures can have a smaller
volume and a lower design pressure than the large dry type, and
still contain the design basis accident (LOCA).

IV.D.3.c. BWR Mark I,

Boiling water reactors are generally combined with a" pressure suppression" pool in which steam condenses during an
accident. This allows the volume to be relatively small and,

still contain the design basis LOCA. Containment design of the
Mark I Peach Bottom reactor (Figure IV.D.4) is the most common
containment system for U.S. BWRs. The "drywell" is the heavy
light-bulb-shaped structure connected to the "wetwell", a torus

' _

enclosing the. pool. Mark I containments are filled with inert f
gas (nitrogen) to avoid hydrogen burns. A secondary structure,
constructed using ordinary design practice and with no
appreciable pressure resistance, surrounds the drywell and
contains fans and filters to reduce potential radioactivity
releases from the primary containment. Fire protection sprays
within this secondary structure could also be used to reduce'

radioactivity releases, but they are of uncertain effectiveness.

IV.D.3.d. BWR Mark II

The more recent Mark II design (Limerick, Figure IV.D.5)
places the wetwoll directly below the drywell, but is similar in
principle to the Mark I. The containment is again inerted. The
source term of Mark II designs has not been analyzed in NRC's
program. However, some PRAs completed for Mark II designs
(Limerick, Shoreham) suggest that they may have an effectiveness
similar to the Mark I designs.

IV.D.3.e. BWR Mark III

'
The Mark III containment (Grand Gulf, Figure IV.D.6) is

intended to avoid certain mechanisms whereby steam can bypass the
suppression pool which can occur with the earlier containment
designs. The suppression pool forms a, loop seal between drywell

: and wetwell, reducing the possibility of a drywell structural
failure. A thin steel or reinforced concrete structure with a

*

large volume provides an external containment structure and is an
integral part of the containment system. This containment is not
made inert.

s

IV.D.4. Containment Failure Modes

The Nuclear Regulatory Commission requires that the
containment " design" pressure be calculated in a conservative
manner. At the time of the Reactor Safety Study (NRC,1975) it
was conservatively assumed that containments would fail if
stressed much beyond the design pressure limits. Recently, more
careful calculations and tests (1/5 - 1/6 scale) have been made -

for various containment structures, and it has been found that
the ultimate failure pressure will generally be much higher--up

IV.D. Containment Integrity
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to 2 1/2 times higher, assuming that good quality control
practices assure that the construction matches the requirements. -

Techniques for predicting the behavior of steel vessels
under pressure appear to be available,(Greiman 1982). The Sandia

,

program for pneumatic testing of steel scale models appears to be
well underway; of four 1/32-scale models tested, two developed *

leaks and two suffered massive ruptures (Riesemann and
Subrainanian, 1984). Little is known about .the failure modes

,
~

of these vessels (the size of the hole developed at failure).
*Sandia plans to test a 1/8-scale steel vessel, a 1/6-scale

reinforced concrete model, plus a variety of penetrations
(Riesemann and Subraimanian 1984). EpRI is sponsoring a program
of testing and analysis of large concrete containment elements
(Schultz et al., 1984).

i
Considerable work.has been done and more is in progress to

develop and prove models that will accurately predict the type of
- failure that can be expected to occur. In these scale model

; tests and calculations, the pressure increase is assumed to be
I gradual over several seconds or more, reaching a high plateau

that is maintained along with a high temperature for-some time.
One question of interest is, will the containment develop leaks,

or small holes or will 1~t fail massively with large holes? A
massive failure is undesirable under any circumstances, while a
failure with a small hole has been calculated to contain most of

| the radioactivity.

The strength, which has been calculated by finite element
analysis (Greiman, 1982; Hofmayer, 1984b; UEC, 1983), determines
whether a catastrophic failure occurs. Greiman calculated the
pressure for ultimate failure of steel shells; the others
calculate the pressure required to reach yield stresses in the
structure, and note that the containment will fail soon after
yielding if the internal pressure is maintained. For a pWR, the
containment is usually a large reinforced concrete structure with'

a steel liner. At the high temperatures of concern, the steel
liner is under compression and only goes into tension at a high,

pressure. The failure is expected to be a tear in the liner at a
discontinuity, e.g., at the bottom of the structure or at the
Junction between the cylindrical sides and the spherical top. The .

,

reinforcing bara in the concrete are carefully welded together'

with high strength butt welds, which provide most of the
strength. The concrete itself serves to maintain the relative
position of the steel reinforcing bars and to support the steel ,

i liner. When the concrete is stressed, cracks open up and these
coincide with a tear in the liner, where the leak forms. A list
of.some calculations is shown in Table IV.D.1.

I Testa of model steel containment vessels (BleJwas, 1984)
indicate that the yielding pressure agrees with calculation to

about 154 Strain gauges mounted on the models show that they
elongate 10-204 before rupture. Tests of a reinforced concrete
vessel with liner are being prepared.

~'

4
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J

Table IV.D.1 Calculated Strenoth of containment shella.
"

,

_______________._________________________________________________
PREDICTED DESIGN

VOLUME FAILURE PRESS.*
PLANT TYPE MATERIAL (106 ft3) PRESS. (psig)

(paig)
_____________________..______________________..___________________

e
St.Lucie Large dry Steel 2.5 95b 44

Cherokee Large dry Steel 3.3 116b 7

Perry Mark III Steel O.28+1.28 100b 45
~

,

WPPE7 Mark II Steel O.25+0.15* 133b 45

Browns Ferry Mark I Steel O.16+0.12* 117b 56

Zion Large dry Reinf. 2.7 134C 47
Concrete

Surry Large dry Reinf. 1.8 119C 45
Concrete

Sequoyah Ice cond. steela 1.3 50C 12

Limerick Mark II Reinf. O.25+0.1* 140C 55
Concrete

Grand Gulf Mark III Reinf. O.27+1.4* 60C 15
Concrete

Indian Point Large dry Reinf. 2.6 126d 47
Concrete

_____..________..____________..__ ____________ ____________...___

a Pre-stressed concrete secondary shell.
b Predicted for actual failure. (Grieman et al., 1982)
c Predicted 14 yield. (Hofmeyer et al., 1984)
d Predicted yield. (U.E.C., 1983)
* Wetwell and Drywell volumes respectively.

.

I

e

,

t

1
-
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We assume in calculating the ultimate strength of the -

containment that the pressure rise is slow compared with the
fundamental period of the containment--on the order of a tenth of
a second. There are two possible conditions in which the rise in
pressure may be rapid--hydrogen explosions or steam explosions

*
(see 'below). If either occurs, a pressure pulse with a
rise time of 1/10 see or so can be added to the pressure which
rises slowly over several minutes. This demands a dynamic
behavior by the containment. .Such calculations are less easy to

,

do, and greater uncertainty exists as to their results.

The obvious question arises, how well will actual
containments perform compared with the models under test? Each
containment is tested under cold static pressure at 1.15 times -

#the design pressure, and NRC regulations specify a maximum
allowable leak rate--usually between 0.1x to 0.5% volume / day.
Strain gauges are liberally distributed around the containment to
measure the actual deformation. The same calculation that
predicts the yield pressure also predicts the deformation at the
lower test pressure, so that this test partially verifies the
calculation. Any . unusual deformation should signify the
existence of an area of poor construction.

There is a Qus2ity Assurance program for the containment
construction, to en ure adherence to design. The study group did
not examine the Quality Assurance programs or the testing
programs in detail, but wishes to emphasize their importance.

.

IV.D.5. Containment Leaks

Containments are leak-tested about once every 3 years by
cold static pressure tests. Weinstein (1980) reported that only
about 85% of containments operate at the specified leak rate, or
below, based upon analysis of the test data. Containment
integrity failures reported (and subsequently corrected) during
1973 to 1979 averaged over five per year. Most of these were

| related to valve failures or valves inadvertently left open. In

( most cases, the leakage was between 1 and 10 times the allowable

[ rate. If one accepts an opening of 6.5 x 10-6 m2 (0.01 in2) as
| corresponding to the specification (NRC,1984) then most failures -

| were in the range up to 6.5 x 10-5 m2 (0.1 inO); the largest
,

| failure reported (an open 6 in, valve) would have an area of
about 0.018 m2 (28.3 in2).'

.

( The NRC Containment performance Working Group (NRC 1984)
, predicts thet the Surry large dry containment may develop leak
l areas of 0.013 to 0.026 m2 (20 to 40 in2) owing to elastomer

degradation after 1/2 to 2 hours at 450 K (3500F). Similarly,
peach Bottom (Mark I) could develop drywell leaks of 0.013 to
0.0194 m2 (20 to 30 in2) after less than 1/2 hour at 525 K

*

(5000F) Leak area projections are made for Zion (large dry) based
on a mechanical analysis of penetrations and valves (Table
IV.D.2). The Zion analysis was stated to have ignored the

~

possible affects of temperature (NRC, 1984).

I
l
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1
1

!
|

Table IV.D.2. Leak area oro,ected for 2'pn followino a cores
seit accident (NRC, 1984)

.

Containment Leak Area (in2)
Pressure Low Mediua High

O (maio)

Noraal Operating 0.1 0.5 1.0

23 0.1 0.6 1.5 -

,
47 0.1 0.6 1.8

105 0.1 2.1 11.0
'

134 0.1 5.3 23.7

.

o

.
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.

The medium to high leak area pro]ections represent
significant capacity for venting slow pressure increases which
occur during the core-concrete interaction phase of an accident,
and it is suggested that, if the medium to high and of the range
is correct, a large structural failure may never occur, even for ,

accident sequences that would otherwise predict containment
failure.

On the other hand, this cannot be relied upon because the .

low end of the projections might be correct. It is also probable
that these leak areas only open up after long stress at high
temperatures--so that any pressure rises of the order of several
minutes would not be relieved..

:

The apparent advantage of a controlled leek in the
containment building has led the French deliberately to vent the
containment manually or automatically in some new reactors under
construction. Because there may be unforeseen problems, the
study group feels that such vented containments deserve further
study before implementation.

The NRC has a research program to test model electrical and
mechanical penetrations .in order to reduce uncertainties in
failure and leak rate precictions (Reisemann and Subraminian,
1984). <

IV.D.6. The Impact of Hole Size on the Source Term

,

If the containment fails with a large hole, 10 m2 to 100 m2
or more, the gases would leave in a puff and rolesse much, if not
all, of the aerosols suspended in the containment atmosphere. In
addition, it is possible that there would be resuspension and
entrainment of some of the aerosols deposited on the containment
surfaces. (Lipinsky, 1984)

On the other hand,. calculations suggest that if the
containment fails with a hole cize of 0.01 m2 (15 in2), the
depressurization will be slow, and while it is occurring there is
more time for deposition of aerosols. For example, some
calculations suggest that if the hole size is 0.01 m2, only 1/10 *

of the aerosols will be released, and if 0.001 m2 only 1/30
(Lipinsky at al., 1984) (see also Figure VI.3).

Still another phenomenon has been suggested if leakage *

occurs through tubes or cracks. Then, aerosols can deposit,,

reducing the effective leakage area or plugging the leak
entirely. Morewitz (1982) reports on the behavior of NaOH or
Na2CO3 aerosols in leaks: although NRC investigators have
reported experimental difficulties with aerosol accumulations,
nothing is documented relative to aerosols typical of a reactor
accident. The applicability of this phenomenon to such aerosols

j

is uncertain. .

!

|
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IV.D.7. Summary

As is later demonstrated in Chapter VI, cetermination of the
containment failure and accurate definition of the extent of

W that failure are critical to accurate prediction of the source
term. Currently these are exogenous parameters supplied by users
of the codes.

* Most core-melt accident sequences do not generate sufficient
pressure to lead to an early containment failure that could
result in a large release of fission products. For those
sequences that proceed to containment failure, such failures are
likely to occur after tens of hours in the form of seal leaks, -

basemat penetration, or cracks in the liner. The source terms J

then are relatively small.

The study group identified four important general objectives
for research on containment phenomena:

1. To provide estimates of containment leak rates for
realistic modeling of reactor accident scenarios; this research
includes testing of seals and penetrations under representative
pressures and temperatures.

2. To provide more systematic protection against
containment bypass events.

3. To reduce uncertainties in the prediction of early
containment failure: this research includes assessment of poorly
understood phenomena such as steam explosions, earthquakes, and
direct heating of the containment by molten fuel and metal.

4. To provide a scientific data base for more reliable
containment design. Such a design might include deliberate
attempts to cause small leaks as the pressure increases to
prevent catastrophic failure. Deliberate leaks through
filtered vents, as being explored by the French, might be
part of such design. This last is not an objective of the
present NRC program, nor have we found it to be an objective of*

any industry program.
.

.

.

.
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IV.E. Containment Loads .

IV.E.1. Cateaorization

The suite of computer codes developed at Battelle Columbus
Laboratories, (Gieseke et al 1984) is used to calculate 5i

containment pressure loading. However, the NRC has set up a
Containment Loads Working Group (CLWG) to compare the computation
of pressure loading for representative scenarios by different

*
experts. There is some disagreement among the experts about the
pressures developed; this might be expected since the fundamental
thermal-hydraulic phenomena behind the codes are still in a state

] of flux. The CLWG has not published any reports thus far;

however, data from their meetings have been available and are -
'

factored into this report. -

The Reactor Safety Study (NRC,1975) categorizes the
following causes of containment failure:

,

a steam explosion
A containment isolation failure
y overpressure due to hydrogen combustion
8 overpressure failure due to steam and non-condensible

gases
e basemat melt through
V containment bypass

In addition, we can identify large earthquakes as

simultaneous contributors to containment failure and accident
initiation, thereby causing a sequence of events that are not*

; independent and whose individual probabilities cannot be

multiplied to calculate the overall probability.

We would regroup these in accordance with the time of
containment failure;

A --Containment isolation failure
V --Containment bypass

1 a,y,61 --failure of overpressure near time of reactor
I vessel melt-through (early failure) ,

6 --failure several hours after reactor vessel
2

melt-through.
< --basemat melt-through with a natural

earth filter for fission products leaked to
* '

the atmosphere

I

The Containment Loads Working Group has added rapid direct
heating of the containment atmosphere by fuel finely divided by

its escape under pressure from the primary system (Ginsberg, j'

1984). I
i

fLet us examine each of these processes in the new order
of the time at which they might occur in an accident. -

There are many possible causes of containment isolation

IV.E. Containment Loads
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failure (h), mostly related to open valves or failed seals in ,

containment penetrations. As was reported above, those which
have occurred involve small openings below O.01 m2 and usually
below 6.5x10-5 m2 (0.1 in.2). Only a small fraction of the
fission products can escape through openings in this size range,

e as shown in cetail later in Figure VI.3.

It is not inconceivable that a large equipment hatch could be
left open during reactor operation. For a containment that is

e supposed to be operated at reduced pressure, this may seem
unlikely, out we know of no means of total assurance of
containment integrity. Fortunately, many of these failures do not
lead directly to outside air, but to an auxiliary building which
can play its part in holding up radioactivity.

_

.

If a penetration were inadvertently left open in

subatmospheric containments (e.g., Surry) or continuously vented
containments (e.g.. the German type), this would soon be noticed.
This woulo perhaps reouce the likelihood of h failure. However,
the vacuum pumps are themselves in a subatmospheric containment
system Enat must be isolated in occident conditions, and
therefore represent a potential containment bypass.

Containment bypass fai-lures occur when a pipe connected
otractly to tne primary reactor coolant system passes directly
enrough the containment vessel. In principle, all such entries
are protected by check valves; but a check valve can fail. In
the analysis of the Surry Plant, tne Reactor Safety Study (NRC
1975) found that this sequence (V) was a risk-dominant sequence.
A failure of a check valve would put hign pressure into low
pressure piping outside the containment and cause it to fail. The
consequent LOCA could lead to core molt, with a direct route to
the environment for gases and aerosols. This probability was
suosequently reducea oy an improved testing procedure; and it has
oeen recently discovered snat this low pressure pipe is likely to
fait in a compartment tnat is floodeo during an accident. This V
sequence is facility specific, out if the Surry experience is any
guice, ooth tne prooability of occurrence and the consequences
can ce recucea mocerately easily once the proolem is recogniced.
We urge continuous attention to this problem at each facility.

,

Another major challenge to containment is tne pressure spike
wnich occurs just after the molten fuel has melteo through tne

,

reactor vessel and discharged into the containment. This is
' particularly serious because it occurs Just at the time when the

containment has the largest concentr* tion of suspended particles.
The current view is that the sttaa pressure spike will not cause
a major containment failure although some leagage may be created
at penetrations. The steam pressure spike was discussed in

' Section III.C.1.

The heating of the containment atmosphere by a jet of molten,

fuel and structural material is a phenomenon peculiar to
,

sequences where the primary system pressure at vessel failure is
at tens of atmospheres or more. Much of the containment pressure

IV.E. Containment Loads
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load is contributed by burning metal, such as =irconium, in
containment air. There is controversy over whether this is a
significant phenomenon, and whether the primary system can
actually retain pressure prior to vessel failure. Further
experinents would be required to narrow the uncertainties. The e

fuel ;et heating phenomenon is potentially important as an early
covere challenge to containment.

IV.E.2. Hydrocen Burninc
.

As noted earlier. there are several potential sources of
hydrogen relesso into the reactor vessel or containment. The
first is from the oxid12ation reactions mentioneo in III.A.2: _1

1
2r H2O --> H2 Zr0+ +

l
and similar reactions on other materials in the reactor vessel.
The second is from tne core-concrete reaction. Tne amount of I

21rconium water reaction is a critical parameter.

At the timo of the Reactor Safety Study, it was tnought snat
only a small fraction of the zirconium would oxidine. In .a large
pipe break, the water and steam disappear so fast that the
reactAon is starvec for steam. However, at Tnree Mile Islano,
(see Section II.A.7), the dry out proceeceo slowly ano there was
plenty of ste.sm. As a result. the containment was partially
flileo with nydregen; at about 1 p.m. on March 28th 1979,
inyorogen burning occurreo as evidenced by a pressure surge in the
containment, ano subsequently confirmed by photographs of the
interior of the containment. Since then, a great deal of
attention has been paid to hydrogen release and to the possibilty
that hydrogen will burn in reactor accidents.

A great deal is known about hydrogen combustion phenomena in
air-steam mixtures. In addition, Sandia has an active
experimental program dealing with . accelerated flames ano
detonations in large systems. The Light-Water Reactor Hydrogen
Manual (Camp, 1980) gives the following lower flammability limits
for hydrogen in steam-saturated air:

.

_ower L 1_m312 Volume %
Upward propagation 4.1 *
Hori=ontal propagation 6.0 4
Downwarc propagation 9.0 % *

Shapiro and Moffette (1957) provide a ternary alagram of
flammability limits (Figure IV.E.1) generally applicable to
in-containment phenomena. EpRI tests of continuous hydrogen
combustion in a large spherical vessel (Thompson.1984) show tnat
the pressure developeo in hydrogen combustion is extremely
consitive to hydrogen concentration in the range of 44 to 10%
hydrogen (Figure IV.E.2). -

The failures caused by nydrogen combustion t>y failuros) nave
boon examined in more detail since the Reactor Safety Study

IV.E. Containment Loaos
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(NRC,1975). First, it is important to distinguish a detonation .

(or true explosion) from a deflagration (or rapid burning). In
the former a shock wave is formed; in the latter it is not. The
situation is differe.it in different containment types.

'e For the large dry containments, there might be local
deflagration (as cccurred at Three Mile Island about 1 p.m. on
March 28, 1979). At the time when the containment is first
stresseo by the reactor pressure vessel melt-through, there is

* enough steam to inhibit combustion. (See figure II.E.5.)

Hydrogen is more of a threat to the other containment types
that have a much smaller volume. Moreover ice condensers can
remove the steam but not the hydrogen, making both the
deflagration and dotonation more likely. To reduce the hydrogen

_

.

concentration, Agnitors are often installed at many points.
Should the ignitors fail to function for a time, the hydrogen
concentration is likely to build to a level where a general
deflagration could overpressure the relatively week shell.
Alternatively' it is speculated that hydrogen coula stratify in a,

region above the ice beds to a level which might detonate if a
spark or disturbance occurred.

A large hydrogen exolosion is not expected to occur since
there are no confined conditions for its propagation. In a
containment vessel deflagration.could be complete in a tenth of a
second. The pressure rise comes from an adiabatic increase in
temperature of the gas as it burns, and the rise falls away only
slowly with a time constant of the order of minutes as the heat i

Iis conducted to the walls and other surfaces. This time is long
compared with the natural containment response period.

The considerable uncertainty in predictions of the quantity
of hydrogen producea during core molta leads to corresponding
uncertainties in predicting failures. For example, Cybulskis
(1984) calculates that 800 lbs. of hydrogen could be generated in
the core in the TMLB' sequence at Sequoyah by reaction of 50% of
the zircelloy cladding with water. The pressure increase
resulting from deflagration of this hydrogen, if not slowly
reduced by the igniters, is calculated to be in the range 68 to,

150 paia in a containment likely to burst above 65 psia. (These
calculations arbitrarily assumed 84 hydrogen at combustion.) On,

the other hand, Kenyon (1984) predicts that only about 350 lbs.
of hydrogen would be generated in the same sequence, leading to a,
pressure spike of only 40-55 psia. (Both these analyses have
since been revised toward consensus.) These differences point up
the importance of gaining better insights into the detailed
phenomenology of the core degradation process and the details of
hydrogen combustion. If the ignitors slowly burn the hydrogen at
regular intervals, heat conduction and steam condensation will
prevent the large pressure rise.

Other uncertainties relate to the modeling of the combustion -

process. If combustion were to occur at low hydrogen
concentrations, then there is less pressure buildup than if

IV.E. Containment Loads
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combustion occurs only after the hydrogen concentration has built
~

up to a high threshold. For example, Cybulskis (1984) predicts
pressures of only 30-48 paia-for Sequoyah if hydrogen could be
combusted as soon as it forms, rather than being allowed to build,.

up to a concentration of 84 by volume as in the previous
paragraph.

,

Hydrogen burning may not be the direct cause of containment
failure but may add to the pressure spike from the other events
at reactor. vessel failure. Moreover the pressure rise ~can be ,

rapid--less than a second--and can give a transient stress to the
containment at a particularly bad time.

This emphasizes the importance of detailed calculations of
the effect on the containment of multiple stresses -- one varying

'

slowly with time and another, or others, varying more rapidly,
~

and superposed on the slow variation.
,

Hydrogen threats also exist in the secondary region of the
BWR Mark III containment. There is some concern there that
hydrogen could ourn above the suppression pool leading to
overheating of the dry well wall and creating openings in that
wall which bypass the suppression pool (see Figure IV.D.6).

Initial pressure spikes are not a problem in a BWR if the
suppression pool accepts the molten fuel or if the fuel forms a
pool in the drywell. However, sequences TC and TW in a BWR might,

I occur in which the pressure suppression pool is heated up enough
! to pressurize the containment, possibly to the point of failure.

The core- debris may fall into a containment vessel which has
already or nearly failed through overpressure. If the failure is
in the drywell, as is likely in Mark I or Mark II, escaping gases
bypass the suppression pool. The Mark III containment, which
fails in the secondary vessel beyond the pool, avoids bypass of
the pool (except for the overtemperature failure possibility

,

described in the previous paragraph).
i

!

IV.E.3. Steam Exolosions (Rapid phase Transitionar Superheat

Exolosions)>

| Another phenomenon of sufficient violence to breach the' -

| containment was postulated in the Reactor Safety Study (NRC

| 1975). This is a steam explosion as the molten core hits the

! water in the bottom of the RpV leading to the "a" sequence, in

| which a very large explosion sends a large fragment of the- RpV .
'

through the containment. It was judged to occur in one meltdown
out of 100. In view of the potential importance of the postulated
phenomenon, the subject has received considerable study. It now

I appears that small steam explosions usually occur, but the
likelihood of an explosion large enough to fail the containment.

is considered by most investigators to be much smaller than
assumed in the RSS and regarded as impossible by a few.'

The nature of the interaction between molten fuel and water
.

is all-important. On the one hand the heat may be transferred

;

; IV.E. Containment Loads
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slowly--over a course of a minute or so--between the two liquids.
On the other hand, if there is a mechanism to convey thermal .

*

energy promptly (within milliseconds) from one to the other, l

thermal energy can be converted to mechanical energy.
i

With a large prompt release of mechanical energy, a shocka wave can be set up which will stress the various components more
than any simple expansion. Such a mechanism is the supernest
explosion.

' * In a few (non-nuclear) industrial accidents explosions took
; place as molten iron fell onto wet ground. Yet there was no sign
'

of a chemical interaction, or even of much heat generation. This
is a physical, not a chemical, explosion. The basic mechanism is
now fairly clear. When a hot liquid is poured onto a cold one, -

1 the cold liquid becomes at first superheated above its boiling ~

point. This stores the energy. Some triggering mechanism starts
the evaporation of the first few molecules, and the rest rapidly

'

evaporate.

The detailed mechanism of the superheat explosions is
unclear, but a few principles clearly enuniciated by Fauske
(1972) seem to be correct. Firstly the rapid vapor generation
needed for an explosion can only be provided by spontaneous
nucleation at the liquid-liquid interface, because there are
simply not enough nucleation centers from impurities or ionized
molecules' In spontaneous nucleation, bubbles form in a pure.

liquid against the normal surface tension. The spontaneous
nucleation temperature (Ts) is well defined by the equation.

16 ,,3/3pv2k, leading to a well defined lower threshold forTa =
explosions where e is the surface tension, pv the pressure of the
vapor, and k is Boltzmann's constant. This quantity is sometimes
called the superheat limit temperature (Tal), because no liquid
can be heated beyond this limit.

The next point is that the interface temperature between the
1 two liquids, T, must be above the spontaneous nucleationi

| temperature. Fauske's (1972) necessary criterion for
liquid / liquid explosions is that

I

Ti > Ts (* Tal),

This lower limit for superheat explosions seems well
verified in a series of experiments. Henry et al. (1974, 1975)

i demonstrate the reproducibility of the threshold (327 K) for
'

,

water at 349 K in Freon 22 (at 313 K) and similarly for mineral
oil poured on propane. In the few cases where it appears to be
violated, the violation can be explained by postulating that the

' cold liquid (or a small portion of it) at first warms slowly up
to this temperature. There seems to be no disagreement that in a

i LWR accident the interface temperature will exceed the
'

spontaneous nucleation temperature and this condition will be
; met.

.

An additional requirement is that the interface temperature

IV.E. Containment Loads
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not exceed the spontaneous nucleation temperature. If it does. -

the interface between the two liquids is blanketed by a layer of
vapor that prevents further contact. It is evident that this
upper limit of temperature is very critically dependent on the
details of the mixing. of the two liquida. For example,
explosions were not initially observed when liquid methane (the *

principal component of LNG (liquified natural gas)) was poured on
water (Burgess et al., 1972) even though the interface
temperature exceeded the spontaneous nucleation temperature --

*although explosiens were observed when liquio propane was poured
,

upon water. However more recent experiments produced explosions*

when liquid methane was in]ected onto water in vacuo by breaking
a Dewar flask, and more recently in tests of larger scale
(Koopmans et al., 1981). These LNG / water tests are of a cold -

iliquid (LNG) poured onto a hot liquid (water). Yet these are
similar to the uranium melt (hot liquid) poured onto a cold
liquid (water) in that the interface temperature greatly exceeds
the spontaneous nucleation temperature, and therefore blanketing

i can and frequently does occur.
!

Still a further condition for a large explosion is the
obvious one that there must be a large surface area where the
liquids are in contact so that much material can interact4

simultaneously. This can b'e achieved by fragmenting the fuel4

below 1 cm diameter. If one liquid is gently poured upon another
< it seems that it is hard to create a large surface area. However
! if one liquid is forced by pressure upon another, it might

fragment to generate a large surface area. Further, Board and
: Hall (1974) have suggested that a first explosion itself might be

the fragmenting mechanism--and perhaps a source of nucleation
i centers as well.

There thus appear to be three requirements for a superheat
explosion: a hot liquid -a t above the spontaneous nucleation
temperature of the cold liquid, avoidance of vapor blanketing at
the interface, and large contact area.

Whether these requirements can be satisfied to a sufficient
| extent to cause a large in-vessel explosion (sufficient to lead
I to an a containment failure) As now thought unlikely. The ,

Reactor Safety Study was primarily concerned with an in vesse;
i

explosion. It was assumed that (1) substantial amounts of molten
core material can enter the water in the lower plenum within a
time less than 100 maec; (2) the debris is instantaneously

,

fragmented to particles of 1 cm diameter or less and dispersed
throughout the pool; and (3) the explosive energy is collected on
a liquid overlying slug which is propelled upward against the
vessel. This could break the vessel and carry the reactor vessel
head upward to fail the containment.

|
There was no detailed calculation to show whether this was

! possible and it was somewhat arbitrarily assumed to occur in 1
! out of 100 core melt accidents. -

Based on interpretation of their experiments, workers at

IV.E. Containment Loads
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i

Sandia (Synder, 1982) assign probailities of large explosions of -

10-4 per core melt. Henry et al. (1983) believe that energetic
steam explosions large enough to fail the reactor vessel cannot
happen because of the limit of the amount of fuel which can
interact with water in a short time. It is unfortunate that this
probability must remain judgmental. But the Judgment of experts

a,

seems unanimous that the probability is low as discussed further
in Appendix III.

,

* An effect of a (very probable) small steam explosion in the
vessel might be to influence the course of an accident in an

i uncalculable and possibly adverse way, and in particular to cause
the resuspension of deposited radioactivity. In addition it can
fragment the fuel which would accelerate the release of the low -

volatile radioactive species and make the oxidization of the fuel -

more rapid, that in turn would heat up the containment atmosphere
and further stress the containment.

Recent Sandia tests (Berman et al., 1983) indicate modest
steam explosions to be a likely outcome when hot fuel drips into
water. These phenomena would redistribute core internals and
debris to en extent that might effect thermal-hydraulic
processes, probability studies indicate that vessel rupture is a
less probable outcome of a larger steam explosion. The extreme
possibility is a very large event somehow involving many tons of
molten fuel interacting with water, leading not only to vessel
failure but to a containment failure. The experimental base with
molten fuel-type materials is week. Experiments up to 100 times
the scale of earlier tests are planned. Sufficient large-scale

{
testing should be conducted to determine if there is a natural

i limit to the scale of these events. (A brief review of some
existing data on liquid-liquid explosions is given in Appendix
III.)

. Steam explosion phenomena are likely to occur ex-vessel when'
molten fuel drops into pools of water. While these events are

; not likely to cause containment to fail directly, they can
i influence debris configurations (disperse fuel in fine
! particles), influence thermal-hydraulic phenomena, and possibly

disable in-containment equipment. This is an unexplored area.,

IV.E.4. Late Containment Failures

After the core has fallen to the concrete base mat, and*
still assuming no mitigating features suen as sprays, the core
will generate gases, hydrogen, and CO, and the gases already in
the containment will heat up further. If there is no leak, this

1 is expected to cause a containment failure (6 ) after many hours2
or several days. During this time, some of the suspended
aerosols will deposit.

It is also possible that the core may melt through the
concrete base mat. Basemat melt-through (<> 1s predictable using -

the CORCON code for. sequences where a molten pool of fuel melts
its way through the floor of the containment ouilding. The

|
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*

source term released to the biosphere by this mechanism is
several orders of magnitude less than through even a late S,
because the ground acts as a very effective filter of nearly all
radioactive ~1sotopes except the noble gases, which it holds up
and delays. The failure does pose a threat to local equifera.

"
However, fission product travel time is slow and countermeasures
to retain the fission products within a limited region are
capable of containing the accident. This is a problem that
contributes to property damage but, if recognized and controlled, .,

need not contribute to public health effects.

However, some calculations suggest that the core will
solidify before going through the basemat, and the containment
might never fail by this mode.

'

;,

IV.E.S. Earthauakes

An earthquake greater than the design basis earthquake might
be extremely troublesome if it not only sets off a Loss of
Coolant Accident but also makes holes in the containment. We are
aware of no detailed analysis, in the context of source term
issues, of these correlated possibilities, although in the
Probaoilistic Risk Analysis for Indian Point, the probability of
core melt caused by an earthquake is estimated, and is one of the
dominant risk sequences.

IV.E.6. Summary

It is necessary to define containment loading accurately in
order to predict containment failure and therefore to calculate
the source term. As was discussed in III.C.1., calculations of
the initial steam spikes can be made with reasonable accuracy and
they are not expected to cause gross containment failures. The
late challenge to containment from core-concrete interactions is
also reasonably predictable. Significant needs exist for research
into those rare events that could conceivably lead to early
containment failure and a relatively large source term, i.e.,

direct heating of the containment by molten fuel and metal-steam
explosions, and earthquakes. For some containment types (Marka

III BWR, and ice condenser) there are also residual uncertainties .

regarding hydrogen burning which should be investigated further.

'

,

.

.

..
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V. COMPUTER CODES AND THEIR VALIDATION *

V.A. The Uses of Comouter Codes,

The central part of the program of the Nuclear Regulatory* Commission is a aulte of computer codes whicn are supposed to
predict the course of an accident once it has been initiated down
to the final release of radionuclides. However it is obviousthat the output of a computer program is only as good as the! '

completeness of the important phenomena incluced, the validity of
the equations incorporated, and the accuracy of the input data.,

|

The minimum result of using a good suite of computer programs
is to transfer the understanding gained in the study of one ~

reactor to a similar reactor with slightly different
'

characteristics. A more important use of complex computer
programs is to study the interrelationships among different,

phenomena.

In Section III.A general features of reactor accidents were
described. In Chapter IV the various physical and chemical
phenomena important for discussing these accidents were

! descrinea. A series of models nas gradually evolved and has been
developed by various user organizations (such as the NRC, IDCOR,
etc.). These models have been collected in several sets of codes
for evaluating and integrating the separate parts of the accident
as it progresses from its initiation to the point at which
radioactive material is released to the environment. The models
incorporated in these codes range in sophistication from the
exclusively empirical, in which experimental data are
conveniently parametrized, to others that utilize the basic
physical laws in a meenanistic way to calculate the dynamical
progression of a part of the sequence. In this chapter we
discuss the various codes and their reliability.

Estimating the consequences of a particular accident
sequence requires the sequential running of the codes using'

appropriate reactor parameters for each of the models. After
proper manipulation, the output of each code provides input to

e the next code in the sequence. Since no light water reactor (LWR)
accicents or experimental studies have involved complete meltdown
ano containment violation, the models cannot be checked by
comparison to observations. For that reason one must be
especially wary of tne use of these models for detailed estimates,

of wnat will occur in a particular complex situation. However,,

isolated portions of the accicent oequence or incividual
mecnanisms in a particular model can be tested by smaller-scale
simulation.

**wThe use of the models and the associated computer
calculations provides an inoispensible tool to sharpen our,

intuition and to suggest new ways to conduct experiments to gain
.understancing of accident mechanisms. Tnese mocals also permit

us to explore the sensitivity of ancividual meenanisms to changes
in reactor parameters and to assess their significance in tne

i V. Computer Coces
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fission product release or retention processes. New ideas may be -

costed in a stra17htforward way by exercising the codes and may
bee incorporated into the models if they prove to be important.s

More important still,mthis is the only way to unoerstand the

iterative feedback effects.
A

Approximations made in developing models for use in computer'~
s

: co, des include compr,cnicas whose effects are uncertain. Since our
x Mnowledge of the phenomena and the experimental data base is

*
incomplete, the technical,3udgment of the analyst must be relied
upon to chose the key elements in constructing ,aco operating the
code. Different analysts may enoose different ' elements. The
effect of these different choices needs investigation. Clearly
the resait of a complex calculation may be significantly affected -

#
by these different choices. The reason for such effects may oe
poorly understood, even by the analysts themselves.

As our understanding has grown under the stimuli of new
experiments and improved calculational techniques, the numerical
nodels of the individual codes have gone through a continuous

process of evolution. For this reason, one finds tnat a

particular code may have vestigtal parts''that have been

superseded oy other codes in the sequence. This can cause an
internal' lack of consistency among the parts of a complete
calculation; such examples will appear later as we discuss the
models in nore detall. Another possible problem with consistency
arises' bectuse a't presentzeach code feeds into the next without
p,rovision for feedback into the code elements that nave been run'

j previously: it ns in Just this feedback tnat a computer code is
' of'most use. As a result, for example, in current calculations

the dense clouds of vapor and aerosol released during the core
Melt period cannot influence Xthe heat transfer calculations that

provide the bases for entimating the . temperature dependent
release rates from the molten fuel.' However, new codes that are
now being developed have at least partially corrected the generic
feedback deficiency. Fully integrated codes are projected for the
future if the research pro 3 ram of the NRC continues in its
projected path.

' '

;
The detailed results of complex . codes must be treated .

cautiously. Insights gained may not'be generally applicable.
However, the codes do provide understanding of complex phenomena

which cannot be studied',in other, ways. This is their primary
' '

utility. - ,

V.B. A Samole Suite of Accident Model Codes

The models used in the Accident Source Term Reassessment
3, ,

Sto2y ( ASTP3) by the NRC ano their contractors provide a coherent
eNample.cf now toe. precesses given aoove are described by a set

di computer ccdes' taee Figure V.1). The shortcomings of
~

these*coces are typical of any rapidly enanging field: tney will
'

be reduVed with time and improved data. We could equally well '

s

have cho'sen a set of codes used by the IDCOR; project: nowever,

they make use of rany of the models (old anc new) from the codes |
1,

!\ tsg

O. I'
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FIG. V.I. We suite of codes used by the NRC (and their subcontractors)*

in evaluating the consequences of hypothetical reactor accidents, me!

| solid lines indicate that the results of a particular code are required '

as input by other codes in the sequence. Dashed lines indicate that
MARCH uses internal subroutines with functions similar to those of
ORIGEN, CORCON, SPARC, and ICEDF.

l *

( IGDF is unfinishedt a modified version of NAUA is used now.
.
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|

we shall describe. Wnere another code contains an alternative to .

the model we ciscuss, we shall try to indicate that at the
appropriate point.

|

In gonetal in tnis chapter, an attempt is mace to follow sne
* chronological steps in an accident sequence, as was cone in the

general discussion of nuclear accioents in Section III.A.6. But
a comparison of tne accicent steps in Taole III.A.2 anc the
compute: coco progresalon in Figure V.1 shows that snis is r.o t

# completely possible.
.y'

-V.3... The Inventory of Rsotonuelades in the Fuel (OR* GEN),
.

As an initial condition for the hypothesizec accident _

scenarics, it is customary to assume snet the reactor nas already .,.

been operatec at steady, full power conditions for an extencec
te.'s., three-year) period. During this time..it is assumec that

"

the fuel in the reactor has been changeo in accordance with
normal refueling procedures, in wnich one-thiro of tne fuel woulo
be replacoc at each of two prior annual refueling operations for
a three-year cycle. It is further, assumec that racioactive
procucts have built up in the fuel elements anc the structural
materials in a normal fashion over the three years of full power
operation. Thus, the first information that is needed for the
estimation of the source term as a cetailed inventory of the
radioactive. 1sotopes in the core. It is cetermined using
0RIGEN-2 (Croft, 1983>. This coce must ce supplied with the
reactor type, and the fuel consumption and the power level versus
time at each point in the core. Internally, the code requires
nuclear reaction cross sections, fission yleida, and cecay
senenes for all nuclides that will be involvec in ene ensin of
reactions. Tne set of coupled, linear, first order differentini
equations is solveo numerically to give the cecay neat and the
inventory of isotopes. The results are in reasonable agreement

"with the observed decay -neat anc the soundances of selectec
isotopes in fuel elements from a number of reactors. Where the
final procuct (e.g., tritium or 14C) arises from an
ill-cnaracterized contaminant in tne fresh fuel, the comparisons
are less favorable. Generally, tne accuracy of the calculation
cf radioactive product inventory is thougnt to be sufficient for,

the source-term determinations. However,.in tne United Kingdom
somewnat different inventories are ootainec with their cooe
FISpIN (e.g., comparable Cs, but smaller amounts of I and Te).
This may reflect the assumption of a flatter radial power, _

the reactor, to wh1ch the final inventory isdistribution'in
mocerately sensitive (Butland, 1983>. These cifierences may not

"
be important in themselves, out tney maxe the task of comparing
computer output, to discover the underlying physical reasons for

; the differences, somewhat more difficult.

V.B.2. The Thermal Hydraulics Code (MARCH)

Figure V.1 shows the- key role played oy the cooe that -

calculates the thermal and hydraulic behavior of the reactor
coolant system (RCS). The code MARCH-version 2.0 is the latest

V. Computer Coces
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in a series of such codes that provides the basic pressure, *'

-temperature, anc material inventory information usec by the codes
that follow it in the calculation of a particular accident
(Wooton anc Cybulskis, 1983). A replacement, MELCOR,
is planned, (Camp et al., 1983) to remedy some of the patchwork

*that characterizes MARCH, but at the moment we nave only MARCH
and its counterpart in IDCOR studies, MAAP (Jaycor,1983).

V.B.3. Details of MARCH
e

Starting with the cecay heat output from a subroutine wnich
taxes the ANSI 1979 Standard (Section III.A.3) (plus the fission
generated power if the reactor protection system is assumeo to
fall), MARCH calculates the thermal input to the water in the -

#
reactor cooling system. The ANSI Standard is a gooo
approximation to the output from ORIGEN. ORIGEN is used wnen tne
fraction of cecay heat from each group of radionuclices as
needed. MARCH keeps a detailed inventory of the water and steam

inclucing the intermittent flow contributions from the various
external cooling sources such as tne emergency core cooling
systems (ECCS), and in particular the accumulators. The set
points of pressure relief valves (pRV) are considered, as well as
the location of any leaks or oreeks in the cooling system. This
part of the calculation, until' the core is uncovered, as very
simple, and in MARCH the primary system is modelled as a single
volume. Empirical (oxperimentally derived) correlations are useo
to describe the heat transfer and fluid flow. For example the
flow of coolant in the channel between the fuel rods within the
core is described in terna of an incompressible fluid in a pipe.
This can be checked against simple, back of the envelope
calculations such is those of Section III.C above.

In MARCH the reactor core is treated as a cylinder of exially
stacked, concentric rings. The rules for heat conduction and

radiation among these rings and to the surrounding structures
crudely reflect the actual distribution of material in the fuel<

rods. As water is lost from the RCS, the core is uncovered and
the rules for the uncovered rings are modified to include the

loss of conduction to the coolant, the aedition of heat from the
oxidation of zirconium present (assumed to be mixeo witn the ,

i

fuel), and the associateo generation of molecular hydrogen. H2
One should note that such oxidation rate data as functions of

temperature and oxide thickness are sparse. The effect of the
zirconium channel boxes in BWR's is modeled very crudely by ,

increasing the effective thickness of the cladding that is
adequate for calculations in which the total amount of zirconium

is important, but is not likely to be a very good approximation
when spatial variations of zirconium reactions are important.

As a reactor accident progresses, the water level continues

to drop and the temperatures of the core regions rise. As a
region reaches the " melting point" selected for the 2r-UO2
mixture, the MARCH code prescribes " rules" for dealing with the

-

melting of the region. These are probably the greatest
uncertainties in the model. Models, such as the MARCH code,

V. Computer Codes
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assume melting starts once the assigned melting temperature is .

reached. .In some other models, for example those developed in
West Germany where considerable research has been done on core
melting, cladding failure is treated in a probabilistic manner:
the character of the surface being attacked is, after all, random
and this will affect how rapidly the cladding will ourst. A

a

variety of options exists in the code, but basically the geometry
of the fuel is assumed to be constant, so that any fuel damage
has no effect on coolant flow or conduction until under a

* particular option the molten fuel is dropped into the lower head
of the reactor vessel. In the alternate code MAAp (used by IDCOR)
there is an attempt to model the melting of the core regions
individually, taking into account changes in the area available
for coolant to interact.

_

.

As molten core material accumulates in the lower head under
the option chosen in MARCH, it begins to attack the reactor
vessel. This attack must also be modeled because it leads to
penetration of the RpV and the in]ection of hot, molten core
material into the containment building. During this process the
code must track the amount of molten material, its composition,
its remaining heat sources (fission products, metallic Zr and
steel), and its temperature. Although it is expected tnat
failure of the RpV will first occur at welds and instrument
penetrations, the attack on the lower head is modeled by a
one-dimensional,' uniform erosion calculation. The combination of
the attack and the thermal and hydraulic loading cause the
eventual failure of the vessel, the timing of which is determined
by the MARCH calculation. The failure of the vessel with release
of steam and H2 creates the pressure spike discussed in III.C.1
and IV.A, that challenges the containment integrity. This
challenge includes interaction of the core material with standing
water in the reactor vessel cavity.

To complets' the overall thermal-hydraulic evolution of the
system, MARCH contains its own models for H2 and CO combustion,
suppression pools, sprays, and ice condensers even though all
these features are handled in more detail and with greater
accuracy by other codes. It seems crucici that these parts of
MARCH be made as accurate as possible -because they influence tne,

estimates of the loading on containnent that allow the timing of
possible containment failure to be determined. An example is
provided by the uncertainties in the H2 /CO combustion level and
in the operation of igniters, which are supposea to burn H2/CO

*
before it reaches dangerous levels. In MARCH combustion is not
treated mechanistically but is a user specified process that does
not calculate burn time, flame propagation, etc. The new code
CONTAIN will provide a better treatment of combustion in
containment (Bergeron, 1984).

V.B.4. MERGE

The flow of steam and H2 through the RCS is calculated with .

MERG2 using the input pressure, temperature, and composition data
from MARCH (Freeman-Kelly and Jung, 1982). The flow is

V. Computer Codes
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considered to be one dimensional- through a sequence of -

series-connected, well-mixec volumes that represent the portions
of the reactor pressure vessel above the core, the piping, the
pressurizer, etc. In each volume the equations of state for steam
and H2 are used together with the conservation of energy and the
heat transfer to the structure to calculate the flows and -

temperatures in the RCS. These results thus establish the
residence times, condensation and evaporation rates, phase
partitioning, and thermopnorests (deposition of aerosols
resulting from temperature gradients near surfaces) for the *

transport of materiala from the melting core tnrough the primary
system. The momentum equation for the flow is not solveo; the
output of MARCH is taken as correct. No calculations have been
performed to determine if the MERGE solution obtained in this way -

satisfies tne momentum equation. Instead it is assumed that the -

pressure equilibrates in each time interval calculateo.

The approximation in the MARCH / MERGE combination that
probably creates the greatest uncertainty is that of a one
dimensional series flow. This omits the natural circulation
mentioned in Section IV.A.5. From the expected flow rates and
temperature gradients during some parts of the accident sequence,
two-dimensional flow calculations show that recirculation within
the core and upper plenum volumes of the reactor vessel snoulo
occur (Seghal 1984).

The new EPRI code (COREMELT) that is.being developed (Denny.
1983) models natural circulation as well as more detailed fuel
slumping. This code predicts much longer times for tne core
heatup period, with large H2 production and important
consequences for containment loading. This program is not

predictive, since the convective cell patterns are prescribed.

Recirculation patterns within the pressure vessel itself
cause mixing and support. the assumption of well-mixed volumes
used by MERGE and TRAP-MELT. It is, however, not clear that
piping is accurately treated as a well-mixed volume; this
probably influences the estimate of trapping of radionuclides in
these pipes at high flow rates. One must also mistrust this
treatment of the complex upper plenum region.

,

The NRC is sponsoring code development at two places. SNL
has a computational program aimed at obtaining a more thorough
understanding of the core melt down process. The code is called

*
MELPROG. A thermal hydraulic code called TRAC, developed at LASL
is being adapted for use with MELPROG. The TRAC code will handle
both two and three dimensional hydrodynamics. At INEL a new
version, RELAPS-Mod 2, of an old, one-dimensional hydrodynamic
code, RELAP, has been developed in order to adapt RELAP code to
the two- and three-dimensional problem of flow past en obstacle
that develops as a consequence of core degradation. Thus, RELAP5
has some capability to handle the higher-dimensional, more
. realistic fluid flow configurations required in a serious -

research program on core melt down. An example of the use of
RELAPS can be found in Schultz et al. (1984).

V. Computer Codes
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A new model, SCDAP, is being written at INEL to deal with the
fuel damage part of the sequence. This will be incorporated into
RELAP5, and probably also into the IDCOR program MAAP. It should
provide a better tratment of fuel melting. The intense
generation of steam and H2 produced as the molten material falls,
into the water in the lower head is very sensitive both to the
slumping models and to the heat transfer between the molten metal
and the water. This leads to a large uncertainty in the
thermal-hydraulic behavior at a critical point in the sequence,
and has been handled by assuming limiting conditions as discussed
in III.C.1. and IV.A.6.

A detailed study of codes and a numerical analysis of core
melt oown would be of relatively little value were it not

'

possible to compare the output of the theoretical effort with
~

experimental results. Both SNL and INEL have experimental
in-pile programs to study core degradation. The progress in

| these programa deserves to be watched carefully to make sure
that they are well coordinated with cooe development.

EPRI is sponsoring scaled flow experiments, using water or
SF6, in a scaled down model of a PWR primary system at
Westinghouse that simulates reactor conditions using resistive
heating elements. ANL is developing a fully three dimensional
thermal hydraulic code known as COMMIX - 1 for EPRI. This is
probably the most ambitious one in attempting to represent the
wide range of flow patterns anc heat transfer modes that may
arise under real accident conoitions. The presence of solid,
material structures in the flow field, i.e. the core and its
support structure, etc. complicates the thermal hydraulic
calculations. Such structures occupy space ano thus restrict the
volume and area available to the fluid, they also offer
resistance to the flow (via friction, drag, etc.) and they
represent sources or sinks for heat. These aspects of
solid-fluid interaction are modeled in COMMIX in terms of
appropriately defined volume porosities, surface permesollities
(to take into account the space occupied by solids), distributed
resistances to flow and distributed heat sources and sinks.
Within the framework of these approximations, COMMIX is then able

* to carry out either one-dimensional,- two-dimensional or fully
three-dimensional calculations as needed.

.

It is unlikely that these new three dimensional codes will be
p incorporated into the NRC suite of codes for routine

calculations, because the length of time for a complete
calculation becomes very long. However it is very important to

'

run them for a few selected sequences to make sure that the
approximations made in the old one dimensional codes do not lead
to significant errors in the calculated source term.

One factor that deserves more attention is the neglect by
MARCH / MERGE of the decay heat generated by material transported

,

out of the -reactor core. For some accident scenarios the
calculations indicate that significant quantities of the volatile
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fission products are deposited on surfaces in the upper plenum of *

the reactor coolant system. This source of heat to other
surfaces within the RCS will modify the overall thermal
hyoraulics, and thus could play an important role in the
re-evolution of 'some of the deposited material. Such effects

*have been estimated to be important in IDCOR calculations, in
which they are patched onto the overall system behavior given by
MAAP (Burns, 1984).

#
A group at the New York Power Authority (NYPA) has written a

vectorizeo code that integrates the functions provided by MARCH,
MERGE, CORSOR, and TRAP-MELT (Deem and Bienaarc ,1984). This has
allowed them to provide estimates for tne TMLB' and S D sequences3
at the Indian Point reactor. These results indicate that the -

~

temperatures of surfaces in parts of the RCS outside the RPV are ~

much nigher than those determined without including the effects
of fission product heating. They calculate that retention of CsI
and CaOH are significantly reduced on these surfaces (a factor of
'3) and that one snould even consider the possibility of local
RCS failure owing to this heat source. As alreacy noted in
Section IV.A.5, if such a failure occurs at the steam generator,
this could transform the TMLB sequence to a containment bypass
sequence (V). Even if tnis does not occur, the aosorption and
rerelease of the fission products on these surfaces can lead to

calculated final releases higher than if there were no absorption
at all, for they might form small aerosols Just at the time that
the rise in pressure from the the core-concrete interaction
causes containment failure, and thus be re-dispersed.

V.B.S. Modelino of Fission Product Releases (CORSOR)

During the heating and melting of the fuel, vapor is emitted
from the uncovered core. Thus, in order to provide quantitative
estimates for the release rates of radioactive material into the
core regions, MARCH, the code describing the thermal hydraulics
of the accident, must interact with the code CORSOR that
descrioes the model for fission product emission from the molten
fuel.

Although Power Burst Facility (PBF) tests have snown en .

enhanced release of fission products as the molten fuel is
quenched on falling into the water in the lower head, this effect
is not yet incorporated into MARCH. Such effects can also happen
if the hot core is reflooded: even though slumping has not .

occurred, this can lead to fragmentation of the fuel and enhanced
fission product release.

CORSOR uses the core element temperatures proviced by MARCH
to calculate the emission of material from the melting core
(Lorenz, 1983). The model used is completely empirical (see
Section IV.B). The mass element x is emittec at a rate dMx/dt

~

*

-kxMx, where kx is obtained by fitting the experimental data to i

Ax exp(Bx T), T is the temperature and )the functional form, kx =

Ax and Bx are fitting parameters chosen separately in three j

|
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temperature regions. It is curious that an Arrhenius form for .

the emission rates (exp(-Activation energy /kT)J was not chosen
instead; however, the present approach is probably adequate and
includes (where they are known) effects such as the modification
of emission rates owing to the concentration of metallic 2r

e present. This effect is influenced by the H2 / steam mixture and
can change the emission of To by a-factor of 40. It is not
understood if such effects also occur for Ba, Ru, La, etc. owing
to the presence of 2r or stainless steel; however, such questions
are being examined in small-scale tests at ORNL and pBF. As one' *

might expect the emission data are best for the higher volatility
i substances; better data are needed for lower volatility

materials.

The deficiencies of the empirical approach in CORSOR lie in ,

the paucity of high quality data taken under conditions
appropriate to the accident sequence considered (e.g., the time '

of fuel irradiation, high pressure, or the amounts of steam, H2 ,

and 2r present). In addition, effects from the control rod,
structural, and channel box (BWR) materials are handled crudely.
The interaction of these materials with the molten fuel may
produce chemical species or alloys that appreciably modify the
emission or deposition of the materials leaving the core: thus,
it is important that a better model for the melting of these
materials be developed. Such effects can be subtle; for example,
minor components in the stainless steel (e.g., Mn) or the
cladding (e.g., Sn) could be more important than their
concentrations would imply, because they have higher vapor
pressures than the major components. CORSOR also ignores effects
on the emission processes caused by changes in the surface area

,

t to volume ratio of the molten core during the late stages of the
meltdown.

The chemical form of the materials at this point is taken
from separate equilibrium gas phase kinetic calculations. These
calculations-do not involve all constituents at once, but attempt
to determine only the most stable products, e.g., I is emitted as
CsI, the remainder of the Cs as CaOH, etc. (see Section II.A).

I The code does not keep track of all possible compounds, but only
those that are most probable -- even though several may be,

| likely. This treatment does not consider the change in the
| chemical environment from a highly oxidizing one (steam) to one

that is more reducing as the fraction of H2 increases. The
effect of control rod elements (Cd, Ag, In, B) on these*
equilibria have not been considered in detail. A new code,

,

| VICTORIA, as Deing written to incorporate most of these effects
' (Camp at al., 1984).

V.B.6. TRAP-MELT,
|

The code MERGE uses the information from MARCH on flow of
vapors and coolant to calculate the system pressure and the
temperatures of the individual components. The code MERGE can -

then use this information to calculate the flows through the
whole RCS, and the code TRAP-MELT calculates tne transport of
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.

material from the melting core under these flow conditions. MARCH
calculations were in good agreement with small-scale tests at
PBF: nowever, as snown in similar calculations in the United
Kingdom (Butland, 1983) the distribution of caposited material is
very sensitive to the cetails of the thermal hydraulics. ,

As vapor that has oeen emitted from the core region moves
through the RCS it is suoyect to a variety of depositional -

processes. Taking as input the flows and gas ano surface ,

temperatures from MERGE togetner witn the source rates from
CORSOR these effects can oe estimated. Figure V.2 provides a
scnematic diagram for tne processes includeo in the code
TRAP-MELT (Jordan et al., 1979).

_

.

t Airborne materials are retained in the RCS owing to

concensation or enemisorption on structures, or condensation on
aerosols wnich subsequently deposit on structures because of a
variety of processes. Some of tnese are considered to be
irreversible (chemisorption), ano otners may se reverseo if the

surface temperatures rise enougn to evaporate tne suostances.
The exact nature of the chemical reactions witn surfaces must ce
unoerstooo in much more detail oefore tne extent of
re-vaporization is cetermined adequately.

Durino transport, the vapor may encounter cooler regions or

surfaces at wnicn aerosol nucleation ano cepositional procecaus
may occur. In tnis manner, cepositec materials may oe removec
from the flow: out they may oe re-evolvec at subsequent stages of
tne accicent li temperatures increase and/or flow rates enange.

Aerosol formation is driven by the cegree of supersaturation

,of tne vapor whicn is cetermineo in part oy tne originaA amount
formed. Tnis process is prooably enhanced by the presence ol

lons formeo in this hign radiation environment.(like a cloud
enamoers, althougn this effect is not speelfically considerec in

ene calculation. A small particle size is useo as input: tne
particles unen achieve larger sizes under tne action el growtn

ano coagulation processes. No new aerosols are assumec to form
in the RCS after the material leaves the core region. The
properties of the aerosols sdensity, shape) are not well known -

ano can nave a very large effect on aerosol retention.

Generally, TRAP-MELT is a reasonsole approach to estimating
cepositional effects: however, the coce contains a numoer of =

approximations that compromise its accuracy. For example,
TRAP-MELT considers only the steam (Ignor ing the H2> cespite the
fact tnat H2 nas a very different kinematic vlacosity (five times
greater than steam). Thus, li sne H2 were inclucea one wou.c
e::pect driferent temperature gradients ano mass transfer
coefficients. In adcation. TRAP-MELT is a dilute system mocci,
cespite tne fact that the calculations indicate very nigh aeroso;
mass densities in some carts of the syster, wnlen probably lead .

to violations of the weia mixec assumption anc appropriatuneas of
some of the equations describing the rate processos involving
aerosols. (No experiments have been performed at such high
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aerosol densities). .

There are several potential problems with respect to the
effect of thermal-hydraulic approximations. As sentioned before,
the heating by deposited fission products could be important, but
is completely neglected. Where well developed flow does not.

exist the boundary layer thickness is not fully developed and the
effective wall heat transfer coefficients is probably
under-estimated in current computations. In addition, the heat'

e transfer correlations are not always consistent among MARCH,
MERGE, and TRAP-MELT.

,

Although when close to the core, CsI is expected to be
molten, elsewhere it is solidified, and the assumption that the

_

aerosol particles are spherical may be incorrect; thus, the ;

settling velocities are not likely to be accurate unless
appropriate shape factors are known. A considerable uncertainty*

'
in the thermophoretic depositional velocities arises from poor
knowledge of the gas-to-particle thermal conductivities.

,

In many areas where a substantial amount of material is
deposited, the assumption that the surface properties are
unchanged may have a large effect on chemisorption reactions such
as those of CaOH or Te compounds with surfaces. In this respect,
the retention is very sensitive to the effective deposition
velocity used. Lowering the deposition velocity by a factor of
10 for Te (well within the uncertainties) reduces what would be a
desirable 1004 retention of Te in the RCS to a less desirable 704
(Gieseke et al., 1984). Similarly, changing surface roughness
can significantly enhance aerosol deposition owing to turbulence.
However, resuspension of deposited material in high flows is also
neglected.

Many of these aerosol deposition /resuspension effects are,

being addressed in tests in 3 m pipes in the TRAP-MELT'

verification experiments at ORNL. Large-scale simulation
'

experiments at MARVIKEN (Sweden) will also address the issue, as
will the LACE program at Hanford.

V.B.7 The Core-Concrete Interaction (INTER /CORCON)

As the core material attacks the concrete basemat
noncondensible and combustible gases are produced. The attack on
the basemat and the associated loading are modeled within MARCH

*
by subroutines that have been replaced in other parts of the
calculation by more advanced codes. For $cample, the
core-concrete interaction is modeled within nARCH by the
subroutine INTER for the purposes of calculating containment
loading and leakage rates. INTER (Murfin, 1977) is a preliminary
code which is now outdated. For the subsequent calculation of
gas and aerosol generation from this interaction the more recent
CORCON (Muir et al., 1980) is used. This inconsistency means
that the time dependence of the thermal-hydraulic loading that .

could lead to containment failure and basemat penetration is
being calculated with a much less accurate code. The original
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INTER code did not properly conserve mass and energy. Although
*the study group was informed that this was changed in the version

of INTER used by Gieseke (1984), the precise changes are unclear.
For the TMLB' sequence at the Surry reactor with the molten core
falling onto a dry base met INTER predicts faster penetration of
the basemat with much-greater gas production than predicted by

*CORCON, although, again, it is not sure which version of INTER
was used (Ritzman, 1984). Thus INTER predicts much greater
containment loading than does CORCON. If indeed CORCON is a;_~

better representation of the process, then the likelihood ofj
,

containment failure at this time when radioactive aerosols are ati.

i a maximum is correspondingly lower than presently calculated.
I

The code CORCON takes the temperature and composition of the-r

I
] molten fuel and structural material from MARCH and CORSOR and- 3
;' deposits it as separate oxide and metal layers on the concrete

"

basemat (Muir et al., 1981). It does not, however, consider the
possibility of the spatial dispersion of this material within

! containment (for instance by ex-vessel steam explosions) nor does
it include in the inventory of material the radioactive material

j deposited previously in the core region as condensed vapors or
*

settled aerosols. The type of concrete for the reactor being
| considered (e.g., basaltic or carbonate) is given as input; the

basaltic type erodes more quickly but the carbonate form produces
| more CO2 and CO. The calculation treats the ablation of the

| concrete and the associated release of gases (e.g., H2O and CO2);
i the chemical products of the reactions are allowed to move into
i the appropriate layers in the pool, and gas bubbles either rise

or flow as a continuous film around the sides of the pool;
depending on the point of formation. Heat transfer botween

| layers.and at the surfaces of the pool is calculated in detail,
; taking into account the bubbling.

I

( The output of the code gives as functions of the time the
temperature of .the pool layers, the rates of CO2 and H2O

I production, and the rates of material from the concrete added to
the melt. The rate of basemat penetration and the shape of the'

pool versus time are also outputs of the calculation.

Whenever possible CORCON employs models and correlations for
; the physical and chemical processes involved that have been at .

least partially verified by experiment. The heat transfer
processes are complex two phase bubbling processes dependent upon
the void fraction. These have been tested in some regions
(Greene, 1983) but outside the range needed for describing the .

core-concrete interaction. This can lead to difficulties as
described below.

'.
| During studies of the validation of the CORCON code, (Greene,

1983) a serious heat transfer problem came to light. A slurry
was assumed to occur at the boundary layer between the metal and
the uranium oxide layers. Under some conditions (some types of
concrete) this slurry was calculated to be almost solid, and its

,

high viscosity ascribed to the layer beneath. This would inhibit
the calculated heat transfer without inhibiting the calculated
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bubbling -- an unrealistic situation. This in turn would lead to .

calculations of a high temperature of the melt and of a high
release rate of lanthanum into the containment. This has been
corrected in a BNL version of CORCON MOD 1, and in CORCON MOD 2.
Although many of the computer calculations in Gieseke et al.
(1984) used the older version CORCON MOD 1, it appears that this*
did not cause problems.

The critical role of the temperature of the melt in these
calculations emphasises the importance of experimental,
verification, even if the verification is only of the corium
temperature. A preliminary comparison, (Figure V.3) has beeni done by Greene (1983) who compared the results of his version of

i the CORCON code with the (unpublished) Sandia Code Comparison
_tests CC1 and CC2 (powers, 1980) where 200 kg of molten stainless esteel was dropped into crucibles of limestone concrete. The

agreement is encouraging but more comparisons are necessary, and
the tests should be published.

^i

CORCON MOD 2 also considers the reduction of heat loss from
i the top surface of the melt by the overlying aerosol cloud, and

the small consequent increase in melt temperature and aerosol
production (Lipinski et al., 1984).

'A variety of other problema needs to be addressed as well.
For example, the interlayer metal mixing and the presence of astable gas film between the melt and the concrete are important
elements in CORCON whose accuracy is ill defined. If the
experiments at Marlsruhe are correct, the layers mix completely
after about 10 minutes and the model must describe this. Since
the melt viscosity is important in determining the heat transfer
rate, the role of addition of the highly viscous SiO2 to the melt,

j must also be better understood (Lipinski et al 1984).
!

A program which seems almost completely independent is being
carried out in West Germany (Hosemann and Hassmann, 1984). Thecomputer code WECHSL (Reimann and Murfin, 1981) has beendeveloped to describe the heat transfer processes. Like CORCON,
this program was also developed from INTER and therefore haasimilar features. The temperatures predicted for a core* interaction are 2600 K for the first 10,000 seconds, falling to1700 to 1800 K as the UO2 mixes with the low melting point
component (SiO2, FeO, CaSiO ).3

U

V.B.8. production of He and CO (VANESA)=

VANESA takes the CORCON output and models the reduction of
the H O and CO2 to H2 and CO, as well as the loss of other2
materials from the pool as aerosols (powers and Brockman, 1983).
On entering the melt, the CO2 and HO are assumed to be in2
thermal and chenical equilibrium with the constituents of the
metallic layers. This results in a gas of H, H2, OH, O, 02 , CO,
and CO2 and any vapors from the product metallic oxides present -

at that temperature. The oxidic products of these reactions areput into the oxide layer of the pool. The gas is assumed to be
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in bubbles of constant size, and the transfer of materials to the
~

bubbles from the melt is tracked. The chemical reaction of the
gases in the oubbles is calculated as they rise through the melt.
On reacntng the surface, the vapor species are assumed to be
aerosols whose sizes are taken empirically. Other setosols are

,

assumed to form through the creaking of eacn bubble as it reaches
tne surface generating a constant number of constant size aerosoi
particles.

*
The gas release from the core-concrete interaction is an

important part of most accident sequences because it provides a
severe load on the containment at the same time that a large
amount of airborne material is being produced. Tnus,
CORCON/VANESA represents an especially important model wnose ]

-

output is a me]or ingredient in source term estimates. As VANESA
is a newly developed and undocumenteo code, it nas been
impossible for the study group to evaluato it. However, its
author claims that there has oeen a determined attempt to put
into this model all physical and chemical mechanisms tnet should
be present; however, although experiments have cegun at Sandia,
they are not far enough advanced to provide a detailed test of
tne mocel, Improvemente to the model are obviously necessary.

,

For example, the effects of solidifieo debris over the molten
pool have not been evaluated. This is also true of the case of a
water layer. Experiments at Sandia nave shown tnat the presence
of a water layer coes not affect the gas production rates
(Lipinski et.al., 1984). But the water layer does remove some
aerosols from the gas buobled through it; however, wnen the water
is gone the material in it returns to the melt where it is again
suoJect to vaporization.

Although the gas production rates are probably known witnan a
factor of 2 by the energetic considerations mentioned earlier,
this is not true of the radionuclide and other aerosol emission.
It is especially important, therefore, to test these against

experiment.

V.B.9. Aerosol Decosition Coce (NAUAs

This cooe was already mentioneo in the section on aerosols. *

Section IV.C. The aerosol deposition is very important. It is

the increased realization that most airoorne iodine ano other
fission products are in the form of aerosols which can be

deposited, anc the calculateo increase in time availaole for this .

deposition oefore containment failure, that reduce the calculated
source terms below those calculateo in RSS.

Within containment (ano other parts of tne reactor ouilcangs'

a variety of depositional processes may occur owing to tne action
of natural and engineereo phenomena. Tne mechanics of 21ssion
product removal as a function of aerosoi particle size are
important parameters at this stage of the accident. Since tnis is .

the last step before the released material gets into the

environment, it is important that these processes ce treateo

carefully. The code NAUA models the interaction of tne aerosol
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.particles with water vapor and their agglomeration ano settling
(Bunz et al., 1982). (See Figure V.4>. Comparison of thesecalculations to aerosol lifetime data seems to be quite
reasonable; however, only two species, water and " aerosol," are
tracked, whicn amounts to the improbable assumption that the,

aerosol particles have a uniform composition. This may nave a
substantial effect on source term estimates. The calculations
inozcate tnat agglomeration and settling are me]or factors for
the removal of large particles: smali (submicron) particles are,

removed mainly in the condensing steam by Stefan flow and by
agglomeration into larger particles. (Diffusiophoresis was added
to the original NAUA code for the purpose of ASTRS.) Turbulent
agglomeration is not included.

:
Sandia's sensitivity studies have shown that adding turbulent

agglomeration acts in a synergistic- manner with the aerosol
properties (density, shape) and that together they strongly
affect the aerosol ' lifetime. This is also true when
multi-species aerosols are considered (Lipinski et al., 1984).

Since the size and snape of the aerosol particles affects
,their settling one should also consider how they are changed
during H2 /CO combustion. This might tend to remove some of the
adsorbed water that makes the particles more spherical, thus
making them both smaller ano less spherical. Both resulta would
tend to prolong the aerosol suspension.

It is quite likely that the lack of integration between MARCH
and NAUA causes an unnecessary inaccuracy in the aerosci cehavior
in the containment volume. A new code, CONTAIN, has been written
that corrects many of these deficiencies. This esde also uses
the approximation of a series of well mixeo volumes but providos
an. integrated treatment of the thermal-hyoraulica and the aerosol
benavior. Tnis allows a complete treatment (with feedoack) of
the aerosols that includes the operation of ESF's and H2 /CG
combustion. In tests in West Germany that inve.ve a full-scale
blow-down of a decommissioned reactor, CONTAIN accurately
described both the thermal-hydraulics ano the aerosol ceposition.

* As mentioned earlier one should be careful to consider any
long term enemical reactions or radioactive decay of the
deposited materials (fission products, core, control rods, etc.)
that could allow their further movement. Iodine is, of course,' the major worry in this regard. The decay of 132 e to 132I andT
of 131mTe to 131I have been identified as such sources of delayed
I emission. This effect is sore important than was believoc at; the time of the RSS because some of the calculations predict
higher Te releases but lower I releases. But this process has not
yet been put into'any of the detailed calculations (Lipinski et
al., 1984).

V.B.10. Removal by Ice Condensers (ICEDF)
.

In some PWRs the loadings on containment and the removal of
airborne materials are to be reduced by using fans to circulate
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.

tne steam througn large ice condensers. Since MARCH coes not
permit recirculating flows, the code ICEDF is being written to
handle this part of the accident sequence (Allemann, 1984) .

Using the thermal-hydraulic data from MARCH the code must tracx
tne inventories of ice and water as well as coaling with the ,

depositional mechanisms that occur an ne ice concenser. At the
moment a modifiec version of NAUA la ceang used until ICEDF is
ready. This code includes the effects of Stefan flow,
interception, inertial impaction, thermophoresis, ano ,

gravitational settling on the aerosols in containment. The
biggest effect comes from the condensation of steam in the icei

' concenser, i.e., deposition by the Stefan flow. A
cecontamination factor (DF) is calculated for each pass through _

the concenser, ano the greater the number of passes the lower is e
tne amount of removeo airborne aerosols. Although Westinghouse
nas made large-scale tests of the effects of ice condensers on

; containment loading, there are no data to confirm their
decontamination efficiency (see Section IV.C.6.b).

I

V.B.11. Water Sucoression pool Removal (SpARC)

In a BWR. the games and aerosols leaving containment are,

cucoleo tnrough a large water suppression pool. This serves in
the same way as an ice condenser to reduce the pressure ano

i temperature loadings as well as scruobing the airborne material
from the gas. A variety of scruboing mechanisms is incluced in
the code, SpARC (Allemann, 1984). As the bubbles form, scrubbing
occurs by Stefan flow from steam condensation, thermophoresis,
and inertial impaction. As tne swarm of bubbles rises, material
in the bubbles is calculated to be taken up by the water through
centrifugal deposition, gravitational settling, and Brownian
diffusion to the oubole surfaces. In general, the ratio of the
amount of material input to the pool to the amount that comes out
(oecontamination factor, DF) has been shown in these calculations

'

to be sensitive to a number of variables. The least scrubbing as
computed to occur for sizes between 0.1 and i pm, with
cecontamination factors increasing markedly for particle sizes
soove anc below this range. particles with high densities are
removeo more-effectively than those with lower densities. Higher,

DF values are achieved by small, oblate ouboles saturated with *

steam in colder ano deeper pools. (Owczarski, 1984).

Owing to the sensitivity of decontamination factors to
particle size computed by SpARC, and tne uncertainty of the *

aerosol size distribution computed by TRAP-MELT, one shoulo not
claim more credit at the present time than the minimum in the DF
as a function of particle size for the other prevailing
conditions. This reinforces tne need, as already noted in Soc.
III.D.7.a, for better data for the performance of suppression
pools and for the distrioution of aerosol sizes in accident
conditions. Of course, any correlation of elemental composition
and particle size woulo be especially important. It ts also of -

great importance to define more precisely the moces of
containment failure that could allow releaseo radioactivities to
bypass the suppression pool.

V. Computer Coces
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Generally, SpARC has serveo a very useful function in
exposing the sensitivities to particle anc pool verlaoles.However, these sensitivities make it unrealistic to place too
much faith in the calculations beyond the minimum decontamination

*
iactors as a function of particle size until they rest on a more
secure empirical foundation.

V.C. Ca11 oration and Validation of Codes av Exoeringak
,

In developing models anc codes to describe tne behaviour of
particular systems, one often begins by assuming that only a few
processes contribute, that these are relatively simple and well
understood and that the processes are independent. To the extent .

that the parameters of the model correspond to actual physical -

parameters, their values may be ave 11able from outside sources.
If suen values are not available or. If, instead, the model
parameters serve to characterize the functional relation between
physical parameters, small-scale experiments designed to provice
snet information may be necessary.

If the system to ce modeleo requires extrapolation to
conditions far from the calibration conditions, or if the several
contributing processes are not independent, it may be necessary,
to have confidence in the validity of predictions, to perform
larger-scale experiments encompassing the necessary ranges and
allowing for the possibility of interdependence of phenomena.
However, for large-scale experiments to have value, they must
meet certain conditions:

(1) Situations being modeled by the experiments must ce
addressaole by the code under test;

(11) The conditions of the experiment should corresponc to
parameters whose values are appropriate for the
description of systems ultimately to be modelled:

(iii) Experimental conditions must be well controlled and
well xnown;

e
(avs It must be possible to measure parameters whose values

and preferably many suchare predicted by tne code --

parameters;
.

(v) If a series of experiments is to be carried out. as few
exogenous concitions as po,asible snouac ce enanged

Several large-scale experiments have been performed or are
currently under way, intended to serve a oenchmark function for
the models and suites of coces used in source term calculations.
Every attempt should be made to assure that these experiments can
and do satisfy considerations such as those listed above.

.

,

V. Computer Codes
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V.D. Summary

As we have seen most clearly in the discussion of SpARC code -

in V.B.11. above, en important role that should be played by the
models and codes has been to determine the sensitivity of the
amount of released material to the accident parameters. Another
important potential role is to discuss the feedback between
several processes; for example how the neat from aerosols *

deposited in the RCS alters the fluid flow.

However, because the release to the environment is so
strongly dependent en a variety of ill-determined events (e.g., '

the time and nature of the breach of the containment) and on the
detailed configuration of the particular reactor involved it
would be unrealistic to consider the code output alone to be an
accurate guide to specific quantitative estimates of -

environmental release. Fortunately, as discussed earlier, some -

of the general features such as the maximum size of a pressure
spike at RpV failure are not critically dependent upon the
details of the code output An important task therefore, is to
define the uncertainties better by sensitivity studies. In
addition, many of the simulation experiments mentioned earlier
are Just now at the point of producing data; these results are
likely to have a ma]or impact on the models.

.

We hope that, when a detailed analysis of the TMI-2 accident
is complete, we will oe acle to check some of the assumptions
inherent in the core slumping models and in the transport of the
vaporized fission products.

The sensitivity of the code output to input data, to the
models, and to the individual reactor parameters are three
separate important topics that have not yet been adequately
addresseo. In the absence of a reliable model for core slumping,
bounding parameters must be chosen, although it must be
recognizeo that the output may not be linear with these
parameters. Such sensitivity studies are a logical part of the
work of every user of the codes. At present the NRC's
sensitivity study (QUEST) (Lipinski et al., 1984) is too loosely
coupled to the task of determining the accuracy of the code
predictions.

.

We recognize that the "BMI Suite of Codes" being used today
by the NRC and its contractors to help analyze the risk
associated with severe core accidents marks an advance in the
state of tne art of such code development programs and in the

,

understanding of hypothetical accidents. Similar remarks can be
mace with respect to codes being used and oeveloped by other
organizations (e.g. IDCOR, Stone and Webster, EpRI) for similar
purposes.

parts of the source term research community feel that today's
codes require significant improvement before one can ce confident
of their predictions. Indeed, a very considerable portion of the

,

'

NRC's research budget is dedicated to further code development ~|
work and the associated experimental verification. There must be '

|a carefully woven hierareny of code development and experimental

|
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rosearen. Tne necessity for experimental research is to reveal
and quantasy tne proper pnenomena anc tnear scaling laws that
underite tne models that tne comes represent. Tne necessity for
theoretical calculations, alced by appropriate numerical
calculations of spectiac phenomena, as important in docucino ano
constraing snese sealing laws..

Systems coces.'such as cne "SMI Suite." must ce simple enough
to nancie a large variety of permutations anc combinations of

; e accacent " scenarios," ano to ao so at mooest comouting expense.
At tne same time eney must ce saitt:1ently comprenensive to
inciuce a;l tne relevant pnenomena. but, one can place 11ttle
reAlance on any elaborate systems coce unless eacn appropriate

'

segment of it nas caen thorougnly tested sbenen marxeo) agains* a
_

cetatiec " component" cooe icr an anoivioual pnenomenon, when,
,

that particular ccaponent coce in ture, nas coen testod
experimentaliy.

The suite of coces coes not yet meet coch of these
requirements simultaneously.

ine particular cooes cascribec in thia report :411 inte;

tnree genera. categories:

(;> ORIGEh incluces all the phenorena necessary for a comp.ete
! description of tne processes mode 4ec. Altnougn one can insgine

improvements to the code, its casic forn is ecoquate ro: 11c
*

tasks

t2) CORSO~n provides an empirically cased tool for caiculating
omisolon ratos trom t..o moittng core inst can only ce as securate
as the moce;1ng vi tre aparse anc cavergent osta at usea in
parametric form. Inus, any improvement vf this- ca.uukation
requires cetter cata, particularly for the .eaa volatile species.

'

4Se The oncacone of tne cal:ulations is deteam.nec of icur code
como1 nations (MARCH / MERGE, TRAF - P.ELT, CORCON/VANESA, anc

'

NAUA/SPARC/ICEDF . A1. tnene comoinations have rau;ta. Tne
: pnanomene incluoed ara mocelec cruccly ana crten contain
! parameters tnat are osceo on anecmp.ete anow.ecge: some,' important phenomena are omitted or cepenc entire;y on the

Judgment of the user of the code. The result of a partreular'
calculation is often extremely sensitive to the input irca the,

i previous code in the sequence. In addition. this output may
*

* strongly suggest that the previous calculation must ce mcdlited.
Thus, an iterative feedback is implied that unually is not
performed. However the New York Power Authority group (Deem and

i Dioniar=, 1984) have written a vectorized code that integrates
the functions of MARCH, ."E R G E , CCRSOR AND TRAP MELT, for the

i specialized conditions of the Indian Point Reactors. This
approach is a consadorsble improvement ano needn o::tencion.

4

E*vis a ; new codos, comnissioned oy tne NRC, are oeing -

1 ve;vpwd * has shc uid c:.t ruct aany of the 4centailuo coiocts. In
t !.veu currontiy in uso. Tnose are itstec in Taele V.1, a.cny with,

;

|
'

>
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Table V.l. N;w:r coden that hcve tho potentici for upgrading componants of
the Battelle suite of codes used in Gieseke (19 84).

.

Description BMI-2104 Newer Code

RCS Thermal-Hydraulics MARCH, MERGE TRAC, RELAP-5
.

Fuel Heaty and Degradation MARCH SCDAP, MIMAS,
ELRPI,
MELPROG .

Fission Product Release CORSOR GRASS,
from Furi (in vessel) VICTORIA

RCS Fission Product Transport TRAPMELT TRAPMELT
~

.

Molten Fuel Interaction MARCH WISCIwith Coolant

Debris-Concrete Interactions CORCON CORCON

Fission Product Release from VANESA VANESA
Core-ConcreteMelt(ex-vessel)

Containment Thermal-Hydraulics MARCH CONTAIN

Hydrogen Behavior MARCH CONTAIN

(HECTR)*

Containment Fission Product NAUA, SPARC, NAUA, CONTAINTransport ICEDF (SPARC,
ICEDF,

MAEROS)*

*
Subroutines in CONTAIN

.

.

~

i

|

1

i
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:no ecces iney wi.. replace: their i;ow is shown in Figure V.5 -

dany -i :n+4e roces arw suLs an:isliy scre sopnisticatec, complex
and ;ong running than :near foroboars. In some casos therefore,
-he coces w.;; not replace the ccccc in Gieseke et al. (1984),
su mer o '.y r.or.ch n ari nen.

s

n sono ncosn os. :ocea will be Jposted to reilect new cata
' otter spprocistien o: sone pnenomons sna; nave not yet oeensnc c

paoper.y trests:.Taese r.ow cces will .ie cascussed further in

Onaptot V:: uncer raccaren noods. *

V.E. Oc t e _ u s : .: r. =

| The i: 1 * :wir.g evne.uaiene can ce a t s w r. from scAs esce -

asconanon : -

V.E.~. Natura; r ect.snians or eng neerec urccesses may recuc+ tac
environmonts. acurew term. dowevor, tne o:< a c- smount os
recuctior. .a utscngly depenson vte a j:*at n u n.ce r ci variaties
tha inc;ade the particu.ar rnactor inv31voc, ::ie detsils ci the
accacont, arm the precise ming ci e num;et of events ;n the
accacent oequence.

V.E.2. The models anu codes ate impressive in :near soliity >

detern:ne One rs;e8 p.ayed~ ny various so.t r ee at c cop;otion
mechanices a r.d to estas;1sn 3 rougn : ro .sesle for the events
that n:gn occur. Mcwover, the codes are nuen too sensitive to

the lack ci ccep;ete onts, to out lack of Anowle:ge ci many ci
the processes, anc to tnoir own lace of sopnistic'ation to provide
accur ate generic tource term es:1 mates. 7 t. a s conclusion is

supportec of tne fact tnat new pnenomens are still oeing founo
anc that many parapotern of the codes are ceang reevaluatoo. that
significantly affect une calculstec accicen consequencos.

V.E.2. Wnen cons:cerationc of conservation of energy are
important, 11 is posaiole to made usofuA calculations even

,

without a cvmputer code ao Jemonstrated in Section 1:I.C.2, wnere
the pressure sp.ge at ene time of reactor vesso. molt-tnrougn was
calculated. Tne use vi a computer can lepreve sne precision or

suen calculations anc .enos support to tne general conclusion ,

that pressure spa.:oa at snas time are untakely to cause tne

containment to fai;. Tnts in turn led to ne general conclusion*

that containments fall, is at air, at Aater 1mes then oreviously
aasumec. A.tnough tne dota11ec calculation of the failure time, ,

ano of the aeroso; oepoottion before that Ame need the coces anc
,

are uncertain, tne general ooservation tnat aerosol deposition
will reouce the release to the environnen- uncer suen
circumstances is otill vaito.

V.E.4. There se a pressing neeo for further stucy os tne
sensitivity ci the code output to the reactor parameters, to the
mocals used, anc to the uncertainties in the experimental cata

*

case. These atuales shoula be undertaken as an integral part of
the oevelopment and use of the codos, as well as oeing part of an
oxternal review.

V. Computer Cooes
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.

V.E.S. Tne examination of the codes oy tne ApS stuoy group nas
oeen nampereo oy sne poor quality of sne occumentation of enett
tneoretical cases, of their valication against experiment, ano of
tne coces enesselves. In general, snese coces have not oeen

* puolicly released, nor nave tnear tneoretica2 ano experimental
cases teen cescribec in the form snat wouac ce requireo my
arentval peer-reviewec Journals.

*
V.E.6. The publication (in report form) of the results of
calculations using the NRC suite of coces (Gieseke et al., 1984s
shoulo be concicereo the beginning and not the eno of the study
of their use. potential users of the coces must have a listing,
a cooe manual, a description of the approximations, ano a
stancard problem on a standaro reactor. At present most groups
fall to compare their calculations with those of others, ano it
cocomes cifficult to determine whetner cifferences in output are
caused my cafferences in physical moceling, computer
implementation of the model, choice of input parameters, or some
combination of these factors.

V.E.7. The study group nas not founo in a puo11 cation or recort
of tne computer calculations cone so far an acequate
justriacation for believing particular numoers in the code
output. Such Justification might include * simple cneens, suen
as those in III.C.1 and VI.B on crucial parts of the calculation:
a cheen on the output for one or more standerc problems: use of
the identical code for prearcting the results of a large scale
test, and a detailed comparison of tne preciction and tne
experiment. Such comparisons are often called " code valication."
We have not seen adequate code validations for most of tne coces.

V.E.8. probaoly not all the complex, coupleo, nonlinear physical
processes that determine the outcome of accidents nave oeen
identified. Even some that have oeen acentifiec, suen as neating
by deposited fission products and its effect on tnermal
hydraulics, have not oeen moceled.

V.E.9. The present situation may be expected to change
!, appreciaoly in the next few years as new cata appear ano

simulation experiments are completed. In this regard the PBF
(INEL) anc ORNL and Sandia (ACRR) studies of fuel melting. the
MARVIKEN simulations of aerosol transport, and the Sandia ano
XIX (Karlsruhe) core-concrete interaction experiments are,,

especially important.

V.E.10. The research program of the NRC should be restructureo
to guarantee that sufficient attention is paid to researen on tne
basic mechanisms that may be involved (e.g., multi-pnase flows,
liquia-vapor interactions, aerosol formation and growth). Suen
effects are oest studied in small-scale experiments, ano form a
necessary complement to the more complicatec " realistic"
experiments that were mentioned in IV.C.9. -

V. Computer Codes
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.

VI. SENSITIVITY STUDIES OF XEY PARAMETERS AFFECTING
THE SOURCE TERM

VI.A. Introduction
.

The American Nuclear Society study (ANS, 1984) lists results
of many full-scope, computer calculations for the source term. A

few of these results are presented here and discussed in the
*

context of a highly simplified analytical model. In this manner,

it is hoped that the reader will gain some insight into the
...isitivity of source term calculations to a few critical

,

parameters, some of which are calculated by the codes but others
of which are exogenous inputs. The parameters include the time ~.

*

of containment failure (exogenous input), the half life for flow
of gases from the containment to the environment as determined by
hole size (exogenous input), the duration of the input of
fission products into the containment gas space (calculated), and
the half-life for plate-out of aerosols onto containment surfaces
(calculated). Unfortunately, some of these parameters are not
easily quantified at present. Nevertheless, it is the current
acceptance of longer times to containment failure, longer
half-lives for gas loss to the environment, and shorter
half-lives for plate-out that lead to calculated releases smaller i

than those calculated in the Reactor Safety Study (NRC, 1975).
'

The longer half-life for escape to the environment comes from
assumption of smaller hole sizes to the environment, and the
shorter half-lives for plate-out come from the realization that
most fission products exist as aerosols or soluble species rather
than in the vapor state.

VI.B. Stylized Model Illustratino the Times of Sianificance
Influencina the " Source Ters"

.

The source term for a particular accident sequence involving
a particular reactor system may be viewed as the result of a
sequence of events in which fission products and other
radioactive nuclides are alternately released, transported,
trapped, and possibly re-released, until a portion is finally
able to escape into the environment. It is convenient to divide .

the release and migration of these radionuclides throughout the
reactor system into different stages, each involving'a physicelly
distinct region of the system. Thus, the initial barriers acting
to prevent the release of radioactive material are the fuel rod j,

itself and its cladding (Section III.A.4.c). In a severe
accident such as is discussed here, the integrity of the fuel rod
will have been damaged sufficiently to allow some of the fission
products to wacape and to enter the reactor vessel and other ,

portions of the primary coolant system, or in some cases to enter
directly into the containment after reactor vessel melt-through.

The ability of different species to escape from damaged fuel
*

rods depends on their volatility. Thus, in Section IV.B of this
'

report the radioactive material was split into two coarse
divisions. One category includes these elements whose chemical
states were sufficiently volatile that, under the circumstances

1
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J .

likely to be encountered during core melt-down, a large fraction
of their original inventory would escape from the fuel. The
second category includes those belonging to Just the opposite
situation, in which the inventory of fission product can only

* escape from the fuel by thermodynamic and mechanical processes ;
driven by the core concrete interaction following reactor vessel '

'

melt-through. The noble gas elements krypton and xenon belong in ,

the first category, along with such volatile species as compounds Ii

* of iodine and cesium. The much more refractory speeles, such as
the oxides of lanthanum and plutonium, belong to the second.

; There are borderline cases, berium and strontium perhaps, in
which one is not so certain about Just what fraction will escape
and what fraction will be retained in the fuel within the -

pressure vessel. -

These categories are introduced for two reasons. Firstly the
: primary system itself can act as a temporary or permanent

barrier to the further migration of fission products belonging to
the first category of relatively volatile soecies mentioned
above. Even here the ability of the primary to retain
radionuclides may be of no consequence for particular accident
sequences. In similar fashion, one can argue that the fate of

{ refractory species that are quite unlikely to escape from the
| fuel during the core-melt- stage will also not be affected by
] processes through which some chemical species may be retained in
'

the primary system. Secondly, the two categories of
radionuclides are released at different times, and this may be of
great importance.

Important and not yet fully answered questions relate to how
effective the primary coolant system of various reactors might be
in retaining some fraction of the fission products which escape
from the fuel. These involve questions of chemistry, as
discussed in some detail in Section IV.3, questions concerned
with thermal hydraulics and mass transport, as noted in Section,

| IV.A, and questions of aerosol transport and deposition, as
| illustrated in Section IV.C. Here we simply wish to emphasize
| that these open questions can affect only contributions of the
'

more volatile components of the fission product inventory to tP . :,

source term.

In Section IV.E.1 distinct ways in which radioactivity can be
released to the environment following a severe accident were,

discussed. There is the bypass mode the V sequences ----

'
whereby fission products released from the damaged fuel find,

their way directly to the atmosphere. There is the base met melt
through, sometimes called the China Syndrome, in which physical-

integrity of the containment remains intact but, after a
sufficient amount of time, the basemat can be penetrated by
molten core, allowing some of the radioactivity to escape the
plant and migrate through the underlying ground. Escape through
openings that result from containment failure are categorized as *

a,Ary,S.

The transfer of fission products from the fuel to the primary

VI. Sensitivity Studies
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primary syst'er into 'the containkont,system, from the and from -

containment into the environment dorm a sequence of assentially
irreversible steps. Except for those accident sequences in which

. ,

there is a direct path fros fuel rupture to environment -- thes

containment bypass or V,arquences discussed in Section III.C.2 --
the rates _at which radic' active elements arrive in the containment *

volume will? determini'in part the possible rates at which these
species can escape inne the external environment and thereby
contribute to the aource ters. Also important are the rate at

' which radioactive ' material deposits on the walls or other *

surfaces within the containment voluss, and the rate at which air
,

and other gases carry the suspended radioactive material with
them through the openings of the contaipment.>

_

'
'

Here we present 'a . highly simplified analysis to provide a -

framework for understanding the key time scales that directly
influence the " source ters". We deal only with the release of

fission eroducts from the containment _to the outside environment,
but a similar model can be used to deal with the release of

.

fission products from the reactor vessel ta 4he containment
volume.

,
, ,

One assumes thc containment volume to be represented by V,
and its gaseous content, includin.g suspended particulate matter,
to be well mixed and uniform in composition. The airborne
concentration of a particular species of interest is written as
C(t) to emphasino that its value will change with time t. C(t)
increases at the' time dependent rate R(t) at which this species
is injected into the containment's gaseous environment. C(t)
decreases by- two. different processes.' In the first place,
aerosols containing radioactive material can deposit on the solid
surfaces within tha containment volune. The rate at which this

'

takes place is directly proportional to the concentration of the
species under examination, the surface area A available for
deposition ano a time dependent deposition velocity k(t) that is
a function of a variety of factors, including perhaps the
concentration C(t) itself. The other loss mechanism is the one
of principal concern here, namely loss of radioactive material by
escape through the openings in the containment once the
containment fails. The rate of escape is the product of C(t) and ,

the time dependent volumetric flow rate of gaseous matter out of
the containment Q(t). Thus

R - CkA - CQ (VI.1)V(dC(t)/dt) = ,

This simple rate equation, approximates in crude fashion the
more elaborate models in such computer codes as TRAP-MELT and
NAUA (Sections V.B.6 and V.B.9).N

For each species of interest, one can define a fractional
release factor for the containment Sc as follows: the total
amount of material leaked to the external environment is

ao -

C(t)Q dt, while the total amount of material of this particular
,

.
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: .
species that is injected into the containment is R dt. The -

:
ratio of these two terms is the fractional release factor

] accounted for by containment leakage

|
~ =.

Se = C(t) Q dt/ R dt (VI.2),

* o,

i

{ One could, in principle, define analogous release factors for*

a given species for escape from the fuel as well as escape from
1 the primary. The product of such release factors, multiplied by

,

; the total original inventory of the radioactive material in the
fuel at the start of the accident, would then represent the -.

'

contribution of that particular species to the source term. -

Calculation of the fractional release factor Se is greatly,

i simplified if one adopts simple expressions for the time
| dependent terms R, Q, and k in Eq. (VI.1). Thus, for example, R

is zero until the time at which the primary system has failed so
! that in3ection of the species in question into the containment

can take place. We denote this time as tv, and clearly the value,

i of tv.may be different for the more volatile species as compared
with the more refractory species. For the volatile species such,

! as Cs and I this time is likely to coincide with the core
j uncovery whereas for the non-volatile species such as lanthanides

and actinides this time is likely to coincide with melt through
,

and core-concrete attack. We might assume for simplicity that
i between the time of start of insection tv and the end of
{ injection te, R is the constant I/(te - ty) where I is the total
( inventory of the species released to the containment. After t'e,
j R is again zero. Similarly, Q will be zero until such a time as
1 the containment fails and the openings appears this time will be
; denoted as tc, and we note that te could precede or follow tv,
| depending on the circumstances of the accident. We might assume
i for simplicity that Q is a constant between the times te and ti,
| after which Q is again zero. These variations are shown in Fig.

VI.1. We also assume that k is constant. The assumption that,

the injection rate R is constant over the interval tv to to and
zero otherwise; that the leakage rate Q is constant over the,,

i interval te to tf and zero otherwise; and that k is constant for
all times, or course, may be gross simplifications.

. However, the detailed numerical calculations of SWEC (Stone
and Webster Engineering Corp.) for the TMLB sequence for the,

j Surry reactor with a preexisting hole give some support to these
; simplifications, at least for some sequences. Figure 21
1 (Appendix B) of the ANS (1984) report shows the calculated size
! distribution of aerosols within the containment at several times
*

of the accident; although the particle number density does change
i with time, the size distributions are very similar, suggesting
I that the deposition velocity k for medimentation, which is the

'

! dominant removal mechanism for this case [see Figure 25 of
~

f Appendix B of the ANS report), is likely to be nearly constant.
; Figure 45 (Appendix B) of the ANS report shows the volumetric

]
i
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leakage rate Q as a function of time for several different -

assigned hole sizes. In each case, after an initial rise the
leakage rate does remain fairly constant for long time spans. It
is more difficult to Justify the constancy of R.

Figure VI.1 introduces three time scales mentioned above, '

namely ts (to - tv), the duration of the leakage of fission=

products to the contai.3 ment, t1 (tf - tc), the duration of the=

leakage from the containment to the environment, and td = (tc -
tv), the time lag between the onset of leakage into the *

containment and from containment to the environment.

The three parameters, the containment volume V, the available
surface area A, and the deposition velocity k, define a -

characteristic olate-out time neriod, which we designate as tp: -

t p= V/kA. (VI.3)

The determination of this time from calculations and experiment
was discussed in Section IV.C.4.

Another important characteristic time is the residence time
of material in the containment aas chase, which we designate as
t n:

tn = V/Q. (VI.4)

For the idealized situation described above, it is easy to
solve the problem of calculating Sc. Se is expressed as a
function of five dimensionless ratios (only four are independent)
of the times we have designated (ts, tp, td, tR,tt,tf-ts ). These
five ratios, which we call A, p, y, r, and re are defined ass
follows:

ratio of time for the onset of containmentA = td/tp =

leakage to plate-out time

ts/td = ratio of duration of fission product input to=p
containment to time for onset of containment leakage

.

ratio of containment gas phase residence timetn/tp =y =

to plate-out time

rs= (ti)/tn = ratio of duration of containment leakage to ,

residence time

r2 (tf-te)/tn = rg+A(1 p)/v. .
=

The resulting formulae are given below:

(1) For t. < te (leakage begins only after release to the,

containment has been completed):
-I

|
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1 e-A *

.(eX# - 1) (1-exp-(1+ v)r ) (VI.5)Se = --------- ----- s
( 1 + v ) Aep

(2) For t. > te (leakage begins before release to the containment
* has been completed):

1 1 (1 - e-1)
)[1-exp-(1+v)Fz) (VI.6)Se = --------- .( 1 - --- + ----------

+ y ) p A.p* ( 1

From Equations (VI.5) and (VI.6), one may observe the

importance of the relative values of such parameters as the time
of containment failure, the time interval between the latter and
the time when injection of radioactive material to the ,-
containment begins, the speed of decontamination via deposition
mechanisms and, finally, the ease of escape by entrainment in gas
flow as represented by the volumetric flow rate. These trends
are illustrated in Figure VI.2 for the special case where as or
rz are sufficiently large that the exponential terms containing
either is negligible. Figure VI.2 shows Se multiplied by (1 +

tg/tp) as a function of the other two dimensionless time ratios.
tR tp) is always less than unity, weSince the value of 1/(1 + /

see that the factor Se can be quite small if the source persists
for only a small fraction of the time to onset of leakage, and if
the time for plate-out is shorter than the characteristic leakage
time. On the other hand, if the source persists for a time period
comparable to the time for onset of leakage, then the value of Se

ratio tR tp and can be a significant/dependa dominantly on the
fraction of the input to the containment. This is true
especially if tR/tp is of order unity or less, namely if
retention time is small compared to plate-out time.

To illustrate with a numerical example, consider the TMLB
sequence for the Surry reactor. This reactor has a containment
volume of 5.1 x 104 m3 and an estimated surface area of 1.04 x
103 m2 According to SWEC calculations, the major release of
iodine / cesium into the containment starts at 182 min and ends at

252 min. Table VI.1 presents some of the input for the stylized
model. The average containment leakage rate Q and the deposition

,
' velocities, k, were provided to the study group by SWEC. With

these numbers, we have estimated the containment release factors
presented in Table VI.1.

s The release factors, Sc, for SWEC were taken from Tables B.11
and B.13 of ANS (1984, Appendix B). These SWEC numbers are
different from those in Table VI.2(b) because the latter take
credit for further deposition in the structures outside the
containment and also because of the effects of
multicompartmentation. Considering the simplifications made,

agreement with the more elaborate calculations of SWEC is quite
good, especially because in this simple model the

"diffusiophoresis" effects were neglected. These effects are .

VI. Senaltivity Studies
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Table VI.1 -

Comparison of the Fractional Release Factor Se as computed by the
simple model with 5WEC computer calculations

Se *

___________

hole size te Q k tR tp simple
(m2) (min) (m3 min) (cm/s) (min) (min) model SWEC/

.; _______________________________________________________________

case 1 0.0093 0 114 1.66 447 50 0.10 0.06
I case 2 0.093 0 708 1.1 72 74 0.51 0.36

case 3 0.65 0 1140 0.94 45 87 0.66 0.44 -

case 4 0.093 180 990 1.2 52 68 0.57 0.35 -

A

l

1 e

a

1
!

.

.
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estimated, based on SWEC sensitivity analysis, to reduce the .

fractional release by a factor of 1.3-1.5.

The model presented is a highly simplistic abstraction of any
real system, and the specific values shown in Figure VI.2 would
differ for different temporal histories selected. The source#

rate will very with time in a more complex manner than a simple
step release. The volumetric flow rate from the containment
depends over time on pressure, temperature, and orifice |

I* cnaracteristics, and will not be constant with time following te.
The deposition time depends on the aerosol size characteristics,
the concentration of aerosols, the effective area for deposition,
and a variety of thermal-hydraulic factors. Similarly, the sign
of k need not be positive always: that is to say, conditions may _

arise that promote re-suspension of material that settled out at J
some earlier time and this would have the same effect (within the
confines of our simple representation) as af the sign of the
deposition velocity became negative. Even the sign of Q may be
reversed for parts of the accident as in the AB sequence with
large opening if sufficient steam condenses to produce a not
negative containment pressure that would draw air back into the
containment. Nor is the rate at which material can be injected
into the containment volume necessarily a simple function of
time. For the volatile species there are likely to be two release
periods: the major release through the primary system after core
uncovery, and a minor release following initiation of the
core-concrete interaction. Indeed, it has been proposed that
under some circumstances there could be late bursts of material
injected as it becomes revolatilized within the primary.

Thus, the simplicity of Equation (VI.1) can be quite
misleading were the reader not aware of the underlying complexity
of the phenomena being represented in this crude fashion.
Nevertheless, it may help to guide the reader through the
compilation of results, and to illustrate the key importance of
the relative timing of the release of radionuclides from the fuel
and the containment breach. The scale of times that arei

t important as given by the plate-out time. Of course, an view of
! the complexities involved, a quantitative prediction of Se

requires consideration of a plethora of details that can only be,

addressed through complex models embodied in computer codes for
calculational purposes.

A similar analysis could be applied to the primary system.
,

using identical concepts for the retention in the fuel vs. holdup
times and removal times in the primary reactor vessel. One could
thereby obtain a factor that we might cell Sp for fractional

| release from the primary system to the containment, as a function
of corresponding time ratios appropriate for that system.

VI.C. The Kev Factors Influencino the " Source Term" for Actual
Reactors

.

For an actual reactor, the " source term" calculation is the
integral of the release of the hazardous radioactive species over

VI. Sensitivity Studies
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.

time. This clearly involves the set of factors discussed in the
stylized model above, but understood at the level ci cetailappropriate for the real system.

+Before discussing the few factora for which we feel confacent
that some insights can be obtained, it is necessary to present
tne "results" of the several studies that will form the basis for
our discussion. Tables VI.2-3, compiled from the recent ANS

,
source term review (ANS, 1984), BMI reports (Gieseke et al.,
1984) and IDCOR (1984), show a large number of full scope
calculations made on the four sequences mentioned earlier as
forming the focus of this discussion. Study of that table
reveals that comparisons are available for only a small number of

}.parameters, although this is being extended (Lipinski et al.,
1984).

VI.C.1. Size of Containment Opening

A very important parameter is the size of any containment
opening, which was discussed in Section IV.D.S. It is self
evident that a very large containment breach should lead to
larger releases than would a very minor opening. What is of
interest as an insight is the dependence of the releases on the
approximate range of effective area for escape. One would expect
that if the same " accident sequence" were analyzed by varying
only the size of containment opening, the total amounts released
to the outside environment would increase with increasing opening
size, but not linearly -- after a certain size of hole, the total
amount released would reach its maximum value, such that for
larger sizes only the rate of release would change but not the
total amount released. Indeed, one would expect that for quite
small openings the main parameter in determining the total amount
of release would be v, which describes whether release was
sufficiently slow that further settling and removal would occur
between the start and completion of release. This is
approximately what is found in the Stone and Webster calculations
of the fractional loss term Se for iodine, as well as some other
fission products, for 6 different pre-existing hole sizes (te =
0) ranging in value from 0.01 m2 to 0.65 -m2 and for five e

different values of te ranging from 0 to 7 hours, where in each
case the hole size remained fixed, in this instance, at 0.09 m2
Some of the results of these calculations are shown in Figure
VI.3. A simple regression analysis of the SWEC resulta leads to a

the following correlation for iodine

Se = 0.432 [1-exp(-20.3a))F(te)
F= 1 : te < 3.1 hr (VI.7.)
F = expt-(te - 3.1)] : te > 3.1 hr

where "a" is the hole size in m2 and time is measured in hours.
.

The behavior of the factor F here may be understood by noting
that in SWEC calculations core uncovery begins at about 2.5 hrs.

VI. Sensitivity Studies*
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Table VI.2(e)

Surry (PWR)
J* Secuence: AB

__________________________________________________ ___________ __

CONTAINMENT BREACH PERCENT OF IODINE INVENTORY

* Mode of Area Time SOURCE Retained Ret. in Cont. Released
- Failure (e2) (hr) in RCS & Other Struct. to Env.

____________________ .___________________________________________

A 3.3E-02 O BMIC 2.7 88. 8.7 -'

A 3.3E-02 O BMIa 2.7 92. 5.0 -

A 3.3E-02 O SWECb 2.7 93. 4.7
A 9.3E-02 O SWECb 2.7 89. 6.4
A 9.3E-02 O SWEC neglected 93. 6.6
A 9.3E-03 O SWEC 2.7 99. 1.2
y 6.5E-01 4.5 BMI 2.7 92. 5.7
8 9.3E-02 0.5 SWEC neglected 91. 8.6
8 9.3E-02 3.0 SWEC neglected 99. 0.86
8 9.3E-03 0.5 SWEC neglected 98. 1.6

24.2 BMI 2.7 97. 4.8E-03e --

8 9.3E-02 24.0 SWEC neglected 99. 4.OE-02
8 9.3E-03 24.0 SWEC neglected 99. 3.OE-02

..________.________________________________________ .____________

aSame as above but, instead of one node of the containment, this
calculation uses four.

bRetention in RCS is assumed (based on Gieseke et al., 1984).
Includes effects of multicompartmentation of the containment and
retention in structures outside containment.

cIncludes retention in structures outside containment.

e

e

.
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Table VI.2(b)

SurrY
Secuence: TMLB

.

____.___..____________________________ _______.__________________

CONTAINMENT BREACH PERCENT OF IODINE INVENTORY

*
Mode of Area Time Retained Ret. in Cont. Released
Failure -( m2 ) (hr) SOURCE in RCS & Other Struct. to Env.
________._.._--_.._________..____ __-_________ _____.______- ____,

A 9.3E-02 O SWEC neglected 85.0 15.0 ~

*.
A 9.3E-02 O SWECa 90. 8.5 1.5
A 9.3E-03 O SWEC neglected 98.0 2.1
A 9.3E-03 O SWECa 90. 7.9 0.21
Se 6.5E-02 2.55 BMI 85. 11.0 4.6
& 9.3E-02 3.0 SWECa 90. 9.8 1.5

12.3 BMI 85. 15.0 0.28e --

8 9.3E-02 27.0 SWEC neglected 99. 3.6E-02
&~ 9.3E-02 27.0 SWEC8 90. 9.9 3.6E-03
4 9.3E-03 27.0 SWECa 90. 9.9 2.8E-03

_..______________________________.____________ _______ _________

aRetention in RCS is assumed (based on Gieseke et al., 1984).
Includes effects of multicompartmentation of the containment and
retention in structures outside containment.

4

.

i .

e

4

.
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.

Table V(al

i
,

Peach Bottom '

*
i,

Seauence: TC

CONTAINMENT BREACH PERCENT OF IODINE INVENTORY,

; Mode of Area Time
Failure (,2) (hr) SOURCE RCS Drywell Suppression Secon. Envir

Pool Cont.

+SGTS .-

______________. ________..___________-.___.._______ ..______________ .

1y 6.5E-01 0.97 BMI 6.0 1.5 69.0 0 24.0
y 6.5E-01 0.97 BMI 6.0 1.5 69.0 13.7 10.0,

y - 7.4E-02 1.4 IDCOR 4.0 0 27.0 56.0 13.0
y -7.4E-02 1.4 IDCOR* 73.0 0 27.0 0 0.1r* 1.9E-02 12.8 IDCORb 1.0 0 60.0 36.0 3.0
y 7.4E-02 1.4 IDCORc 27.0 2.0 55.0 13.0 3.0

NO FAILURE IDCORd 25.0 0 75.0 2E-02 6E-02
_________________________________________________.._______________

peach Botton

Seauence: TW

CONTAINMENT BREACH PERCENT OF IODINE INVENTORY

Mode of Area Time
Failure (m2) (hr) SOURCE RCS Drywell Suppression Secon. Envir

Pool Cont
____..______...__________________ .._________________...__..______..

1y 6.5E-01 29.3 BMI 14.0 0.54 80.0 0 4.8
y 9.3E-03 32.0 IDCOR 1.0 0 2.0 78.0 19.0
y 9.3E-03 32.0 IDCOR* 98.0 0 2.0 2E-03 <1E-03
_ _______...____________________.._______________________ ._________

* *
r is failure by overtemperature in drywell (at 920 K)

a same as above but excludes reveporization,

b assumes' operator intervention (venting drywell through.

wetwell at 115 paia)
e c assumes operator intervention (refilling condensate storage

tank of CRD flow),

d assumes operator intervention as in both b & c
e same as above but excludes reveporization

*
.
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1 l
I

l'

into. the accident and chat for iodine this determines the value '

of ty to be about 3.5 hrs (see Sections IV.A.6 and IV.A.7). A
comparison of the formula given by Equation (VI.7) with that of
Equations (VI.5) and (VI.6), will indicate that there is a
reasonable agreement between these, given the crudities of the
approximations used to obtain Equations (VI.5) and (VI.6), and a

the uncertainties in model building. It should also be noted
that to the extent cases calculated by BMI or IDCOR are
comparable to the abcve SWEC series of calculations, these other.

results are also well represented by the correlation given in *
,

Equation VI.7. above.
1

! What is assumed in both the crude model developed here and in
the more elaborate calculations of SWEC is that over a range of u_'

,

accident conditions the final stages of fission product .

'

transport, accounting for leakage out of the containment, behave;.
- in a linear manner and the non-linearities contained in such

terms as the deposition velocity k do not show up in any dominant
fashion. It is interesting to see if this holds for more complex
analyses. Consequently, any decontamination obtained at any. -,

stage of fission product transport through the plant will show up,

as a reduction in the source term in direct proportions. In

addition one will note the fundamental importance that such
parameters as te and "a" will play; they are both intimately
relate' to the final process of radioactivity release since the
onset.of the volumetric flow Q is determined by the time if'

containment failure and its magnitude will be directly
proportional to the hole size.

'

What is found for TMLB at Surry (a protracted accident

sequence) is that the critical opening size corresponds to an
effective area of between one and a few square feet (about 0.1 to
0.5 square meters). The total iodine released varies by a small

,
i factor (3 to 5) over this range, but does not increase markedly

for much larger openings. The detailed numbers are shown in
Figure VI.3, but the general insight does not depend on the
specific numbers. These numbers are else confirmed by Lipinski
(1984).

! For the AB sequence at Surry (a PWR), the results in Figure
*

VI.3 show a different behavior: as pre-existing hole size
increases, the release at first increases but then passes through
a maximum, and for much larger hole sizes the release is smaller.
As one notes, the variation of the fractional release with hole

*
size is no longer a monotonic function in the AB case, as it was'

,
'

in the TMLB case (and incidentally in the results given by
*

Equations VI.5 and VI.6 as well). The explanation can be found
in the time dependence of Q, which is far more erratic in the AB

,

sequence than in the TMLB one. The pressure in the containment'

volume does not increase in continuous fashion with time, because
steam in]ected into the containment is predicted to condense and
thus lower ~the pressure. In fact, when condensation takes place
on a large enough scale, the sign of Q can reverse so that one -

has inflow of air into the containment (from the outside) rather
than outflow to the environment. This is calculated by SWEC to

VI. Sensitivity Studies
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occur for this sequence. During such periods of inflow the *

escape of radioactive material ceases. There are no such periods
of inflow computed for the TMLB cases so that the dependence on
hole size remains monotonic.

* However, the calculated flow reversal in the AB sequence is
very dependent on the details of the assumptions made in the
calculations. Bergeron et al.(1984) have recently reported on ,

the results of some calculations using the CONTAIN code in which
*

they find a monotonic increase of release with hole size. This
they attribute to the assumption of a larger steam spike at RPV
failure, or to the assumption of a hydrogen burn at that critical
time, either of which would prevent the pressure going below

'

atmospheric.
.

VI.C.2. Primary System Retention

As with the case of containment opening size, one would
expect a monotonic dependence of iodine release on whether,

i significant material is retained inside the primary system,
including the reactor vessel, the loops and piping, and ancillary
surfaces. The more retained inside, the less should be released
to the containment; hence, one would expect there would be less
available for ultimate release to the outside environment. Here
the central issues are two.

First, we ask whether the process is indeed always monotonic
-- that is, whether there are processes or effects whereby
retention of greater amounts of certain species within the
primary system does not automatically imply smaller environmental
releases. So far, no non-monotonic processes seem to be found to
be important, although a few are known to exist in principle.

Second, there is the question as to whether the ultimate
environmental releases are approximately orocortional to the
amount released from the primary system to containment -- that
is, whether one can factorize the analysis problem into first
determining retention in the primary vs. release from primary to
containment, and then separately determining containment

, retention vs. containment release. If the amount ultimately
released into the environment were reasonably proportional to the
amount entering containment, then the analytical problem would be
greatly simplified. Some important potential non-linearities are
known, among them the possible dependence of aerosol.

agglomeration and settling on the square power of aerosol
concentration, which latter may or may not depend on the
concentration of fission products in containment. While we know
of no direct comparison among full-scope calculations on this,

issue, some smaller-scale experiments indicate that factorization
may be an appropriate description of the accidents at issue.

These two findings may not be fully general for all important
reactor accidents, but they seem to be true for the sequences and ~

reactors considered here, limited to radioiodine and radiocesium.
It is important to note that the numbers in Table VI.2(b) cannot

VI. Sensitivity Studies

-

-- -
_ _ _ _ - _ _ _ _ - _ _ - -



page 196

.

be used to demonstrate factorization since factorization was
assumed in the calculations.

VI.C.3. Timino of Containment Breach
.

Only a few direct calculational comparisons are available in
which the time of containment breech is studied for a range of
times that are all in the " late" period, meaning late enough to ,

allow the important removal processes in containment to affect
the ultimate release. The issue is how much difference there

;,
would be in the overall " source term" as containment-breach time
becomes later and later (see Fig. VI.4).

..

Unfortunately, the phenomena being calculated are quite
complex in detail, and the calculations reveal only the most
general trends. It is difficu1* to derive broader insights with
any confidence. The insight mentioned above that "later is
better" seems to be a valid generalization, because mechanisms
that cause increased plate-out and settling require time to
affect the aerosols. The problem is that the parameters
influencing the plate-out and settling rates are numerous and
only poorly understood at present. The uncertain phenomena
include aerosol shape factors, especially when relative humidity
is low; the agglomeration rates in turbulent conditions; the.

extent of and influence of convection; and the role of any
resuspension effects. Although the codes all either treet these
effects explicitly or choose to ignore them, so much uncertainty
exists that the code results have only weak quantitative meaning.

|
VI.D. Summary.

|
i

Despite what appears to be an extensive information base of
" source term" calculations, we conclude that it is.very difficult
at the present time to arrive at more than a few generalizations

| from them. All too many of the calculations have been performed
'

in a way that makes their detailed interpretation either
impossible or obscure. This is because the number of phenomena
is quite large, and the various calculations treet these
phenomena at many cifferent levels of detail. Also, the number' .

| of calculational parameters, amongst which the analyst can
| choose, is large and not well constrained by experimental

av.armation. Finally, the calculations themselves involve
opproximations and computer-based computations of great .

complexity. For all these reasons, the most reliable insights
are qualitative rather than quantitative, even though they arise
from quantitative calculations; and are obtained from sensitivity
studies rather than from full-scope calculations themselves.

.
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VII. THE SEVERE ACCIDENT RESEARCH PROGRAM -

VII.A. The Nuclear Reaulatory Commission Procram

In this chapter we discuss the research program on severe
e accidents, emphasizing the work of the NRC and only cursorily

discussing other programs. The Three Mile Island accident, as
has been noted, caused serious reconsideration of the RSS source
terms because the actual fission product releases, especially for

* iodine, varied so greatly from those predicted..

In the United States, the Nuclear Regulatory Commission,
'

after Three Mile Island, initiated a program to develop new or
# improved' safety systems for nuclear power plants [NRC, 1978b].

The role of the Office 'of Nuclear Regulatory Research in c
supporting the NRC's mission is set forth in the following
excerpts from the introduction to the FY85-FY89 Long-Range
Research Plan CNRC, 1984c3:

"The Nuclear Regulatory Commission's mission--regulation
to ensure that civilian activities involving the use of
nuclear materials and facilities are conducted in a
manner consistent with protecting the public health and
safety, the quality of the environment, and the national
security--calls for the exercise of the regulatory
functions of rule making, licensing review, and
inspection and enforcement.

In the process of carrying out its mission, the
Commission makes policy decisions involving complex
technical issues and varied and conflicting public
attitudes. The Commission must base these decisions on
an accurate understanding of the technical factors
involved, and the NRC staff is responsible for ensuring
that the Commission is fully informed."

"... The staff is assisted in these areas by the
research program of the Office of Nuclear Regulatory
Research (RES)."

.
In the Commission's Policy Statemer.t and Planning Guidance |

for the Long-Range Research Planning exercise, we learn that:

(Policy:3 "1. The purpose of the research program is to,
provide the technical basis for rule making and
regulatory decision; to support licensing and inspection
activities: to assess the feasibility and effectiveness

,

of safety improvements: and to increase our understanding i
of phenomena for which analytical methods are needed in |

regulatory activities.

2. There should be continued emphasis on using research
results in the regulatory process and on obtaining -

results that are useful therein. Staff should not engage
in research merely to postpone tackling difficult

VII. Research Program
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.

regulatory issues.

IPlanning- Guidance:J 1. The research resources
identified in NRC's budget should be allocated to support ,

a balanced- program between research to reinforce or
revise the current regulatory base and conceptual
research for improved reactor safety. The staff should
be alert to research which shows that we ought to change .
our regulations. NRC regulations should be changed when
research shows them to be either too stringent or not;

; stringent enough."

; The RES Severe Accident Research Program includes the following ]
elements:

{ 1. Accident Likelihood Evaluation, the reassessment of

| severe accident acenarios and their related
probabilities;

2. Severe Accident Sequence Analysis, the analytical
'

assessment of plant accidents within and beyond the
design basis to provide strategies for severe
accident prevention, management and mitigation:

f

3. Accident Management, the integration of strategies
combining plant systems design and operation with
operator guidelines and procedures to prevent,
arrest, or mitigate the consequences of potentially
severe accidents;

f

4. Hydrogen Generation and Control, the generation of
information and analytic models to quantify the loads
on containment from hydrogen burning;

5. Behavior of Damaged Fuel, the determination of the
general behavior of damaged fuel in the 1,100 K to
3,000 K temperature range, the fission product
release and in-vessel attenuation, hydrogen release,
and the coolability limits in various stages and *

configurations;

6. Fuel-Structure Intersc+.lon, the generation of data on
the consequences of htgh-temperature core fuel debris' *

interaction with structures below the reactor vessel
i following escapa from the~ vessel in severe accidents;

7. Containment Analysis, the development of an
analytical tool for the assessment of the challenge
to the containment system from postulated severe
accidents;

P *

8. Fission Product Release and Transport, the
development of models and generation of data (to
support the development and assessment of the models)
to determine the potential radiological source term

VII. Research Program
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.

released from LWR plants during severe accidents:

| 9. Containment Failure Mode, the treatment of three
possible failure modes--valve failure, materials

* ia11ure, and mechanical failure of containment:

10. Fission product Control, the evaluation of the
effectiveness of engineered-safety feature systems

,
under severe conditions:

,

11. Risk Code Develcpment, the perlocic improvement ofi

the set of computer codes presently used in analyzing'

severe accident physical processes for pRA-
.

12. Accident Consequence and Risk Reevaluation, the
application of the risk codes in concert with the
results from other elements of the program to produce4

current assessments of the consequences and risk of
severe accidents in LW9c, and'

| 13. Risk Reduction and Cost Analysis, the development of
methods ano analyses for tne systomatic evaluation of*

the costs anc benefits of alternative concepts for
reactor design and operation.

,

}

In 1980, the Commission ordered a review and a report on the
;

oest technical information then avallaole for-estimating the
release of radioactive material during postulated severe
accidents in commercial light water reactor power plants
(NRC,1981).

The NRC also established an Accident Source Term program
Office to oversee and coordinate a research program that would
further develop the technical data base for. source term issues

and review the validation of codes used to predict fission
product releases in selected accident sequences.

'The essential elements of the program are the review and
* validation -of the accident release codes which were prepared at

Battelle Columbus Laboratories (Gieseke,1984), an experimental
program designed to provide additional experimental data for the
phenomenological models upon which the codes are constructed
(ORNL, ANL, SNL, INEL), extensive peer review by the technical.,

community in the United States and abroad, and the appraisal of
the risk and regulatory significance of modified source terms.

NRC plans to release the results of this program in a
technical report, NUREG 0956, A Reassoasment of the Tecnnical
Basis for Estimating Fission product Behavior During LWR
Accidents. A draft will .be available for public review anc
comment because any significant revision in the source terms will
require re-evalustion of regulatory policies on such matters as -

omergency preparedness, siting, and the design of reactors.

The source tore researen continues to be assigneo first

VII. Research program
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priority in the RES plans; and the ACRS, in its annual-report to
*

the Congress commenting on both the Commission's objectives and
on the research program, gives highest priority to the RES
Accident Evaluation and Mitigation program.

The Nuclear Regulatory Commission program has, as its focus, *

the set of complex computer coces discussed in Cnapter V wnsen
incorporate models of phenomena occurring in selected accident
sequences. There have been no full-scale experiments in which

*fission product behavior could be followed as a reactor core
degraces. Therefore, the models rely in turn on a great number
of experiments and theory which constitute the scientific and
tuchnological data base.

__

Figure V.1 (Chapter V) shows the codes and their relationship
'

anc notes that part of an accident sequence which each code
describes. Table V.1 lists some newer codes, dealing with
separate effects, which may replace the older codes when they
have been validateo.

Another project within the sourco term research program is

the development of the MELCOR risk-assessment code. This code
will include thermal-hydraulic fission product behavior,
consequences, and economic modules. The code, less detailed than
the Battello Suite, would contain less mechanistic detail and
woulo run faster. Use of the MELCOR code would provide an
approximate method of estimating the timing and extent of key
events in accident sequences which is required for risk
assessment. The' newer codes mentioned above will be used to
benchmark MELCOR. Figure V.4 illustrates how MELCOR is related to
the other codes. It is expected that, if circumstances arise
in which MELCOR's results would be inadequate for a highly
special1=ed problem, recourse would be had to the more highly
specialized codes that derive from detailed models of phenomena
of particular interest.

VII.B. Procram of Other U.S. Oroanizations.

Several other organizations, Knowing of the NRC source term
program, have begun . independent reviews of the source term issue: ,

among these are EpRI..ANS, and IDCOR. There has oeen responsible
exchange of informaticn among all those participating in this
work, and the study group has hao the benefit of access to and

presentations on results to date. .

VII.B.l. American Nuclear Society (ANS)

The American Nuclear Society's (ANS) Special Committee on
Source Terms was asked in 1982 to develop a consensus within the

technical community on the state of knowledge about the source
term, and to assess the methods and assumptions used to describe
fission product behavior and retention. The Committee's charge

~

included examination, review, and evaluation of the establishment
of source terms for particular accident sequences, quantification
of fission product retention, and comparison with assumptions and

VII. Research Program
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conclusions of the RSS and other related documents. The
*

Committee was also charged with an educational mission: providing
a readable report to the technical and lay community. As part of
the Committee's work, the Stone and Webster Engineering-
Corporation (SWEC) undertook parametric investigations of factors
affecting retention of fission products in the containment and in,

auxi'liary structures. The American Nuclear Society released its
report on November 13, 1984.

a VII.B.2. Industry Deoraded Core Rulemakino Procram (IDCOR)

The Industry Degraded Core Rulemaking Program (IDCOR),
managed by- the Technology for Energy Corporation, is a program
organized and funded by the nuclear industry (utilities, NSSS
suppliers, and architect engineers) to develop a comprehensive,

'

-

'
integrated, well-documented, technically sound position on the
issues related to severe accidents in nuclear power plants.

As part of the program, some new models and computer codes
were developed to be used in the analysis of accident sequences
(such as MAAP and RETAIN).

VII.B.3. The Electric Power Research Institute (EPRI)

The Electric Power Research Institute (EPRI) has begun
experimental programs that study, measure, and define the
physical and chemical conditions under which fission products can
be released and transported in a severe reactor accident.

Among the projects bearing upon the source term issue which
EPRI supports are:

a. Development of an in-vessel fission product release and
aerosol formation model.

4

b. Investigation of fission-product release from heated.
fully pre-irradiated fuel pins.<

f

c. Source Term Experimental Program at the TREAT facility at
INEL.

.

d. Investigation of tne chemical and physical transformation
and deposition characteristics of a mixture of volatile
fission products flowing in a hot duct.

e

e. The MARVIKEN experiment.
,

f. Event "V" Demonstration Tests at HEDL.
4

g. The comparison and validation of aerosol transport codes.

h. The study of aerosol behavior in simple geometries.

1. Hydrodynamic experiments with and without aerosols
.

accompanied by the development of appropriate models.

VII. Research Program .
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J. Corium-steam interactions.,
-

VII.B.4. The Stone and Webster Enoineerino Comoany (SWEC)

SWEC organized an internally-funded source term study group
to examine a number of issues related to source accidents in e
nuclear power plants about two years ago. This group has done
parametric study of fission product retention in PWR containment
structures and contiguous structures (assuming that no active
engineered safety features function), which carefully examines a

parameters considered to have been neglected or oversimplified in
other analyses.

VII.B.5. The New York Power Authority (NYPA)
_

r , . .

The New York Power Authority (NYPA) in 1983 undertook
detailed analyses of the radionuclide releases for risk-dominent
accident scenarios in the Indian Peint Probabilistic Safety
Study. The group examined the physical and chemical behavior of
four fission products in the primary system in the containment
and in the environment, given failure of containment.

VII.C. Work Outside the USA

There is much work in progress on source terms outside the,

United States. A list of that known to the committee follows:'

VII.C.1. Nuclear Enerav Aaency (NEA)

The Committee on the Safety of Nuclear Installations of the
Nuclear Energy Agency (NEA).

NEA has established a Group of Experts on the Source Term
(GREST) which will compare the mathematical modeling, numerical
techniques, and predictions of codes used to model the transport
of fission products in the containment of an LWR following a
severe accident. This group has been asked to coordinate its
activities with those of the NRC's Accident Source Term Program
Office. The work is to be completed by 1985, and the plants and
accident sequences to be considered are: AB (hot leg) and S2D,

'
(cold leg) sequences for the Surry 1 PWR and the large break LOCA

,

for the German Biblis B PWR (steel / concrete double ccatainment).
No failure of the. containment is assumed. The U.S. Nuclear
Regulatory Commission is the lead organisation for this project
and assumes overall responsibility for the implementation of the *

exercise. The NRC will be assisted in this task by EPRI and
ORNL.

! VII.C.2. Commission of European Communities

|

Besides allocating a number of study contracts to research
organisations of Member countries of the Community which address |

open questions such as: aerosol resuspension, diffusiophoresis, -

stratification, iodine partition coefficients, and fission

|

i
.
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product chemistry at high temperature, the CEC is organizing a
sensitivity study for the AB hot-leg sequence for Surry 1 PWR.
The parameters to be studied in this exercise are: ,)

l

Cal Steam condensation rate

|(b) Duration of aerosol source
(c) Granulometry of aerosol source

],
(d) Emission of aerosol source
(e) Collision efficiency |

(f) Aerosol soluble /unsoluble |

(g) Hydrogen combustion,

(h) Leak rate

VII.C.3. Federal Reoublic of Germany (FRG)

The Federal Republic of Germany undertook a risk study,
~

published in 1979, which calculates risk sequences for the German
,

reactors in the same manner as the RSS. The source term research
program is part of the German severe fuel-damage researcn
program, and of the core melt research programs for PWR's.
Separate experimental programs to explore the behavior of certain
radionuclides (Iodine, Cesium, and Tellurium) are also in
progress.

The severe fuel-damage research program investigates the
physical, chemical, and metallurgical phenomena in the
temperature range of 1,500 K to 2,100 K. The goal as to quantify
the safety margins of operating reactors. The program will be
completed in 1986.

The core-melt research program, which is scheduled for
completion in 1985, has as its goal providing best-estimate data
for the source term to be incorporated in a revised version of
the German Risk Study.

!

The exploration of the fission product and aerosol release
into the containment includes the SASCHA program, which provides
data on release for gaseous and particulate species. The
behavior of the iodine release has been of special interest since
1982, and a model has been developed which will be revised as
more data become available.

.

Large-scale verification and demonstration experiments are
currently underway as part of the DEMONA test program. The aims
of this program are:

e

- to demonstrate the efficiency of natural aerosol removal
processes in a sufficiently large experiment and under
realistic (core-melt) conditions.

- to demonstrate the predictive capabilities of the NAUA Code.
|

to demonstrate the applicability of the COCMEL Code as the
-

appropriate tool for simulating containment thermodynamics. .

(
|
,
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Tests are performed at the pWR-Model containment at Battelle- -

Frankfurt (BF) which is similar (1:4 linear scale) to theBiblis A pWR containment.

The BETA test program will provide data on physical and
chemical processes in the interaction between a hot-core melt and *
the concrete basemat aufficient to verify the WECHSL, CORCON and
KAVERN codes.

VII.C.4. France .

The French source term program includes investigation of
. volatile fission-product aerosol behavior to validate the French

aerosol code; determination of the efficiency of sand bed filters --

and water pools to remove lodine and cesium aerosols; iodine -

deposition on concrete and steel re-emission of iodine from sump
water, and aerosol removal mechanisms under dry conditions. Other
experiments will try to measure fission product release in pile
at Grenoble from pre-irradiated fuel under the conditions of the
TMI 2 accident. Transport aspects of aerosol physics will be
tested during 1986 in the 3 m3 containment, HEVA, at Cadarache.

VII.C.5. Sweden

The Swedish source term program is intended to provide the
technical basis for the development and verification of computer
codes used to evaluate specific accident sequences for designated
Swedish nuclear power plants. The program, to end in 1985,
includes participation in the MARVIKEN project and a special
experimental investigation of cable pyrolysis in steam and
nitrogen atmosphere.

The Reactor Accident Mitigation Analysis (RAMA) project has
been organized'to collect and digest the results of relevant
research and development' work and to provide these results to
those who require such information. A complete set of accident
sequences for each of the Swedish reactors, the results of the
first phase of the work on computer codes for the analysis of
severe accidents, is now available,

a
VII.C.6. Beloium

In Belgium, the results from recent source term research are
of interest primarily for use in that country's systematic

*re-evaluation program for commercial power plants and for
emergency planning. A proposal to study certain aerosol processes
relevant to the radioactive containment in a reactor after core
melt is under review. Belgium has supplied irradiated fuel pina
for the USNRC Severe Fuel Damage Experiments.,

VII.C.7. Canada

The source term research program in Canada, which is designed -

to understand the particular design of the CANDU-type reactor, is
driven partly by licensing requirements that place very stringent

VII. Research Program
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limits on fission product release during small-scale accidents .

which can be expected to occur with.high frequency. In this type
of reactor, individual tube failures are likely to be quenched by

large D 0 pool, and the.particular failures discussed-in thisthe 2
report cannot occur.

e
The Atomic Energy of Canada, Ltd.(AECL) funds research on

in-core and out-of-core fuel release, thermal hydraulics,
hydrogen production and combustion, fission product chemistry,

e and the development of computer models.,

Canada also participates in the MARVIKEN project (with
access, therefore, to the DEMONA test results), and the TREAT
tests at INEL. -

.

Ontario Hydro has commissioned tests at pBF at INEL to study
the thermomecnanical behavior of zircalloy fuel cladding and
cladding oxidation.

The University of Toronto is studying the partition and
transport of iodine during the steam flashing of an iodine
solution.

VII.C.8. Denmark

The Danish source term program includes modest research in
aerosol physics and chemistry. Danish utilities formed a small
source term group two years ago to utilize recent research
results to calculate more realistic off-site releases from power
plants of potential interest to Denmark.

VII.C.9. Finland

In Finland, USNRC Regulatory Guides 1.3 and 1.4 are used to
evaluate the radiological consequences of accident sequences. A
pro]ect to establish the capability to assess severe accident
sequences for existing and future power plants using selected
computer- codes is under way. Finland also participates in the
MARVIKEN project and the IDCOR program.

.
VII.C.10. Japan

The Japan Atomic Energy Research Institute (JAERI) has
established a task force to identify source term and other areas

*
where further research is needed. Japan participates in several
international research pro]ects such as: TMI, LOFT /FP, SFD, Mx-V,

' 2D/3D, LACE, and MARVIKEN 5 ATT. Figure VII.1 summarizes the
'

areas of source term research now under investigation.

VII.C.11. Netherlands

Source term research in progress in the hetherlands includes
work on the thermochemistry of the fission products, namely, -

iodine, cesium, tellurium, and oxygen. These studios are to be
completed in 1986. Research is also in progress on

VII. Research Program,

,p -- - - - -- --- . - 9 g- - . , - _ r - - + - - _, --



.

*'
4

-

, e

FIG. VII.l. SCD research program at JAERI.

Program

fuel Dehavior Out-of_ptle Fue'l Behavior Tests* ~

fuel Behavior -Clad, oxidation, UD,-fry reaction
and Coolability -l.irtuefaction. Helting. Reladation HSRR In-pile Tests

-Formation of debris N
*

\
} . Out-of-pile toelability Tests

\' %,N s
Coolability of Debris

N
s -) (U.S. SFD Program)

9
'ol

,fHy ogen Be avior
,, ,/ , Hydrogen Burning TestsContaironent

.. __.. ________________..__________

Integrity Containment Integrity e/

(byanalysis)/|, , w
|# I

# / . FP Pelease Tes'ts/ s
FP Release from fuel ,1 . FP Transport Tests
______.....__..... ________.... __..

N4.BC4 gram)

....[c,.FP 8ehavior FP Transport in Primary System -

. __________u_________.____..._____.
FP Behavior in Containment . Integral Tests on FP Distribution.

I

and Aerosol Behavior

/
Integral Code System

'Code Development Code Development and Analysis------------------------------.'-d..

Separate Model Development

. . . '.
.



Page 206

diffusiophoresis, a CEC study contract, and on work at ICEMA *

1aboratories on the release rates and the chemical composition of
the fission products emitted from fuel.

Three proposais for a study of the thermal hydraulic behavior
in the containment are under consideration. This program may be "

done in cooperation with Belgium and France, and would be
expected to last four years. Possible participation in EPRI's
LACE program is also under review. The Netherlands also

,

participates in the NRC's SARP program, in the PBF program at *

INEL, anc in the MARVIKEN project.

VII.C.12. Switzerland
-

The source term research program in Switzerland includes the -

development of a model for iodine absorption in the water of the
fuel pool, experiments on the evaluation of bubble size and decay
in a fuel pool, iodine chemistry in water / water vapor-air
systems, and investigction of the influence of strong gamma-ray
fields on the redox chemistry in an iodine / water system.
Switzerland also participates with Germany in the DEMONA
experiment, the BETA experiment, and studies of fission-product
release to the environment (DRS, phase B). In 1984, work on*

todine chemistry modeling will be enhanced, and work on
core-concrete interactions will begin.

VII.C.13. Italv

Italy participates in several international research projects
such as: TMI, LOFT /FP, SFD, MARVIKEN 5 ATT, and LACE.

VII.C.14. The USSR

The committee made enquiries, both official and unoffical, of
appropriate authorities in the USSR but received no response to
requests for information on the research program or any accident

i experience.
!
|
' VII.D. The Organizational Structure of the Office of

Nuclear Requietory Research (NRR) .

In the course of its work, the study group has had occasion
to examine the structure, function, ano operation of the Office

| of Nuclear Regulatory Research to assess the support the; ,

| organization brings to the program. Figure VII.2 shows the
organization of the Office, and Figures VII.3, VII.4, VII.5,
VII.6, and VII.7. show the funding by fiscal year, phenomena,
laboratory, research type and research application respectively.

I VII.E. Coordination
|

| Each group listed above in Section VII.B has carried out its
i own assessment of the souce term, although each makes use of the ~

! experimental data, and sometimes the computer programs, of the
' others. The results of the experiments have been discussed at

VII. Research Program
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various technical meetings. The NRC has organized " peer review"
meetings at which the Battelle Columbus and IDCOR work have been

~

compared. There have also been a number of meetings organized by
the American Nuclear Society in which the source term work has
been an important segment of the agenda. (Cambridge, MA, August
1983; New Orleans, LA, June- 1984; Snowbird, UT, July 1984).,

Several members of the study group have attended one or more of
these meetings, and there cannot be any doubt that the
professionals at these meetings are dedicated to resolving these
questions. The diversity of groups, of computer codes, and of,
approaches to understanding the source term have resulted in a
type of competition to identify phenomena, ignored in the past,
which might significantly alter the source tern. This
competition is valuable in that it reduces the chance that any
phenomenon of importance has been overlooked. ]

The work of the study group was hampered in that it was
difficult to compare these studies. Each group incorporates in
its calculations a different reactor, or set of reactors, and
different sequences. This makes it hard to identify the reason
for the inevitable differences in the results of the
calculations. For example, in the work on pressurized water
reactors, NYpA calculates its results for Indian point; Gieseke,
et al., use Surry and do an abbreviated analysis for Zion, and
IDCOR did calculations only for Zion. The Germans do their
calculations for their own reactors.

The study group recommends that a reference reactor and a set
of initial conditions be chosen, and that all groups then compare
their calculations for given accident sequences. It is also
important that all the computer codes that are used be generally
available and clearly described.

VII.F. Recommendations for Future Research

The study group has identified some specific elements of the
source term technical data base which deserve inclusion by the
technical community in the overall research program. These are
listed by group.

* VII.F.1. Veoorization of Low Volatility Fission Products

The release of fission products and actinides of low
volatility during fuel degradation should be measured more

e extensively at realistic temperatures and under conditions
duplicating as closely as possible those that would exist
during an accident sequence (see IV.B.3).

These species should be considered in as much detail as are
iodine and cesium in evaluating the mechanisms and quantitative
contributions to source term releases. These relatively
non-volatile redioactive source term elements could contribute
substantially tc lung and ground doses. The biological dose
conversion factors of many of these isotopes are sufficiently

,

high that even the small increases associated with uncertainties

VII. Research program
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in their releases could result in substantial increases in their
~

contributions to radiological doses and to associated health
offects-(see I.B.6).

VII.F.2. Thermal Hydraulics of the Core-Concrete Interaction
e

There is an urgent need for a reliable comparison of large
scale tests and computer calculations on the core concrete
interaction; the important physical parameter to be determined is
the temperature as a function of time because this is the *

driving force for enemical and aerosol releases. The- BETA
experiments at KfK Karlsruhe, West Germany, and the experiments
at Sandia National Laboratory, if successfully carried out,
should go a long way toward statisfying this need.

].
Without these comparisons we cannot be completely sure of the

radionuclice releases from the core concrete interactions and, in
particular, the releases of ~ normally non-volatile materials
(Sections IV.A.8 and V.B.8).

VII.F.3. Release of Refractory Materials in the Core-Concrete
Interaction

More experimental data are needed which describe the release
of fission products and actinides in the core concrete
interaction. The fission products of interest are all those
other.than iodine and cesium. Experiments of this type are being
conducteo at Sandia National Laboratory and Kernforschungcentrum
at Karlsrune. In this program emphasis should be placed on
achieving experimental conditions that duplicate as closely as
possible those that would exist in a degraded core accident. The
important data that should be collected in these experiments
incluce temperature of the melt, gas generation rates, gas
composition, aerosol production, and aerosol composition. The
materials studied should incluce plutonium and other elements of
particular interest (see IV.B.5).

VII.F.4. Transport of Radionuclides through the Reactor

Extensive experimental programs should be conducted to e
identify ano quantify chemical reactions of the fission products
and actinides that would influence their transport through the
reactor system.

.

Examples of such programs include the study of the reaction
of cssium hydroxide with' stainless steel and other materials of
construction, its reactions with silver, boron carbide, tin, and
otner special metals, and the postulated reaction of cesium
lodide with boric acid. The experimental conditions should
cuplicate in detail those that would exist in accident situations
(see IV.B.4).

VII.F.5. Tellurium Behavior ~

More attention should be given to the behavior of tellurium

VII. Research program
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curing tne accicent sequence, including the fate of lodine formed ,

by the cecay of tellurium released from the core concrete
interaction (see IV.B.5).

VII.F.6. Release of Volatile Forms of Iooine
o

Meenanisms (including raclolytic reactions) for releasing
volatile forms of locine in containment shoulc be assessed.

o Tnese experimental results wouic suostantially reduce
uncertainties in precicting the source terms for sequences
postu.se.ing late containment fa11ure (see IV.5.5).

VII.F.7. Lamace Procression in tne Core
_

:

A cetter understancing of the rate anc mcces ci osmage
progression in the core is nigniy cesiracle.

Tne importance of unoerstanding tnese pnenomena was
recognicec in the earliest analyses of accident sequences and the
mitigation of their consequences. It is wicely accepteo tnat
the problems of designing and mounting such large-scale
experimental program are difficult, complex, and probably
intractable. Any experimental work on this problem, even on a
modest scale, will continue to be important. These data are
important because the complexity of the system makes any
prediction of the effects that may be occerved somewhat
uncertain. as described in Section IV.A.6.

VII.F.S. Freementation of the Corium at APV Melt-throuch

Experiment.s1 exploration anc development of a neory on
fragmente:1on of corium as 1: As expellac from a pressure vessel
onto water is needec. These shouic incluce experiments on small
steam explestona whica, whl o not energetic, can fragment tne
fue; anc accelerato -he i. e a t transfer c the con:alnment gas, anc
word en trm fragmentation c: nigh pressure Jets.

.

This research is neeceo to reso.ve a srsi; .ingering couo
about t r.e circumstances wnere ne pressure splee at reacter

*
vessel relt-throug.. wou;c crack ne containment. The resear .3

.w i. c aisc provice inicrmation acout the dispersion of corium anc
procuc 1cn :.f aeroscas in :ne containnen; isee :V.A. . I

C V; .F.9. nesesre- en conta.nment Breach

Research on n r.c an niy:21s ci phencrens that mose s nres of
osrly, isrge scale, containnon fal;ure snou.c ce cen:Inucc.

|

The results wou;c arprove c, red :c t ions si source terrs an the
probacillstic risk sascanment for extremely unlixely sequences
fcr which. nowever. very Large releases of rsulosctive nuc.loes
are linely. .

The results of sucn resesren woulo improve the uncerstsnoing

VI . Researen Program
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.

of the timing of containment failure (early or lates and,

therefore, the size of tne source term (large or small> tSection
IV.E).

V!!.F.lo. Containment-Fatiure Moces ,

It is important to complete the NRC and EPRI test programs
designed to unoerstand containment failure modes. ;ressurec. ano
loak rates. .

The accurate oreolction of containment failure carameters is
essential to accurate source term preciction (see Chapter VI).

VII.F.~1. Generation Muchanisms for Aerosois
-

,

The potential for generation of aerosols of refractory
species by mecnanisms suen as buoble oursting, large croo2et
breakage on impact, and steam explosions needs experimental.
Anvestication on at least a small scale. Tnis may oe an
important contrioution to tne source term for the lanthanide
series of elements (see Section IV.C.3).

VII.F.12. The Effectiveness of Suporession Pools and Ice Bees

Aerosol removal by suppression pools and by ice beos should
ce measurec with experiments of sufficient scale whicn cover a
wide range of parameters to determine the decontamination factors
for these engineered safety features over the range of accident
conditions. There have been no experimental studies of aerosol
removal in ice beds, anc experimental study of decontamination
. factors oy suppression pools as underway (see Section IV.C.7).

VII.F.13. Growth and Deposition of Aerosols

Experiments on the growth and deposition of aerosols
suspended in confined spaces that have internal structure and are
subject to free convection should be continued. Attention snoulo
be paid to transient thermal influences, potential thermat.

,

' stratification, and the presence of aerosol sources in the
*chamber for sustained time periods. The results should be

comparec with codo predictions and all fatting parameters, te.g.
shape factors, effective density, etc.) should be clearly
indicated (see Section IV.C.4.0).

*

VII.F.14. Chance of Secuence by Fission Product Heattnq

The ' possibility and cnnsequences of failure of the primary
| reactor system resulting from the decay heat associatec with

large localized deposits of aerosols containing fission procucts
requires investigation, because such failure can alter the
accident sequence (see Section IV.C.4.e).

l' VII.F.15. Intercomparison of Aerosol Codes '

|

A critical, detailed intercomparison of the codes used to j

|

VII. Rese ich Program
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compute aerosoi transport and deposition should be undertagen. .

Where predictions of the various coces drifer signlilcantly, tne
source of tne cescrepancy snould oe identaileo ano a
recommendation made of the preferrec approacn. Inas worx
requires improved occumentation of these coces so tnat eney can

* be used with confloence and understancing oy incepencent researen
groups (see Section IV.C.8).

VII.F.16. Aerosol Deposition on Ploes
a

'The research on leakage of aerosols from the cont,1nment to

the environment througn pipes and other leakage patns snould
continue. This as being done at the Containnent S Test Facility
(CSTF) at the Hanford Engineering Development Laboratory (HEDL) -.

and is funded by EPRI (see Section IV.C.9.c). -

This research is important to identify any factors that may
reduce radionuclide release in V sequences ano sequences
travolving containment isolation failure.

VII.F.17. Natural Circulation Researen

It is important to expand theoretical analyses of code
development to superimpose natural circulation phenomena onto the
reactor vessel, primary system, and containment thermal
hydraulics models. Some modeling experiments might be useful to
increase confidence in these predictions (see Section IV.A.5).

VII.F.18. Intearated Severe-Accident Code

Development of a fast-running computer program that
integrates the suite of severe accident codes should oe
continued. The subroutines of this program should be carefully
checked against specialized codes and experiments. When the
intergrated code is at an appropriate level of completion. It *

should be~ suo]ected to peer review, and then published in a form
accessible to users (see Section V.E).

e

4

.
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VIII. CONCLUSIONS AND RECOMMENDATIONS -

VIII.A. Conclusions

VIII.A.1. The study group finds that considerable progress has
been made since publication of the Reactor Safety Study (NRC +

1975) in developing both a scientific basis and calculational
ability for predicting the source term. In a number of cases, new
calculations indicate that the quantity of radionuclides that
would reach the environment is significantly lower than that *

calculated in the Reactor Safety Study. This reduction can be
attributed to three principal factors; (1) the recognition that
reactor containments are stronger than assumed in the Reactor
Safety Study and therefore fail, if at all, at later times; (ii) -

#inclusion in the modeling of previously neglected physical and
chemical phenomena that lead to the retention of fission
products; and (iii) inclusion of additional sites (suppression
pools, ice beds, auxiliary buildings) that trap radionuclides
more efficiently than previously assumed. These factors are
discussed in more detail in Sections VIII.B.1 to VIII.B.8 below.

VIII.A.2. The study group examined the chemical and physical
phenomena considered by the technical community since the Reactor

; Safety Study was completed. For most sequences and most
radionuclides, these phenomena reduce the source term from that
calculated in the Reactor Safety Study.

However, one mechanism that might, for some sequences,
increase the radionuclide releases above those calculated in the
Reactor Safety Study is the release of non-volatile radionuclides
in the core-concrete interaction. It is important to complete the
experiments now underway to improve our knowledge of the physics
and chemistry in this crucial area. Moreover, the analyses
performed in the recent studies that we have surveyed have not
treated all types of reactors nor all types of containments in
eaual datail. It is impossible to make the sweeping
generalization that the calculated source term for any accident
sequence involving any reactor plant would always be a small
fraction of the fission product inventory at reactor shutdown.
Although further studies may improve this situation, some of the .

reasons for this inability are enumerated in Sections VIII.C.1 to
VIII.C.5 'elow.o

VIII.B. Detail of Conclusion VIII.A.1 ,

VIII.B.1. It is now generally believed that large scale failures
of reactor containments will not occur until their yield stresses
are exceeded -- at internal pressures about 2 1/2 times greater
than the nominal design pressures. Some leakage may eccur at
lower pressures; in fact, earlier leakage could limit stresses to
values below the yield stress. Quality assurance and testing
pregrams are necessary to ensure that an individual containment
achieves and retains the strength that is possible. The study

~

group noted that such programa exist, but did not review them or
their efficacy (see Section IV.D).

VIII. Conclusions & Recommendations
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~

VIII.B.2. There are many accident sequences in the Reactor j
Safety Study in which large scale early failure was assumed.
Detailed careful calculation of several risk dominant sequences,4

i such as TMLB', suggest that such large early failures predicted+

for them do not occur if the containment is as strong as=

calculated. One reason for this is that accident-induced
pressures within the containment are not expected to exceed yield
stresses until sany hours after the reactor pressure vessel4

e failure. Another significant reason is that steam explosions
large enough to challenge the containment directly are now,

'

considered very unlikely (see Sections IV.E.2 and III.C.1).

VIII.B.3. A delayed containment failure can allow time for -

natural, passive, mitigating processes to act. Several -

mechanisms operate that deposit aerosols onto surfaces both
within the primary system and within the containment. To the
extent _that the Reactor Safety Study underestimated the time to
failure and did not fully model these removal processes, the RSS

'
over-estimated the " source terms" for the accident sequences (see,

Section III.C.1 and Section IV.D).

VIII.B.4. A delayed containment failure can also allow time for
the plant operators, if they are adequately trained, to recover
failed systems and to make effective use of active mitigating
systems to achieve a safe shutdown (see Section III.C.1).

VIII.B.5. The source ters' for the release cf noble gases,
krypton and xenon, is better understood than any other source
term. Almost all of these radionuclides are released from the
fuel; they are chemically inert, and are not affected by most of
the retention mechanisms that reduce the importance of other
radionuclides. On the other hand, they are not absorbed by the
human body and do not deposit on the ground. Their releases are
not believed to differ significantly from those calculated in the
Reactor Safety Study, except insofar as radioactive decay reduces
their radioactivity. If containment failure is delayed, the
reduction is a factor of five between a two-hour release and a
twenty-four-hour release (Section II.B).

'
4 VIII.B.6. The chemical form of some important fission products

favors retention rather than release. Cesium hydroxide (CaOH),
the dominant form of cesium that is observed in release from fuel.

irradiated in water cooled reactors, can interact chemically with#
surfaces in an irreversible way. Iodine is usually observed to
take the form of cesium iodide (CsI) rather than molecular iodine
(I2), and CsI can deposit more readily than I2 because CsI has a
lower vapor pressure and higher solubility in water. In many
sequences, tellurium tends to form non-volatile compounds with
zirconium or stainless steel (see Section IV.B).

VIII.B.7. Fission products are calculated to be trapped, to a,

greater extent than was formerly assumed, in auxiliary buildingsa *

and related structures, suppression pools and ice condensers,
even though these were not designed to remove fission products.

VIII. Conclusions & Recommendations
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'

The configuration of auxiliary buildings, and the penetrations
~

from them to the containment are very plant specific. The ice
beds and suppression pools may remove large quantities of fission
products. However, well designed, appropriate experiments are
necessary to establish the effectiveness of removal. under
accident conditions. No experimental program has investigated

,

the removal of fission products by ice condensers, and only
,

recently has an appropriate program for suppression pools been
started. The decontamination factors are expected to be
sensitive to particle size and the relative humidity of the ,

gases, as well as to other variables. Any credit taken for
fission. product removal by these devices must reflect the
uncertainty in the knowledge of these controlling parameters (see
Section IV.C).

_

.-

VIII.B.8. The calculation of the source term when the
containment has not been isolated or has been bypassed is very
sensitive to the details of the failure Accidents are more.

likely Just before and Just after maintenance periods, and this
is Just the time wnen isolation failure is also most likely. The
containment bypass sequences (V) are specific for each reactor;
once recognized, their probability and consequences can often be

reduced by simple steps. We urge special attention to these
i potential problems by the designers and operators of nuclear

installations (see Chapter VI).
4

VIII.B.9. The diversity of the various government, industrial
and foreign groups engaged in source term research makes it

unlikely that important phenomena will be left unconsidered. We
urge these groups to continue to support the investigation of
source term phenomena until more of the areas of uncertainty are

,

resolved (see Section VII.F).
!'

VIII.C. Detail of Conclusion VIII.A.2
i

VIII.C.1. The selection of the accident sequences for the source
ters assessment is a very significant process. It is difficult

,

[ to be sure that enough sequences have been studied to encompass
' all the physical phenomena involved. The stody group believes

that NRC and its contractors have selected the sequences.
*

reasonably well. However, several of these sequences no longer
appear to be risk dominant, and other sequences have become
relatively more important. In order to make sure that the risk+

dominant sequences have been adequately identified and
strongly urge another iteration of the process *investigated, we

of selecting the sequences in the light of the understanding'

gained so far. Sequences that might be considered include
containment isolation failure and containment bypass sequences,

,

including. the possibility of steam generator failure during a
J. TMLB sequence externally initiated by an event such as an
I earthquake, fire or flood (see Section III.C).

$
.

VIII.C.2. Analyses of the Pressurized Water Reactors with large .

! dry containments have been more extens?ve than those with ice

condensers and of the Boiling Water Reactors. We urge that

l VIII. Conclusions & Recommendations
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comparable attention be paid to these other reactor types.
,

VIII.C.3. If large amounts of the volatile elements cesium and
iodine were released, they would dominate the health hazard. For
that reason, most of the studies' to date have correctly
concentrated on the magnitude of cesium, iodine, and to some,

extent, tellurium releases. However, if the calculations predict
releases of cesium and iodine of less than a few percent of
inventory, this by itself does not ensure a small source term.

e Considerable attention must then be paid to releases of the
non-volatile elements (see Sections II.B and IV.B).

VIII.C.4. There is a tendency to accept the premise that a.

containment failure late in the accident will lead to small
i releases. However, some phenomena, not fully analyzed, might lead ',

to higher releases than often calculated. Thess include the
following:

a) Volatile fission products retained in the primary system
might reveporize from decay heating at a time when there
is less aerosol in the containment to scavenge these newi/
liberated species.

b) Deposited aerosols might be resuspended as a result of
a sudden depressurization of the containment, or because
of mechanical forces associated with steam explosions or
hydrogen combustion.

c) The calculations for the core concrete interaction for
some accident sequences suggest far larger releases of
hazardous non-volatile radionuclides than were assumed in
the Reactor Safety Study. At this time it is neither
clear that the physical and chemical phenomena involved
have been correctly modeled nor clear that the
calculations have been done correctly.

d) The deposition of the aerosols may not be as rapid as
calculated, as a result of thermal stratificatien or lack
of complete mixing.

*
e) The airborne concentrations of aerosols within the

containment are sensitive to the time when condensed
species are introduced. Conclusions must reflect the
uncertainty in the mass release rates and aerosol

* characteristics (size, density and shape) of aerosols from
both the primary system and the core concrete interaction
(see Section IV.C).

III.C.5. Direct calculations, complex computer codes,
small-scale experiments and large-scale experiments are all
necessary to resolve the source-tera questions. The relative
role of these needs continual reevaluation. In particular, the
large scale experiments such as BETA, DEMONA, MARVIKEN, pBF, by .

their nature take a long time. It is important to continually
reevaluate their experimental protocols to be sure that they

| VIII. Conclusions & Recommendations
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provide data to validate the computer codes under conditions as *

close as possible to those occurring in reactor accidents (see
Chapters V and VII).

VIII.D. possible Imolications
.

The Nuclear Regulatory Commission has used the methodology
and conclusions of the Reactor Safety Study as the basis for
emergency planning. The NRC has established an emergency

*planning zone of ten miles radius primarily on the premise that
beyond ten miles few, if any, prompt deaths would occur in even
the worst calculated accident. A fifty mile zone was established
for considering health implications of contaminated food and
drink. 7

Although recent calculations indicate that the source terms

for several radioisotopes in a number of important sequences are
smaller than the values obtained in the Reactor Safety Study,

other considerations contribute to present regulations on

emergency planning. Because these were not within its charter,

the study group takes no position on the desirability of changes
in those regulations.

The methodology of the Reactor Safety Study has also been

used to evaluate proposed changes in reactor and nuclear plant
design and operation -- either for future reactors or for

to reduce the probability ofretrofits to existing reactors --

accident. The study group has not studied the question of

reducing the probability of accidents in detail and, therefore,
merely notes the obvious general point that it is desirable to

prevent accidents as early in the chain of events as possible --

i

for then the reactor may well stay intact in addition to the

public'being protected.

The insights gained from source term research and modeling
should be reflected in the design and operation of light water
reactor plants so as to minimize the source term -- and therefore
the risk to,the public -- in cost-effective ways.

,

VIII.E. Maior Recommendations .

t

The study group believes that the source term research cannot
yet be regarded as adequate.

'

VIII.E.1. The NRC should continue to insure a strong,

integrated, program of experimental and analytical studies in

order to provide a sound data base for calculation of the source
term.

VIII.E.2. The NRC should undertake uncertainty analyses so that

calculated radionuclide releases can be stated within explicit
limits. . .

VIII.E.3. The study group recommends that the theoretical and

experimental studies be publishoo in archival, peer-reviewed

VIII. Conclusions & Recommendations
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Journals, and that the computer codes, together with a clear and
complete technical description of the modela and the assumptions,
be made available to interested parties.

.
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|
APPENDIX I: TRANSPORT OF RADIONUCLIDES *|

|

I.A. General Theory of Effluent Discersion

In this appendix we develop the model of radionuclide
*dispersion in more detail.

! A cloud of gaseous effluent, once released into the
atmosphere, moves along a path determined primarily by prevailing, ,

!. winds and temperature gradients. Local atmospheric turbulence, I
*

! characterized by atmospheric stability and vertical temperature |
gradients, leads to dispersion of effluent about that path. '

' Experiments to characterize the time-averaged densities of plumes
show that the distributions transverse to the average path are 1

i gaussian-like. A simple model (Turner, 1975) that treats the *

local plume fission product distribution in a Gaussian form as ,

the result of turbulent diffusion superposed on the mean velocity! >

; with which the entire medium moves, provides an adequate ,

i
| description of the space-time characteristics of the effluent

density at distances within 10-20 km of the source. The resulting |
'

expression for the integral of concentration over time, x |

(measured in Ci-sec/m3), resulting from the release of Q units of '

,

i effluent (measured in curies) from a height, z= h (measured in
i

! meters), and into 'a wind 'o f mean velocity ux (in meters per
'

| second) blowing in the x direction can be expressed in an
,

equation developed by Sutton (1932): )

2 h)2 -(z - h)2Q -y -(z + |

'

+ exp ---------]= -------- exp (----3 texpx(x,y,z) ---------

2ru *Y#z 2# 2#z 2#x Y 2

(measured in meters) are the standard deviations forwhere ay,az
,

| the distribution of the plume in the y and z directions
respectively. The coordinate system and the behavior of the
terms is shown in Figure AI.1. The second term in the last

L square bracket arises from a reflection, or bouncing, of effluent
particles or molecules from the ground. Values for ay and az are
customarily chosen so that they yield reasonable agreement with
experimental observed variations of plume density. The values
for these quantities depend on atmospheric conditions and are ,

as long ascustomarily associated with increasing functions of x,
stability conditions' remain constant. For instance, az increases
very rapidly with distance for unstable atmospheres but much less

andrapidly for stable atmospheres. Sets of values for ay and az ,

for atmospheric conditions of differing stabilities have been

obtained from experimental data by pesquill (1962, 1968), Turner
(1975), and many others. These experimentally derived values of,

ay and #z are most reliable for distances of up to a few tens of
! kilometers. At large distances, usually greater than many

can sometimes approach the height of a temperaturekilometers, az
inversion layer. Thers additional terms in x are necessary to

! describe the containment of the radioactivity below this layer.
~

For distances approaching 100 km (or more), the dispersion
,

| parameters and predicted concentrations become increasingly less
accurate (NRC, 1983b, pp. 9-23). Table AI.1 describes typical
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; meteorological conditions and Table AI.2 shows the values of az ,

for various meteorological conditions, and the probability of
occurrence of these conditions averaged over a number of typical

,

sites,
i
'

For any radial distance x from the release point, the maximum*

ground level (z = 0) time-integrated concentration directly
= 0) of the cloud. Thedownwind occurs beneath the center line (y

value t'he r e , useful as a conservative estimate for the
time-integrated concentration at off-centerline positions, is:*

Q
[-h /2r 2)2Xo(x) exp= ------- z

ru Fx2fy ..

:

The quantity, xo(x)/Q, can be called the centerline dilution
factor (F) at ground level. It gives the time-integrated
concentration at x at ground level per unit release. For

i releases from an elevated point and for increasing distance, x,

downwind, xo(x) first increases as the effluent disperses
vertically toward ground level, after which yo(x) decreases with'

x as the cloud continues to disperse both horizontally and

i vertically, with the maximum occurring approximately where ez =

h. Figure AI.2 illustrates the variation in position of the
<

maximum for a variety of atmospheric stability conditions.

The noble gases, and molecular iodine if released, are
*

transported as gases. Other constituents are transported as
aerosols. Aerosol fallout leads both to a reduction of effluent
plume concentration and to the buildup of a surface deoosit, S
per unit area, at ground level. The ground deposit builds until

xa(x)Vd, where Vd is called the depositionit reaches a value S =
velocity. This deposition imposes a further exponential
attenuation factor on effluent concentration. One can define an
approximate attenuation length, given by Ld = u z/Vd where z isx
the average plume height. Typical values of the deposition
velocity Vd for dry fallout are 0.01 m/see or less, while for

| deposition by rainfall (wet fallout), Vd car. rise'several meters
'

per second. For a nominal mean plume height of 100 m and a mean
e wind velocity of 2 m/sec, the attenuation length for dry

conditions could ' tum greater than 20 km (and the attenuation
' unimportant), yet, for wet conditions, it could decrease to 1 km.
J It appears that effects of fallout and hence the contribution of

the radionuclides deposited on the ground would have their,,

maximum impact locally under rain conditions.

Finally, there will be a reduction in effluent activity in
the cloud of released radioactive material due to radioactive
decay. The characteristic attenuation length, Lr is ux/X, where X
is the usual radioactive decay constant (equal to in 2 divided by
the halflife). Combining all of these, the expression for

]
center-line ground level dilution factor becomes:

.
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Table AI.1. Key to stability categories.

Day Night
,

*
. Surface Wind Incomim Solar Radiation Thinly Owrcost'

'
Speed (at 10 m) or <3/8

i m sec" Strom Moderate Slight > 4/8 Low Cloud Cloud

<2 .A A-B B
'

*.
2-3 A-B B C E F

3-5 B B-C C D E

; 5-6 C C-D D D D
>6 C D D D D

,

-

The neutral class, D, should be assumed for overcast conditions during day or night

[ Turner 1972).

Table AI,2, Meteorologic data for atmospheric release calculations.

Weather Type A B C D E F G

Probability
F of weather

'

condition - 0.019 0.081 0.136 0.44 0.121 0.122 0.08
Wind velocity,

u, (m/sec) 2 3 5 7 3 2 1

'
Distance,

x (m) o,(m)

i 200 28.8 20.3 14 8.4 6.3 4.05 2.63,

~ 500 100 $1 32 18 13 8.4 5.5
;i. 1,000 470 110 59 32 21.5 14 9.2'

*
2,000 3,000 350 111 51 34 21.5 13.7

' 5,000 - 1,900 230 90 57 35 23
' 10,000 - - 400 140 80 47 31
'

20,000 - - 650 200 110 58 37
*50,000 - - 1,200 310 150 75 48

100,000 - - 1,800 420 180 90 55

From Rogers, T. and C.C. Gamertsfelder,1971,

. ,

e

J
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Figure AI.2 'Ihe use of the dispersion formula and,
coefficients c from Table AI.2 (from Wilson et al.,z
19 80) .
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Xo(x) 1 -h2 *

-x -x
r . _____ . _______ e., c____3 e., <__3 e., c__3

2e 2 Ld LrQ ru eyez zx

I.B. Consecuence Analysis
.

i

The oose at any position subsequent to a large scale release
would depend not only on the source characteristics, but on
atmospheric conditions. The consequences to the public health of4

*
that dose, measured by the magnitude of its biological impact

'
would, in addition, depend on the lets1 density and distribution

i of the exposed population and on possible emergency plans (e.g.,
evacuation or shelter). The characteristics of the population in

,

j. the vicinity of a given plant are known or knowable and the
~

! number of reasonable emergency actions is quite small. But
':

i weather conditions at the time of the accident cannot be
predicted. However, the conditions would probably not be
correlated with the accident occurrence, and the probability;

| spectrum of weather conditions can' be inferred from past
meteorological observations at a given site, so one can perform a

,

j probabilistic analysis.
I

! Such statistical estimates of consequences of accidents at a
site with a specified population density in the vicinity of the

j plant and for a given source and interdiction scheme are usually
i- performed by making many repeated discrete calculations of the
{ distribution of acute and latent doses over the population area.

Typically 100 such calculations are made for each statistical'

; estimate of consequence. Each individual ' calculation includes
i the meteorological dispersion that would have resulted from an
I hourly sequence of weather conditions, from one (or more) year (s)

of past weather history at the site, for which the initiation
,

time was randomly selected. The consequencas derived fromj

j individual dose-distance estimates may be evaluated in terms of
; the doses themselves, or by applying them to models which

associate certain incidences of health effects with doses. The
set of results achieved is then used to infer the relevant
probability distributions of doses (or other consequences) at
various distances and directions from the site. Since in
emergency planning severe consequences are emphasized, such as in *

100 year floods or hurricanes, the upper 95th 99th ercentileor p
of the probability distribution is often taken as the most
important parameter as well.

.

I.C. General Features of Dose Distributions

The time of a release of radionuclides .Q (in C1) in an
accident is not expected to be correlated with the weather
conditions. Therefore it is useful to discuss the probability
distribution of x(x) at each location x, and therefore the
probability distribution of dose as the meteorological conditions
take the various values throughout a year. While the weather at

,

each site is unique, this probability distribution for a number
of different sites are found to have strong similarities. This
is particularly true of the low probability, high dose end of the
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consequence frequency spectrum (i.e., where the probability of 1
,

projected doses being exceeded is five percent). Under these
conditions, the calculated high dose results are found to be ;

similar from site to site regardless of unique site |

meteorological conditions. This similarity exista largely
e because some rainfall occurs at nearly every location around

every currently operational nuclear plant site at some time
during a period of a year. Such weather conditions generally
yield the local high dose, low probability conditions in a set of

, calculations, performing the statistical calculations is
relatively long and tedious and consequently the calculations are
carried out on large scale computers. In the following, a model
of the dominant features of dose distribution calculations is
developed using very simplified methods. Subsequently, the model
is compared with the results of detailed sets of calculations to

-

gain insight into the calculational results.
,

Let an amount Q (in curies) of a particular radionuclide, i,

be released. The dose at ground level (z = 0) at a distance x
downwind from the source is the sum of throu of the four
components mentioned in Section II.B of the main report; the
fourth component, ingestion of food and drink, Df, is omitted.

De Di DgDy = + +

total = external + internal ground+

dose cloud dose dose
dose

If the gaseous material were dispersed uniformly as a
semi-infinite cloud of concentration x (measured in Ci-sec/m3)
defined in the half space above the ground, the (external) dose

De at ground level from the gamma rays emitted by the
radionuclides in the cloud would be

Xe KeX

De = --- = FQ --
2P 2P

where p is the linear absorption coefficient for these gamma
,

rays, K, (measured in rem-m2/Ci-sec) is the total (external) dose
delivered per unit gamma ray fluence (in Ci-sec/m2), and F is the
centerline dilution factor calculated above.

* The inhalation dose, Di, for a person immersed in the cloud
is given by the product of the amount of material inhaled per
unit time and the dose per unit amount inhaled (Ki measured in--

rem /Ci).

FQBKiDi = xBK1 =

where B is the volume of air inhaled per unit time (in m3 ..e),/

.

If the person moves out of the cloud, and stays only for a time
Ti short compared with the duration of the radionuclide release
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Tm, the dose is reduced by Ti Tp. The dose per amount inhaled/
.

has been determined by experiment and includes the effect of the
biological half life of the material.

The deposition of aerosol from the cloud would be uniform and
the surface deposit S would be S = xVd FQVd. The ground dose=

,

resulting from exposure to that source for a time interval, T 2,
at a height, z, above an infinite plane covered with that source
is:

1 1
Dg = xV Es(p z)K T2 - FQV Es(p z)K T2d = d

2 2
'

where El(x) is the exponential integral. In our cases, z is .

about 2 m and Es(p z) varies from 3 to 5. It is assumed that the
time interval T is much less than the half lives of the2
radionuclides concerned. For any radionuclide whose half life is
less than T , Te must be replaced by (t /2)/In2 in the sum over2 1
radionuclides.

Summing these, the total dose is:
'

V ' K TeK. d
Dr = FQ [ -- + BKi + -------- Es(p z) 1

2p 2

Of these parameters, p, K., and K1 are all dependent on the
particular radionuclide 1.

In an actual release, the releases and deposits would not be
of infinite spatial extent, and therefore not of uniform
concentration. The dose delivered to an individual at ~ ground
level and a distance, x,'from the point of release of an isotope,
1, and for some nominal set of weather conditions, must be
rewritten to account for these differences:

Gs(x) K.
Dr = FQ [ BKi + G2(x) Vd T Ke 3-------- *

2
p

.

The factors, Gs(x) .and G2(x), correct for the effects of
finite source geometry and also provide any remaining necessary
corrections. Gs and G can be written explicitly, as functions2
of x and now include the factors of 2 and Es(p z). Since the *

contributions to dose are dominantly from sources close to the I

dose point, it is evident tnat Gs and G do not depend strongly2
on meteorology. Their dependence on the radionuclide, 1, is due
largely to differences in the energies of their gamma radiations
and so on their attenuation coefficient (p) in air. The effect
of varying delays between the time of reactor shutdown and time
of release may, because of differences of half life of individual
radionuclide components, change the overall radionuclide .

composition in each group and hence change the dose differently
for different groups.
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|

l
'

.

Each additive term in the dose is a product of three major
'

factors. The first, FQ, depends upon the magnitude of the source
term; Gs(x) and G2(x) are geometric factors; and the factors, K.,

|
Ki, and p depend on the radiological properties of the
radionuclide, properties of air and human tissues. !,

It has been traditional in accident analysis to categorize
various isotopes into groups according to their chemical and
physical properties. The largest releases are expected from the,

noble gases, which are hard to retain. However, the biological
dose to humans from these gases is expected to be small. The
halogens, the cesium group, and the tellurium group, are fairly
volatile and in a severe accident most of these could be released
from the core. In the severe accidents discussed below, several -

hours are projected to elapse between reactor shutdown and -

containment failure. Even if slow wind speeds are projected at
the time of the release, perhaps less than an hour would elapse
between radionuclide release from the containment and exposure at
a distance of two miles which is the edge of the exclusion zone
where much of the public can be found. Thus the relative
fraction of radionuclides within each group will not change
appreciably over this time period, so that, if the ration of the

* source terms are known, the ratios of the doses can be calculated
for different groups. The release fraction for most of the
release groups depend on the detailed history of the accident.

It is interesting to compara doses for various release groups
| to a hypothetical 100* release of the noble gases. Karahalios

(1984) has noted that the shape of the spatial distribution
curves of dose appears to be relatively independent of weather
patterns, particularly for the high dose-low probability tail of
the annualized probability distribution. At the request of the
study group a set of calculations was made (Karahalio,a and
Gardner, 1984), using the CRAC2 code (Ritchie et al., 1983), to
calculate the dose that would result from sources consisting of
single release groups only. A typical set of annual
meteorological data was used and alternative time intervals of 2
and of 24 hours were assumed for the delay between reactor scram
and containment failure. The results cited in the remainder of

8 this section and in Figure II.B.1 are based on their results.
,

The dependence of dose on the distance from the source was
tested by examining the doses that would be delivered by a source

'e composed of 100% of the core inventory of noble gases and with an
arbitrarily chosen it of the core inventory of each of the other
radionuclide groups for a given sat of weather conditions.
Except for the poble gases, each of the radionuclide groups was
assumed to have a uniform aerosol depositional velocity which wasi

;' identical for all other radionuclide groups. Other conditions'

are listed in Table II.B.4. Weather conditions were
; statistically sampled from those observed historically at a

particular site. The value of the upper 95th percentile of the
~probability distribution of dose for each group for an array of,

#

distances was used to characterize the dose-distance relation for

i
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that group. The ratio of the dose for each group to the dose from -

the noble gas group was calculated for a set of distances and
normalized to unity at a distance of 5 miles. The results are
presented in Table II.B.4.

The spatial dependence of these ratios and of the noble gas *

dose delivered are shown in Figure II.B.1 for the two time
intervals assumed for the delay time between reactor shutdown and
containment failure. The plotted ration for all groups are
nearly indistinguishable, which is consistent with the assumption -

that all components have identical transport properties. There
is a small, but weak, coupling between the dependence on distance
and on radionuclide composition and this causes the ratio curves
for the differing decay times to be slightly spread into a narrow -

band. Finally, there is a remaining spatial variation (variation -

in x of a factor ranging from 2 to 0.7) in that band,
corresponding to distances x between 1 and 10 miles. This arises
primarily because of the settling out of the aerosols which carry
the non-noble gas radionuclides.

It is convenient to take as a benchmark that, in a severe
accident with degraded core and failed containment, all of the
noble gases would be released. Thus, for such an accident, the
minimum dose delivered must be at least that from the noble
gases. In Table II.B.4 are listed the fraction of the group
inventory at the time of reactor shutdown that, if released,
could deliver the same dose at 5 miles as would the entire noble
gas source. If the release for any group were an order of
magnitude less than the tabulated value, the dose from that group
would not make a significant contribution to the total dose.
Thus, each tabulated value serves to define a significant release
for its group.

Some of the isotopes of xenon and krypton are short-lived.
This is the reason the dose for a 100* release after a 24-hour
delay is decreased by a factor of 5 below that for a 2-hour
delay. From Table II.B.4, the corresponding decrease in the
iodine group is a factor of about 2, while the other components
are almost unchanged. As a result, for a 24-hour delay, a
smaller release for any group is required to deliver the same ,

dose as would the noble gas group.

If containment fails in a severe nuclear reactor accident it
is expected that most of the noble gases will be released. This,

*then, is a useful " benchmark" for considering the importance of
the release frsction for radionuclides. From Table II.B.4, the
study group concludes that if the release fraction of iodine,
cesium, and tellurium can be shown to be 14 or less, then they
will contribute no more than the noble gases. From the same
table, the potential importance of releases of non-volatile
radionuclides can be seen.

.
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APPENDIX II: HEALTH EFFECTS -

A severe nuclear accident with a large release of
radioactive materials has the potential of exposing humans to I

very large doses of ionizing radiation. Among the constituents of
* the " source", the fission products and activated core structure

material constitute the major source of beta and gamma radiation.
The fuel and actinides formed by neutron capture in fuel act as
the major sources of alpha radiation and emit beta and gamma* radiation as well. The physical form of the release would be as
gases and aerosols, transported to the public by atmospheric
winds. Some fraction of the aerosols, depending on atmospheric
conditions and aerosol properties, would " fall-out" and be
deposited on horizontal surfaces.

-

1
Humans could be exposed to gamma radiation originating from

radionuclides remaining in that cloud or on ground surfaces.
Gamma radiation is indirectly lonizing and so is capable of
delivering a radiation dose to a' system even if the source is
external to that system and there is material interposed. The
gamma component dominates any effects from the external radiation
source. The most significant characteristics of each
radionuclide would be the number of atoms, the half-life and the
relative intensities and energies of its gamma radiations. The
exposure duration from cloud components would be limited by the
transit time of the cloud past the dose site. Exposures from
deposited components, on the other hand, could continue on (with
decreasing activity) for long periods of tiwe (perhaps for years)
if long half-lived radioisotopes were included among the
components of the cloud and no cleanup activities were conducted
to reduce potential population doses.

As cloud components approached ground level they could be i
inhaled or ingested by humans. Once inside the body, the
radionuclides would act as internal exposure sources with
contributions from alpha and beta as well as gamma radiations.
Alpha and beta radiations are directly ionizing and easily I

stopped by quite small amounts of materials. If the alpha and
beta emitters entered the body, the energy of those emissions

'o would be completely absorbed. The chemical and physical forms of
'

the aerosols and isotopes would determine the biological uptake
and excretion rates and so influence the effective time of
exposure for various bodily organs. These times, together with

'

the number of atoms, the beta or alpha energies, and the,

radiological half-life control the total dose to the organs and*

so characterize the sensitivity of the exposure to the particular
, distribution of isotopes in the source.
1

i The interest in a source term derives ultimately from a !
'

desire to characterize the range of magnitudes of health effects
,

resulting from such a release. In order to do ao it is necessary !
to consider ~the relationship between radiation exposure and
health effects. The exposure of individuals or populations to *

high levels of radiation may result in the incidence of a variety
of severe health effects whose symptoms depend stochastically

,
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.

upon exposure dose and may vary with the time elapsed after'

irradiation. The most definitive pertinent human data on
radiation health effects has been obtained from the very high
exposures experienced by victims of atomic bombs and by medical
patients treated with massive doses of radiation. The effects ,

observed for these groups span the range from death occuring soon
after extosure to the onset of various fatal and non-fatal
malignant. tumot s which may appear soon after exposure or may
continja to be a potential threat for many years following ,

exposu;%.

The relationship between dose and human response at
relatively low radiation exposures is much more difficult to
establish. Although radiological effects can only be defined }
probabilistically at any level of exposure, at some low level of
exposure neither early deaths nor early severe illnesses will be
observed. However, even at these relatively low exposure levels,
delayed effects may occur. Although again, the occurrence of
delayed effects will be a low probability, and apparently random
effect with respect to exposures received. Among the harmful
biological impacts that may occur as a result of even low level
exposures are neoplastic (carcinogenic) and hereditary
(mutagenic) effects. Carcinogenic effects may not appear for
many years after exposure. By definitien, mutagenic effects
cannot be observed until a following generation. This delay
contributes to the difficulty in determining the quantitative
relationships between radiation exposure and resultant harm over
the range of very high to very low exposures. Moreover, the
carcinogenic effects that may result from radiation exposure are
identical to effects arising from other (usually uncontrolled)
sources. Humans are, of course, exposed to a large variety of

often at low exposure levels.carcinogenic substances --

Consequently, the problem of differentiating between cause and
effect of low-level exposures to carcinogens is very complex and

particularly when long latency periodsdifficult in humans --

between exposure and cancer induction are considered. predictions
of the expected consequences under these circumstances must of
necessity depend on calculational models whose functional forms
are derived from animal and cell experiments and whose parameters

*are determined inferentially and by extrapolation from existing

high dose human data. The quantitative and qualitative
for human sub ects at very low dosesuncertainties in predictions J

are fundamentally a reflection of the complexity of the process'

of radiation carcinogenisis for humans as well as the poor a

statistics in data involving humans. These limitations are
reflected in the uncertainty associated with the choice of models
for biological effects of low doses on humans, since the several
models differ qualitatively as well as quantitatively in their i

predictions for quite low doses.

physical radiation effects are usually specified in terms of
absorbed dose, defined as average energy deposited per unit mass .|

of absorbing material. Its units are the rad, where f
1 red = 0.01 J/kg. The deposition releases secondary electrons ]
generated by the interactions of the primary charged radiation ,

|
l
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.

along its trajectory (a gamma ray is indirectly ionizing,
typically by transferring its energy to an electron which acts as
the charged primary). Each secondary electron leaves the track
with .relatively low energy which is thereby distributed to a
volume enclosing the primary track. The resultant density of.

energy deposited is quite variable on a microscopic scale and is
independent of the nature of the primary radiation.

For primary radiations such as gamma rays, X-rays, or.
,

electrons- whose rate of linear energy transfer [LET] is ';

sufficiently low, the secondary electrons are spatially well
separated and only energy depositions from a single secondary
electron contribute to any microscopic volume. Both theory and
observation on a microscopic level show that the delivery of an

_

.

amount of energy exceeding a particular threshold value into the
critical effective target volume of a cell may lead to e i

biological effect. If, stochastically, a severe non-uniformity
in deposition occurs, it is possible (but rather improbable) for
that threshold to be exceeded as the result of the interaction of
a single secondary electron. While the number of secondary
electrons released depends on the energy of the primary
radiation, the density with which they are released depends on
LET. For high-LET radiations (such as alpha particles) the
spacing of secondary electrons is sufficiently close that more
than one secondary electron from a single primary track can
contribute to energy deposited .in a given volume. Thus, for
high-LET radiations the probability of exceeding the threshold is
much larger and much more uniform than that for low-LET
radiations.

The biological effects resulting from injuries associated
with radiation exposure fall into two general categories
depending on whether single- or multicell interactions dominate
(Bond, 1981a). At high radiation levels, while both single or

t multi-cell interactions may occur, multicell effects dominate.
I Multicell effects involving particular organs are observed soon
| after exposure and are . termed organ effects. When a large
j fraction of the functional cells of a particular organ are
'

injured or killed, the organ fails or has its function impaired.,
; Organ effects generally have a dose threshold below which they
! are not generally observed. That threshold can usually only be
i achieved with a high-level radiation exposure (often at levels of
! hundreds or thousands of reds). Once that threshold has been

[ exceeded, the severity of injury increases as the dose to any
part of the organ is increased.

At sufficiently low levels of radiation, effects may be
.

restricted to single cell perturbations. Interactions lead to
i energy deposition in or near a cell volume. If the threshold for

sufficient energy deposition is exceeded in a critical volume of
an individual cell, that cell may undergo alterations or
impairment of function. The observed effects are termed single -

cell effects. The probability of interaction with any given
cell, the amount of energy deposited in that interaction and the
probability that the cell will be affected are all random
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variables. -

If a cell population is exposed, the number of observable
effects is related to the doses to individual cells. However, the
determination of which members of that population suffer an
effect is random even for a uniformly distributed dose. For a *

given type of radiation, the amount of energy that can be
deposited in a single interaction is independent of the average
energy delivered to all cells. The probability of the occurence
of effects is dependent on dose (since higher dose corresponds to -

more interactions) but there is neither threshold in incident
dose nor As the severity of the effect clearly dependent on dose.
Thus, for low levels of radiation, the incidence of effects will*

increase linearly with radiation dose.

The amount of damage in some cells may be too small to cause
the effects described above, but may still in]ure the cell in
some way. If a cell, once hit, is hit again before its previous
in]ury has been repaired, the combined multi-hit deposition may
increase the damage above the energy deposition threshold for
single-cell effects. Multi-hit effects become important at high
doses and high dose rates. For high-LET radiation the probability
of large single-hit energy deposition tends to be constant so *

that the incidence of health effects continues to be linear with
dose even at higher. dose. For low-LET radiations, large energy
deposits have low probability and occur randomly. As the dose
increases, the probability of multiple hits increases. At
first, the probability of multiple hits on a cell increases
quadratically as the dose increases and then as higher powers of
the dose. In this case, the expected dose-effect relationship for
single cell. effects will be linear for very low radiation
exposure but will rise with a higher power of dose as the dose
increases.

Note that it is the number density of secondary electrons.
that determines the number of cell effects. While the absorbed
dose serves as a surrogate for the number of electrons released,

I the LET of the primary radiation has an effect as well. A
i secondary quantity, H, called the Dose Equivalent, is used to

j include both of these contributions. H is defined as .

H = DQN

where D is the absorbed dose; Q is the quality factor, (a
,

continuous function of LET); and N contains any other dependence

|
on the particular organ [ 0 < N < 1 1. The unit of dose

; equivalent is the rem (1 rea = 0.01 J/kg). Q and N are so defined
' that, for D in red, H is in rem. For low LET radiation, Q=1.
|

The consequences of whole body irradiation depend both on
! the dose and on the time elapsed after exposure.

( At a dose equivalent level of several krem, massive and
-

I prompt in]ury to the. nervous system is the most significant
offect. The symptoms include convulsions, coma and early death

,

l
,
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(within a few hours to as long as a week or so). -

At dose levels between about 600 and 2000 rem, injury to the
gastrointestinal tract dominates with symptoms occurring such as
nausea, vomiting, diarrhea, dehydration and probably death*
(within a relatively short period of time -- e.g., within 60 days
of exposure).

At still lower doses, between about 200 and 600 rem, there*
are several groups of symptoms including depression of blood cell
formation primarily due to hemorrhage from a platelet deficiency.
A deficiency of granulocytes permits the development of infection
and there is anemia from hemorrhage and cessation of blood cell
production. There is the possibility of death (again within -

about 60 days of exposure) depending on dose levels and the #

evailability of medical facilities for treatment of victims.

These high dose level-consequence data have been- derived
primarily from animal exposure experiments and from victims of
direct and fallout radiation from atomic bomb explosions. The
health effects of such high doses have been assessed by a number
of investigators. A typical characterization of such high dose
level consequences is that an external gamma source producing an
air dose of about 300 to 350 rem will kill 50% of exposed but
untreated people in 60 days (LD-50/60) (Cronkite, 1958). It is
believed that 1004 mortality would be reached at about 500 rem
unless extensive medical treatment such as massive blood
transfusions and lung lavage were available. Such treatment
would raise the LD-50/60 to about 500-600 rem. The availability
of such extensive medical treatment would depend, at least in
part, on the number of casualties relative to the capacities and
capabilities of nearby hospitals. Sufficient data for human
exposures are available to reduce the uncertainties over lethal
effects of radioactivity to relatively low levels. Hence there
is little controversy over the biological health relationships
for lethal consequences of exposure to radioactivity
(Cronkite, 1981).

Animal studies show similar effects to those reported above
o for high level dose effects on humans. The distribution of
i fatalities observed for a controlled animal population is

typically sigmoidal. While the range of doses for the transition
-between Ox and 100% fatalities is observed to be quite narrow,
the application of this data to humans suggest that the,

distribution should be broadened somewhat to account for the
variability of an arbitrary human population. Further, the
exposures in the cases from which these animal data were drawn
were- all delivered externally at very high dose rates (> 1

res/ min). Controlled studies made on animals show the effects of
repair of radiation injury leading to a demonstration that
LD-50/60 increases sharply with decreasing dose rate as a
consequence of repair of that injury. There is reason to believe,

that similar repair processes also operate in man. However, if *'

lethal exposures occur from radiation released from reactor
containments, the dose rates will generally be sufficiently high

i

|
|
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to Justify the usage of the standard models for estimating
,

fatalities. It should be noted, however, that survival from
early fatality effects of exposure does not necessarily imply
freedom from delayed carcinogenic effects of irradiation.

For releases such as those postulated in the RSS, the ,

dominant contributors to early lethal effects are Kr-88, Te-132,
I-131, I-132. I-133 and I-135, Xe-133 and Ba-140 (NRC, 1975). The
relative significance of the contributions of various fission
products depends, of course, on the nature of the source term. .
The above categorization is representative of a large release
involving substantial quantities of iodine. Very severe events
with large source terms and adverse meteorological conditions
would be required to achieve lethal and near-lethal conditions
beyond distances of about five miles downwind from a nuclear ]power plant accident. Even if a core molt accident were assumed
to occur, the probability of exceeding lethal doses beyond these
distances would be very low.

When single (" point") values are given for a
probabilistically determined parameter, such as the LD-50/60
values cited above, it must be recognized that the probabilistic
definition of the parameter is incomplete without some
specification of the range of uncertainty in the given point
value. The uncertainty in the nominal LD-50/60 estimates cited
above for early fatalities (510 rems, assuming the availability
of extensive supportive treatment) covers a range from 400 to 600
rem (Lewis et al., 1978, p.19). This range in uncertainty in dose
may be interpreted in terms of uncertainty with respect to a
distance from the source of the accidental releases at which the
dose might be received. Results of consequence analyses indicate
that the LD-50/60 dose uncertainty cited above is essentially
equivalent to uncertainties in the limiting radial distances of
no more than about plus or minus one mile from the reactor to the
locations where the dose would be observed. Thus, assuming that
low population densities exist in the immediate vicinity of the
reactor, the uncertainty in dose-effects relationships for early
effects would not be expected to contribute substantially to
uncertainties in early fatalities. Neither would the
uncertainties in dose effects be expected to contribute in a very
major way to uncertainties in early illness, or to have a *

substantial impact on emergency planning.

Early lethal effects of whole body radiation exposure are
not significant for doses less than about 150 rem (Conrad et al., .

1980). However, individuals exposed to doses of several hundred
rems will probably exhibit clinical evidence of early illnesses
as a direct result of their exposures. The symptomatic external
evidences of early illnesses are dominated by cases of
respiratory impairment and/or temporary discomfort from vomiting.
The range of doses over which the probability of early illnesses
goes from zero to one is also quite narrow, although not as
narrow as the range for prompt lethal effects. The individual

,

riska of early illness range from a 30% chance at about 100 rem,
to 804 at 280 rem, and 100* for those who survive lethal effects
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et doses above 400 rom. The chances of incurring early illnesses
that might require treatment approach negligibility at doses on *

the~ order of 50 rems or less (NRC, 1975, App. VI). For exposures
near that value, the sources of supply of mature functional cells
are reduced such that the organ and the host individual have
impaired function. This depletion can be detected at doses as low,

as 40 rem in some organs. Blood cell platelet count reductions
(affecting the ability of the blood to clot) are observable over
a wide range of dose levels (from high exposures to doses as low
as 25 to 30 rem). platelet count reductions are roughly,
proportional to doses received by an individual and reduced
levels may persist for years after exposure.

If the individual survives 'the effects of the initial
exposures, any damaged organs regenerate their normal complement -

of cells (but the regenerated cells may not necessarily be -

normal) and the individual recovers. For those who do survive,
the most serious somatic effect is the increased probability of
cancer incidence as a result of the multiplication of the

I abnormal cells. Dormant periods on the order of ten years
'

normally occur between radiation exposure and the earliest
evidence of cancer incidence. One of the principal problems with
obtaining reliable date for cancer incidence in humans is this
long period of dormancy. Although 10 years is a typical dormant
period, there is evidence that in some cases the period may
extend over 30 years or more before cancer incidence is observed.
At doses lower than about 100 rem (for low-LET radiation) there

| la great uncertainty over the appropriate models to use for
estimating cancer incidence in humans. At these relatively low
doses, the paucity of human data makes it essentially impossible
to choose rationally between cancer incidence models on the basis
of such data. Consequently, increased reliance has been placed
upon theoretical models and the use of animal data. It is
commonly acknowledged that~ theoretical considerations are very
useful for defining dose-effect relationships for individual
(autonomous) cells. At this time, moreover, it is widely
acknowledged that animal data cannot be used with assurance to
determine dose-effect relationships for the complicated process
of radiation carcinogenesis in man (Rossi, 1980). There are a
variety of reasons why animals are not necessarily good subjects

# for developing models of the carcinogenic effects of radiation on
humans not the least of which is the relatively short life--

span of animals compared to the potentially long latency periods
for cancer development in humans. Since neither theoretical

e models nor animal data provide a definitive means for
establishing the dose-effect relationships for low-dose radiation
carcinogenesis in man, a substantial amount of controversy exists
within the scientific community concerning the appropriate
relationship to be used under such conditions.

As a consequence, there are currently (at least) 3 different
extrapolation models (based on radiobiological experience) that
have been proposed to estimate excess cancer incidence at done
levels below 100 rem (NAS, 1980). ~

r
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These are: -

- Cancer incidence is proportional to dose. This is
consistent with the assumption that a very small degree of cell
damage is required to induce cancer in higher animals. It is also
considered to be a conservative relationship and so is often used >

to generate radiation protection guidelines for public
protection.

- Cancer incidence is a quadratic function of dose. This is a

consistent with the assumption that the degree of cell damage
required to induce cancer in higher animals is so high that
multi-hit effects dominate as predicted by theoretical models.

_

Cancer incidence is a mixed linear, quadratic function of -' -

dose. This is consistent with animal data. The initial slope
corresponds to single cell effect relationship and a quadratic
term is added (perhaps corresponding to multi-hit effects) to fit
high dose data.

Since all three models are normalized to provide equivalent
estimates of cancer incidence rates at about 100 rem, the health
effects estimates from the models for very low doses differ by'

relatively large amounts. The linear model produces the largest
estimates of low dose radiological effects; while the quadratic
model produces the smallest effects. The mixed linear quadratic
function, of course, produces intermediate effects. Until
recently, major support for the quadratic model had been found in

; comparison between the Hiroshima and Nagasaki atomic-bomb
leukemia incidence studies. Recent reevaluation of the doses in
those two instances has changed estimates of the appropriate
doses and suggests that a major adjustment in interpretation of
the data may be needed (Loewe, 1981). For this reason, we will
consider only the comparison between the linear and mixed

| linear-quadratic forms.

For doses to individuals greater than a few ren, the ratios
i of the differences between the cancer incidence probability

estimates for the two models are typically smaller than the
uncertainty in the source term so that selection of either model; ,

] may be considered adequate. However, the linear model suggests
that the incidence of health effects in a large group of exposed

;

i individuals is dependent only on the integrated population dose
(i.e., the number of incident cancers is proportional to the sum

*
of the doses received by each member of the exposed population
multipled by the size of the population-- usually expressed in
person-rems). It would be expected that the bulk of a population
dose in a severe nuclear accident would be delivered to the many
individuals exposed to low doses at large distances (on the order

i of hundreds of miles) from the sites. In the mixed model, much
7 less weight would be placed on low dose contributions and so the

number of health effects predicted would generally be

; substantially lower than predictions of the linear model. -

i

These differences should be viewed in context. For instance,
i
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a population dose of 100000 person-rem could correspond to the .

exposure of 1000 persons to a dose of 100 rem or, instead, to the
exposure of 100000 persons to a dose of 1 rem. The linear model
would predict the same number of latent cancer deaths, about
15 to 50, for either case. While the mixed linear-quadratic
model would predict the same number of deaths for the first case,*

its prediction for the second would be much closer to 1. For
perspective, the expected number of cancer deaths occurring over
the -lifetimes of the exposed population of 100000 persons from

o preexisting " natural" causes is about 15000. The statistical
fluctuations for that value would be such that it would be
impossible either to distinguish between the models or to
demonstrate that there had been any change in the number of
cancer deaths. ._

.*,

9

e

,

i

;
,
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APPENDIX III: EXPERIMENTAL DATA BASE ON STEAM EXPLOSIONS
,

The requirements postulated for occurrence of steam
explosions are not fundamental ones and must be viewed as ways of
correlating the experimental data. In Table AIII.1 we summarize
some of these data. There exist two competing models to ,

correlate these. One by Henry et al. (1983) and another by
Corradini (Buxton, Benedick, and Corradini, 1980). In Table
AIII.2(o)'and AIII.2(b) we show a list, due to Berman (1983), of
the consensus and disagreements disagreements.

,

As we examine the tests carefully we note that the tests of
Koopmans et al. (1981) where LNG was poured on water have a scale
similar to that of a reactor accident. They are particularly+

interesting because earlier Burgess et al (1972) had failed to }
produce LNG / water explosions unless there was a large fraction of
ethane in the LNG (old LNG), and various authors had postulated
that an explosion with pure methane is impossible. Yet not only
did Koopman et al. (unexpectedly) find such explosions, they were
large and efficient.

In test number 9 when LNG was poured upon water (Burro 9)
several explosions occurred (Table AIII.3). Of these the one at
35 secs was particularly large. Taking account only of the fuel
in the interaction zone (800 - 2100 kg) the thermodynamic
efficiency could be 354-144 and approach the theoretical maximum.
The theoretical maximum is determined by operating a reversible
cycle between the cold liquid and hot liquid for LNG at 109 K and
water at 300 K. If this were a Carnot cycle, the efficiency
would be (Th Tc)/Th = 644-

The pressure of this size of explosion would diminish as
1/r2 from the cone, and the 44 atmospheres pressure rise at 1 hr
becomes less than one atmosphere at a distance of 6 m--the size
of the containment vessel (Table AIII.4).

Other experiments using materials more directly relevant are
from Sandia National Laboratory (Buxton and Benedick 1979, 1980:
Buxton, Benedick and Corradini, 1980: Mitchell et al., 1981;
Berman et al., 1983). They report induction (delay) times of
15msee - 300 maec between initiation and explosion in their 9

experiments and conversion of thermal to mechanical energy of up
to 1.64.

'
m

.
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1

Table AIII.1. Experiments on Superheat Explosions *

........____ ..___ ...______....___.......____.._______.._____ .._.

Material Author
.............__.........____....___. ...______..____ ......______..,

Al on H O Long, 19572
U on H O Higgins, 19552
Metals on H O Higgins, 19552,

Al on H O Wright, 19662
Freon 22 - H O Board et al., 19742
Freon 22 - H O Henry et al., 19742
LNG - H O Burgess et al., 19722
Al on H O Lemmon, 1980 -2
Thermite - H O Buxton and Benedick, 1979, 1980 *

2
Corium/ thermite HO Buxton, Benedick, and Corradini. 1980-

2
Thermite HO Mitchell et al., 1981-

2

Fe304 HO Nelson and Duda, 1981-
2,

'

Nacl -HO Henry et al., 19792
LNG - H O Koopmans et al., 19812
Review Reid, 1983

............____......._______ ...__... ________.......______......

e

o

.

.
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.

Table AIII.2(a). Areas of Consensus (Berman, 1983) j

1. Some of us (Berman and others at Sandia) subjectively
feel that direct containment failure by a steam *

explosion and a resultant missile is unlikely for a
large, dry, pWR.

2. Steam explosions in a pWR cavity are possible, or *

likely, and they will result in dispersal of fuel and
water.

.
-

.

Table AIII.2(b). Disagreements

We (Berman and others at Sandia) don't believe current data
support the following assumptions (alleged to be made by Henry,
1983):

1. A large-scale steam explosion cannot occur in- or
ex-vessel.

.

2. Coarse fragmentation to a particle size of 1 cm or less
cannot occur.

3. Coarse fragmentation to a particle size of 1 cm or less
is a necessary condition for a steam explosion.

4. A continuous liquid slug is necessary for upper head
failure, and such a slug is inconsistent with a
large-scale steam explosion.

5. The Henry Fauske film boiling fragmentation model is
appropriate for reactor accident calculations.

6. Mixing energy requirements specified in the IDCOR report ,

provide en important limit to mixing.

7 Enough is known about explosion triggering to state that'

triggers sufficiently strong to induce explosions at
,

high pressure are " incredible."

8. No significant fragmentation will occur in- or
ex-vessel. Hence, steam and hydrogen generation rates
will be negligible.

|

.
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Table AIII.3. Efficiencies of large scale LNG explosions (from Koopmar.
e t al. , 19 81) .

' .

Range of.

Time of Mass of LNG in Maximum Energy Measured Thermodynamic
,Explosion the Interaction Zone Yield Energy Yield Efficiencies

-

(secs) (k9) (MJ) (NJ) ( f.)

6.5- 390 39 0.3 0.7

7.1 36 - 426 3.6 - 42.6 0.5 13.9 - 1.2

9.2 126 - 552 12.6 - 55.2 2.4 19.0 - 4.3
I 21.4 732 - 1280 73.2 - 128 15.3 20.9 - 12.0

35.1 822 - 2100 82.2 - 210 28.4 34.5 - 13.E '

43.2 486 - 2590 48.6 - 259 0.2 0.4 - 0.06

46.0 168 - 2760 16.8 - 276 0.3 1.8 - 0.1
i 54.1 486 - 3250 48.6 - 325 0.3 0.6-0.00i

i
.

54.9 48 - 3290 4.8 - 329 0.4 8.3 - 0.1

66.9 720 - 4010 72.0 - 401 1.0 1.4 - 0.2

72.7 348 - 4360 34.8 - 436 0.3 0.9 - 0.07

o

o

.

t

f
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Table AIII.4 Large scale LNG-water experiments. Test: Burro 9. LNG

volume flow rate = 0.31 m3 sec (from Koopman e t al. , 19 81) ./

.

'

Time from Extrapolated '

, ,

Injection Volume Measured Pressure at*

Explosion ! Initiation Spilled Cverpressure 1 m Radius
Number (secs) (m3) (atm) (atm)

___ _

1 6.5 2.0 0.008 7.2

2 7.1 2.2 0.01 0 9.0

9.2 2.8 0.018 16.23 '

t

4 21.4 .6 . 6 0.039 35.1

5 35.1 10.8 0.049 44.1
1 ,

'

6 43.2 , 13.2 0.007 6.3 ,

e
-

. t

7 46,0 14.1 0.006 7.2

8 54.1 i 16.6 0.008 7.2

9 54.9 16.8 0.009 8.1

10 66.9 20.5 0.013 11.7
.

11 72.7 22.3 0.006 7.2
o

S

&
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GLOSSARY -

ABCOVE Aerosol Behavior Code Validation and
Evaluation Program *

Accident initiator The event which initiates a sequence
of events which causes a nuclear
accident 9.

Accident sequence A hypothetical sequence of events in
,

a nuclear reactor accident, grouped
by categories

ACRS Advisory Committee on Reactor
Safeguards (advisory to the AEC now
to NRC) .

Actinides A group name for the series of
radioactive elements from element 89
(actinium) through element 103,

(lawrencium)

ADS Automatic Depressurization System

AEC Atomic Energy Commission;a former
federal agency, disbanded by the
Energy Reorganization Act of 1974

AECL Atomic Energy of Canada. Ltd.

AFW, AFWS Auxiliary Feedwater System
.

AIF Atomic Industria) Forum

ANL Argonne National Laboratory

ANS American Nuclear Society

APR, APRS Automatic Pressure Relief System

APS American Physical Society

*
ASEP Accident Sequence Evaluation Program

ASTRS Accident Source Term Reassessment
Study

ATWS Anticipated Transient Without Scram

.
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Auxiliary building A structure housing a variety of -

equipment and large tanks necessary
for the operation of the reactor:
these include make-up pumps, the
make-up and waste gas decay tanks,

.o and the reactor coolant hold-up
tanks

I

Babcock and Wilcox (B&W) The company that designed and.-
F supplied the TMI-2 reactor and

nuclear steam supply system

BCL Battelle Columbus Laboratories

BETA Test facility at Mernforschungzentrum
~

-

Marlsruhe for core-concrete
anteractions.

BF Battelle Frankfurt Laboratories

BMI Battelle Memorial Institute

BNL Brookhaven National Laboratory
' BNWL Battelle Northwest Laboratories

Boiling-Water Reactor A light-water reactor that employs a
(BWR) direct cycle: the water coolant that

passes through the reactor is
converted to high pressure steam that
flows through the turbine

BURN Test series at Sandia National
Laboratory for x-ray ivestigation
of core-concrete interactions.

Burnup Induced nuclear transformation of
atoma during reactor operation. The
term may be applied to fuel or other
materials

CANDU Canadian Deuterium Nuclear Reactor
System

9
Capacity Factor The ratio of energy actually produced

to that which would have been
produced in the same period (usually
a year) had the unit operated
continuously at rated capacity

CEC Commission of European Communities

CFR Code of Federal Regulations -

CHR. CHRS Containment Heat Removal System

Glossary

i
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*

CLWG Containment Loads Working Group

Coil Series of tests at Sandia National
Laborntory of 200 kg steel melts on
concrete.

,

r COMMIX Computer code (3-D) under development
at ANL to calculate fluid flows under
accident conditions

3

CONTAIN Aerosol deposition computer code

Containment building The structure housing the nuclear
reactor; intended to contain ]
radioactive solida, gases, and water

,

that might be released from the
reactor vessel in an accident

Control rod A rod containing material that
absorbs neutrons; used to control or

halt nuclear fission in a reactor

Cooling Tower A heat exchange device that transfers
rejected heat from circulating water
to the atmosphere.

3

CORCON Computer code modeling core-concrete
' interactions

Core flooding system An emergency cooling system that in
the event of failure of the normal
reactor cooling system, e.g. loss of
primary coolant, removes the after-
heat by flooding the reactor core

Core melt Overheating of a reactor core as a
result of the failure of reactor

| shutdown of cooling systems that
leads to substantial melting of the )
radioactive fuel and the structures
which hold the fuel in place

! COREMELT Computer code being written for *

EpRI to describe core melt and

slumping

Core spray system An emergency cooling system that in
the event of failure of the normal
reactor cooling system, e.g. loss of
primary coolant, removes tho
after-heat by spraying the reactor .

core
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Corium A mixture of molten core, core
'

supports, and fuel cladding which is
the molten mass in an accident

CORRAL Aerosol deposition computer code

t
i CORSOR Computer code modeling fission

product releases from fuel

e' CRAC Calculation of Reactor Accident
Consequences, computer code for
radionuclide dispersion

CRD Control Rod Drive
'.
'

CS Containment Spray

. CSI, CSIS Containment Spray Injection System

CSNI Committee on the Safety of Nuclear
Installations of the OECD's
24-country Nuclear Energy Agency-
(NEA)

CSR, CSRS Containment Spray Recirculation
System

CST Condensate Storage Tank

CSTF Containment S Test Facility at
Hanford Engineering Development
Laboratory

Curie (C1) -A measure of the radioactivity level
of a substance; one curie equals the
disintegration of 3.7 x 1010 nuclei
per second and is equal to the
radioactivity of one gram of
radium-226

.e

k Degraded core Loss of fuel rod geometry, massive
zircaloy oxidation, etc.

.

DEMONA Demonstration of the behavior of,

*
nuclear aerosols in a large (1/4
scale) reactor containment test
facility at Bate 11e Frankfurt
Laboratories

Design basis accident An accident in an installation that,
(DBA) by agreement, needs to be taken into

account in devising protective
'

measures at the design stage .
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Deterministic approach The standard approach to the -

specification and analysis of
accidents in the licensing process;
e.g., specification of a design basis
accident followed by a prescribed,
usually conservative, analysis. The *

term is usually intended to contrast
the term "probabilistic" approach
used in probabilistic risk assessment s
(PRA) M

DHR, DHRS Decay Heat Removal System

ECI Emergency coolant Injection

'

ECR Emergency Coolant Recirculation
,

EFWS Emergency Feedwater System

Emergency ~ote Cooling A safety system in a nuclear
System (ECCS) reactor, the function of which is to4

prevent the fuel in the reactor from
melting should a sudden loss of
normal coolant occur

Emergency feedwater pumps Backup pumps intended to supply
feedwater to the steam generators
should the feedwater system fail to
supply water. Also called auxiliary
feedwater pumps

Enrichment The process by which the percentage
of the fissionable isotope
uranium-235 is increased above that
found in natural uranium

Environmental Impact A statement required by the
Statement (ETS) National Environmental Policy Act

(NEPA) of 1969 for any federal action
slightly affecting the environment

-5
EPRI Electric Power Research Institute

|

| ERDA Energy Research and Development ,
1 Administration; a federal agency,

successor to all nonregulsory
functions of the Atomic Energy
Commission, now taken over by the
Department of Energy

.

|

|

,

\ ~

'
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Event tree analysis The process by which an analyser of
~

accidents studies the accident
progression; the tree spreads into
many. branches corresponding to many

p possible modes of accident
i progression

. External event An accident initiator with an origin
f external to, and not caused by,

faults within the plant; e.g.,
earthquakes, sabotage, airplane
crash, etc.

Feedwater system Water supply to the steam generators
~

;
in a pressurized water reactor that
is converted to steam to drive

'
turbines; part of the secondary loop

FISPIN Computer code used in the U.K for
calculating fission product inventory
and decay heat

Fissile Material Atoms such as uranium-233,
uranium-235, or plutonium-239 that
fission upon the absorption of a low
energy neutron

Fission products Nuclides produced either by fission
or by the subsequent radioactive
decay of the nuclides thus formed

Grand Gulf A boiling water reactor owned by
Mississippi Power and Light and used
as a standard plant for analysis,

GREST Group of Experts on the Source Term

HAARM Aerosol deposition computer code

HEDL Hanford Engineering Development'

Laboratory

HEVA A 3 m3 containment for aerosol-

#
transport tests at Cadarache, France

High pressure injection A pump system, capable of pumping up
(HPI) to about 1,000 gallons a minute into

the reactor coolant system; part of
the emergency core cooling system

| HPCI High Pressure Coolant In]ection

HpCS High pressure Core Spray
.

j HPI, HPIS High Pressure Inyection System

Glossary
!
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HPR. HPRS High Pressure Recirculation System

ICEDF Computer code under development for
calculating ice condenser deposition a
factors -

ICEMA A laboratory in the Netherlands s

working on radionuclide release from 9
nuclear fuel

ICRP International Commission on
Radiological Protection

IDCOR Industry Degraded Core Rulemaking
Program; a program under the
sponsorship of the Atomic Industrial
Forum to evaluate severe accident
risk for existing nuclear reactors

INEL Idaho National Engineering Laboratory

INTER Outdated computer code fcr
core-concrete interactions

JAERI Japan Atomic Energy Resesrch
' Institute

KfK Kernforschungzentrum, Karlsruhe
Germany

LACE LWR Aerosol Containment Experiments
at Hanford Energy Development'

Laboratory

LANL Los Alamos National Laboratory

Let-down system A means of removing water from the
reactor coolant system

Light Water Reactor (LWR) A nuclear reactor that uses ordinary
water as a coolant to transfer heat
from the fissioning uranium to a

9steam turbine and employs slightly
enriched uranium-235 as fuel

Limerick A Boiling Water Reactor in
Pennsylvania with a Mark II |

containment

LNG Liquefied Natural Gas
.

Glossary
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Loss of coolant accident An accident involving a broken pipe,
(LOCA) stuck-open valve, or other leak in

the reactor coolant system that
results in a loss of the water* cooling in the reactor core

I

LOFT Loss of Fluid Test, a reactor used
g for experimental tests (carried out

r at Idaho Nuclear Engineering
Laboratory),

LPCI Low Pressure Coolant Injection

LPCS Low Pressure Core Spray -

LPI, LPIS Low Pressure Injection System

MAAP Computer code developed by IDCOR,
analogous to MARCH

Make-up system A storage tank in the auxiliary
building which provides water for the
make-up pump

Man-Rem A measure of human radiation
exposure; it is the total dose in Rem
received by the individuals in a
given population

MARCH Meltdown Accident Response
Characteristics Code

MARVIKEN A town in Sweden where tects are
being performed on aerosol
deposition

Maximum credible accident The obsolete terminology for the
worst accident in a reactor or

4{
nuclear energy installation that, by
agreement, needs be taken into
account in devising protective
measures at the design stage,

'P
MELCOR Computer code under development to

replace MARCH

MELPROG Computer code under development at
SNL to model the core melt down phase

MERGE Computer code to calculate flow of
steam through the reactor coolant
system .

MSIV Main Steam Isolation Valve

Glossary
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MW(e) Megawatts, electrical
'

MW(t) Megawatts, thermal

NAUA Computer code for aerosol
agglomeration and deposition {

NEA Nuclear Energy Agency (of OECD)

Noble gases Inert gases that do not react
chemically and are not absorbed by
body tissues, although they may enter
the blood if inhaled into the lungs:
these gases include helium, neon, ~,
krypton, xenon, and radon

NRC Nuclear Regulatory Commission
4

NSPP Nuclear Safety Pilot Plant at Oak
Ridge National Laboratory

NSS Tests at Sandia National Laboratories
of transient interaction of small
core melts with concrete

NSSS Nuclear Steam Supply Systems

NYPA New York Power Authority

OECD Organization for Economic
Cooperation and Development

ORIGEN Computer code for calculating fission
product inventory and decay heat

ORNL Oak Ridge National Laboratory

PAHR Post-Accident Heat Removal System

PBF Power Burst Facility, a test reactor ]'
located at Idaho National Engineering
Laboratory

Peach Bottom A boiling water reactor in i

Pennsylvania used as a standard
for BWR analysis

,

Poisons Materials that strongly absorb
neutrons; used to control or stop the
fission reaction in a nuclear
reactor

.

PORV Power Operated Relief Valve

Glossary
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Power Density The power generated per unit volume
of a reactor core

pRA Probabilistic Risk Assessment that
6 mathematically quantifies an expected
3 (or average) risk based on empirical
~

and theoretical equipment failure
rates and human error and the

fp anticipated consequences associated
with those failures, which may occur
either singly or in combination

Pressurized-Water Reactor A light-water reactor that employa
(PWR) an indirect cycle: the cooling water -

that passes through the reactor is -

kept under high pressure to keep it
from boiling, but it heats water in a
secondary loop that produces steam
that drives the turbine

Pressurizer A tank that maintains the proper
reactor coolant pressure in a
pressurized water reactor

QA Quality Assurance

QUEST A sensitivity study of the NRC suite
of computer codes conducted at Sandia
National Laboratory

QUICK Aerosol desposition code used as a
subroutine in TRAPMELT

Red A measure of the radiation absorbed
in tissue, corresponding to an energy,

absorption of 100 orgs per gram

Radiolysis The breaking apart of a molecule by
radiation, such as the splitting of
water into hydrogen end oxygen

RAFT Computer code calculating aerosol
- transport and deposition in ducts
P and pipes

; RAMA Reactor Accident Mitigation Analysis
project in Sweden

L i

RCS Reactor Coolant System

l

.

$

/
i

'

?
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Reactor containment A pressure resistant containing
system entirely surrounding a nuclear
reactor and designed to prevent the
release, even under the conditions of
a reactor accident, of unacceptable A

quantities of radioactive material e

beyond a controlled zone

RCS (Reactor coolant Water that cools the reactor core and 5
system) carries away heat; also called the

primary loop

Reactor vessel The steel tank containing the reactor -

icore: also called the pressure vessel

RELAP Computer code to calculate thermal
hydraulics in an accident

Rem (Roentgen Eq'uivalent The unit of biological dose given by
Man) the product of the absorbed dose in

rads and the relative biological
efficiency of the radiation

RHR, RHRS Residual Heat Removal System

RHRSW Residual Heat Removal Service Water

RPS Reactor Protection System

RPT Recirculation Pump Trip

i

: RSS Reactor Safety Study completed in
! 1975 for the Nuclear Regulatory

Commission by a committee chaired by
( N.F. Rasmussen: often called the
| Rasmussen report or WASH-1400
l

Rulemaking The process for changing a regulation
in the Code of Federal Regulations -

,

| (CFR): the process usually involves .

i a public hearing

RWST' Refueling Water Storage Tank k

SAI Science Applications, Inc., a
j consulting firm which works on source
i terms
I
i

SARP Severe Accident Research Program,
established by the Office of Nuclear

' Regulatory Research to provide an

| experimental and analytical basis for -

|
more accurate assessments of the

' risks of severe accidents at nuclear
power plants

,

i
|
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SARRP Severe Accident Risk Reduction
Program

f SASA Severe Accident Sequence Analysis
2 Program

SASCHA Experimental program on radionuclidep(
release from heated fuel

SBCS Standby Coolant System

SBGTS Standby Gas Treatment System
_

.

SCDAP Computer program under development
at INEL to model fuel damage'
progression

,

SCRAM Emergency shut-down system for
terminating the reactor chain
reaction

.

Sequoia A pressurized water reactor with an
ice condenser containment owned by'

the Tennessee Valley Authority

Severe accident A reactor accident more severe than
design-basis accidents in which, at
minimum, substantial damage is done
to the reactor core

Shutdown reactivity The reactivity of the reactor when it
has been reduced to the sub-critical

.

state by normal operating procedures:
shutdown reactivity is always
negative

SL-1 Army test reactor at Idaho Nuclear
[, Engineering Laboratory whien was
1:

destroyed by accident in 1961'

SLC Standby Liquid Control
r

i P
SNL Sandia National Laboratories

Source term The radionuclide release from a
severe nuclear reactor accident;
this is the subject of this study

SPARC Computer code used to calculate the
deposition of radionuclides on
bubbling through a water pool ,

Glossary
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Spent Fuel The fuel elements removed from a
reactor after several years of
generating power; spent fuel
contains radioactive waste materials,
unburned uranium and plutonium

3
'SUPRA Computer code being developed by

Science Applications. Inc. for
calculating deposition of radio- 'g
nuclides on bubbling through water

SURC Test series on core concrete inter-
actions in progress at Sandia
National Laboratory

_

,

Surry Pressurized water reactor owned by
Virginia Power and Light Company
and located at Surry on the James
River; it is used as a prototype
for pWR accident analyses

SWEC Stone and Webster Engineering Corp.

SWISS Test series in progress at Sandia
National Laboratory on core-concrete
interactions

TMI Three Mile Island (a reference to the
nuclear accident that occurred during
March 1979 at the nuclear plant
unit 2, 10 miles southeast of
Harrisburg, PA: located in the
Susquehanna River; the two plants
are PWR types, of Babcock and Wilcox
design

TRAC A thermal hydraulic computer code
(2-D and 3-D) developed at LASL

TRAPMELT A computer code to calculate )(
deposition of aerosols in the reactor J

coolant system

TREAT Transient Reactor Experiment and
Analysis Test at Idaho Nuclear
Engineering Laboratory

Trip A sudden shutdown of a piece of
machinery

Turbine building A structure housing the steam
turbine, generator, and much of the .

feedwater system
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TURC Test series on core-concrete inter- .

action in progress at Sandia

National Labor,atory
UEC United Engineers Corporation

b VANESA Computer code to calculate release
of gases from the core-concrete

gf interactions

VICTORIA A new computer code being developed
to replace CORSOR

WECHSL German computer code for core- _

concrete interactions c

Windscale Town in Cumberland. England where a
plutonium production reactor caught,

fire in 1957

Zion Two-unit pressurized water reactor
station owned by Commonwealth Edison
Corporation of Chicago, located north
of Chicago

Zircoloy-4 A zirconium alloy from which fuel rod
cladding is made

.

Y

7

.

I
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