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AMERICAN PHYSICAL SOCIZTY STUDY GROUP ON
RADIONUCLIDE RELEASE FROM SEVERE
ACCIDENTS AT NUCLEAR POWER PLANTS

15 February 1985

Dear Commissioner

I encleose a copy of the propecsed press release,
executive summary and conclusions of the APS report on
the "source term." Copies of the full report will be
hand delivered to the NRC offices at 1717 H St,, NW on
Tuesday, 19th February or Wednesday, 20th February.

We propose and hope you agree, tc keep this confi-
dential until the morning of Thursday 21 February when we
will report to you in person. -

Yours sincerely,

Richard wilson
Mallinckrodt Professor of Physics
Chairman, APS Source Term Study Group
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APS STUDY GROUP DELIVERS REPCRT ON RADIONUCLIDE
RELEASE FROM SEVERE NUCLEAR REACTOR ACCIDENTS

WASHINGTON, DC
21 February 1985

New calculations indicate that for many of the ways in which
a severe nuclear reactor accident might occur (postulated

accident scenarios or sequences the quantity of radionuclides
that would reach the environment (i.e. the "source term") is

much lower than that predicted ten years ago in the earlier

Reactor Safety Study (RSS) of 1975, often called the Rasmussen

Report. This reduction is attributed to three principal
factors:
1. The recognition that reactor containment buildings are

stronger than assumed by the RSS, and therefore fail, if

at all, at later times,

The inclusion in the modeling of previously ignored physical
and chemical phenomena which lead to the retention of

fission products.



3. The inclusion of additional sites which trap radionuclides more

efficiently than previously assumed,

One mechanism that might, for some rare sequences, increase the radio-
nuclide rcleases above those calculated in the Reactor Safety Study is
the release of non-volatile radiconuclides as the moltent reactor core

interacts with the concrete basemat, For this and other reasons, the

study group found it impossible to make a sweeping generalization that
the calculated "source term" would always be a small fraction of the

fission product inventory at reactor shutdown,

Lok AL TP P

These are the principal conclusions of a report delivered to the Nuclear
Regulatory Commission today by a study group of the American Physical

Society.

-

The American Physical Society were requested "to review the adequacy of
the technical database, upon which models for calculating such accidents

are constructed.,"

After the accident at Three Mile Island it was observed that much less
radicactive "lodine was released than had been expected in an accident of
this magnitude, This prompted an international study to examine whether

the same conclusion could apply to other situations.

The study group included: Richard Wilson (Harvard University); Kamal Araj

(Harvard University); Augustine Allen (Shoreham, NY), Peter Auver (Cornell



University); David Boulware (University of Washington); Fred Finlayson
(Aerospace Corporation); Simon Goren (University of California, Berkeley) ;
Clark Ice (Aiken, South Carclina); Leon Lidofsky (Columbia University);
Allen Sessoms (Dept, of State); Mary Shoaf (Princeton University);

Irving Spiewak (Oak Ridge, Tennessee); Thomas Tombrello (California

Institute of Tech .ology).

Attached to this press release are copies of the executive summary and

conclusions,



RADIONUCLIDE RELEASE FROM SEVERE ACCIDENTS

AT NUCLEAR POWER PLANTS
EXECUTIVE SUMMARY

Report prepared by a study group of the American Physical Society

under contract with the U.S. Nuclear Regulatory Commisaion

In 1983, the American Physical Society formed a study group
on radionuclide relesse from severe accidents at nuclear power
plants to "review the adequacy of the technical base upon which
the phenomenoclogical models for redionuclide release from
postulated severe reactor accidents are constructed, the adequacy
of the nmodels themselvea, and the correct uae of the complex
computer codea that incorporate these models in the enalyses of

accident sequences."”

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

-

Although this executive summary describes, explains, and
peraphrases some of the conclusions of this report, any reference
should be to the specific conclusion as written in Chapter VIII

rather than to the executive summary.

Executive Summary
“'--.“.I. " ,
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This report is concerned with the release of radionuclides
from & hypothetical severe nuclear reactor accident -- more
severe than any that has yet taken place. It discussea both the
predictions and the scientific basis for making thea. Although
ve have not calculated probabilities of individueal aeccident
sequences, we have chosen for detailed diacussion those sequences
deened by others to be "risk dominent” or to involve a wide range

of phyaicel and chemical phenomens.

The sestudy 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
besis for regulation concerned with severe accidents. In several
ceses, the new calculationa indicete thet weignificently emaller
quentitiea of radionuclides reach the environment than calculated
in the Reactor Safety Study. In other ceses, the calculated

quantities have not changed dramatically.

A reactor accident can lead to severe consequences only if
several barriers between the radiocactivity and the environment
are bresched. One postulated acenario by which thia could occur
is the failurd of the core heat-removal systenms. This would
ceause the core to overheat, lose coolant, melt, fell to the
bottom of the reactor pressure vessael, melt through the vassel
eand be quenched in the water of the reactor cavity. Thia would
release ateam and non-condenaible gases to the reactor

containment building, and thereby incresse the pressure, which

Executive Summnar:
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radionuclides

This report is concerned with the release of
from @& hypothetical severe nuclear reactor accident -- more
severe than eny that has yet taken place. It diacusases both the
predictions and the scientific basis for making them. Although
ve have not calculated probabilities of individual accident
.oqﬁcnco.. we have chosen for detsiled discussion those sequences

deemed by othera to be '"riak dominant' or to involve a wide range

of physical and chemical phenomens.

The study group finds considerable progress in devaloping
both & scientific basie and computationsl ability for predicting
the consequences of hypotheticel 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
ceses, the new calculations indicate that significantly samaller
quentities of radionuclides reach the environment than calculated
in the Reactor Safety Study. In other cesea, the calculated

quantities have not changed dramatically.

A resctor accident can lead to severe consequences only if
several barriers between the radiocactivity and the environment
are breached. One postulated acenario by which this could occur
is the failurefof the core heat-removal aystenms. This would
cause tha core to overheat, lose coolant, melt, fall to the
bottom of the reactor pressure vessol, melt through the vessel
and be quenched in the water of the reactor cavity. This would

release ateam and non-condenaible gases to the reactor

containment building, and thereby incresse the presaure, which
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would stress the containment. The Reactor Safety Study essigned
@ high probability ~-- one in ten -- that the containment would

fail at thie time. Thies is now considered to be very unlikely.

Once the water in the reactor cavity is evaporated, the core
would remelt from the heat generated by the decay of the fisaion
products end would attack the concrete floor. This interaction
would be very complex, releasing geses and radioactive asercsols.
Calculations indicete that this would cause the containment
building to faeil from overpressure many houras later -- although
it ies possible (and cleaimed by eome inveatigators) ¢that the
containment would hold for many daya. If the containment does
not feail, the molten core might eventually penetrate the
base-mot, but this possibility would have only modaat immediate

consequences for public safety.

Where new calculations indicete that radionuclide emissiona
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 contein the radionuclides in the event of ean
accident, are stronger than was assumed in the Reactor Safety
Study and th.r:{ora would fail, if at all, at later times;

(11) the inclusion in the -odolxag of various physical and
chemical phenomena, previoualy neglected, that will leead to
retontion of fission products; this retention is particularly
effective if more time elapses before containment failure; and

(i4i) the inclusion in the calculation of a number of sites

Executive Summary




which can retain fission products -- such as suppression pools
and ice heds, and in some cases auxiliary buildings -- that had

not previously been considered in detail.

The Reactor Safety Study pessimisticelly assumed that iodine
would be released to the environment as gaseocus molecular iodine.
There is good evidence that the iodine reects with cesium to form
cesium iodide, a salt of low volatility, which would either
dissolve in water or condense to form an eercsol. Some of the
serosols would deposit on surfaces in the primary reactor aystea
or, iAf a sufficiently long time were available, on surfaces in
the containment building; in either case, the relesae to the

environment would be reduced.

Some reectors are equipped with suppression pools and ice
condensers that are designed to condense steam. These can reduce
the release by s8cavenging the fission products. Howavar,
experimental studies to evaluate their effectiveness are only now
in progreas (suppression pools) or have not been planned (ice
beds). Moreover the effectiveness of these devices has not been
subjected to detailed peer review. Reactors that contain these
scavenging sites -- the Boiling Weter Reactors with suppression
pools and tho‘t few Preaasurized Water Reactors with ice condenser
containments -- have been studied far less than Pressurized Water
Reactora with large dry containments, eand little confirmatory
work has been carried out. The study group recommends more study

of hypothetical severe accidents involving these reactors.

Executive Summary



The study group looked for phenomena w.ich might ingrease the
radionuclide releases above those calculated in the Reactor
Safety Study. One such effect ia the release of non-volatile
readionuclides during the core-concrete interaction. Sone
non-volatile ftsoién producta, such as lanthanides, and sone
trensuranics, sesuch as plutoniunm, are biclogically quite
dangerous. The phenomena in the core-concrete interaction are
conplex and ere not fully understood; releases depend critically
upon the temperature achieved in the core-concrete interaction,
end other parameters which are not understood. Moreover,
the celculations are only in a preliminary stage. Sone
recent calculations indicete that releases of non-volatile
species may be greater than predicted in the Reactor Safety Study
for some postulated accident aequences. More experiments and
enalytical work are needed to imprcve the knowledge of the

chemistry and physics in this crucial area.

Phenomena that could generate aerosols or volatile iodine
late 4in 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 enitted
to the cnvxroqyont following a late containment failure. These

phenomena arefnot included in the present NRC computer models.

The study group examinred results produced by the computer
codes used by paerticipants in the asevere accident research
progranm. These codes have not, 4in general, been publicly

relessed. Although theae computer codea go & long way toward
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describing the complex phenomena involved, and represent & ma)cr
advance in the art of accident description, the norsal acientific
procedure for establishing the reliability of the results is not
cosplete. The study group racommends that the theoreticsl and
experimental studies be published in archival, peer-revieved
journals, and that the -omputer codes together with a clear and
complete technical description of the models and the assumptions

be made available to interested parties.

Relisble estimation of possible radionuclide releasa during
severe accidents et nuclear power plents requires direct
calculations, complex computer codes, small scale experiments,
and lerge acale experiments. This research has been underway in
several countrics, some of the research being of en international
coopereative nature. Becesuse of the complexities of the phenomena
being modeled, it is eessential to compare the computer codes
against well controlled, emall acale experiments and ageinat

realiatic, adequately instrumented, large scale integral

experiments to insure thaet all importent phenomena are modeled
with sufficient accuracy. Such comparison is not yet completed.
Because of this, the study group concluded that it cannot endorse
et this time specific quantitative eatimates for the amounts of
radionuclidesa ;;looncd. However, the general trends shown by the 1
calculations are consistent with our understanding of the
chemnical and physical phenomena involved. Fortunately, some of
the key pasrameters are largely detearmined by overall energy
considerations (as for exeample the maximum pressure reached in

the containment) and these can be estimated with a reasonable

Executive Summary



degree of confidence.

The quantity of radionuclides relessed is called the source
term. It coneists of contributiona from groups of radionuclides,
broedly cleassified 8as gaseous, volatile, and non-volatile. The
contributiona from the first two of these have been widely
considered to have the moat eignificent potential impacts on
public health. Theso are better understood now than they ware

previously.

The environmental impacts and mechanisms for relesses of
noble gases are the best understood. Their releases are not
thought to differ importently from those calculated in the
Reactor Safety Study, except insofar as radicactive decay could
reduce their radioactivity when containment failure ia late. Sone
current calculations of the release of the volatile redionuclides
to the environment predict substentislly emaller values than
those reported in the Reactor Safety Study because of the later
times to conteinment failure. The magnitude of the contribution
from the non-volatile radionuclides is still open to queation,
primerily 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 posaible to derive
factors by which the source terma for all radionuclides and all
reactors can be changed from the valuea reported in the Reactor

Safety Study. Research .hat is currently in progress will

Executive Summary
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improve this situation and may enab. such factora to be

determined for all importent radionuclides and reactor sequenceas.

|
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VIII. CONCLUSIONS AND RECOMMZENDATIONS

VIII.A. Conclusions

VIII.A.1. The atudy group finds that considersble progress has
been made since publication of the Reactor Safety Study (NRC
197%) 4in developing both a ccientific basis and calculetional
ability for predicting the socurce teram. In & number of casesa, nawv
calculations indicate that the gquantity of radionuclides that
would reach the environment is eignificantly lower than that
calculated in the Resctor Safety Study. This reduction can be
attributed to three principal factors: (i) the recognition that
resctor containments are stronger than sssumed in the Reactor
Safety Study and therefore fail, if at all, at later times; (14)
inclusion in the mnodeling of previously neglected physical a.d
chemical phenomena that lead to the retention of fimsion
products; and (4i4) 4inclusion of additional aites (suppression
pools, ice beds, auxiliary buildings) that trep radionuclides
more efficiently than previously essuned. These factors are

discussed in more detail in Sections VIII.B.1 to VIII.B.8 below.

VIII.A.2. Tné study group examined the chemical end physical
phenomena considared by the technical community aince tha Reactor
Safety Study was conmpleted. For most seguences and nost
radionuclides, theso phenomena reduce the source term from that

calculated in the Reactor Safety Study.

However, one mechanism that might, for some sequences,
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increase the radionuclide releases above those calculated in the

Reasctor Safety Study is the relesse of non-voletile radionuclides
in the core-concrete interaction. It is important to complete the
experiments now underway to improve our knowledge of the physics
.n& chemistry 4in this crucial area. Moreover, the analyaea
performed in the recent studies that we have surveyed have not

treatod all types of reactors nor all types of containments in

equal detail. It 1ia impossible to nake the aveaping
generealization that the calculated source term for any accident
sagquence involving any reactor plant would always be & snall
fraction of the fisaion product inventory at reactor shutdown.
Although further studies may improve this aituation, sone of the
reesons for this inability are ecnumerated in Sections VIII.C.1 to

VIIX.C.S below.

VIII.B. Detail) of Conclusjon VIIT.A.L

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 preessures about 2 1/2 times greater
then the nominal design pressures. Some leskage may occur at
lowver pressur®s; in fact, esrlier leakage could limit stressas to
values below the vyield etress. Quality assurance and testing
programs are necessary to ensure that an individual containment
achieves and retains the eatrongth that is poesible. The atudy
group noted that such programs exiat, but d¢id not review them or

their efficacy (see Section IV.D).

VI11. Conclusions & Recossendations
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VIiII.B.2. There are many accident sequences in the Reactor
Safety Study in which large scale aeerly fellure wvas assunad.
Deteiled careful calculation of several risk dominant sequences,
such as THLB’, suggeat that such large early failures predicted
for them do not occur Af the containment is aa strong as
calculated. One reason for thias is that accident-induced
pressures within the containmant are not expected to exceed yield
stresses until many hours aeafter the reactor pressure vessel
feilure. Another significant roceason 18 that stean explosionsa
large enough to challenge the containment directly are now

considered very unlikely (see Sections IV.E.2 and 111.C.0).

ViIi.B.3. A delayed containnent failure can allow tine for
natural, passive, mitigating processaeas to act. Several
mechanisme operate that depocit aeercsols onto asurfaces both
within the primary eyctenm and within the containmont. Te the
extent that the Reactor Safety Study underestimeted the tire to
failure and did not fully model these removal processaes, the RSS
over-estimated the “"source terms” for the accident sequences (see

Section 1I1I1.C.1 and Section IV.D).

VIIiI.B.4. ‘rdoloyod containment failure can also allow time for
the plant operators, if they are adequately trained, to recover
falled systems and to make effective use of active wmitigating

systemns to achieve & safe shutdown (sce Section III.C.1).

VII1.B.S. The source term for the releasse of noble gases,

krypton and xenon, is better understood than any other aource

o Pommesandations



term. A;-oot ell of these radionuclides are relessed 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 relesases are
not believed to differ significantly from those calculated in the
Reactor Safoty Study, except insofar as radicactive decay reducea
their radicactivity. If containment failure is delsyed, the
reduction is a factor of five between a two-hour release and a

tventy-four-hour relesse (Section II.B).

VIII.B.6. The chemical form of some important fission products
favors retention rather then releese. Cesium hydroxide (CaOH),
the dominant form of ceaium that ia observed in releacse from fuel
irradieted in water cooled resctors, can interact chenically with
surfaces in an irreversible way. lodine is usually observed to
take thae forms of cesium iodide (Csl) rether than moleculer iodine
(I2), and Cal can deposit more readily than I2 because Cal has a
lover vapor pressure and higher wsolubility in vater. 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

grester extent than was formerly assused, in auxiliary bulldings
and related etructures, supprecsion pools and ice condensars,
even though these were not designed to remove fission products.
The configuration of auxiliary buildings, and the penetrations

from them to the containment are very plant apecific. The ice

VI1l. Conclusions & Rescommendations
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beds and suppresaion pools may resove large quantities of fission
product;. However, well designed, eppropriate experiments are
necessary to establish the effectiveness of resoval under
accident conditions. No experimental program has investigated
the removal of fiseion 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
gesea, as well as to other varisbles. Any credit taken for
fission product removel by these devicos must reflect the
uncertainty in the knowledge of these controlling parameters (see

Section IV.C).

vViii.B.s. The calculation of the source term when the
containment has not been isclated or has been bypassed is very
sensitive to the details of the failure . Accidento are nore
likely just before and just after maintenance periods, and this
is just the time when isoletion failure is also most likely. The
containment bypass asequeances (V) are specific for each reactor;
once recognized, their probability and consequences can often be
reduced by simple asteps. We urge special attention to these
potential prédlems by the designers end operators of nuclear

installations (see Chapter VI).

Viii.B.9. The diversity of the various government, industrial
and foreign groups engaged 4in source term research makes it
unlikely that important phencormena wilil be left unconsidered. Ve

urge these groups to continue to support the investigation of

¢
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source term phenomena until more of the areas of uncertainty are

resclved (see Section VII.F).

VIII.C. Detail of Conglusion VIII.A.2

VIII.C.1., The sclection of the accident sequences for the source
term oeasessment in a very significant process. It is difficult
to be sure thet enough sequences have been studied to encompass
ell the physical phenomena involved. The study group believes
that NRC and ite contractors have selected the segquencos
reasonably well. However, aseveral of these sequences no longer
appear to be risk dominant, and other sequences have becone
relatively more inportant. In order to make sure that the risk
doninent aequences have been adequatealy identified and
investigated, wve strongly urge snother iteration of the process
of eselecting the sequences in the 1light of the understanding
gained a0 far. Sequencea that might be considered include
conteainment isolation failure and containment bypass sequences,
including the possibility of steam generator feilure during a
THLB sequence externally initiated by en event such as an

earthquake (see Section III.C).

s

Viii.c.2. Analysea of the Pressurized Water Reactors with large
dry containments have been more extensive than those with ice
condenners and of the Boiling Water Reactoras. Wo urge that

comparable attention be paid to these other reactor types.

VIII.C.3. 1If lerge amounts of the volatile elements cesium and

VIII. Conclusions & Recommandations




fodine wvere relessed, they would dominate the health hazard. For
that resson, most of the studies to dete have correctly
concentrated on the magnitude of cesium, iodine, and to some
extent, tellurium releasses. Howvever, if the calculations predict
relesses of cesium and iodine of less than a few percent of
inventory, this by iteelf does not ensure a smell source taecnm.
Considerable attention must then be paid to relesses of the

non~-volatile elementa (soe Sections II.B and IV.B).

VIII.C.4. There is & tendency to accept the premise that a
containment failure late in the accident will lead to small
relesses. Hovever, some phenomena, not fully analyzed, might lead
to higher relecesses than often calculated. These include the

following:

a) Volatile fiasion products retained in the primary systen
might revaporize from decay heating at a time when there is less
serosol in the containment to scavenge these newly liberated

species.

b) Deposited aerosols might be resuspended as a result of a
sudden depre@surization of the containment, or because of
nechanical forces aessociated with steam explosions or hydrogen

combustion.

©¢) The calculations for the core concrete interaction for
some accident sequences suggest far larger relessea of hazardous

non-volatile radionuclides than were essumed in the Reactor

urryry Poammliistone ¢ Doannosnandab inne



Safety Study. At this time it is neither clesr 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 eerocsols may not be as repid as
calculeated, as a result of thermal estratificetion or lack of

complete mixing.

.) The airborne concentrations of aeaerocscls within the
containment arc cenasitive to the time when condensed cpecies are
introduced. Conclusions must reflect the uncertainty in the nass

release rates and aeroscl characteristics (size, denaity and

ahape) of aerosols from both the primary system and the core

concraeate interaction (see Section IV.C).

VIIIi.C.S. Direct calculeatione, complex computer codas,
snall-scale experiments and large-scale experiments are all
necessary to resolve the source-term gquestions. The relative
role of these needa 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
resavaluate th‘tr experimental protocols to be sure that they
provide data to validate the computer codes under conditiona as
close as possible to those occurring in reactor accidents (see

Chapters V and VII).,

VIII.D. Bomsible Implicetions




The Nuclear Regulatory Commission has used the methodology
and conclusions of the Reactor Safety Study as the basis for
emergency planning. The NRC has eatablished an emergency
planning zone of ten miles radius primarily on the presise that
beyond ten miles few, if any, prompt deaths would occur in even
the voret cal-ulated accident., A fifty mile zone waas established
for coneidering health implications of contaminated food and

drink.

Although recent calculetions indicate that the source terms
for several radioisotopes in a number of important sequences are
amsller than the values obtained in the Reactor Safety Study,
other considerations contribute to present regulationa on
emorgency planning. Beceuse these were not within ite charter,
the study group takee no position on theo dasirability of changesa

in thoee reguletions,

The methodology of the Reactor Safety Study has also been
used to evaluate proposed changesa in reactor and nuclear plant
design and operation -~ either for future reactors or for
retrofita to existing reactore -- to reduce the probability of
accident, Th; study group has not atudied the question of
reducing the probability of accidents in detail and, therefore,
mRerely notes the obvious general point that it (s desirable to
prevent accidents as carly in the chain of events as posasible =~
for then the reactor may well satay intact in addition to the

public being protected.

VIiII. Conclusions & Recommendations
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The insights gained from source ters research and modeling
should be reflected in the desaign 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. Mejoxr Recommendations

The study group believes that the source term resesrch cannot

yet be regarded as adegquate.

Vill.E.1l. The NRC should continue © 4Ainsure a strong,
integratad, program of experimental and analytical studies in
order to provide a sound data base for calculestion of the source

term,

VIII.E.2. The NRC should undertake uncerteinty analyses so that
calculated radionuclide releases can be stated within explicit

limitas.

VIII.E.3. The study group recommends that the theoretical and
experimental _studies be published in archival, peer-reviewed
journals, ondtthot the computer codes, together with a clear and
complete technical description of the models and the assumptions,

be made availasble to intereated parties.
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New calculations indicate that for many of the ways
in which a severe nuclear reactor accident might occur
(pestulated accident scenarios or sequences) the gquantity
cf radicnuclides that wculd reach the environment (that is
the "source term"”) is much lower than that predicted ten
years ago in the earlier Reactor Safety Study
led the Rasmussen Report, This reduction is
three principal factors:
recogrition that the reactor buildings
assumed by the RSS ind th
times,
The inclusion i1n the
physical and chemical phenomena which
cf tission products,
The inclusion of additional sites which trap rac
niclide releases more efficiently than previcusly assumed,
One mechanism that might, for some scegquences, increase
radionuclide release above those calculated in the Reactcr
Safety Study is the release of non-volatile radionuclide® anc

the molten reactor core interactions with the concrete casemat,
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RADIONUCLIDE RELEASE FROM SEVERE ACCIDENTS
AT NUCLEAR POWER PLANTS

EXECUTIVE SUMNNARY

Report prepared by & study group of the American Physical Society
under contract with the U.S. Nuclear Regulatory Coamission

In 1983, the American Physical Society formed a study group
on radionuclide relesse from severe accidents at nuclear power
plants to "review the adequacy of the technicel base upon whizh
the phenomenclogical nmodels for radionuclide release from
postulated severe reactor accidents are constructed, the adequacy
of the models thesselves, and the correct use of the complex
computer coder that incorporate these models in the analyses of
accident sequen es.'

The impetus to the existing research came from the
observation that much less radicactive jodine w&s 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 thias executive aummary describes, explaina, and
paraphrases some of the concluaions of this report, any reference
should be to the specific conclusion es written in Chapter VIII
rather than to the executive summary.

This report is concerned with the release of radionuclides

from a hypothetical severe nuclear reactor accident =-- more
aevere than any thet has yet taken place. It discusses both the
predictions and the scientific basis for making thesm. Although

we have not calculsted probebilities of individual accident
sequences, we have chosen for detailed discussion those segquences
deered by others to be "risk dominant” or to involve & wide range
of physical and chemical phenomena.

The study group finds considereable progress in developing
both a scientific basis and computational ability for predicting
the consequences of hypothetical nuclear reasctor accidents since
the Reactor Safety Study of 1975 (WASH 1400) which isa the current
basies for regulation concerned with severe accidents. in several
cases, the new calculations indicate that significantly smaller
quantities of radionuclides reach the environpent than calculated
in the Reactor Safety Study. In other cases, the calculated
quantities have not changed drematically.

A reactor accident can lead to severe consequences only ({f
several berriers Dbetween the radicactivity and the environment
are breached. One postulated scenario by which thies could occur
is the failure of the core heat-removal saystems. This would
cause the core to overheat, loae coolant, wrelt, fall ¢to the
bottom of the resctor presasure vessel, melt through the vessel
and be quenched in the water of the reactor cavity. This would
release stean and non-condensible gases to the reactor
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containment building, and thereby increases the pressure, which
would stress the containment. The Reactor Sefety Study assigned
@ high probability -- one in ten -- that the containment would
feil at this time. This is now conaidered to be very unlikely.

Once the water in the reactor cavity is svaporated, 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, releasino geases and radicective aercsocls.
Calculations indicete that <his would cause the containment
building to fail from overpressure many hours later -- although
it ias possible (and claimed by some investigators) that the
containment would hold fox many days. If the containmert does
not fail, the wmolten core might eventually penetrate the
base-mat, but this posasibility would have only modest immediate
ronsequences 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 atronger than was assumed in the Reactor Safety
Study and therefore would fail, if at all, at later times;

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

(i1i) 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 previcusly been considered in detail.

The Reactor Safety Study pessimistically assumed that jodine
would be released to the environment as gaseous molecular 10dine.
There is good evidence that the iodine reacts with cesium to fornm
cesium iodide, & salt of low voletility, which would either
dissclve in water or condense to form an aerocsol. Some of the
aeroscols would deposit on surfaces in the primary reactor aysten
or, if a sufficiently long time were available, on surfaces in
the containment building; in either cease, 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 relesse by scavenging the fission products. However,
experimernital studies to evaluate their effectiveness are only now
in progress (auppresaion poocla) or have not been planned (ice
beds) . Moreover the effectiveness of these devices has not been
subjected to detasiled peer review. Reactors that contain these
scavenging sites -- the Boiling Water Reactors with suppression
pools and those few Presasurized Water Reactors with ice condenser
containments -- have been studied far less than Pressurized Water
Reactore with large dry contasinments, and little confirmatory
work hes been carried out. The study group recommends more study
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of hypothetical severe accidents involving these reactors.

The study group looked for phenomena which might increase the
radionuclide releasss above thcase ca.culated in the Reactor
Sefety Study. One such effect is the relesse of non-volatile

radionuclides during the core-concrete interaction. Sone
non-volatile fission products, such as lanthanides, and some
transuranics, such & e plutonium, are bioclogically quite

dengercus. The phencmena in the core-concrete interaction are
complex and are not fully understood:; releases depend critically
upon the tesperature achieved in the core-concrete interaction,
and other paramaters which ere not understood. Moreover,
the calculeations are only in a preliminary atage. Some
recent calculations indicate that releases of non-volatile
species may be greater than predicted in the Reactor Safety Study
for eome postulated accident sequences. More experiments and
analytical work are needed to improve the knowledge of the
chemistry and physics in this crucial area.

Phenomenas thet could generate aerosols or volatile iodine
late in an accident sequence as the result of decay heating or
chemicel reactions may alsoc be underestimated. The ae. ~sols or
iodine might have very slow depoeition rates, and even be emitted
to the environment following & 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
progran, These codes have not, in general, been publicly
released. Although these computer codea go a long way toward
deacribing the complex phenomena involved, and represent a major
advance in the art cof accident description, the normal scientific
procedure for establishing the reliability of the results is not
complete. The study group recommendas .hat the theoretical and
experimental studies be published in erchivai, peer-reviewed
journals, and that the computer codes together with a clear and
complete technical deacription of the modela and the agsumptions
be made available to interested parties.

Reliable estimastion of possible radionuclide relesse during
severe accidents at nuclear power plants requires direct
calculetions, complex computer codes, small acale experiments,
and large scale experiments. Thie research has been underway in
several countries, aome of the research being of an international
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 mocdaled
with sufficient accuracy. Such comparison 18 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 trendas ahown by the
calculations are consistent with our understanding of the
chemical and physical phenomena involved. Fortunately, scme of
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the key pararmeters are largely deterwined by overall energy
considerations (as for example the maximum pressure reached in
the containment) and these can be estimated with a reascnable
degree of confidence.

The quantity of radionuclides released is called the scurce
term. It consists of contributions from groups of radionuclides,
broadly classified as gasecus, voletile, and non-volstile. The
contributiona from the first two of these have been widely
considered to have the moat significant potential impacts on
public health. These are better understood now than they were
previocusly.

The environmental impacts and mechanisms for releases of
noble gases are the best understood. Their releases are not
thought to differ importantly from those calculated in the
Reactcr Safety Study, except insofar as radicactive decay could
reduce their radicactivity when containment feilure is late. Some
current calculations of the releese of thc voletile radionuclides
to the environment predict esubstantially semaller 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-volstile radionuclides is still open to question,
primaerily becsuse of the uncertainty of the core-concrete
interaction.

For the ressons described in the previous six paragraphs,
the study group believes that i1t i1s 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 seguences.
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VIII. CONCLUSIONS AND RECOMMENDATIONS

VIII.A. Conclusions

VIII.A.L. The study group finds that considerable progress has
been made since publication of the Reactor Safety Study (NRC
1975) in developing both e scientific basis and calculational
ability for predicting the source term. In a number of cases, new
celculations indicate that the quantity of radionuclides that
would reach the environment is significantly lower than that
calculeted in the Reactor Safety Study. This reduction can be
attributed to three principal factors: (i) the recognition that
resctor containments are stronger than essumed in the Reactor
Safety Study and therefore fail, if at all, at later timees: (11)
inclusion in the wmodeling of previously neglected physical and
chemical phenomena that lead to the retention of fission
products; and (1ii) inclusion of additional sites (suppression
pools, ice beds, auxiliary buildings) that trap radionuclides
nore 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 astudy group examined the chemical and physical
phenomena considered by the technical community since the Reactor
Safety Study was completed. For moat 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 seguences,
increase the radicnuclide releases above those calculated in the
Reactor Safety Study is the release of non-volatile radionuclides
in the core-concrete intersction. It is important to complete the
experiments now underway to improve our knowledge of the physics
and chemistry in thie crucial area. Moreover, the analyses
performed in the recent studies that we have surveyed have not
treated all types of resctors nor all types of containments in
equal detail. it I» impossible to make the aweeping
generalization that the celculasted 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.S below.

VII1.B. Detai] of Conclusion VIII.A.21

VITII.B.1. It is now generally believed that large scale failures
of reactor containments will not occur until]l their yield stresses
are exceeded -- at internal presaures about 2 1/2 times greater
than the nominal design pressures. Some leakage may occur at
lower pressures; in fact, easrlier leakage could limit stresses to
values below the vyield stress. Quality assurance and testing
programs are necessary to ensure that an individual containment
achieves and retains the strength that is possible. The study
group noted that such programe exist, but did not review them or
their efficacy (see Section IV.D).
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viii.h.2. There are many accident seguences in the Reactor
Safety Study in which large scale early failure was assumed,
Detailed careful calculation of several risk dominant seguences,
such as TMLB’, suggest that such large early failures predicted
for them do not occur if the containment 1i1s as strong as
calculated. One reason for this is that accident-induced
pressures within the containment are not expected to exceed yield
atresses until many hours after the reactor pressure veasel
failure. Another significant reason is that steam explosions
large encugh to challenge the containment directly are now
considered very unlikely (see Sections IV.E.2 and III.C.1).

viii.n.3. A delayed containment failure can allow time for

natural, passive, mitigating processes to act. Several
mechanisns operate thast deposit eercscls onto surfaces both
within the primary aystem and within the containment. To the

extent thast the Reasctor Safety Study underestimated the time to
failure and did not fully model these removal processes, the RSS
over-estimated the "aource terms' for the accident sequences (see
Section III.C.1 and Section IV.D).

VIII.B.4. A delayed containment failure can alsoc allow time for
the plant operators, i1f they are asdequately trained, to recover
failed aystens and to make effective use of active mitigating
aystems to achieve a safe shutdown (see Section III.C.1).

VIiii.B.S. The source term for the release of noble gases,
krypton and xenon, is better understood than any other socurce
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 depcosit on the ground. Their releases are
not believed to differ significantly from those calculated in the
Reactor Safety Study, except insofar as radicactive decay reduces
their radiocactivity. If contesinment failure 18 delayed, the
reduction is a factor of five between a two-hour release and a
twenty-four-hour rzlease (Section II.B).

VIiI.B.6. The chemical form of some important fission products
favors retention rather than releese. Ceaium hydroxide (CaOH),
the dominant form of cesium that is cobserved in relesse from fuel
irrad:ated in water cooled reactors, can interact chemically with
surfaces in an irreversible way. Iodine is usually observed to
take the form c@cesium iodide (Csel) rather than molecular iodine
(I2), end Csl can deposit more readily then I2 because Cs] has a
lower vapor pressure and higher solubility in water. In many
sequences, tellurium tends to form non-volatile compounds with
zirconium or estainleas steel (see Section IV.B),

Vilil.B.7. Fission products are calculsted to be trapped, to a
greater extent than was formerly essumed, in auxiliary buildings
and related structures, suppressaion pools and ice condensers,
even though these were not designed to remove fission products.
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The configuration of auxiliary buildings, and the penetrations
from thes to the containment are vaery plant aspecific. The ice
beds and suppresaion pools may remove large quantities of fisaion
products. However, well designed, appropriste experiments are
necessary to esteblish the effectiveness of remsoval under
accident conditiona. No experimental program has invertigated
the removal of fission productasa by ice condensers, and only
recently has an appropriste program for suppression pools been
started. The decontamination factors are expected to be
sensitive to particle size and the reletive humidity of the
gases, as well as tn other variables. Any credit taken for
fission product removal by these devices muat reflect the
uncertainty in the knowledge of these controlling parameters (see
Section IV.C).

Viil.B.8. The calculation of the source term when the
containment has not been isclated or has been bypassed is very
sensitive to the details of the failure . Accidents are nmore
likely just Defore and just after maintenance periods, and this
ia just the time when isolation failure is also mocst 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 speciasl attention to theae
potential problems by the designers and operators of nuclear
installations (see Chapter VI).

VIII.B.S. The diversity of the various government, industrial
and foreign groups engaged in source term research makea |t
unlikely that important phenomens will be left unconsidered. We
urge these groups to continue to support the investigation of
aource term phenomena until more of the areass of uncertainty are
resolved (see Section VII.F).

VIII.C. Detail of Conclusion VIII.A.2

VIII.C.1. The selection of the accident sequences for the aource
term assessment is a very significent process. It is difficult
tc be sure that encugh sequences have been studied to encompasas
all the physical phenomena involved. The atudy 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 sequencesa have becone
relatively wmore important. In order to make sure that the risk
dominant seguences have been adequately identified and

investigated, we atrongly urge another iteration of the process
of seleciLing the sequences in the 1light of the understanding
gained 8o far., Sequences that might be considered include
containment isclation failure and containment bypass sequences,
including the possibility of ateam generator failure during a
TMLB sequence externally initisated by an event such as an
earthquake, fire or flood (see Section I1II.C).

VIII.C.2. Analyses of the Pressurized Water Reactore with large

dry containments have been more extensive then those with ice
condensers and of the Boiling Water Reactors. We urge that
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comparable attention be paid to these other reactor types.

VIII.C.3. 1If large amounts of the volatile elements cesium and
iodine were released, they would dominate the health hazard. For
that reason, nmost of the studies to date have correctly
concentrated on the ragnitude 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 dces not ensure a smell source terns,
Considerable attention must then be paid to releases of the
non-volatile elements (see Sectionsa II.B and IV.B).

VIII.C.4. There is & tendency to accept the premise that a
containment fajilure late in the accident will lead to small
releases. However, some phenomena, not fully analyzed, might lead
to higher releases than often cealculeated. These include the
following:

a) Voletile fission products retained in the primary system
might revaporize from decay heating at a time when there
is less aercscl in the containment to scavenge these newly
liberated species.

b) Deposited aeroscls 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
hazerdous non-voletile radionuclides than were assumed 1in
the Reactor Sefety Study. At this time it is neither
clear that the physical and chemical phenomena involved
have been correctly modeled nor clear that the
calculatione have been done correctly.

d) The depoesition of the aeroscls may not be as rapid as
calculated, as a result of thermal atratification or lack
of complete mixing.

e) The eirborne concentrastions of aseroscls within the
containment are sensitive to the time when condensed
apecies are introduced. Conclusions must reflect the
uncertainty in the mass release rates and aerosol
characteristics (size, density and shape) of aerocscls from
both the primary system and the core concrete interaction
(see Section IV.C).

I11.C.5. Direct calculeations, complex computer codes,
small-ascale experiments and large-scale experiments are all
necessary to resolve the source-term guestions, The relative
role of these needs continual reevaluation. 1In particuler, the

lerge scale experiments such as BETA, DEMONA, MARVIKEN, PBF, by
their nature take a long time. It is important to continually
reevaluste their e>perimental protocols to be sure that they
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provide data to validate the computer codes under conditions as
clcee as possible toc those occurring in reactor accidents (aee
Chapters V and VII).

VIII.D. Poesible Irz.jicetions

The Nuclear Regulatory Commission hes used the methodoloagy
and conclusions of the Reactor Safety Study as the basis for
erergency 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 wes established
for considering health implications of contaminated food and
drink.

Although recent calculetions indicate thet the socource terms
for several radioisotopes in a number of important seguences are
amaller 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 evaluaste proposed changes in reactor and nuclear plant
design and operation -- either for future reactors or for
retrofits to existing reactors -- to reduce the probability of
accident, The stucy group has not studied the questicn of
reducing the probability of accidents in detail and, therefore,
merely notes the obviocus genersl point that it is desirable to
prevent accicdents as early in the chain of events as pcoesible --
for then the reactor may well stsy intact in addition ¢to the
public being protected.

The 1insights 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 socurce term -- and therefore
the risk to the public -- in cost-effective ways.

VIII.E. Major Recommendstione

The study group believes that the source term research cannot
yet be regarded as adeguate.

viZii.E.1l. The NRC should continue to 1i1nsure a& strong,
integrated, program of experimental and aenslytical studies in
order to provicde a sound dats base for calculstion of the source
term,

VIII.E.2. The NRC should undertake uncertainty analyses so that
calculated radionuclide releases can be stated within explicit
limits.

VIIT.E.2. The study group recommends that the thecretical and
experimental setudies be published 1in srchival, peer-reviewed
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jeurnals, 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.
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