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LEGAL NOTICE

This report was prepared as an account
of Government sponsored work. Neitleer the
United States, nor the Commission, nor any
person acting on behalf of the Commission:

A. Makes any warranty or representa-
tion, express or implied, with respect to thz
accuracy, completeness, or usefulness of the

? ~ information contained in this report, or that

the use of any information, apparatus, meth-
od, or process disclosed in this report may
not infringe privately owned rights; or

B. Assumes any liabilities with respect
to the use of, or for damages resulting from
the use of any information, apparatus, meth-
od, or process disclosed in this report.

As used in the above, “person acting on
behalf of the Commission” includes any em-
ployee or contractor of the Commission to
the extent that such employee or contractor
prepares, handles or distributes, or provides
access to, any information pursuant to his
employment or contract with the Commis-
sion.
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 THEORETICAL POSSIBILITIES AND CONSEQUENCES OF

MAJOR ACCIDENTS !N LARGE NUCLEAR POWER PLANTS

A Study of Possible Consequences if Certain Assumed Accidents,
Theoretically Possible but Highly Improbeble, Were to Occur

in Large Nuclear Power Plants

UNITED STATES ATOMIC ENERGY COMMISSION

Manb 1957

ek GG e

Foreword

This report to :ue Commission contains an account of & study under-
takes by the Division of Civilian Application, at the direction of the
General Manag.r, to gain a more comprehensive understanding of the
poteatial public hazards of nuclear power reactors.

A"l technical phases of the project were performed by a study team
compor—i of staff members of the Brookhaven National Laboratory, with
n-utnaol consultants and others from elsewhere. Principal contributors
were:

Dr.J. B. H. Kuper

Mr. James McLaughlin
Mr. Irving Singer

Mr. Maynard Smith

Dr. Clifford X. F-ek

Dr. Frederick P. Cowan

Mr. Kenneth W. Downes,
Project Director

Dr. Joseph A. Fleck, Jr.

The study was car. d out under the guidance of a Steering Committee
composed of acientists and engineers of the Atomic Ene~qy Cummission
staff and the Brookhaven Nuléoml Laboratory. Memhers were:

Dr. Clar' “ondman (replaced Ly
Mr. Howard Hembree. AEC)
Mr. Edwin A. Lamke, AEC,
Secretary
Dr. Gerald F. Tape. BNL
. Dr. Clarke Williams, BNL

Dr. Clifford K. Beck, AEC,
Chairman, Steering Committee
Dr. Walter D. Claur, AEC )
Mr. Kenneth W. Downes, BNL
Mer. Merril Eisenbud, NYOO

Valuable assistance throughout th+ study was also rendered by Mr.
Joshua Z Holland, AEC, and in some ¢f the technical phases by Mr. Ray-
mond O. Brittan. Argonne National Latoratory, and Dr. Everitt P. Blizard,
Oak Ridge National Laborst:ry.

Many other staff members, consultanta and advisors, Including mem-
bers of the Advisory Committee on Reactor Safeguards, slso readered
valuabie assistance in the study.
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Dzas Mx. DURRAM: There is transriitted herewith 3 report of a study of the powsible
comsequences in termys of injury to persons and damage to pro).rty, if certain hypu?hetical
major accidents should occur in a typical large nuclear power reactor.

More than two score leading experts in the sciences and engineering speciaition partici-
pated in this study.

We are happy to report that the experts all agree that the chances that major accidents
might cecur are exceedingly small.

This study constitutes a part of the Commission’s cortinuing effort on a brosd front to
‘cnderstand and resolve this problem of possible reactor hazards so that we may procead - h
an expanding atomic energy industry with .ull confidence that there will be few resc-.r ar i
dents and that such as do occur will have only minor consequences. This effort and the w-
of transiating the results into affirmative, concrete safeguards for protection of the pui.uc
will, of course, be continued and expanded.

Since the beginning of the reactor program the experts and the Congress and the public
and the Commission have all been ¢oncerped with the causes of and the poasible magnitude of
damage {rom reactof accidents and with means of prevention. The subject was considered
important enough to command four of the 60-0dd sexsions of the Intern..t.onal Conference vn
the Pesceful Uses of Atomic Energy in (Geneva eighteen months agr which, as you will re-
call, we initiated. One conference paper in particular gave estimater of the theopetical mag-
nitude of damage. (0 May of last year. Dr. Libby presented to your C-mmittee some
estimations of the possible extent of harm and damage shouid a major accid- at occur.

This study has taken the form in which it is now presentsd to you +~ a means of re-
sponding to the Commttee's specific request of last Ju.y 6. To produce such a study. it wax
aecessary to stretch possibility far out toward its extreme limits. Some of the wnre' prmsj.
ble combinations of circumstance« that 1vight conceivably accur were included in the hypo-
theses in order that we might astexa their consequences. The study must be regarded only as
8 rough estimation of the consequences of unlikelr though conceivabie combinations of failure
and error and wearher conditions; it is pot in any sense a prediction of any future condition.

This has been a difficult study to make. There has fortunitely been little reactor acci-
dent experience upon which to base extimates, Nuclear reactors have been nperated since
December 2, 1942, with a safety recurd fur better than that nf even the nafest industry. More
than 100 reactor years of regular operating experience have heen accumulated. including
experience with reactors of high power and large inventories of Sasion products, without a
single personal injury and Bo nigniSi-aat deponition of radinactivity nutside of the plant area.
There have been a few accidents sith rrperimental reactor installations as contrasted with
the perfect record of safety of the regularly operating resctors. But even these accidents did
mot afect the public.

This record which ahows that rafe aperation can be uhleud i due to akillful derigm.
careful construction. and competent operation. .

Looking tu the future, the principle on which we have based our criteria for licenxing
suclear power reactors is that we will require multiple lines of defense against acridents
which might release flasins products from the facility. Only by means of highly unitkely

combinations of mechauical and human failures could such releases occur. Furthermore, the
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Government and industry are investing heavily in studies t.; learn :. - ¢ about the princip'es
of safe reactor design and operation.

Framing evex hypotheticul circumstances under which harm and damage eould occur
and arriving at estimations of the iheoretical extent of the consequences proved a comgiex
task,
To make the study we enlisted the services of a group of scientists and engineers of the
Brookhaven Nationa’ [abaratory and of another group of waper's to serve as a steering
committee. Through recont months these men have met with mary 24diticiai expert ad-
visors to tes® . i Tnents ub *he estimates arrived at.

We are uot aware of such a study having been undertaken for any other industry. We
venture to say that if a simvilar study were to be maude for certain other industries, with the
same {ree rein to the irmagins?.un, we might be startled to learn what the cunsequences of
conceivable major cataxtrophic accidents in those other industries could be in coutrast with
the actual experience in thase industries.

Rememb.oring that this stud; analyzea theoretical possibilities and consequences of re-
actor accidenty, we might note here the judgments preseated on (1) possible consequences of
major accidents and (2) the likelihood of occurrence of such major reactor accidents.

The portion of the study dealing with consequences of theoretical sccidents started with
the assumption of a typical power reactor, of 500,000 kiowutts thermal power, in a charac-
teristic power reactor location. Accidents were postuiated to occur after 180 days of opera-
tion, when easentiully fuil fixsion product inventuries had been built up.

Three types of acridents which zould cause serious public damages were assumed. Pessi-
mistic (higher hazar'; values wecre chosen for numerical estimates of many of the uncertain
{actors influencing the final maygnitude cf the estimated damages. It is believed that these
theoreticul estimules ure greater than the damage which would actually occur even in the
unlikely event of such acvidents.

For the three tyjes «.f axsumed accidents, the theoretical estimates indicated tha® per-
sonal damage migiit rar g+ from a lower limit of none injured or killed to an upper limit.
in the worst case, of about 3400 kill:d and about 43,000 injured.

Thecretical property damages rangea from a lower limit of about one half mill‘or dol-
lars to an upper limit in the worst case of about seven billion dollars. This latter figure is
largely due to ussumed contamination of land with fixsion products.

Under adverse combinations of the conditions considered, it was estimated that people
could be killed at distunces up to 15 miles, and injured at distances of about 45 miles. Land
contamination could extend for greater distances.

In the large majority of th-oretical reactsr accidents considered, the total assumed losses
would not exceed a [ew hundred million dollars.

As to the probabilities of major reactor accidents, some experts held that numerical esti-
mates of a quantity so vague and uncertain as the :Volihood nf oecurrence nf maior reactor
sccidents have no meaning. They declined to expre«s their feeling about this probability ia
numbers, Others, thourh admitting similar uncertainty, nevertheleas ventured to express their
opinions in numerical terras. Estimatirns 80 expressed of the probability of reactor accidents
having major effects on the public ranged from a chance of one in 100,000 to one in a billion
per year for each large reactor. Howevsr, whether numerically expressed or not, there was
no disagreement in the opinion that the ,robability of major resctor accidents in exceedi
low. .

vili

Some of the reasons for this belief f- luw:

Firse, industry and government arr ‘etermined to maintain salety and prutect the health
%1 property of the public from nucleur hazarss. The Congress bas autnorized and we in the
Lommissi .a are carrying out a prog-am of cluic wnd caretul reguiation 2nd inspection. Thus
the potential hazard of this new industry has been recugrized in advame -/ its development
and brought under a strict system of safety cvatrol before the occur-cnce of the incidents
which in uther fieids have marked the birth of new industry and have rubsequently led to
controt

Secundly, the challenge of this new and important venture in man's applici “‘on of the
forces of nature has attracted able and energetic men into the work of a~suring wafe design
and operntion.

In the third place, multimillica dollar efforts in research aad development, buth public
and private, are directed toward ¢ -entifying and solving ~afety problems. We know of no
other industry where so much effort has been and is being =mrnt on the defi~ition und solution
of safety problems.

Fourthly, the cost to the industry anc gwvernment of reactor accl.lents, even of a minor
nature. would be very high—much highei *han (or accidents in other 1naastry. Self-interest,
thercfure, as well as pubiic intereat dictutes avvidance of accidenta.

To sum up, the report affirmes that a major reactor accident i extremely unlikely. To
reduce the matter of assumed hazards to coinparative numbers, let us tuke the most pessi-
mistic assumptions used and apply them 10 a cuse of 100 power reactors in operation in the
United States,

Under these sssumptions, the chances of a person being killed in any year by a reactor
accident waould be lexe than one in 50 million. By contrast the present wdds of being killed in
agy year by un automobile accident in the United States stand at about one in 5,000,

We are oot surprised hy the contents of the repart. nor are we made complacent. The
report serves to identif{y areas where continued research und development are needed, and
areas where emphasis is needed in the further development of our regulatory program. It
gives renewed emphasix to aur belief that our revearch and development program and our reg-
ulatory program in the nuclvar power field must continue with vigor to the end that the “con-
ceivable™ catastrophe shail nev: r hay oen.

We would appreciate your regarding the attachment as an “advance™ report. [t is being
reviewed for editorial and mech (nical errors and omisxiona. Copies of the repnrt as corrected
will be furnished to you at an early date.®

Sincerely yours, .
(Signed) Hanotp 8. Vance,
: Acting Chairman.

Euociceure: “Theoretical Pongidbilities and Consequences of Ma: r Accidents in Large
Nuclear Power Planta”

HoN. Cant T. DURRANM,
Chairman, Joint Committer on
Atomie Enerpy,
Congress of the United tates.

*Ed tevs Neote: In the sttached report. this review has Leen wade and the errers which wore ol relatively
winer. have beva corroctod
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Iantroduction

It might be supposed. because the essential
foei im 8 nuclear power reactor is the same as
that in atomic bombe. that gross m<'/une-
tioning in  ‘wer reactors could =~ . ..y lead
to & devastating explosion s~ _. .> those
produced by A-bombe. Such is tu. 1= case.
Under no conceivable circumstrnres ~an acci-
dental nuclear expiosions in power reactors
cause significant direct public damage be-
sond the boundaries of the exclusion aTeas
around such installationa.

There could be explosive nuclear eneryy re-
leases in power reactors. or chemical or physi-
cal evergy releases fram components of
auxiliary systems. sufficient in .. zitude to
t-utroy the reactor. puesihly brear the varn-
© o containoent structures wite..n which it is
Loused and wreck the auxiliary mach nery.
Such an accident wnuld constitute a res!
threat to the .fe of perwnnel within the
facility and could result in complete loas of
the expensive installation. Nevertheles, Iit-
tie hazard tc the gereral public would ensue
from the explosion it eif.

There is. however. another hazard tc the
geperal public which cou!d caute extensive
loss of life and damage to property. shis is
the possib .ity of radiation exposure and
contamination, if the fiadon products stored
4p in the reactor <hould be released. It i
possihle to conceive cf accidents which would
release the accumulated fsasion products from
8 large nuclear reactor in a finely divided
state 20 that a sigr.fcant portion of them
would become sirixrre and subject to at-
mospheric dispersal over w-de areas. I[njury
or death could resy!t to people from exposure
to the direct radiation from these materals,
or from ingestiom of portions int> the body.
Seting out of these materials could cause
both furthcr bazard to beaith and costly cor-
tamination damage to property. Death at

distances of many miles and injury and prop-
erty damage for hundreds of miles could
conceivably occur.

Fortunately, radiation intensity {rom most
fission products reieased from s reactor de-
creases rapidly. The possibility of total re-
lease is exceeding.y remote, and among thos -
products most likely to be rele. - are those
which decay most ranidly. [p r. -onceivable
way could fissinn ur-ducts from a reactor be
distributed rapidly and uniform!y over large
areas. The major threat to the safety of peo-
ple remote from the s:te nf release would not
be instantaneous: perinds up to hours and
even daye after release wnuld be available
within which to avrid the full efects of radio-
activity from the fiasion producta.

{t must be cleariy recogmized, however,
that major releares of fission products from
8 nuclear power reactor conceivally could
occur and that & serious threat to the health
and safety of penple over large aress couid
ensue.

An overall appraisal of the actual magni-
tude of hazard to the public arising from
operation of & nuclear power reactor revolves
around the besat risahle answers to four es-
sential and diffcult questions:

1. What is the likelihond that f :ion prod-
ucta might be released !

2 T hat are the facto™s usa¢ conditions
which wnuld affect the distrit ction of res
leased materials aver public areas?

3. What are the levels of exposure or con-
tamination which cause injury to people
or damage to property? .

& If releases nf fission pruducts should
cur. what desths or injuries to people and
corta ip tamaged property could ensye?

Succeeding sections of this report are de-
voted to cobsideration of these questions.



[t is {-uportant to recognize that the mayni-
fe. of many of the crucial factors in this
rly are not quantitatively estadlished,
her by theoretical and experimental data
adequate experience. Appraisal must rest
the judgment and conridered opinions of
» most knowledgeable pernons in the field.
various places in the report note will be
de where important compouents are par-
slariy uncertain, but it must be remem-
ed continuously that this entire study
dly constitutes more than an idntification
the factors which are impor.ant. the best
»raisal of these factors currently possible,
1 a rough approximation of the magmitudes
the comporite reasulta.

[here are many ensential and significant
iliffications and uncertainties in the con-
nions contained in this report. If sepa-
led from these qualifications and uncer-

TREORETICAL PUSSITILITIL.. OF ACCIVENTS IN NUCLEAR POWER FLANTS

tainties, the conclusions would lose *he's
va'idity. However, we believe that ¢ - -.dy,
if to'.en in puerspective, gives an orde- I
mazniiude frame of reference, and d:fines
tentative boundaries for this prohlem.

More definitive information om cstimated
factors would prubsbly tend to reduce ‘*he
estimates of damzrey, though in a few in-
stances the converre might be rue. There
area few less usus: weather ¢v.1d:tions which
uceur perhaps § percent ! che time and
which could yield estimated damages outside
the range of the figures stated here. There-
fore, thia study does not aet an upper limit
for the potential damages; there is no known
w .y At present to do this. It does indicate the
«ange of hazards from highly improbable
catastrophic reactor accidents which might
occur under all except a small percentage of
moat unusual combinations of circumstances.

Part |

The Probability of Catastrophic Reactor Accidents

The peobability of occurr~t.e of publicly
hazardous accidents in nuclear power reactor
plants is exceedingty low.

This single statement, re-emphasized.
would :uffice to report this portion of the
study, except for the ensential importance of
this central fact of “low probability” to com-
prehension of the overall public hazard of
power reactors. The significance of damagex
consequent to accidents cannot be appraised
independently of tha probabillty of the
accidents. -

One fact must be stated at the outset: no
one knows now or will ever know the exact
magunitude of this low probahility of a pub-
liely hazardous reactor accident. In trying to
establish some estimation of this quantity.
three possible approsches might be used:

1. Nperate enough reactors for sufficient
length of time to obtain an indication of
the accident probability.

2 Give carefyl consideration and approxi-
mate numerical values to all separate fac-
tors which would either prevent or cause
such sn accident, then try to calculate. or
guess, the composite result of these fac.
tors and hence the likelihond of accurrence
of accidents.

3. Obtain a weighted average of the best
judgments and judicious opinions of the
most experienced and knowledgeable ex-
nerts in the field.

None of theme approaches is aatisfactory.
Even when combined., they are at the present
Indications from Cumsulative Fxpericace to Dare

Nuclear reactors have been operated ~ince
December 2, 194°, with a remarkabie safety
record. Wa have accumulated more than 150

reactor years of experience with large rou-
tinely operated reactors without any acvi-
dents.! This record of rafety, #ithough highly
reassuring, doea not afford a dependabie
statistical banis for eatimating the probabil-
ity of veccurrence of rerious reactor accidents
in the future.

In this initial period of power reactor ex-
perience types of reactors, delailed reactor
denigna, and vperating patterns are all ex-
perimental and variable.

There are factors both on the side which
would lead toward confidence that our “no
accident” experience will continue, and on the
converse nide. On the vne nanidt. we attempt
to provide wide margrins of safety hecause of
our limited knowledge of accident patentials
of reactors. The r-w and glamorous field
challengres and sttracts the most expert and
competent penple. The Guvernment has had
and continues to have a wibwtantial safity
research program. Experen.e almast cer-
tainly will lead to xafer desiyym  Oa the other
hand, since many reactor tvpes are b ing de-
veloped more varied safety prohlems may
exist than would be the case in fewer types.
Accident free expericace could lead to com-
piacency. Leagthening reactor life could lead
t. hazarde nat otherwise encountered (cumu-
lutive radiation damage to .mponents).
Competitive presaures could furnish incen-
tives to redure margins of safety.

*All the Balf-toren “runaway”™ incideats (Chalk

* River, Borax, FBR 1, ete.) euperienced thus far.

cither insdvertent or planned, have occurred in 1o
warch or experim-ntal teel reactors—In contramt w
the stradily uperating power reactors conundered
here. No one Las brent 1njured, and no Assion pred-
urt. have bren reiensed “wfaren™ Hence, the acer-
denls aTe not 15 the calogory of concern ia this study.
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4 TUKORETICAL POSSIBILITIES OF ACCIDIN‘I? IN NUCLEAR POWER PLANTS

Pocsors Por sod Agaisw . Masjor Actident

It is very difficult to determine whether a
reactor of obe type iy safer, over-|l. .han one
of another type. It is easy (o ' -int out
superior saafety features and inferior ones in
any one type compared with those in cnother
type. Safety depends on the combinution of
many complex and interrelated factors and
overall comparisos of or- reactor type with
abother depends on value judgments which
are difficult to deflne quantitatively.

To estiraate the aheolute safety of a given
reactor, or of reactors in general. nr to esti-
mate the quantitative probability that an
accideat will oceur is more ditficult, and
more uncertain, by several nrdare of magni-
tude. chan is the relative comparison of
reactors,

In principle, it should be posaible to iden-
tify esch factor, posilive or negative, involved
in the aafety of a reactor. assign some meas-
ure of the magnitude of its effect and some
probability of its functioning (or failing to
function), then derive a net weighted com-
ponite measure of the margin of safety, e of
the probability of catastrophic accident in a
given time.

On the positive side would be such factors
as’

1 10 po reactor, so !ar as {s k~own, will a
sinele equipment failure or a single oper
ating error lead ‘o a flssion product-
relearing accident {even within the con-
tainment structure). If such condition
were recognized, it would be rectified. [n
the vast majority of cases, multiple sepa-
rate malfunctioning events are a3 neces-
sary prerequisite tn a serious acrident.

2. Most reactors are.inherently stahle, o. g..
must reactors poisess promu! negative

" temperaturs >r power coefficients (any
increase (n t* 'se factors ia sccompanied
by s Jecrease in reactivity, hence, any ex.
curs,on tends to reach some limiting
valae, rather than indefinitely increasing
peeer).

3. In leterogenenus (molid fueld reactors,
the fission product inventory accumulates

within the volid fuet matrix from which
sscape is prevented not only by low mo-
biiit> of these fission products in the solid
fuel wut <iso by the metallic surface
cladding. Meitung or vinlent damage must
occur before fssion nroducts can be re-
leased into the reacto. ~ensel. In homo-
geneous (solution or slurry fuel) reactors,
the poasibility of contirucus removal of
the fission products offers some compen-
sation for the lack of confinement pro-
vided within the fiel elements of other
types.

Every power reactor will be provided with

an adequate primary containment vessel

et.closing the reactor core within which
fuel and fissivn products reside. Thix, in
turn, is surroucded by massive radia-
tion shields for biclogical protection of
workers.

. All power resctors mow considered for

con.tructioa in populated areas are pro-
vided with “vapor shells” designed to
~ontain al! fission products that might be
1 zleased in any credible accident.

. Seventy-five or eighty percent of the fis-

sion product elements are «lids st ordi.
Rary temperatures and, ‘unieas opening of
the outer vapor shell is caused or accom-
panied by an event which vanorizes and
violently disassembles the core materials,
moet of the fixsion products would be ex-
pected to remain attached 'o fragments of
fuel elements or to settle out on nearby
structures.

. Should fissien products be released from

the containment shell. not only the physi-
cal state of the matcrials, but ajso a com-
plex variety of environmert..i meterolog-
ical and other factors, having sarious
probabilities of occurrence. would envern
the subsequent pattern of dispers.!. Prob-
abilities of progre<sively unfavorabh
combinations of conditions become pro-
gremively lower, so that likelihood of
highly unfavorable combinations s ex-
tremely low.

e 1o R T
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On the pegative :ide, account would have
te be takes of such factoraas:

1. Many power reactor systems will operate
under high pressures. High pressure ays-
tetms are subject to failure.

2 The cumulstive effect of radiation om
physical and chemical propertiea of ma-
terials, after long perinds of time, is
larpely unknown. Eventual .erinus fail-

.. lres May occur. )

3. Various metals used in reactors such as
uranium, aluminume, zirconium, sodium
and beryllium, under certain conditions
not at present clearly understood. may re-
act explasively with water, also present
in many reactors. During incidents of
abnormal operation resuiting perhaps in
meRting of some of the metais in contact
with water and under the influence of
radiation, chemical reactions of emnugh
violence to rupture the containment ves.
sels, with release of the fission products,
could oceur.

4. After initial operation, many of the vita)
components become inaccessible for in-
spections. In non-nuclear plants, serious
accidents are often averted through detec-
t.oa o, incipient failure.

5. Much remains to be learned about the
characteristics and behavior of nuclear
systems.

Listing of such itema. in hoth ponitive and
negative tabulatioan, eould proceed at length.
Howerer, it should be clear already that, even
if all the sigmificant facte.rs relevant to safety
were known, it would b. cesentially imposai-
ble to assign dependable guantitative valuen
to their respective probabilities ~f function-
ing and to derive therefrom = reliable indica-
tion of the maryin of safety under operating
conditioas lik-15 to exist.

The Beuwt Judgment of ke Moy
Kacwledgeable Experts

Many ovistanding leadern in reactor tech-
nology and assciated flelda were consuited

b i a bae e e

in the course of this study. It is their
unanimoua opinins that the likelihood of a
major reactor accident is low. There is a
general reluctance to make quantitative esti-
mates of how low the prohabiiity 1s, There
is a common aversina to attachment of quan-
titative estimates to a phenomenon so vague
and uncertain as the prioability of occur-’
ren~e f catastrophic accidints, particularly
since such assynment of numencal estima-
tions conveys AN errofenus (Mpressinn of the
confidence or firmness of the knewledge ena-
stitutiny the basis for the extimate. Also,
some hold a philosophic view that there is no
such thing as a numk rical value for the prob-
ability of nccurrence of 3 catastrophic acci-
dent ; that such a thing 1« unknowshie,

Thus, many decline to make . vea npder-of-
magnitude guesws of the promability of
catastrophic reactor accidents. On *he other
hand. a few have ventured to expreas their
confidence of the extremely low prohabilities
of occurrence of such accidents by stating
numerical, order-of -mammitude estimations.
An indicat'wn of the ranwe of these is
illuminating.

Should some unfortunate sequence of {ail-
uren lead to destruction of the reactor core
with attendant release of the fi<cion product
inventory within the reactor vewsel, however
expensive this would te ' the owners, tin
hazard to the safety of the public wiuld oceur.
unlexs two additionsl iinee of defenre were
als breached: (1) the integrity of the re-
actor vessel: and. (2) the integrity of the
reuctor contaiper ur vapop shell.

Accidents of suificient vinlence to breackh
these succemnive lines of defense accurriag
concurrently with progreamivel: infavorable
combinations of dispertive weather condi-
tions have decrvasing pr habilities of aceur-
rence.

Thus, the probability of public hazards
from reactor accidents may be crnsidered in
terms of a sequence of eventa. each heing
prerequisite to the situation arising 1rom suc-
ceeding evenis, art each having a low:;
probability of occurremce thae its predi: os-
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sor. 3¢ indicated above, the numerical esti-
mates ventured here represent an attempt to
express in pumerical terms the degree of
feeling held by some of our advisora for the
remotedess of the possidbilities of occurrence
of the various accidents dencribed. It shonld
be emphasized that these numhers have no
demonstrable basis in fact and have no valid-
ity of application beyond a reflection of the
degree of their confidence in the low likeli-
hood of occurrence of such reactor accidenta,

Their estimates for the likelihood of de-
struction or major damage to the reactor core
with significant interna) release of fission
products, but no release outaide the reactor
vensel, ranged from ore chance in 100 to one
in 10,000 per year for each reactor.

Their estimates for the likelihood of
accidents which would release significant
amounts of fission products outside the re-
actor vénsel but not outside the runtainment
building (the contained accident) ranged
from one chance in 1.00'0 to one in 10.000 per
year for each peactor.

Finally. their estimates for the likelihond
of accidents which would release major
amounts of fiasion products outside the con-
tainment (the major release accident) ranged
from one chance in 100,000 to one in a billion
per year {or each reactor.

Taking the most pessimistic of these eati-
mates for the major accident, assuming that
100 reactors are in operation i . the Lui. d
Statex, and making the unrvalistic assum;-
tion that euach accident of the type defined
would kill 3.000 people, there would be one
chance in ) million per year that a person
would be killed by reactor accidents. For
comparison. the chance of a perwon in the
United States being killed by automobile acci-
dents, assuming that each persun has an equa|
likelihood of being smoag the 40,000 killed,
is about une in 5,000 per year.

Safery Through Sefeguards
Detailed evaluation of the safety of a re-

actor before approval is given for its opera-
tion may not lead to any better estimations
of accident probabilities than those yielded
by other considerations, but it dnes furnish
added confidence that accident probubilities
are indeed exceedingiy small In fact, the
confidence of many persons ia the low proba-
bility of accidents is due in large part to the
application of thesa evalua® »a provedures.
Three aspects of these procedures con-

tritating to minimization of public hazards
‘ .m reactor accidents are worthy of
mention:
1. Knowledge that rafety evaluations and re-
views are prerequiaite to operation ap-
proval insures attention to and emphasis
on safety aspects of a facility at all staces
of the design.
The detailed safety analysis and evalua-
tion by experts on the Commission stalt,
with assistance as pecessary from con-
sultants and advisors, inc!iding the Ad-
vizory Committee on Reactor Nsfeguards,
assi.~ey that at least one independent re-
view is given to each reactor facility in
addition to that given by the devigners.

3. As a part of the pre-evaluation procedure,
careful analysis mu«t he given tn estab-
lishment of the accident of maximum pro-
portions considered to be credibic for eact.
reactor facility. and demnonstration must
be made that adequace sirtuards are prm-
vided the public against his eventuality.

w

Thus, aince there ia protection against
“credible” accidents. n» damage« tn the public
will weur unleas “incredible™ accident: take
place. [t must be recognized. of conurve. that
errory i judgment can bLe committed, with
resulting occurrence of what was belcved to
he an “incredible™ accident. Neverrhelews,
the consistent and rizerous execution of these
procedures for every reactor warrants s enfie
siderable degree of confidence that safeguards
against serious accidents have been incorpn-
rated, and that the probabilities of such
(rurrences are small,

Part I

Assumptions Usc { in the Damage Studies

it has been conciuded that there is 5 .«
remote but quantitatively uncertain pousibil-
ity that a major reacter accident might occur.
The immediate question then follows: What
could be the extent of consequent damagen?
Tue remaining sectirns of this report devote
s tention to this question. Consideration is
restricted to estimation of the dumugen to the
public. No attempt has been made to uppraise
the 2zard or damage to the. facility itself or
to i*: nersonnel. :

Tn e.aluate the hazardous consequences to
the public of a reactor accident of major pro-
portions, many featured musi be further de-
scribed relating to the size and location of the
reactor, its fission product inventory and the
portion released, the conditions of release
and the features f its delivery to public
areas. In thisa se~.on of the report, brief
pefinitions and descriptions of the<e situa.
tions and features considered pert.nent are
recorded. Details of the technical founda-
tirns for thexe assumptions snd .pecifica-
tions, and mathematical wanipulations in
arrive at estimates of tuc caonsequences
thereof, are contained in various appendices
as indicated.

Two comments are appropriate st this
point. (1) Conditions and apecifications de-
scribed below are chosen to be representative
of n “generalized” power reactor vituation.
Sperific reactor situationa will vary some-
whrt from the one descr.bed herein: how-
ever, use of the ;ceneralized reactor and site is
adequate tn permit a reasonable evaluation
of general public liabilitien. (2) The assump-
tions and specifications are chasen to be on
the pesaimistic side, i.e.. rexult in higher dam-
age estimaten. This is duc to an attempt to
be ob the safe sids where uncertainties exiat

in present knowledge but no deliberate safety
factors have been 1ntroduced.

Typical Reacvor

The reactor considered is a 300,000-kw
thermal (10C. 7)) to NO000-kw electrical)
steadily operat.ng. power producing type,
having an aver>ge fuel re.adiag - .1 fission
product eliminzting) cycie ol 1¥ . c¢..yn, Acci-
dents assumed in this study, de~criled later,
are postulated to have occurred near the end
of the 130-day cycle. whes f<<ica penduct
inventory would be maximim. Research and
teat resctors and reactor experiments are ex-
cluded from consideration. A leak- and pres-
sure-resistant containment building of the
usual type is assumed to surround the reactor.

Fision Prosluct G of the R

For the 300,000-kw thermal reactor. 180
dayx of aperation, the f«aen product inven-
tary would be approximately 4x10* curies,
when measured 24 hours after an accident
{or shutdown). Decay of the f«inn products
as well as their compesition was taken intn
consideration fcr calculatioa of direct radia-
tion exposures or contaminatinn due to Jepo-
aition, Npecial attenti~rn was given to the
volutile flssion products, xemon, kryptos,
vromine, and ivdine and to stmativm, The
latter two are binlogical'y the most hazardous.

Typical Location

The reactor is assumed to be located pear a
large budy of water, mact likely a river, and
shout 30 miies frmm a m ~r city. As in
many sitea proposed to da’y, « xite boundary
of 2,000-foot radius is pust sl

7
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Populstios Dinributics

Distrihutions of populations arcund re-
sctors would differ conciderably in detail
from one site to the next. However, many
general features would be remarkably aimi-
lar, cnpecially at large distances. Each re-
actor site would be in sn ares of low
prpuiation dennity, a large city would be
located about 30 miles away and th: denxity
of populatios would increare frum the reactor
toward the city. If the total population en-
closed within a circle of radius K centered at
the reactor is calculated for distances to the
city, it develops thut the total population
within griven radial distances in remarksbly
alike for all reactor sites now in uxe or pro-
posed. This population can he expressed by
the equation: P := 200R?®, where R is in
miles.

At distances beyond the city, the average
population density Jocresses and a different
vxXpreasich must be used. Average popula-
tion denasity over the entire United States is
about 53 people per square mile. Reactors,
however, are likely t,; be built in more ponu-
lated areas, such as in the northeast, where
the average runs ahout 5 per square mile.
Therefore, the awump. 'cn is made that the
population density beyomd the city is con-
stant, and averages [/ people per «juisre
mile. For moat situstions these assumed
population distributions are on the conserva-
tive aide, i.e., in hardly any likely place would
the population be underestimated, ard in
mont placen they overestimate the number of
persons in areas which may be affectei by a
resctor accident.

For »n~me types of accidents, the high popu-
lation denaity in the nearby city needs to be
calculated inJdependently of the grneral treat-
ment described above. In theae cases, it was
assumed that the city located 30 miles (rom
the reactor hs: - population of anout §,000.-
000 persons :.ivad uniformly over a region
having & diameter of about 19 miles. Where
the existence of the city contributes aignifi-
cantly to the calculaterd damages, city dam-
ages are listed separatey.

Characreristics of Relessed Producns

Accidents of greatest coacerm »ould be
thoae which resuited in release and subse-
quent atmospheric dispersal of 4ssjon prod-
ucta from the reactor. The charac:eristics of
the fission products at the time of release
would have a great | 'fluence on their subse-
quent dispermal. (... factors having the
greatest impact in determaining the eflect of
distribution due to .arious r.etenrological
conditions would be the size of the particles
contained in the release and the temperature
of the radioactive cloud at the time of release.
These factors could, of cour=e, vary from one
reactor accident to annther and undnubtedly
would be highly dependent upon the par-
ticular accident. For the purpose of this
study two choices were made {or each factor,
rach choice being considered as probable and
alto illustrative of widciy different condi-
tiona, For temperatures of release, the two
rhngen cnnditions were characterized by
“hot” and “cold,” the temperatures being
309° F. (temperature of steam a! 3 pressure
sufficient to ruptLre ‘e containment vessel)
and 70> F. (normal atmosphere tempera-
ture), respectively. For particie size two
distributions were assumed. one centered
about one micron and the other seven microns
in diameter, there Leing representative of
fumes and industrial dust, respectively. Ex-
perience does not permit a better definition
of the particle size; * doea, Fowever, lend
credibility to these two choices.

Mechanism of Disribution

Assuming that a relesse had occurred, con-
sideration must then be yiven to the a<sumed
existing weather coaditions and to c*her fac-
tors that might influence the rate and pattern
of distribution of the released materials.
Numerous variables bere could crmuine into
an almost infir‘te vanety of -ituatinna. It is
posaible (see appendix 1) to obtain an indica-
tiogs of the range of damages from calcula-
tions oo & reasonsbly small aumber of cases

ASSUNIIIONS USED IN DAMAGE STUDIES 9

by limiting the aumber of meteorological
variables to those having major influences
and chonming one or two appropriate values
for sach.

The meteorological variables selected are:
weather—(a) dry and (b) rain (0.02 inches
per hour over the whole area affected): at-
mospheric stability—(s) typical daytime
lapse with a wind speed of 5 m rec (12 mph)
and tb) night-time typical inversion with a
wind speed of 3 m sec (7 mph) up to 50
meters heigat and 13 m xec (35 mph) above;
height of cloud rise——ia) cnld reicase, zerv,
ibs hot reicase, 850 meters dur.ng lape, 100
meters during inver-ion (appendix E). It
should be noted that t. » conditions axsumed
in apy given casw eXisted continuously ¢ the
duration of the c..'» and the arva affected.

It should be ncte-i here that exceedingly
littie ts known about ‘ne detaile of atmosa.
nher:c distribut'nn, even if the characteristics
of the materia's under conmderstion and the
many esvironmental factors involved could
be stated with preat confidence. Neverthelesy,
use of these approximate average values,
abave, does give reasonably dependable gen
eral indications of the results to he expectert
in a laree majority of poraitle situations.

Tolerance Levels for Perwaal Injy -y

Personal injury might result feom exposure
of perw:nnel to the radinactive cloud released
2d.ring the poutulated accidents. Personal in-
jury might also arise from exposure to de.
prwited f£edion products. In the latter case,
ample time often woull be available to permit
evacuation from enntaminated aress belore
serious injuey would occur. In appraising 1Ne
hazard to individuals who micht be exposed,
it would be nevessary to define the prohabl.
extent of imjury cuused by varinue doser of
radiation. This i an exceedingly cemplex
matter tappendix D). Uding the best advice
available and consilering variora biolrgical
effecta such ac ingestion, external ..d in-
ternal radiation problems, and the special
problems arising {rom particular fission

product i ‘wpes having special biological im-
portance the following ranges, as described
in apgpent.x D, were adopted :

CaL e @ of wimes

> lagnss ooty & gout
whab My Apumniveg covmmere
= e e .
wtusoe

Vubaole PP's < Goase PP's

lLethal expramare (ver AW (over X ' (iver WD
la;ury hksiv 10 - 4an O -1 'O-a®
. Injury wrusely, 28 - 100 10 - M0 [ ]
but enme
Sipece may
Lo inrurrsed.
wherrvation i
o jared \ !
D. Nownury ¢ Lems than Loss than  Loss thas
eaprase Tt 10 D | X

nNT»

)

' 28r in one expasure of S0¢ in threv monthe

The arst column indicates the equivalent
v hole-body gamma radistion adopted as the
basic criterion to define the several cate-
yories. Columns twn and three have deen
caltulated for these sume criteria in Yerms of
unita used to extimate the «Tect of passare of
the radicactive cinud. Whiie thrse values are
bel.eved 10 (< the hest obtairable at the pres-
ent time, many of the fact.rs used in deriviag .
them are highly uncertain. It should be noted
that persenal inju*y is cnfsidered to have
occurred only in tte frat twa categnries. Ex.
pense mpnt b incirted fnr expeeures in the
third catecury, byt or.y ‘or examination,
vhxervation and incide*la s, not actual per-
~ona) injury.

Vegrees of Land Contamunstos

By far the laryest dollar enxt to the public
of & major reactor accident would result from
contaminatinn of 1and areas by depusited fis-
sion prictucts. [nhabitants of portinns of the
areas affected would have tu be evacuated to
avnid serious expoaure. Acceas to varioua
areas might be denied for different lengths nf
time, and the subsequent use of land foe
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agricultural purposes might be curtailed, with
posaible ioss of anding cropa. The same
basic exposure-injury criteriu listed ab.ve
(columa 1) were used also fur determining
the consequences of land contamination. De-
tails of calcuiations are shown in appendix
D. Ia the caswe of land contamination, the
existence of specific isotopes, especially stron-
tium-90, mu-t be cunsidered very carefully.
The «eve .« restrictions that might be imponed
oa farming arise almost entirely from the
eilatence of this particular isotope.

To catimate the potentiul ioas arising from
problems of land contamination both the
number of persons and the area affected were
calcuiated. In some instances the custs were
evaluated by associating them with an aver-
age cost per person. In the particular cases
associated with farm reatriction an average
cost per square mile was uscd.

The categories chosen, and costs assumed
for each are:

Renge 1. lellnldmnd -

immedliate $.400, pevsna
Range (1. Evacuatinn of prrennast —

urlerly and w & reasonable

ume $3000 / prrens
Raage I11. huwtrictions an land and

nutdone actinty $ 750 ‘perens

Range IV. Crop and farm resinictva $21.000 wq. mile
The criteris used in establishing these
ranges are deacribed in appendix D. It should
again be emphasized that they are based vn
meager data.
Reactur Accidents Assumed
Three types of reactor accidents were con-
sidered necessary for this study in order to
indicate the range of public hazard which
could result and to delineate the influence of
the important variables as described above on

the magnitude of these hazards. The three
“typical)” cases selecied are:

A. The Contained Cane
In this accident, it is ansumed that all of

t.:e fission products from the 500,000-kw
(thermal) reactor, after 180 days of opera-
tion, are released from the core and distrid-
uted uniformiy through.ut the interior of
the containment building. Nobe is se-
sumed to eacape. The fissicn products are
sssumed to J'cay at tn .r patural rate,
wita no attempt at deconinmination. et
after the accii-ot. Hazard to the public
would arise from the direct gamma radia-
tion from the fiseion products dispersed
inside the containment building. One inch
of ateel shielding by the walls of the build-
ing is assumed. The site boundaries are
2,000 feet from the resctor.

B. The Volatde Release Case

In this case it is assumed that all of the
volstile fission products in the reactor
(500,000-kw (thermal) after 180 days),
i.e., xenon, krypton, iodine, bromine and 1
percent of the strontium are released from
the containment building and are subse-
quently dispersed, with characteristics and
meteorological comndition as deacribed and
specified above. See appendix A.

C. The 50 Percent Releass Case

In this case, it is assumed that 50 per-
cent of all fisnion products in the reactor
(500.000-kw (thermal) after 80 day») are
released from the conta‘nment building
and are subsequently dispersed, with char-
acteristica and meteorviogical conditions
as described and specified above. See ap-
pendix A.

Each of these arbitrary cases represents a
highly pessimistic assumption. Certainly
more catastrophic releases of the Contained
and the Valatile types are not pawible. lg the
third type, it ia conceivable that more than
50 percent of all fissioa ~roducts could be
s eiensed, but this is consideed to be 2o far in
the realm of incredidbiiity as not to merit
conaideration.

Pers 11

Estimatea Censequences of the Assumed Reactor Accidents

In this part of the report, there is pre-
seriad a b ‘~! summary of the calculated
damages outained (rom - ach of the assumed
accidents, -.ether » .th briel observations
and pertinent commeunts on the results ob-
tained in the respective cases. Reference is
made to appendices H and I, of part IV, for
more complete tabulation of results.

CASE |—THE CONTAINED CASE

The assumption is made that all of the
fiasion products are vaporized and dispersed
withia the containment shell. There is no
release to the atmosphere. Damage to the
public would thea result from direct ex-
posure to gamma radiation. The following
tabular summary shows persnal injuries and
evacuatica costs beyond the 201W-foot bound-
ary of the reactor site.

Prasonar Invcay

- we w 8 bmoe
Lethal vxpusure . . 9 [']
lajary hasly ] ]
Tajary walisely. but 1 13
oxpeae Lkely
Evactarwn Coste
Sumbe of Peols e Ca
@ 1 Bsy mic s33.a0
Obsarvetions and Remarns

1. The above results would be the maximum
puvaible for this tvpe of accident in that
all Assion products would be 1ave ived and

no shirlding except the costaiser s
assumed.
Under the best conditions, namely, prompt
e.acustion of nrarby personnel. 8o per-
wonal injury would be hikely. The public
loss would be due ectirely to evacuation
costs and payments for denial of use of
land. This can be messured ia the bua-
dreds of thuunands of g lars.

3. Under less favorable conditions, namely,
slower cvacuation, a smail numter of pee-
sonal injuries might be expected.

4. Use of the typical site and populstion
distribution is le<s satisfactory for this
case since Nearhy poepulation variations
from site to site are laryee than the sum-
ters of pevipie affected. The method dors,
however, g:ve an order-of .magnitude.

3. For -mauiier site boundaries, larger num-
bers uf prople wuuld be affected, enpecially
in the injury categury. However, with
proper combinations of distance and
shielding no losa tu the public would be
involved,

CASE 11—THE VOLATILE RELEASE CASE

Here it was assumed that, bevause of &
breach in the container o (ailure to clee all
openinge, 8il volatile fisson products would
be discharged to the atmuaphere at the tLime
of the accident. Four d:ferent situati-na of
meteorological conditiors and two particle
size distributions were cofsiderad. Furthes.
more. s atatr indication is givea {of re-
leases shich include 1 percent of the strvn-
iz inventory and for thome which do s,

A full summary of the caiculated Jamages
is cobluined in appendiz L. The followming

u
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table coataina s brief summary to indicate
the magnitude and range of the consequences.

The Volatile Reloass "ame

Personal Injury
A. Lethal sapovure Poervans Conditions ot veivase
Misimom 2 Te.r pornture lapee

Mazimum 908 Temperature inversion,
1» partucies

Assuming that (1) the particle size Jistri-
butions are equally probable, and (2) the
distribution of weather conditions is as rtated
in appendix I, then lethal exposurea would_be
Jess than five people for thase accidents "h.lch
might occur dir ng atout one-half of the time

or less than 30v people for those accidents
which might occur during about three-
fourths of the time,

8 Injury kkely Pervsas Conditions of reisase

Misimen 10 Terperstare lapes,
e pasticks
Mazimum 13,008 Tempe ature inversies,
1, particies

Using the rame assumptions as under A.
the number of persons injured would be lese
than 20 people for those accidents which
mig. . occur dusing about one-half f t.e
time or 2,000 people for those accidents u .. h
might occur during sbout three-frurths of
the time.

Property Demage
Arve .

(L Evernstica Foresss (sg.mi) §Milliens Condrbions
* - -— Temporatare
Minimwn pub
41,000 . ] 208 Temperature

Mazimem

rala

Under the sname assumptions as under A,
the number of pernons requiring e\’lcuu“-
would be lens than 1.000 for accicents wtich

might occur uuring aboat two-thirds of the
time or 6,000 for those accidviits which might
occur during about nine-tenths of the time.

Genersl Aree )
IIL restricticns Prrsons (0g. i) ¢ Milions Coaditione
(due te Sv)
Minimus 20 ) § 0.01 Tempersture
lapes,
dry. 1o
Mazimum 3235000 180 17T Yempersture
lapee,
ram, Lo

Under the same assumptions aa under A,
the area placed under yeneral restrictions
would be less than 50 sq. mi. for thaae acei-

IV. Agriesitural Rertrctinas Aree
(due Lo Sv) (o mi)

Minimam : H

Maximum 3500

dents whi.h might occur during aboct threes
fourths of the time.

& Milivas Conditions

[ % Temperature lapee, dry, 1o ‘
”0. Trepersture lapee, ram. L.

Ll ——
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Uader the same assumpticns s under A,
the ares placed under agnicultural restric-
tions would be leas than 500 #qQ. mi. fup those
sccidents which might occur during about
nise-tenths of the time.

Observacons sad Remerks

1. The number of personal injurien is highly
dependent upun existing weathee cnndi-
tiots at the time of the sccident. Few
thal exsures would vecur dur.ng day-
time conditivas. Exposures of lu. ge num-
bers ui persins would occur during tem.
perature inversiona, t; pocal of night-time
cobditiona,

2. Except when strontium accr mpadics the
relecse, property Jdumage wou.d range
from essentually none to approximately
two wundred million dojlars. Without
stroatium, there would be no restrictions
on asrTu.ture.

3. The presence of struntium would add se-
vere restrictions on land uwe both for
geberal activi*y and {or ayriculturs) pur-
posen. Decontamiration would also be re.
quired within certuin city arvas. The ret
effect wou.d be to incrvase the property
damage and personal dislocation cvts to [
manimum of about 400 miition dollars.

CASE I}—THE 50 PERCENT RELEASE CASE

1o thi- case it is assumed that 50 percent
of al; Lasi>a products would be released nto
the atm-aphere and subsequentiy disperved
according to assumptione described earlier.
Appendix | contains & summary of the per-

Property Demage
iL Evarvahon Porsens Arve
(0g. mu)
Minimun [] [

Maximem $40.000 Tee

sonal injuries and property damages caleu-
lated for the variety of conditions cotnidered.
The following table contains a Lrief summary
to indicate the magnitude and range of the
consequences.

Peraonal Damage

A. Lethal sanvawre  Pevoons Conditrons of

reicase
Hot reisase o8 aay
ume
00 Cold rvsaae, 1o
ports ie sgm,
tmoperss.re
Invers .

Assuming that (1) hot and nt¢ relearnn
are equally prolable. (2) particls nize distn-
butiona a. e also equally pro: bl and (3)
the distribution of weather conditione » as
stuted in appendix |, then Ieti] ners anl ex-
punures would be lesa than 10 fup accidents
which might uccur during atwut three-fourths
uf the time.

Peveounn

B lejury liely " sndirons of

relrase

Minimem ¢  H-A releass ot any

t.rwe
Q000 Cuid releass, 1o
T Sy sl
emperature
inverasa, dry

Using the same as-umptions as under A,
the numbher nf perenne 1njured would be leps
than 100 for accidents which might occur
during abeut three-fourtha of the time.

§ Mlions Condanions
¢ Hut, wmpersiure
nversoa
2200 Cold. 1., trmpern-
ture inverwos,
rain
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{Jslng the same assumptions as uuder A,
tas number of persons to be evacuated would

ML Geneval Porcons Arve
by

Minimen [} e

Mazimem 3500000 S200

Using the same assumptions ss under A,
the area placed under general reatrictions
would be less than 1,200 aq. milen for acci-
dents which mizht occur during about three-
fourths of the time.

IV. Agrisnitaral Arva  § Millions
restrstions (sg. mi.)

Minimam 1] 08  Hot, la, dey,
dry

Maximam 150,008 4008.  Hot, Ls, dey,
rais

Using the same assumptions as under A,
the area placed under agricultural restric-
tions would be leas than 10,000 3. miles for
accidents which might occur during about 93
perceat of the time.

{The pumbers a'wv: are from different
cases and hence are not additive.)

Obesrvations aod Remarks

The numbers shown in the previous sum-
mary are calculated on the basia of what we
believe to be the best available usaumptions,
data and mathematical methods. As has been
streased elsewhere, there is considerable un-
certainty asbout many of the factors, tech-
niques and data, 20 **a* these numbers are
obly rough approxima:ion.. Vhere informa-
tion is sulli.citly comp'vte we Fave chosen
values to represent the moat probable situa-
tion but where hixh degrees of uncertainty
exist we have chosen values believed to be on
the peasimistic (high hazard) side. The re-
sults shown would be quite sensitive to varia-
tions in some of the factors which were used.

(oq. o)

be Jass than 50,000 for sccid-nts which might
veeur durtng about thres-fourtns of the time.

8 Milliows (onditione

¢ N L, dry
00 1a, ruin

As an example, the amount of flasioa prod-
ucts actually retained in peoplie’s lungs might
be quite different from the amount assumed
and this Jifference wouid change all the per-
sona; injury numbe , greatly.

In addition, there could b weather condi-
tiona which, when combi..4 with other
imaginable extremely adverse conditions,
could result in damages greater than the
maximum considered in this study.

The damagis ~ -ulated for the assumed
50 perce-il £ ..on product re’ ase would vary
widely uepending upon weather conditions
and asaumed temperatures of the released
materials,

The lethal exposures cculd range from
none to a calculated maximu n of 3,400. This
maximum could only occur under the sdverse
combination of several cuaditions which
would exist for aot more than 19 percent of
the time and probably much less.

Under the asaumed accident conditions, the
number of per<uns that could be injured could
range {rom ncoh« ‘o a maximum of 43,000.
This high number of injuries could only occur
under an adverse combination of ccnditions
which would exist for not more than 10 per-
cent of the time and probably much less.

Depending upon the weather conditions
and temperature of the released fission prod-
ucts for the axaumed acceiient, the property
damage could be as I-: .: about one-half
wmillion and as high as a~ut $7 billion. F-.r
the + wmed conditions . .«'er which there
mixnt | ¢ rome moderate nostrictions on the
use of land or crops (Range 'V), the areas
affected could range from about 18 square
miles to about 130,000 square miles.

Part IV

APPENDICES

Appendix A

The Nature and Extent of a Fission Product
Release from a Powcer Reactor

Istroduction

The principal danger associated with the
operation of n.clear reactors of any type is
the poasible rejease of the radicuctive fiasion
products which they contain. Power reacto.a
are hazardous in this respect bocause, for
economic rearons, they must be uperated for
long . ::ctiation times and st high power
level:. Shene circumatances lead to Lurge ac-
cumulations of fxaion products. The danger
assoviated with an explosive nuclear evrey
release in a reactor is quite mild in cornpari.
sor ' the potential hazards from these ma-
tertala of they shoull be dispersed. Even in
the worst imaginable cases of nuclear run-
away the energy release would be eomparable
omiy to a mild chemical explosion. Chemical
reactions occurring in the wake of i nuclear
runuany might in fact contribute more en.
ergy than the runaway itself. If power re-
actors are lucated at sites similap 1o thase
80w being proposed, the relvase of energy
acc.mpanving a reac'or accident would con-
stitute a nexligible hazard to the public. The
energy release is important onlv because it
contributes to the poxaible extent of the fia

sion product reiease.
- Basic Power Rescor Types

Power reactors may be claezified according

e b s - .-

Fast reaciurs are denigned in such s way that
tiasions are caused primarily by the atworp.
tion of faxt neutrons by the fiv cnable ma-
terial. Coraenuentiy. these reactors contain
unly weakly moderating materials. Thermal
reastors eontain strongly moderating sub-
stinves <uch as graphite and water 2 hich
greatly reduce the energy of the neutrons
befure they are absorbed. The fiscionable fuel
may be distributed thrughout the reactor n
the form of solid Pivds or plates, in which cate
the reactor ix called heterogrneous, or it may
be dispersed in the enaiant fluid, in which
case the reactor is called homogenenus, Most
ol the power reactors nroposed to date are of
the he! : aencous type. Water or liquid
metals are among the chief materials now
used to extract heat from a power reactor.
When water 13 the maoderator it serves also as
the coulant. Examples are the presaurized
water, the beiling water, and the aqueous
homogeneaus designs.  Fast reactors and
graphite-moderated  thermal reactors gen-
ernlly utilize liquid metal coslante.

The reactor types ditfer =~:rkadly in eng-
Neering design, and each type poves its owa
pect e safety prob’ me Some designas might
be more prone to certaiu types of accidents
tha. othern, but it wo''4 he excendingly dith-
cult to compare the various power resctor
types with peyaed to safety. It oz - tw ex-
pected that before unvy reactoe

T annmoead
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procadures. They would be equipped with
cartain cystomary safety devices, as weil as
such special ones as their peculiarities dic-
wate. All power reactors would contain sub-
stantially the same fission product inventory
whes operated under similar conditions.
‘While the hazurds posed by various reactor
types may not be identical, they are at least
similar in s number of respects.

del-num.

React~rs can maifunction in many ways,
and in this reapect they are no ditferent from
other machines, Among other things, such
malfunctioning cculd resuit from human er-
rors, equipment failures, design errors, and
acta of God. Accidents resulting from such
malfunctionings couid resuit in power plant
“outage” and damage to the reactor. Only &
few types of accidents could plausibly lead to
a release of flasion products to the atmos-
phere. Two such. accidents, a nuciear run-
away and a loss of sufficient coolant to
uncover the reactor core, are considered be-
low to illustrate some of the complexities
involved.

TAs Nuclear Runavay

A pduclear runaway would result if the re-

actor were made supercritical and all safety
instrurnentation faile! to functlon. As a
consequence, the reactor ;nwer and tempera-
ture would incrcase until the runaway were
terminated either by the inherent seif-stabil-
{zing influence of the reactor or by actual
mutilaticn of the reactor core. A poasibie
conseguence of an unchecked runway could
be the meltdown or vaporization of fuel ele.
ments and the release of fisxion producta
Another posaible consequence could be the
imitiation of exotheimi: (fwmical reactions
between certain metals and liquids in the sys-
tems. Such reactiona would assist in the

release and dispersal of fission products.

However, it is highly improbahle that e
auclear agd the chemics! energy release could

- cause much mechanical violence beyond the

reactor shield. It is thersrfore feasible to
build a gas-tight container around the rea.tor
which would greatly reduce the chances of a
fission product release to the &':Lusphere, if
rupture of the reactor Itself :hould occur.
The possibility of a serious auclear run.

away cannot be completely ruled out. but its *

occurrence can be maJe extremely ualikely
by careful operating procedure, by aacgite
design, and by a multiplicity of cuntrol
devices.

If a nuclear runaway were to occur, ite
effects would be minimized if the reactor had
been designed to be inhererily stable. 1tke
property of inherent stability iroplies that the
production ot heat causes physical changes
within the reactor which reduce the reactiv-
ity. An inherently stable reactor will be
self-regulating as scon as. or very shortly
alter, its temperature begina to rise. Water-
moderated reactors generally possess this
self-regulating property to a marked degree,
and it seems likely that the. property can be
designed into all types of reactors to at least
some degree.

An inherently stable reactor is not com-
pletely immune to destructive runaways,
however. In the 1954 Borax experiment it
was poesible substantiaily to wreck a stable
bolling water reactor by deliberate introduc-
tion of a large amount of reactivity at a
rapid rate. The self-stabilizing features ia
reactors may not aiways operate concurrently
with the release of heat by the fission process
but may be delayed. If a substantial reactiv-
ity were to be introduced into the reactor
during this “delay,” the reactor wouid he-
have essentiaily an though it were non-self-
stabilizing and destruction could de the
consequence, to

Such large, rapid additicns of reactivity
are not easily achieved, and in a normally
operating reactor could only occur if s series
of unlikely misoperations or failures took

-
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wece. No festure in the design of a reactor
rectives more attention than *h «e which are
incorporated to prevent auch inadvertent re-
activity additions. Desigm features and me-
chanical sefeguards, in addition to the
iaherent seif-stabilizing characteristics, are
always incorporated to prevent such addi-
tion, and these must fail before a poteatially
hazardous situation would exist,

The Loss of Coolant Accident

" A sec od major type of accident is the loss
of eoolant., Such an accident could resuit
from a bresk in the primary coolant circulat-
ing system of from a rupture of tk reactor
vessel itself. Losas of coolant would permit
the radioactive decay heat to meit the un-
cooled fuel, even though the nuclear reac inn
had stopped, and thereby permit release of
volatile fission products. Calculation indi-
catea that, at least for certain reactor core
configurations, further heating of the fuel to
the boiling point is precluded by radistion
T+anes [3]. There is the additicnal poasibility
that the overheated fuel would react chemi-
cally with air cntering the reactor, or, in the
case of water-moderated reactors, with such
water as remains. Such a reaction, if violent,
wouid help disperse the flusion products and
might furnish enough energy to birak the
external reactor container.

F.ven in the event of a major loop break it
is poasible to prevent a fuel meitdown by pro-
viding for emergrncy cooling of the core.
This may be accomplished by maintaining a
large tank of coolant. In any case, the prin-
cipal line of defenne againat loas of coolant
arcidents would be adequate design and care
im coustructioa.

The consequences of a loas of conlant vould
be serious. But the event is highly improbable
since it requires the occurrence of an unilikely
material failure in the primary loop coupled
with the unlikely failure of emergency cool-
ing schemes, or else the unlisely failure of the
reactor veses! itself.

Chemical Renctrons

It has already been menticned that exces-
sive heating of the reactor through eithsr
nuclear runaway or loas of coolant could re-
nult in p.tentiaily vin. nt chemical reactions.
Three principa: reactions arv: sodium react-
ing with air, fuei metal react.ng with sir, and
water reacting with fuel metal. The sddi-
tional possibility exists that hydrogen evolved
in the lsat reaction could react with oxygen.

The first reaction would occur if, as a result
of an accident with a sodium comled reactor,
vapo. ".ed sodium cams in contart with air.
The reaction would tak. piace as a rapid but
non-violent burnink of a vaporized sodjum.
The only effect of this burninag would be to
increase the pressure ia the reactor's vapor
container. Since the vapor container would
be designed to withstand the pressure in-
crease rea. tiag from the burning of ali the
sodium in the resctor, this particular reaction
would not be expected to cause a container
rupture,

The second reaction would take place if air
entered a ruptured reactor vessel and came
into contact with hot fuel elements. The
result would be rapid oxidation or burning of
the metal. The reactior would be noavicleat,
but it could release a substantial portion of
the fission producta

‘The third tyje of restion, which is pecw~
liar to heterogeneous wuter-modernted re-
actors, would be the only potentially violent
one. The metals employed in the conrtruction
of fuel elements which would be reactive at
hixh temperatures sre zircenium and alumi-
num and posaibly uranium. The total chem-
ical energy available for these water-metal
reactions equals or exceeds the energy that
woulit be relesswd in the worst posidble Bu-
cirar excursion. However, the ennditions for
anything like a complete reactina would be
dificult to a. hisve. Experience with vaters
metal reactinns in reactors is at presest
almoat totally lacking: therefore, conctusions
must be based on informativa scquired from
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foundry practice and a few experiments.

The available informatior on t'sw ~"imu-
aumn-water reaction may be bri:ily sum-
marized as follows. .2 aluminum foundry
practice, water is frequently used as » quench
to form ingots from molten metal. This
practice has infrequently led to vinlent ex-
plosions 5], The occurrence of these
explosiona hasa wwen found to depend very
sensitively on such conditions as the depth of
the water, the diameter of the molten stream,
and the presence of impuritiex. For example,
a coating of greiise on the water container
was found to prevent the explosion, while
iron rust was found to increase the tendency
for explosion. Weils and West {6] at Ar-
gonne National Laboratory performed the
experiment of pouring molten aluminum into

_ water without obtaining an explosive reac-
tion. Molten aluminum was also poured into
water in an experiment at the Aecrojet Gen-
eral Corporation [aboratories. The experi-
ment waa then madified by using a blasting
cap to disperse the metal. Fxplosions failed
to occur in either case; only the formation of
an oxide film took place {7]). The concluzion
to be drawn from the Argonne and the Aero-
jet General work is that a violent explosion
will not occur urier the special conditions of
these experimenta. rinally. it xhould be men-
tioned that. in the Jestructive Borax experi-
ment, a meltdown of alumirum-<lad fuel
elements fuiled to produce an explosive water-
metal reaction (8].

Experiments performed at Westinghouse
(9]. Aerojet General {7j, and North, Ameri.
can Aviation [10] indicate that the zircom-
jum-water reaction can be either a rapid
oxidation or a vinlent explosion, depending
on whether the zirconium is in maxsive fn,
or finely dixperned. In the first case the r~-
action becvrues noticeable at about 1200° (.,
well below the melting point of zirconium.
In the presence of water the reaction is nelf-
quenching when the external source of heat is
removed ; while in the presence of steam the
reaction is expected to proceed autneataly-

tically, i.e, the reaction, once started, will
proceed without the application of external

‘heat. In the experiments with dispersed zir-

conium and water the dispersal was brought
about either by detonation of a blasting cap
below the surface of the water while moiten
zirconium was poured in or by explosion of
zirconium wires in water by means of rapidly
discharging condensers. In either case the
zirconium present reacted more or less com-
pletely with explosive violence.

A theoretical analysis haa been made at
Westinghouse {4] to determine the maximum
possible extent of a water-nietal reaction oc-
curring in a pressurized water reactor. It
was hypothesized that a major break had oc-
curred in the coolant loop, resulting in lows of
water and a complete uncovering of the re-
actor core. The temperature of the zircon-
ium-uranium fuel elements would sonn rise as
a result of the fission product decay heat.
When the metal reached 1200 C., the fuel
elements would begin to react with the steam
pre=ent in the cors. The reaction would then
proceed autocat~lytically until .he metal tem-
perature was breught to the melting point.
The melting would take place slow' releasing
druplets which would fall into the remaining
water Lelow. At this point the water-metal
reaction would be quickly quenched. By using
experimentally determined heating curves for
the water-zirconium system, a calculation
was made of the amount of zirconium that
could react from the inception: nf the reaction
to the time of its quenching by heat losses
fiom the metal dropleis to the water. The
maximum poasible percenmtage of the metal
which could react in this most favorable case
was extimated to be 25 percent.

'n the course of a water-metal reaction,
hydrogen gas would be evolved which could
react with oxygen after leaving the reactor.
1f the hyvdrogen exieeds a certain critical
concentration, an explarion is possible. But a
very substantial amount of hydrogen would
be required to raise the hydrogen concentra-
tion in the vapor comtainer to this critical
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level A certain quantity of hydrogen would
be produced within the reactor as a result of
its usual operstion, but this amount is so
small that it would constitute no explosive
hazard 74]. Since the evolution of hydrogen
from the water-metal reaction would take
place slowly, it could be burned before explo-
si¥@ wubceLtrations are reached. In sume in-
stallations to insure that hydrogen burns as
it is evolved. a number of electric igniters'are
located throughout the vapor container.

To summarize, the chemica! reaction which
poses the most sericus danger in the event of
a reactor accident is the water-metal reaction.
This reaction, however, would be expected to
proceed as a vigoroua but incumplete oxida-
Lion of the metal at elevated temperatures. In
the case of zirconium, it is expected that no
more than 25 percent of the metal would
react. A violent and more or lexs cnmplete
reaction of the metal would require the metal
to L> finely dispersed. Such a dispersal could
occur only as a revult of fyel vaporization,
which was previously pointed out to be a
highly unlikely event. :

The Fuacrios of Vapor Coamuners

Since the energy reiease (whether chem-
ical, nuciear, or both) which mixht accom-
pany a reactor acvident is expected to he of
comparatively mild intensity, it is feasible to
construct a steel shell to confine the fixsion
products which migut escape from the re
actor. Because of the large volume of such a
shell. it can e readily designed to withetand
the pressure lnading resulting from accidenta
capable of rupturing the reactor vewl. Pre-
sumably it would be impractical to design
such a vapor container to confine the warst
conceivable accidents. It is decigned rather

to contain all credible accidenta. For exam. .

ple, the vapor container for a » aurized
water resctor would be desi-ued tr withatand
either the pressure reaviting from . water
release or 23 percent of the energy ava .ble
for a chemical resction, but nut both aimul-

taneously. In this case. calculation (4] indi-
cates that the pressure produced by the firet
event would be relieved though heat loraes
from the container befo e the second evert
¢ uid take place.

shere is always the poasibility that the
vapor container could be penetrated by fying
‘ragments resuiting frum failures in the sys-
tem. The use of ductile metals in constn *":n
would greatly reduce the prvhability of .,
failures and therefore the pribability of mis-
sile formation. In addition, the resistance of
the vapor container to the penetr.‘iorm by
missiles could be increased by lini ¢ the in-
side of the shell with a layer of reinforced
enncrete.,

While the vapor sheli enuld probably not
withstand severe shock-wave etfocts, it is
considered extremely unitke!y that such shock
phenomena could be initisted by either a
nuclear or a chemical energy releace. The
peed of 8 nuciear excursinn wanli be limited
by the lack of means of intr~lucing reactivity
rapidly into the reactor syitem, while the
speed of a chemical erergy rrieae would
pr bably be governed by the rate of mixing
of the reactants. In either case the rnergy

‘release could be expected to be much <ower

and lexa destructive than an equivalent snergy
release from a detonating exp! vive. Eneryy
releases calculated for reactor accidents are
symetimes expressed in TNT weight equiva-
lents. Such comparisons igmore the fact that
the rates of energy release in the twn cases
may be greatly ditferent. The damage in the
reactor thus is overe<timated. .
Thus the vapor container s.rrounding a
reactor may be con«dered apither line of
defense for the protection of the pub’ic. These
structures are not impregnable, Lut they are
designed to be czpable of condning the acri-
dents which can be regarded as credible.

_The Exrent of Fimon Product Releaswe

The question is Bow raised: In the highly
utlikely event of a reactor accident which ]
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leads /5 a r. “ture in both the reactor vessel
and its vag .- container, what would be the
expecied percentage rewase of the flssion
produc’a? The answer to this question de-
pends ia a complicated way on the details of
the arritent. Various poasible accident situs-
tions coul:! lead to different amouunts of tisaion
product i were, -, fuel meltdown unaccom-
panied Ly a chemi ! ress 2 a2 ; meitdown fol-
luwed by 1 nonvic.went oxidationa of the .u*
by water: meltdown in tr. jresence of air
accompanied by combustica [ the metal; and
either violent chemical ~.ac*inn or vaporiza-
tion, or both.

The first situation would require that no
water be present in the reactnr and that ne
combustion take place. The li‘'ter require-
ment could ve met if the fuel elements have a
meiting temperature well below the tempera-
ture required for rapid combustion. In ex-
perimen‘s performed at Oak Ridge National
Laboratory, Parker [11] has electrically
melted uranium-aluminum .uel elements in
the presence of air witn..a: causing combus-
tion. It can be reasonably aasumed that in an
accident zituation moiten fuel metal will
quickly assume a phynical shape which is no
longer condu. ive to the molten state; e.g., it
can form into drope which fa!l and rexolidify.
ia the previoualy mentioned experiments
Parker observed that, if the irradiated mol-
ten uranium-aluminum fuel element is re.
frozen within a few swconds, about 60 percent
of the noble gnses, xenon and krypton, leave
the metal in addition to abcut 25 percent of
the indine. The perceatage of the hromine
escaping can be reasonably sssumed to equal
that of the iodine. OUnce resolidification of the
fuel has taken place, the escape of radio-
activity would be expected to stop. While
these fixsion products make up the bulk of the
released radicactivity, minute quartities of
less volatile substances auch as tellurium
were also detected to have escaped from the
metal. It is reasonable to assume that other
waetals having similar volatility, such as
mroatium, could escape in winute quantitios
as well.

In the second situation, the reiease of the
more volatile Assion products is assisted by
the oxidation of the metal! by water. Two
hydrogen atoms are released for every atom
of metal oxidized, and. ia the course of escap-
ing, the ev: v _d hydrogen disrupts from the
lattice atcms of the more volatile elementa,

which likewise escaps. Experiments have’

beea carried out at the Westinghouse Atomic
Power Division to determine what products
are released as a result of the corrosion by
water of irradiated uranlum metal [12].
These experiments were performed at rela-
tively low temperatures (600° F.). The fairly
volatile caetals cesium and rubidium were
rbeerved to escape quantitatively, while the
less volatile barium and the bioiogically im-
portant element atrontium were found to
escape only to the extent of 5 percent. It
seems reasonuble to assume that the gaseous
eiements, halogens and the noble fases, would
also excape quantitatively although no deter-
minstion was made. Unfortunately, such
data are not available for the co rosiom of
more typical reactor {'iels such as uranium-
zirronium nlloy at more realistic tempera-
tures. In any case, the evolution and escape
of hydrogen gas are expected to govern the
release of fianion products. It can be argued
that the behavior of the hydr gcu should not
depend strongly on the metal teing oxidized
and that therefore the fission product release
observed for uranium is a likely cne f- r other
reactor fuels as well. According to Westing-
house estimates, a8 maximum of 23 percent of
the zirconium-uranium fuel could be oxidized
by water. Therefore. the maximum expected
release of strontium in case of a ccmplete fuet
meltdown in the presence of water would be
3 reccent of 25 percent or | percent, on the
assumption that negligible amouunts of stros-
tium are relea: | from the unreacted metal
On the banis of Parker's data the same releass
cuuld be expected to include 70 percent of the
ncble gases and 44 percent of the halogens as
well a3 less important percentages of some of
the volatile metals,
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The third situation could occur if the {vel
element meiting temperature were high
enough for combustion to accompany melt-

. 1ng. The process of combustion w~ld involve

cnsiderable disruption of the oxidizing ma-
terial and would cause the relcase of a aub-
stantial fraction of the fission products.
Pa.-ker observed that uranium-stainless ateel
fue, elements burned vigurously after rapid
E-uing to 2000 (. and that 50 pervent of the
*e. o Jamma activity of the fuel element was
. ved as a result. It all the noble gases and
Ralogens are assumed to escape, it could be
inferred that 25 percent of the remaining fis-
sion products were removed.  Zirconium-
uranium alloy has a high meiting tempera-
ture (about 18300 C.), the - fore, it might be

" a candidate for combus’ion. Parker, how-

ever, observed that zircuniui. araniuvm fuel
elements heated slowly to the melting point
did not burn. Such slow heating should rea-
<onably simulate the meiting of (uel elements
by decay heat. ’

Actually, in the case of a presaurized water
reactor it is highly doubtful thut air could
even enter the core while the fuel was in the
molten state, the reason being 1nat stram at
greater than atmospheric pressure would fill
the core for a matter of huurs fullowing the
loop failure. It is conceivable in some reactor
designs that air cculd enterf the core following
a coolant lop rupture; however, in view of
Parker's observations it appeara doubtful
that combustive wouid wecur. :

The tinal situation could lead to subatantial
dispersal of the fuel. Whether thia would
signsticantly augment the release of dssion
products is apett to queation. 1 is reasonable
to ssaume that fission products woulld excape
quantitatively from the metal that had re-
acted or vaporized : but it is doubtful whether
major portivas of fuel could vaporize or react
violently even 1n the unlikely event that these
two processes dil take place. The dispersed
metal should behave sulatantially as in the
first and sevord situations alrely disrussed.
Thus, even in the case of violest disruption

within lh; reactor, the fission product releane
shouid not be expected to exceed substantially
the release in the case of fuel c~mbuston.

Conclussoas

On the basis of the best available informa-

tivn, the muechuniams of fixsion product re-

lease must likely to occur appear te. be either
a fuel meltdown or a meitdown accompanied
by an oxulation of fucl b water, depeading
un whether or not water is present in the
reactor. {nthe [ormer case, the release would
e contined to about half the noble gases and
aboutl a quarter of the halogens contained in
the fuel. In the latter cave, the release would
consist prituacily of a »omewhat more com-
plete release of tnewe same volatiles 1o addi-
tion to approximately | percent of the con-
tained strontium,

A meltdown followed by combustion could
result m a release ot 50 percent of the con-
tained radioactivity. A conssrvative guens
would be that a ke perventage of strontium
would be rel uved. In the hight of experi-
mental evidonee this type of reivaze wema
legs likely than either of the rirst two. Finally,
a vinlent release could not reasonably beex-
pectend] to exceed 50 pervent. Such a munde of
releise would alse be unlikely.

Npeculation has so far bren concerned only
with the escape of fission products foem re-
actor fuel and has not taken 1nto aceount the
condensation and absorpticn of these sub-
stances - n metal surfaces 10 the reactor and
vapor contaifer Jduring their passage to the
atmosphere. The preveding estimates are
therefore s smew hat conservative, ot least in
*he cune of the lesn volatile feion profucts
but since these estimates involve uncertain-
ties, there is aome justificativa for com-

. servatiam.
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Appendix B

Description of Reactor and Site

Descriptos of Resctor

The reactor chumen for this tudy is a 500.-
WO thermal kilowai, resctor. Ti.s power
rating is in the ranye of the ratings of the
large power reacturs now |ropused. How-
ever, mnce all the crat analyses that have heen
performed on reactors show that the cunt per
kilowatt-hour of electricity decreases with
incremse in reactor power, it is expected that
the puwer level of future reactors will tend
to be large.

The reactor is assumed to be fueld with
ursnitm-235.  Ale, the fuel reprocessing
cycle :« taken to Le 1%0 days. ‘anis time N-
ters ! pevma Lppropriate fnr reactors ©ow
Froged

Descrapeon of Swe

It is assumed in this report that the reactor
would be 10 miles from a lnpge city, and
kcated near a large body of water. It
lomieal to place the reactor near the users of
power, since transmissing vonte afe propor-
tional to distance; on the other hand, land
coata are s sutude the ity tham inade.
Nearpess tn a water supply is peatuiated be-
caune Watep 18 necesaary {or stram cvmdenaa-
tion. All the power reactor sites proposed to
date are withia 30 to {0 miles of a city and
near ar advequate water source,
0w f atypical distribution of pepula-
tioe 1 4.4 B reactor wte was arrived at hy a
con- tetatinl of the actual istribution
arond five reactur sites. 1t develops that the
total population with:n priven radial distances
(R) of le<a than 20 muwes is remarkab’y simi-
lar for these utex. Thie pepulat'on can be
calculated by the expreasion Populatiwn .-

200 B9 where K in in miles. Fiqur 1sPs
the population curves for three guvernu oat
vontrolied siten and tan propesed private
sites with the ahove population egation
plottedd At medinm Jistances the actaal pp-
ulstivne around the proposed commercial
«ates ure lower than those cakulated from
this egnation by a factor of up to 4. This 1
almut the same aa anmuthal variatea. It
chould be noted that t=e guvernment siles
have bevn In existence for mo e time. It
wirakl be expected that more (-~ e and fac-
torws would move inte the region 1o to 20
miles (rom a New reactor as ime yoes by, »o
that the areas around commercial =ites wogld:
leveme Lke thuse wrounidl the gnernment
ten, [or wWhich the population eyuatio® s
quite gondd.

For distances greater than 20 miies, popu-
Laticn dens gty i Rasum - 1o be 50 penple pee
auare mile rather than ° - Unitenl States
aversge of 53 per sjuan mile. The stetes
with hagh papulaticn den<ties have tern de
tlerately chosen tevause power fenctore are
expevterd to he bl m peens where theee
are pany power uswers, Examples of populad
tion densities In wime industrial states as
cnen in The Stitatusd Ahstraet of the
I'nited Ntates, 1435, are: :

I'ore ammes Linasgry recerrs w !

1o 1y

1theute Dainenl ] T
New Jrre SN L%
Al vane. iyt te %) ve
Nee Voan ot Lid

The above numbers show that pupulation des-
«lien ape iIRCTvARING At & very Fapid rate. :
The choice of the charactefistics of the

&
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pearby city was difficult. For purposes of
calculation the city war assumed to have one
million people uniformly disp.rsed over a
circular ares of 15-kilometer (about 10

miles) radius. While no city of this exact
dencription exista, it is felt that such charac-
teristics provide a reasonable basir for the
calculation of hypothetical domages.
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Appendix C
Fission Product Activity in the 500,000-tkw Reactor

Estimates of the fission product activity at
one day after 180 days’ vperation were ob-
tained from three compilativns of ‘he fwion
product decay chains {1-3). The tota. ruv-
ity im cusies was obtained from values {rom
figure 1 in the British c. .upilation and from

the expression
N(DY - N(I + D)
= -

J.untegrations fiasion-day.
where
§ o= 11y adiation time, 180 days;
D == decay time, 1 day ; and
N(D) = (1.6 — 0.546) 1% 586 < 10°
disintegrations fission-day.

Thus the total activity is
(5.86 X 10 %) (3.1 X 10**) (8 x 10*) (180)
e e P e

-~ 4.4 X 10% curies
24 hours after shutdr ~a nf the 500,000-tkw
reactor after 180 days' operation.

Similarly. the Hanford compilatios indi-
eated, from table 3 in reference 2, that the 1
Jay fiasion product activity would be 10.000
disintegrations min in a 200 day old reactor
for a fission rate of 10° fisnions min. 10* flis-
sions min. result in a power level of 5.34
10 * watta. The activity then is 10,000 (5.34
<10°°) ~= 1.873 « 10" disintegrations, watt-
min., and the source strength was eatimated
to be .
Q = 4.2 X 10* curies

i the 570,000-thw reac °r.

The tolal activity of the 500,000-thw reo-
actor one day after a 180-day operation was
taken 10 be 4.1 = [0 curies, a value referred
to by Chamber'siu and Megaw [4] as well as
by Parker and Healy [5].

The activity due to the volatile fasion
products was inferred {rum the Argunne
compilation (3] and an carlier Argonne re
port {6). The curven in figures | and 2, which
were inferred from similar curves in refer-
ence 6, indicated that the buik of the v “ule
fixnion product activity would be due to the
iodine, keypton. and xenon isoctopes. The Ar-
gonde fiasion product decay chain compils-
tion {3] indicated also that the noble gas
activity was due principally to the xenca
isotoper, Xe''* and Xe'*'. Thus, the indine
activity, one day after shutdown, was fuund
tobe a'w:ut 5 « 10' curies. The noble gas ac-
tivity was 3.4 - 10! curies and, consequently,
the total volatile activity at ope day would e
N4 ¥ 10" curies.

It was found that the decay of the volatile
finsion product power after one day could be
approximated by t **. However it was noted
that the decay of the volatile fissing product
activity (curies) departa smificactly from
t " * at times immediately after shutduws and
veyond about 10 days.

Finally, extimates of the Sr**, Sr™, and
Ce'' activities were obtained. It was thought
that Ce'** could be importan. 1n a radiatios
dosimetric aense because of ita energetic,
shert-lived daughkter, Pri*®, which emita a
3-Mev g-particle. The oneday activitics in-
ferred from the Argonne compilatinn were
1.7 < 107 curies of Sr**, 3.8 "« 1" curies of
Sr*v, and 8 - 10* curies of Ce'* for the 180-
day-old resctor.

The activities used, then, in subsequent
metenrological and dunimetric considerations
are summarized below.

Activity Carwe
Total tisle
Volatle Sz ¥

n
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Appendix D

Effects of Fission Product Releasc on Humans and Land Use

Issroduction

In this appendix an attempt is made to
estimate the effects or humans who might be
exposed to a cioud of fission products re-
leased as a result of an accident to a power
reactor and to estimate the effects on land
use of contamination by depusition from such
a cloud. It will be clear that the conclusions
reached can be littie more than educated
guesses, since the direct effects on Yunue of
exposures uf this character are |5\ fely un-
kwown. Similarly, setting definite )limits on
scceptable contamination levels for land to be
used im a7ric_ltre is risky because of the
incomplete +ta'. of present knowledge of
the soil-plant-x.imal-buman relationships in-
volved.

‘Assumed exposures of human beings to &
redioactive cloud will he divideu into four
categuries. Category D will be considered as
representing less than the Acceptahble Emer-
gency Dose (AED), which in takento be 25 ¢
of whole-body g:uma radiation in one ex-
posure or 50 r in 3 months. Persons with
exposures falling in categnry D are assumed
to have received no injury and hence are as-
sumed B0t to represent any financial liability
althougb it is rcalized that exposures in this
category mi: ht in a few cases have undesir-
able consequences many years later. Ex-
posures im category C might resuit in mizor
symptoms, but it :: felt tha: persons receiv-
ing suzi, exposures woild be in good heaith.
However, some physical examinatrons, bio-
assay procedures, etc. involving some ex-
pense might be required. Thir exposure eate-
gory would be roughly equivalent to tre ra-.ye
of 25 to 100 r of whole-body gunma radia-

e e

tioa. Exposuyres ia category B, corresponding
to 100 to 450 r, would result in incidence of
illness. Finally, s high percentage of [atali-
ties would be expected {rom category A ex-
posures corresponding to doses in excess of
450 r.

In dealing with the deposition problem
there appear to be five possible situations,
depending on contarunation level, to be con-
sidered. In rhe first, designated as range L,
urgent evac .ition (i.e., within 12 hours)
would be imperative. Next would be runge 11,
in which evacuation would be required, but
more time would be available to prepare for
it. Where such evacuativa would prevent in-
jury it is assumed that evacuation would be
accomplished ard no injuries are tabulated.
In some cases such evacuation would require
extensive eforts and urrangements, but dis-
cussion of these is not within the acope of
this study. ln range 111, restrictions on agri-
culture would w necesaary and temporary
evacuation might be required in ome clrcum-
stances. Cuntumination levels in range IV
wuuid probably necessitute destruction of
sianding crops and testrictions om agricul-
ture, at least for the first year. Finally, con-
z.nination levels in range V', while still easily
detectuble, wuuld neressitate no restrictions
and, hence, involve no *xpense other than the
cost of radinlogical monitoring.

Late im this appendix estimates will be
riven for the exposnres in curie-reconds per
cubic weter tt —xec m*) corresponding to the
four cateyorien described above, (ur two as-
sumed tviws of reactor incidemt. In the first
case {refeered to as “fission product release™)
a sizead's ?raction of all the fiasivn products
sontained in the reactor in assumed to be
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liberated. [n the second type of accidest
(“volatile rclease™) it is ansumed that re-
nctor fuel meits and that the volatile fission
peuducts (primurily aoble guses and halo-
mean) are Liberated.

Arbitrary assumptions have been made a»
to the power Jevei anid age of the reactor Jus)
charge 1n otker sectivns of this stody, and
computations have hwes pude of tbs and
ureas and pumbera of people affected. 1 nese
assumptions have relatively little effect on
the levels expressed in C—sec/m- ch-men for
the bounduries of the vurious exposurs
categories.

Unfortunately the same i= not true in the
casi uf the limits o8 contamination resulting
from deposition. In particular, the boundary
between ranges IV and V is determined
largely by the strontium-90 concentration in
the material depusited, which i3 aun_\ al-
rectly ptoportional to the elapsed megawatt
days of exposure uf the fuel charge at the
time of the accident. It is necesnary to keep
this point irmly io mind in xny evaluation of
the possible cost of a reactor accident. Esti-
mates are yiven for the boundaries of the
various ranges of deposited contamination in
terms of curies per squure meler (C m?).
All activities have been referred to a time 24
{wurs after the postulated accident.

Chaice of Units and Appeoximetions Used

The decision to express the various ex-
posure categorien in terms of C-sec,m?® was
made for coavenience in computation of hypo-
thetical consequences ia other sections of this
study. Actually in the ty po of dosaye calcula-
tions made here it would have been preferable
to use watt-seconds per zubic meter and thus
take eare of the changes in aversge energy

with time, This is varticularly true in the -

volatilc firsion prosiucts release. Here the
change in average energy with time would
be so marked that the variation in fission
product energy was actually used in calcula-

tions of dose rates and the results were lotar
exprossed il curies.

The deeay of the cumplete fissiorn nraoduct
misture can be represented by a ¢°? power
law over the timhes of interest in this study.
In the volatile release huwever the tow! sum-
ber of isotopes present is apparently 100 amall
for this statistical approuch to be valid It
was found empirically that *he iotal beta
energy or the total gamma . acrgy of the
volatile products can be represacted by a t=*
law from about 2 hours to ala it 300 hours
after an incident (see figs. 1 . ~d 2 in appen-
dix C). This is a fortunate circumstance
since oth .rwise it would have been necessary
to resort to graphica. integrations to compute
dosages

Also it was neceesary to assume an arbi-
trary !i:ne for the passage of the clcud.
Others.ine each type of in- ident wouid have
had to be computed for each probable mete-
orological situation and the effects on exposed
humans estimated separately. No generally
applicable limits could have been set for the
various exposure categories.

A time of 2 hours after the accident was
chosen as representative of the cloud passage.
This is of course too late for really ciose-in
aress but is probably early for the more
densely populated regions. Because of the
slow decay, dose calculations for the fissiom
product release are not very sensitive to the
choice of arrival time. In the volatile release,
on the other hand, & change in time of arrival
of the cloud would make a sigmificant ditTer-
ence in the estimated limits for the various
exPnny T~ categories.

fai-uioadhmwﬂod

In estimating the exposure received by n
person exposed to the radicactive cluud frem
a reactor accident, the assumption is made
for convenience in computation that the indi-
vidual is immersed in a cloud of practically
infinite dimedsions. “Infinite” in this case

EFVECTS OF FISSION PRODUCT RELYASE ON AUXANS AND LANUD USE K<

means large compared to the mean free path
o! the average gamma-ray. Expression of
the exposure in terms of C-sec m’ implies
that the pasaage of the vioud takes more than
a few seconds so that the subject will tuke
enough breaths for his siveilse air to come
into eyuilibrium with the surrvundings. The
time ‘vill, however, be cobridered short
enough that the dose can be conxidered as
delivered in one single exposure. 1t is clear
that within these limita it mukes no differ-
coce whether a dose of 100 C—sec. m? results
from 100 seconds’ exposure to a cloud con-
centratior of 1 C,m® or 10,000 seconds’ ex-
peure o a cloud concentration of 10 mC/m?.

Whole-Body Gamma I .e

An estimate of the whole-body gamma dose
resulting from an exposurs of | C—sec. m*
can be made as (ollows: Assume the subject
is immersed in & scmi-infinite medium con-
taining uctivity. Neglecting back-acattering
from the ground, the dose rate would be just
half that cbtained in xp infinite medium, abd
is given by equation 1:

d= 1, [m(‘. ¢c) (3.7 > 10* din - sec-C)
(EyMev,dis) (16 10" - . Mev) |
[( 100 erg/g-rad)
(0.0012 g ccair) ] * rad sec m
d = 0.24¢ cE. rad/aec

where
d v dose rate in rad - sec,
B smaveraye ramma quantum eneryy in Mev

¢ wmconcent: ation of activity in xC/ce
-. Criat,

This equation is derived on the assumption
that in an infinite medium in equilibrium as
much energy will be abnorbed in each ce of
#ir as is enerated in it.

AR average gomma energy. £, of 0.7 Mev
ia aasumed to represent the Assion products
at this age. Further, sithough the activities

are stuted as of 23 hours after the accident.
expostire 1o the cloud would presumatly cecur
at s earlicr time, say 2 hnirs after the
sccident. Thepefure it s becraaiy 1o currect
the duse rate from the 23-nour to the 2-bour -
value. In the time ranye of interest tae vatire
fisnion product actisity is axsutmed to 1= pro-
portional to ¢ “ 2, whiie the rheryy o the voia-
tile finnion products 1s axsumed to droay ac-
curding to a ¢t°° law. Thus, expoeure to
1 C-xec m* (23-hour valuet of fisston pond-
ucts, at 2 hours after the accideat, would
give a whole-body dose,

D, ~0.246+ 1C m?+0.7 Mev+ 1 vec

*(27424°%) rad
«r2173(24:2)%% = 0.i73+ 164 - 0.2 rad
t22)

Correspondingly, for the volatile rekuse, the
e would be

D.=02430]10Te 1 (2°°°24*%)
=0173(24 2)" 017357 126 rmd
(2v)

If 25 r 18 taken as equai .0 1 AED. and the
usus! gwsumption is made that 1 rad equals )
roentyen, then thexe exposures amount to
0.0112 and 0.0505 AED. revpataveiy.

[t should be pointed v:ut that assumption of
an infinite cloud will make the calculated re-
sult too high. Om the otner kand, neglect of
radistion scattered back {rm the yrund and
gamma radiation teveived when not in the
cloud at all makes the revult too low. The
two effects have bren assumed to cancel each
other in the first approximation.

WAole-Body Bets E sposure

Whole-budy beta exposure frosm the pame-
ing cloud would M lena *has the yamma
exposure and, since 1t affecws principaliy the
skin, should not contritsite sywilcamtly to
the acceptable emerge-cy dme. However it
should be borne in mird thst beta di<age may
hevome important if fa- Al is depomited o8
the body and not warhed off j:omptly.
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Calenlation of Activity Inhaled

The standard man s assumed to hsve a
respiratory minute volume of 20 liters at’
work and 10 liters during rest or light ac-
tivity, and he is ans:med Lo be at work 8
hours a day, or one-t“ird of the time. The
average minuie *olume is (20 + (2 X 10)])
+3 = 133 lters, and the respiratory rate 1s
13300, 60 oo 220 cc.sec. An expusure of
1 C-nec'm* thus invoives the inhaiation of-
220,.0 since 1 C. m? = 1 pC/CC-

Only a fractivn of an inhaled acrosol will
be rctained in the lungs. Gaseous activities
and activity associated with very small par-
ticks will be exhr'sd and hence can con-
tribute to the radiai. .n dose only during the
cloud passage. Activity associated with the
erger particles will be removed in the upper
rerpiratory tract or the bronchial epithelium
and will never reac:: the alveoli. Activity that
in thu« vrevente! frem cortr.uuting to the
luag «ure is likely, however, 1o be swallowed
and thus to pr went a pussible hazard by in-
gestion. [t i customary tu e-timste that 20
or 25 percent of the inhaled activity wijl he

retained in the alveoli. If the 25 percent .

figure in ured, then for the fission product
relcane an exposier of 1 (“-sec m* would re-
sult in detention of 55 .C as messured at 24
nours. For the volatile case, it is assumed
that 40 percent of the activity ia in the form
of noble ganes 30 that enly 22 . would be
retained per C-sec, m®,

. Computation of Lng'Don

It is evident that the beta dose to the lungs
resuiting from material lep wited in the alve-
oll will greatly exceed the exposure due to -
direct inhalation of the cloud unleas cloud
pansage is assumed to take several hours.
Thia is in marked contrast to the situation
after the explosion of a weapon, where the
decay is much more rapid. The beta dose rate
to the lungw, assuming a standard weight of

lhlorthclunpmmdpd-
{e is, is given by equation 3.

“dme } BTN E 18X 350

100 1000 g (av ;un '
= 5.9 X 10" qE. rad/sec {3)
where

¢ ~2sC of activity retained in lungs,
meaiured at 21 hr, and

Es = avera:e energy of bota-particle in Mev.

To compute the dose accumulated in the
firnt day fi.e, from f == 2 to t =~ 24 hr) this
expressios must be integrated by using the
appropriate decay law. For the fissioa prod-
uct relesnse,

D, =89 X w'z.fqmdc
where 0(t) = g7 24 *?), First-day dore is
24 ) 24
D,] =59 10 E.+2600 - I )
292
2
, srer gy
. 249
=212 10°Eg S (20— 200)
=212% 10 *E. g+ 259
=55 - 10 ‘E.qrad (4a)

An average beta-particle energy of 0.4 Mev
being arsumed, 83 .C i" the lung~ would give
# dote of 1.21 rad. {n .his caze the correted
tlose is only about 18 percent larger than that
csleulated from equation 3, nexlecting decay.

For the volatile release, from'the ¢ ** law,
the firat-day does is .

4 R
D.]-n B9 10'F 3600 % f tovdt
2

2
21231005 q B0 01y
= 2I2C10E) g+ 49 = 0.104F: g rad.
(4b)
An. average particle energy of 0.4 Mey aTAip
being assumed, 22 ,C in the lungs would give
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a doee of 0.9 rad. Here the decay correctivu
is a [actor of 2.23.

There is no firm baxis on which to coavert
lung dose to «quivalent whole-budy gamma
Jose. However, it is noted that the recom-
mendations of Handhouk 59, National Bu-
reon of Standands, permit 5 times as much
beta expcaure to the basal layer of the skin
{whole-body as gamma and also permit §
times as much expocure to the extremitiea as
to the whole body. [t seema quite conserva-
tive to u<e a factor of S in reducing lung
exposures to whele-hady euivalents. Thus it
is estimated that the Assion products cans
would give 0.21 r equivalent or 0.0096 AED
per C-sec m-, and the volatile case 0.18 r or
0.0072 AED.

Based on the axsumptions of Handbook 52,
Neational Buresu of Standarda, the quantity
retained on the second day would be half that
on tke first. Allowing for nome decay, *he
dose in the rest of the weck would he about
twice the first-day dose for the fiasion proguct
cane.

Componition of the Clond

It in estimated that a 500,000-tkw reactor
after 180 dayn of operation and 24 hours of
cooling would contain the following activity:

Total fsmsaa praducts L1 n 10 curws

Strontium- ¥ LE RIS
Streatiu9 1.7 t0
Cesrem-144 § zl
Muten .m- X0 A8 e
lodines 5
Noble ghses AR Rl

Torul woistile Resion products LR

In the full fixsion product release, taken to

involve half the materiat in the reactor. 20
percent of the activity measured at 24 hours
woulu be volatile: 12.2 percent would bein
the various insdine isotop < $.1 percent would
he Sr*v: and 0.073 pen nt, Sr™.

For the volatile release the assumption is

rade t wat | percent of the Se™ would escape,
».mpraition would be 0 percent noble
War SO percent iinlines, and 00035 percest
S==. [hus in the volatile reiease the kndiDes
are relutively enriched o8 a curie curie basis
k) a factor of 4.9, while Sr*" is deplrted by &
{actor of 20. Plutonium is much lexs volatile
than strontium, hence cad be neglected ia the
volatile case.

[t i interesting to note that the amouat of
Sre contained 10 the postuluted reactor
would be equal to¢ that priduced 1D the ex-
pliwion of 3.8 mexatons of tiasios weapnts.
If the fuel cycle were lonTer then, of courne,
the amount of Sr*' woukd e properticastely

greater.,

Depomtion of Ast--ty s the Body

It has be-n calculated above that in the full
fision product release 55 . of activity would
be retained in the lungs sfter 1 C-wec m* of
exposure. [t is now pecemaary to consider the
subsequent beaay; 7 of this material

The soluble fraction prubably remains in
the lungs only a few hours before it gets 1ntn
the hiond. Sume nf the inaojuble material will
be removed and prebatly <wallowed 1n the
tir<® few days; the re:t will remain indefi-
nte.s. A convention wwmet!Mes uded 1s to
assume that half the inwiuhle material is
retained for 24 houss and the balance indefl-
nitely. Material caught in the upper re<pirs-
tory tract or the brencai will mestly be
awallowed, although «wime will be removed by
blowing the nose and ceougzhing up amd ex-
pect sration.

Neimt:im-99. For Sr™ the maximum per-
missible body buruen tiwcupational) is 1,0
maintained over a wirking lifetime, \. =~ to
te 10 yeare. With the bivloical half-hfe of
Sr™ in the bopvs taken ax 2200 days (6 yr)

. the average amount over 40 years would be
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i
lof exp( 0893, )4 L
° 6 W

. 40
"~ gess “P("q'%”‘)]o

- [--6/10.693+ 40)] (e**— 1)
(1 16) (1 —et?) =021 (3)

of that orixinuily preseat.

It seems rearonable to connider 1 4C in the
bones as | AED, with the decay factor used
in lieu of the custuomary factor of 10 between
occupational and genera: « xpusures. Accord-
ing to Haadbook 32, 22 percent of the inhaled
strontium would be w.gotited in the bones,
but it appears that leas than half of that
remains more than 4 few months. Hence it
seems Feasofable to consider inhalation of
10 »C Sr** as an AED.

A exposure of 1 Cosec,m?, or 220 4C in-
ha'led, would contain 0.16 xC Sr*°, and there.
fore would be cuonvidered on the basis of the
strontium slone as Q016 AED for the full
fission product release. [a the volatile case
the strontium is depleted by a factor of 20,
thus 1 C-sec, m? is 0.001 AED.

Strontium-32, No standards have been set
on maximum permizsible leweis of bone seek-
ers for a single emergency exposure, but a
lifetime duose to the Iln.me« of 50 rad w.uld
seem reasofable. it might further Lo aseumed
that the relutive hazard {rom ditferent iso-
tupes which go to the same critical vrgan
would be propurtional tu the : vcrage particle
energy multiplied by the effuetive half-life.
On this basis ap acveptable single duse of Sp~
would be (2200 - 101,152 > 0.58) = Tj
times as lurge as that of Sr**,

On the axeumption that 770 «C Sr** were
inhaled and 22 percent or 170 4C reached the
bones {axsumed to weigh 7 kg), the dose rate
wonid be '

1, 170437 - 105518V 10
100 T 77X 100
*+ 3600 » 24 = 0.68 rad/ day. (8)

Integration of this dose using a 52-day effec-
tive ba)f-life gives a lifetime dose of

-
o'“fm .o_‘g?.?t .uno_“_sz et
l 52

0.693

. =051°0987=0850rad. (T)
Actuslly not all the 22 percent reaching the
bones will be fixed, since it is known that it
takes several weeks for the excretion rate to
settie down to ita finul value after an inhala-
tion incident, therefore this value sertus
ucceptable. )

Hence the Sr** inhaled in an exposure of
1 C-sec/m‘, amousnting to 9 xC, would con-
tribute 0.0116 AED in the fiwsion product
release. n the voiatile release the correspond-
ing figure would be V.00058 AED.

Cerum-144 plus Praseodymium-14,. “rom
calculations oo the same basis as tUe! used
for Sr**, an accypiable single dose «f Ce'ét
appears to be (52 . 0.55)/(180 < 129)

- (12 times the Sr* dore. ln this case,
however, absorptions from the intestines is
very slight, and Handbovk 32 gives 10 per-
cent for *Y fraction of the inhaled amount
that reacr: i the bones. Therefore inhalation
of (2210, x 012 X 770 = 203 u. Ce'*
should be ace. ptable. Thin gives a dose rate
of 0.19 rad cay and an integrated doee of
49.5 rad.

A 1 C-sec; m® exposure involves inhalation
of 220 - (B8 X 10%), (41 2 10%) - 43 .C
Ce'**, which would contribute 4.3. 203 = 0.021
AED in the fission product re.case. For the
volatile case cerium wouid be ncyligible.

Plutunium-223. To be consecvative, it is
assumed that plutonium would be in insniu-
ble form and therefore the lungs would be
the critical organ. Handbook 52 gives an
MPL of 0.008 4C in the lungs, with a half-life
of 1 year. For a single exposure it seems
reasonuble to permit 5 times the lifetime oc-
cupaticnal level or 0.04 4C. In Handhoos 52
it is ntated that 12 pervent of the inhuled Pu
reaches the lung; this of course implies a
particular particle size distribution. Here it
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seems safcr to estimate 25 perotnt retention.
1n the fAission product release {u-** would
comprise 0.00093 percent of the total. A 1
C-sec. m* exposure would invoive inhaiation
of 220 . 9.3° 10°¢ = 2+ 10 ¢ ,C Pu. This
corresponds to (2 -« 0 ')/ (4 004) =
0.0012 AED. Plutonium would be quite deg-
ligible in the volatile release. )

fodince. The indine isotopes present after
24 hours' couling are chiefly £, 199, .nnd
1'3*, Their pruperties are as follows:

lostops  Helf<sfs  Pramen praid, 7o  Averugn E..U-.

| ) QUidays 3% 02
| o 3br %3 o4
[ Rad T 35y - (¢}

The activity «f this mixture falls to cas-
half in 30 hours after the first day, decuys to
one-fourth in ancther 56 houls, and thece-
after bebaves like that of {'*'. The dose 1
the first week would be roughly 4 times the
daily dose rate as e nured at ¢ 24 hr. The
eritical organ is, of course, the thyrvid, which
appears to be relatively radisresistant. A
Jose of 25.000 to 30,000 rad is extimated to
result within 6 months in sufficient symp-
tomatology io one-sixth to one-haif of the
1=raofs fo irradiated to cause them to seek
m~dical care for apparent deterioration in
their well-being. There are, however, cases
of thyruid malignancy in adulescenta who ore
lelieved to have received dnses of the order
of 200 r to the thyroid incidental to irradia-
tion of the thymus or adenoids ux yonrg
children. Such casmes are fortunarely very
rare, although large numbers of children re-
ceived irradiation in the 1930°4 and 40's. 1t
sevme rea~cnable to set the AED at vne-tenth
the 1owest figure at which symptoms may be
expected, or 2000 rad tn the gland. although
the pussibility of an occasional tumor must
be admitted. -

Takirg the aversge heta energy s ¢ 71 Mev
10 allow for the (%% and 1%, 1 C in the thy-
roid would give a duse rate of 0.77 rad/day,

or about ' vad in the first week. [n this cab
culation negiect of the shorter-hived ixotopes
causes the firat-day dose to be uddesesti-
mated, but this is 2T Ly the fact that the
inhaled ivdine will take appreciable time o
resch the gland. " Allowing agother 2 cad fir
the ity peceived after the irst week, 0 ot
in the thyroid would seem to be acevptable,
According to Hanrdhook 52,13 pepeenit of in-
haled irndine reaches the gland, hence 300 .15

26460 o inhaled eofresponids ' the AED.
Expisure to 1 C-see. m* would inviive 1phala-
tion of 220 " (5 X 10%) (4.1 = 10°) - 27,4C
or 0.ul AED for the full fissivn prinduct re-
Icuve. [n the volatile case, where the ivdines

. amodat to 6V percent of the total, 1 U.wec m*

would correspond to 0.049 AED.

Dinse to tae G.Il

[t does Dot appear fearible to estimate the
dose to the intestines or other urxans. in even
the crude fashion usd above f{ir the jung,
bope, and thyruid doves, This i« partly be-
cause must of the activity would hive bren
swallowed after removal from the bropchs by
ciliary acti' 7, » pricess which would continue
for days. Asa ruugh guesa, perhape as much
materia as 19 extimated to be retained 1n the
lunga wouhl yo through the intestinal tract.
Assume that jassaps Feqdires 23 hours and
that ‘he tract ‘weigha 2 kg, [n the fuon
preduct release 1 Coxec m® 3¢ considered to
leave 53 4¢* in the tungs, This ameunt of
activity in the infestines nonid @ve tuy use
of equation 3 coreected toe the ditfersnee
maxe of the organ) a dree of w36 rad. Al
*hough the intestines are, gertrraily speaking,
ratto  eadineenitive, a duse of So-rad s
dav ur twn woull probanly be acceptable.
Therefore 1 C-sar m® is taken to rive 9.5 50

- 00112 ALD to the intestinal tract. Jhe
volatile pelinse resalts 1o practically no se-
tivity except from the noble paces and idines
therefore the dose to ihe intestines would be
negligible.
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Total Direct Expossre

At this point it becomes necessary to sum
up these various effects. Almont no data exist
oa the additivity of partial body expoaiires.
In the case of the limit fur nc .njt:y {cale-
wory D) it is conservative ruply to add un
the partial exposures as cspressed in AED,
hut this will not work for the sickness or
tethal mits. One car.not half kili a man by
hanging and half ki'i him by shooting and end
up with just one dead man.

Table | recapitulates the effects (expressed
in AED) of | C-nec. m* of exposure for the
two types of reiense considered.

From Table i, * seerrs safe Lo pick an ex-

. posure of 10 C-sec, m* as the limit {or cate-
gory D in the full Assion product reivase. [n
the volatile case it appears that practically
nothing counts except the external wamma
dnse and the dose to the thyroid. There is no
reawp to suppose that these effects are syner-
gqstic ; in fact the thyroid appears to have no
particular relation to rudiation sic? texs. It
seems conservative to pick the same figure,
10 C-sec, m*, for the category D limit ia this
case too.

The situation becomes much less clear when
an attempt is made to pick the lethal dose
(the limit for category A}. Protubly the bone
seekers may be added together, although the
long time over which the Sr™ delivers ita
dose makes thia somewhat doubtful. Aiso,
the lung beta dose and the Pu dose may
poanibly he additive: the Pu is almoat nexliui-
ble in comparison with the other in un; case.
An exposure of 300 U-sec. m? would then give
a duse of 112 r whole-budy, 540 rud to the
Jupgs in the first day or 1620 in the first week,
942 rad to the bones over a few years and 224
rad to tre Intestinal tract. [n addition there
would be an undetermined amoant uf radia-
tion to the blood and other oreans. and 8000
rad to the thyreid, which woulkd not he
cnnnidered .. an vontributing to murbidity,
Whether this combination of insults would
be sufficlent to cause death is «criainly not

knowa, but it does not seem unlikely. There-
fore, & figure of 400 C-sec./m® will be adopted
as the lthal limit for the fissiom product
relesss.

Tams 1
EFFECTS OF L CAFC. M Y OF EXPOBURE
EXPRESSED IX AED

PP Vounde
Aivags PP oo

Enternal v Jowe. . . . ... aonz oS
lung o ame . . agus 6072
Hone dose frven e = e 001
Hone dase {rom de ™ . (U1} OnnSA
Rone dowr from Ca 100 4 Pris . (BN}
Lung dowe (rom Pu. . . o (V)
Thyroel dase . .. . . o on
6.1 unct Jose . . o 01 (¢
{ Negligible

In the hypothetical voiat "¢ release the sito-
ation is much less comp'icated. The lung bets
dose w'll result principally from iodines on
the way to the thyroid, therefors probably
or.y the first day need be considered. The
thvroid dose will be neglected since even com-
plete destruction of the giand is not lethal
An vxposure to 350 C-rec m* would rexult in
450 r whole-body plus 325 rad to the lungs
and 28 rad to the bones. This exposure seems
a goud choice for the categury A limit, since
the lung and bone exposures are trivial com-
pared to the whoie-body gamma dose.

Selection of a figure for the boundary be-
tween categories B and C i~ fraught with
uncertainty because of the var - ing individual
susceptibilities and possible s). e. gic efforta
In principle, of course, a tumor might be in-
duced by a very amall Jose, but the chances
are small, Perhaps the best way to proceed
is by simple interpolation. 1f 450 r whole-
body is the mean lethal dose and 100 r may
produce limer , it :em: reaonable to sup-
pose that (100 450) . 330 := T8 -sec m",
routtded off to 30 C-eec m’, would be the ill-
ness limit for the assumed vol.’ile relesse.

e e ramaan et e by e N i, 5B
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The same procedure gives a figure of about
90 C.sec m’ {ur the illness limit ip the &
sumed iull fission product reiease, but this
figure is tn he regarded as m.ch lexs reliable
than the correrjonding one for the volatile
reiease.

Efects of G ound Contamination

Comparatively Lttis s koown abcut the
froblems inv-.,ed ia .iving in an environe
ment hess !y contaminated by radinactive
® eris’, 1t is obvious that external whole-
body ywmma irradiation would be significant
at sufficsently high contaminati:n isveis, and
that even at low levels problems v . exist
in agriculture, particularly da‘ry farming.
Very little can be said, on the other naiad,
abui:t the intermediate situation. The extent
to which dust deponited on the lundacape
would find its way into food and witer sup-
plies is not known. For the purposes of this
study, however, it muy be sutficient to con-
+swer only the relatively straightforward
e’ lems,

Whole-Body Grmma Dose frun. Deposition

F1 . Thre Etlicte of Atumie Weapona (fig.
A.33). it appears that at 3 feet above a plane
surface uniformly cortaminated with [ mega-
curie wi+ of material emitting 0.7-Mev
somma-rays, the radiation dose rate would
be 4.2 r hr. The conditinons assumed in this
caleilation are ot stated explicitly, hut &
chec\ computativn indicates that this figure
appl.en v, . perfectly smuoth sueface and thst
the buinl-zp factor has been ixnored. The
. ganess f any ordinary groumd surface
would give wme shielding and this might in
geheral more than offset the buikl-up Jdue to
oy shipe.” Rimce | ™0 . 259 km? - 259
Citrm LMEC mit o 03361 0 mi thus level
ground enntaminated with 1 C. m- of 0.7-Mev
gamma emitters would give a dose rate of
259 « 42:-106r hr.

Witn the previoualy used assumplion that
the cloud would pass vver 2 hours after an
accident, the integrated dose for the first day
At 2tol .24 hey would be s - 259

. 22u r (using the decay correction factor
obtained in equation is) fur the fnsirn prud-
uct reiessne. In the volatile case the « wve-
aponding dose (see equation b)) wouid be
10.6 - 49 - 520 r. The dose rater that would
be ohserved at ¢t 2 hr would be 0.6 . 164

1T4r heand 1C6 - 7.3 7735 ¢ Ar, re
spectively (nang the factors found 1n wyes-
tiona 2a and Zhi,

A calculation similar to that +f equation §
is needed to get the duse that woull he
receives) in ) montha, The duse after the tirst
day to the Suth wou'd be

90
Do == 10.6 2-If tedt 250 oA
1
et — 1Y)
= MACIE 1) V' Ser (8a)

to which must be added the first-day dewe of
226 r, the total being 11,500 ¢ for the flxsion
pricduct case. Al the 99th day the doxe rate
wonld <l be 90 - - t 246 36 6 percent
of what it was on the first day, apart from
the decontamination by weathering or other
means.

For the volatile release the 90-day dome
wnuld be

30 -
. 1
= 2 - an
D o 0G0 ..|J rocdr 2 wo
1
O L U
- 272G D) 1Yoy (1.1

plua the {irst-day Jone of 520 r, or a tolal of
2370 r. The duse rate after 9 days would be
L TR ? 286 - 2.7 percent of the rate at
t 21 hr. Actually the ¢ ° law is pot valid
for this lar /o time. The longest Jived “wtine,
', would be duwn to 1 perent of s {nitial
value in 56 day=, thus ali that would resun
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would be the strontium or some ..ag-lived
daughters of the noble gases.

It ia to be noted that the doren calculated
ahove for 1 C m* apply to an individuai who
sperds all hia time outdoors om rmooth
ground. For mos’ people, except outdoor
workers, it would s¢em reasonable to allow a
factor of 3 for ground i1rregularities and the
shielding effect of ordinary buildings,

Whnle-Body Beta Dose from Deposition

As noted above, muterial from the cloud
deposited ua the budy might result in serious
beta doxaye if allowed to remain. No attempt
has been mude to evaluate this type of ex-
posyre as its magnitude wouid depend
strongly on local circumstances. [t is pre-
sumed that most individuals involved could
wash and change clothes promptiy cnough to
make this component of expesure rolatively
unimportant. In a few caxes in ranges 1 and
1l, particulurly where coupled with direct
exposuren in category B, skin burns caused
by beta radiation might be a contributing
factor to the overall injury.

Evacnation Limils

A dose rate such that 25 r would be received
in the first 12 hours wouid appear to call for
urgest evacuation. Such a rate would be
given v about 0.178 C m?® for the flssion
product release and 0.075 C ‘m? (or the vola-
tile release. The first might be rounded off to
0.2 C'm?* for the range 1 !imit and the second
to 0.1 C'm.

It in noted that the first-day dose in the
volatile release would be nearlv a quarter of
the 90-day dose. Therefore, if good shelter is
available, such as the cellur of a large buils
ing, it would be better to wait a day befora
evacuating., Of course, if adequate shelter is
pot available, immediate evacuation would be
required.

Th= limit for range Il can be set by stipu-
lating £ *hree-month dose of 50 r as the maxi-
mum scceptable. With 4 factor of £ a'lowed
for shielding, this means that pev.ple zpend-
ing most of their time indoors would have to
be evacuated from regivun with (5 < 30)/
10,500 =218 X 107,30y 2 < 10 3C m‘, in
the fission product case and (5 - 50) <2370
= 0.105 C/m? for the volatile releae.

A liout of 50 r im three months does not
anpear at all conses <4ti. © in the fission prod-
W't case since the dose in the first year would
be 3.1 times the 90-day dose. There should,
of course, be considerable weathering nf the
deposition but it seems st to set the range
Il limit for this case no higher than 103
C,/m?, although 10’ C m? may be used for
the volatile release,

It is obvious that severe restrictions on liv-
ing habits, and particularly on vuldoor work,
would be revuireq at cors.derably ower cop-
tamination levels. A person who spends 10
hr. day outdoors and lives in a smail house of
light comstruction or a trailer might easily
receive seven-tenths of the 24-hr wutdoor
drse, instead of one-fifth as asvumed above.
Such a person would get 50 r in thr~e months
from 6 X 10* C.m? of fission products or
from 3 X 10 C. m‘ of volatile depositing.
Considering that unless there w.s consider-
able decontamination by weathering a large

done would be accumuiated after the first 90
days, and that a person working outdoors
would be likely to pick up additional ex-
posure {rom inhaled or ingested radioactive
material, the lower limit for range 1] should
certainly not be higher than 10 ° € m?in the
fission product release. As far as the pamma-
ray exposure of persons is concerned, for the
volatile case a figure of 10  C m° eems rea-
sonable. In the volatile release the restric-
tions would probably he temporary for a
period not greater than 3 months, hut for the
full fixsion product release, some activities
such as dairy farming might have to be pro-
hibited indefinitely.

T e L A 1B o S A 4t s
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Efects on Agriculture

1a the fission product reiease 4.1 percent of
the activity is assumed to be Sr** and 0.078
percent. Sr™* Libby uses 1 »Cof Sr*v to 1 kg
of calcium as the maximum penaissible con-
centration (MPC) in any medium. One MPC
ia un adult human would be 1 .C since the
average skeleton contains 1 kg Ca. This cor-
reaponds to the occupational limit. 1t is cus-
tomary to allow an additivnal factor of
one-tenth for large populat.ons, nithough the
reasons for duing this may be iess cogent in
the case of Sr, which has negiigitile wenetic
eflects. There appeara to be cd iderable
discrimination against strontium and in
favor of calcium in the pasture-cow-milk
transfer. ft seems reasonable to assume that
this discrimination factor may iw used in-
stead of the custum..ry {actor for larsre popu-
iations, and to accept 1 MPC in the svil.

Average sil contains 20 g 2 C Cain the
top 2.5 inchea, and experiments show that
strontium leaches out «. the sl very slowly.
Unlesa it is moved { = nlowing, the deposited
Sr™ would remain in *he top 1.5 inches in-
definitely. Since 20g tt: of Ca .20 10.76

2:5g m’ Ca, 1 MI'C 213 1000 .C - m?
Sp* == 215 < 107 C m? Se .

For the postulated reactor 1 MPC in aver-
age soil would correspond to a total activity
of (1.0.00u73) > 215 . 10 =28 <10
C m? as measured 24 hours after release.
After the first year, when the Sr** and most
of the other activitiea would have decayed,
the Sr** would be’ the limit on use of land,
particularly for dairy farming. If it is as
sumed that the ileposited materisl cound ¢
diluted With calcium by plowing to a depth of
2bout 10 inches, and that substandard soils
are brought up to normal by application of
lime, it appears that land contamiated to
the extent of 10 ¢  m? of Gxsion producta
could be returned to production alter a year.
Land more heaviiy contaminated than this
probably could not be usel for dairying for a
very long lime, but uther types of farming

might be permitted. This figre cf10:C.
happeulcbe!homuml-umhd
abuve for the luwer limit of range 11{ on the
Lasia of externs! exposure. The agreemest is
farrustous,

It seems reasonable to pich a figure cf 10
(' m* (or the lower hmit orn .ange 1V al
though there s very bttt -t aav alrty
factor here. At this level the Sr** would be
about 14 tityes the lung-term MPC calculated
uh the occupational expoeare limit, and many
uther isvtopes would appear in crfups. I*is
probable that anything rased or ‘and cob-
tuminated to more than ; is extent would be
barred from distribution for human col-
umption.

For ihe volatile release the stroatiume
would Le depieted by a factor of 20, There
might, however, be some troubiesom« daugh-
ters from the Roble gases. It ~vems reasscabie
to allow 10 times as much contaminatioc here
an in the fisdon product case and to st the
lower limit fue range ILat 10 © € m- as sug-
pested above. Coprespomlingly. the lower
limit for ramge IV woyid be 10 ° € mi. Here
it might nut be necessary to i a whoie
year's production as in the fission product
. lease. Only of a crop were well along toward
harvesting =t the time of an accident wouid
it be Reves-ary o dustroy it

In range V. le'vw 10 ¢ and 10! C m* re-
cpectively, there prohabiy wouald be po peed
fop restricticns, atkoeugh anyone with a
Gecer counter coukd demonatrate the pres
onee of radioactivity. Of enurse, vegetablen
and other fomi cpope gre am oo this land
<houll e thorough!y washed hefore eating.
The fact that most peopie ia this country et
their vepetables and fruits from widely <opa-
ruted places would be a vy relpfu! factor in
reducing ‘he intake of acivi-y. A famiiyina
contaminated area trying to l» «it.cutficicat
by growing most of 1t own fo: and keeping
a cow might ingest wmewhat more activity
thun intended during the first year evea at
levels of contaminat. ¢ Lelow the range IV
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limits. This would probably ot be . lous, a8
euch cases would represent a amall {ruciton
of the population. and the exposures would
be acceptable when averaged on a long-term
basls.

Reoccupation

If the standard 30 mr/ weck for non-ovcu-
paiional expusure is taken as the criterion for
r upatirn it appears that, even at the
lower limit fcr evacuation, it would take more
than a year for weathering and decay to effect
the necessary reduction in levels in the fission
product case. The situation would be con-
sidc ably brighter in the volatile release case,
but in any event the uncertainties about the
effectivenesr of weathering make prediction
of reoccupancy time very risky.

fn the case of a city, the higher real estate
valuea would make it worth while to do some
decontamination with fire hoses and perhaps
detergents,

Su.nnary

The various limits sugge«ted here are sum-
marized for convenience in Tab:le 2.

Resarks

[t will be noted that two of the personal
exposure category limits agree with those
proposed by Marley and Fry. This agreement
is fortuitous since their calculations appear
to have heen made on rather different as-
sumptiona from those used here. it would be
unfortunatr if this agreement teaded to make
these figures acquire more stature than they
deserve.

Appropriate action by local authorities and
the people in the area would cut the number
of exposures in categories A to C very mark-
odly. This implies the existence of an effec-
tive local civil defenne organization with

special training in these matters. If the
affected population couid be warned to get

Teows 2
SUGGESNTED LIMITS

7] Venls

PP Betmam PP Beimem
Calegery Co/o? C-oac/mt
A Lethal esousare .~ 400 >0
B Hiness ithely #0 -2 10 -w
C  Injury unbskely, but ome “W-10 W-10

*ypenss may be mrusred.
D Noinjury or expenss . <10 <10
Runge ' m?  C/m?

I rgent evacustion tonthin >e2 >01°
12 ar; necemsary.

[l Evarustion necreary. .. >0t >0
[ Severs rirvtionsamlant 10'-10301-1018
use, possihie temporary
SYRCUALKIR. TEstnctions

on outjoor wark,
1Y Proheble destruction o
standing cTops, reetnctoas
un agneullure for Gre. Yeas.
¥V No expenee Viely. <10-¢ <ot

*Unless adeyaate sheiter is available

109-10° WP-107?

into shelter with the windows closed while
the cloud passes, there should be negligible
inkalation of radicactivity und a great redue-
tion in the gamma dose. Warning would
probably not come in time to help those in the
immediate vicinity of the reactor, of course,
but should be effective at distances greater
than a mile or two. It is likely that the faliout
would be in & narrow band downwind from
the reactor and that evacuation crosswind
would be succensful. .

In thix connection it should 'n jcinted ont
that if the local defense orgunivation is to be
prepared to organize and direct emergency
proceduren fallowing a reactor accident, the
fallout of material relessed f{r~m such an
accident would differ in several impartant
respects (rom fallout from a weapon, and
therefore some reqular civil defense practices
would have to be modified.

The regular tables for decay and reducing
meter readings to a standard time would be

i
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ustie=s. Also, uurmal civil defense practice
for weaprns .llnut would be to keep reupie
in shellers & long as pumsible to take ad-
vantage of decay. lHowever, except fur an
initial poried of 3 day in the volatile car. ', the
beat thing to do in the event of & reactor acci-
dent would be to evacuate promptly, if at all.

The possibility oi effective decontamina-
tion, at lewst iu L .i2-up areas, should be
mentioned. Fire haws, with ur without de-
terwent. cuuld accomplish a great deal in
reducing coutaminativn levels. In lawns or
open country. rain would gradually wash ac-
tivity down into the soil so that the external
exrpusures wu.ild be yrudually decreased. This
Jrocess could Le specided, of coirse, by plow-
ing. but it should Le mentione.t that the effect
would only be to lower gamma vxposures.
The activity would remain in the soil and be
availabie for plant uptake until it finally
decayed.

{a a study of this sort it is obviously neces-
sary to make many arbitrary assumptions
and t.. et up definite levels for evacuation,
. isclenr that this results in sume rather
embusrassing inconsistencies. For example,
a person in # rexion contaminated to range I1

would be evacuated and not permitted to

return for over o ¥ruf ut least. A neighbor a
few humdred yards away falling in range 111
might not e evacuated but weuld receive a
very xizeable radiativn dise, particularly if
his houze were of light construction. The
person whu was evacuated might happen to
live in a substantial house and spend most of
his time indoors so tha' he woull have re-
ceived a smaller dove than his neighbor if bhe
had remained.

In estimating the dollar 'rosu of a poatu-,

lated reactor accident it must be bon (n
mind that the contamination levels proposed
in this section are nol “standards” to be
rigidly adhered to. Rather they are guexses
as> to what action might be taken by public
Rone 1 aythorities in the circumstances. This
‘a particu.arly true of the limits for ranges
113 2nd IV, If only a small ures were affected,

it is ltirely that the tand would be taken out of
praduction rather ‘han try to st liouts for
acceptance of slightly contaminated crope.
On the other hand, if hundreds of square
miles were in question, it would become
wuorth while to try to Snd vut just what cvopm
might safely be grown. Obviously wwiynment
of fixed dullar costs on a per person or per
acre basis to the vanous cuntaminating
ranges can vhiy he approximate.

1* must be puinted cut that several of the
limits sugygested, particuarly those for
ranges 11 IV, and V. are gL. e sensitive to
the strontium-90 leveis, and thenfore the
situation would be much worse for & reactofr
incident involving fuel that had twen iresfi.
ated longer than 130 days as pustulated here.

Firally. it xhould be puinted out again that
the attempted estimation of the effects oa
people and land use of o msny differest
isotopes is oniy a rough guess. Even with a
great deal more data than i« now available it
would «t:ll be very hard to find out hew the
effecta adel up.
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Appendis E

Diffusion, Depnsition, and Rainout of che Radioactive Cloud

A resctor safety analysis has ensenmtially
three natural subdivisions, dealing re-
spectively with release, distribution, and
consequences of the radivactive discharge.
Meteorulogy duminatea the scecond category,
because variations in weather factors will
alter the extent and location of Jamage to a
very important degree,

The treatmeat of the problem in this study
is similar to that in others which have been
completed as independent efforts o «x por-
tions of hazard reports, and in most vespecta
the material is based on eariier wirk. How-
«ver, there are several important differences
which deserve specific attentiva. The firat
7 cts the general philosophy of this atudy,
in that there has been no deliberate attempt
to maximize the hazard. Despite limitations
in knowledge, analytical techniyues and
oumetical values have invariably been se-
lected without regard to injury or dumage.
Second, there is no duplication of effects im-
plicit in the work. [t is not considered real-
istic, for example, to pestulate the removal of
radioactive particles from the cloud by one
procesa, and vet retain them for purposes of
another computation. Finaily, meteorajogical
occurvedces of extremely low prubab:lity are
Dot explored in this study. Because of the
limitations in time and statl, only thone cases
constituting a significant portion of the
meteorviogical record have been fully investi-
gated. This study includes a set ¢! ealcula-
tions for the noclurnal temperature inver-
sion, as well ax for daytime conditions, and is
believed to give a reprexentative Eicture of
the probable behavior of u  radicactive
cloud. It is considered neither unduly pearsi-
mistic BOr optimistic. A wore complete study

including a much wider range of condit.ons
would obviously he a computer project of
conniderable size, and alvo would requue a
majodgesearch effuet in many nelis to pro-
vide 830" Aawe -~ 'he analysis.

The order of presentation of the work is
unusual and should be expilained. It is cus-
tomary in meteorologival studies to begin
with & detailed deacription of the site and its
climatology, and then to show the signitficance
of these features in terms of the problem.
This presupposes considerable familiurity
with the nubjict, and ts the actual order of
the original developmen. of the work. How-
ever, the prucesses described are nut eape-
cially familiar, and the siynificance of the
climatological variations ix much clearee, if
reviewed after an understanding of the prob-
lem is axsured.

faitial Clouwd Behavior

As will become strikingly apparent, the
initint conditions of release would have an
important bearing on the fate of the cloud.
In addition to the amount of radicactivity,
the ¢loud temperature a3 tie time period
over which the release sw~cur. would both be
significant. A rapd re'case of warm effluent,
for o>~ mpie, will form 2 rugh sphere that
will tend i rice untls; ¢ *aches the density
of the surrounding air. A slower release of
vhe sume amount of warm efflueat will give a
much lexs impressive resylt in terms of
height. Variations in the existing atmos-
pheric temperature, lapswe rate. and turbu-
tence will alvo influence this process to an
impuriant degree. ‘
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Slocs It is almost impoasible to specily the
precise nature of such an improbable event
as & major resctor failure, both the rapid
and the slow releases are considered. The
upward motion of the warm cloud must be
taken into account, and the cloud is repre-
sented initially as a sphere having a uniform
temiperature. This “bubble,” of lower density
than Its surrvundiogs, will rise apd move
downwind simultaneously. The temperature
diftereatial is coutinucusly reduced by en-
truinment, by adiabatic expansion ss .t rises
to regions of lower pressure, and by thermal
radiation until it attains the density of the
surrounding air.

Both thy selection of a mathematical model
fov this process and the chuice of appropriate
values for the parameters present ditficult
problema. Previous attention has been de-
voted largely to clouds renulting from nuclear
exploaiona, which are much hotter and of
greater rize thad auy assumed in the present
~tudy. Furthermore, even these have shown
nu v oavistent relation with meteorolcgical
conditions {1]. Some data derived {rviu the
burning of fuel oil (2] are available, bt
theae reslly pertain to continuous point
sources having rates of emiwsion decressing
with time rather than instantaneous sources.
Alnu, these data do nit include all pertinent
paramcters with the required accuracy. Many
uf the same comments apply to tents involving
the detonation of explosivex. The problem is
dincunsed in Meteorology and Atomie Energy
{3}, in which the merits of several treat-
ments are explored.

The Sutton formula (4] has been choven to
reprenent daytime (lapee) conduions ia thia
study. It in relatively conservative in terms
of low-level behavior, in the wnse thut it pre-
dicts & modest rise. For a release sutficient to
rupture the cuntainer, the equation predicts
a cloud height of 860 meters {(equation 1).

A [ 2(%m - '.!p)Q.] 1 (p-im 2)1“).

N ',. » ot (Ma

*See list of symbols at the end of the e uon

A similar treatment is used to estimmate the
height to which *he cloud representing s 50
percent release wouiu rise at night. The St:t-
ton furmula gives a oegative result with a
temperature inversion, and the Holland {3}
modificstiun is substituted as shows in equa-
tion 2.

Q 0.276
. "(‘2&.‘,‘9 "C'i."") )

As would be anticipated in stable air, this
equativn wives a smaller rise (400 m). Both
cakeilat: apply only to clouds cunsisting
exsentially uf dry air at 3000° F. The results
appiicable to & release consisting of air and
steam at 300° F. were also derived, but these
more optimistic estimates were discarded
since the cond tios and subseq e
evaporation of the water vapor is very com-
plex and difficult to approximate. It seems
likely that the net upward motiun of the two
clouds is similar.

It is proper to question the .. .or in these
estimates, since the ground level concentra-
tions calculated in later work are :trongly
dependent upon them. This is difficult with
the avaj!~t'e dita, but it seems doubtiul that
acloud w.uld © ~~h & height more than twi~e
that calculated. it is easier to define the onther
limit since the relcase of the fiasion products
might occur siowly at essentially the tempers-
ture -~ the surr ling atmosphere. This
implie: no ascent of the cloud. and is *reated
us nuch. In the accident postulating a 1S
percent release, consisling srgely of the
noble gases and balogens, no large source
heat seems likely, 50 that this case alw may
be approxinmated as a cloud st ground level

Diffusion

Many attempts have bren mede to derive
expreasions for the diffusion of guses or small
particulates in the atmospherr. Noboe of
these can be defended rigorously oe theo

N o e o o
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retical grounds, but most could be used with
acceptable accurscey, if appropriate values of
the diffusicn parameters were in*roduced.
The treaimest of Sutton [$) seems especially
appropriate, since it possesses the flexibility
necersary for the study, and is familiar to all
enguc=~d in micrometenrology. In particular,
tre basic equation for a <ontinuods poidt
source serves as the diffusion model:

- Q.
Rlspl) = oo Cr-

w[- (L8]] @

As previously statad, it is difficuit to specify
both the rate and the Utne interval over hich
the relcase wuuld occur, but if the total\re-
lecae in curies is sabutituted for the nu‘\o(
release (Q). the resull is gives in the con-
venient doaage unit of curie-seconds per
cubic meter (C-sec m*), which is of direc\

use in evaluating the conse-iences of the.

sccident.

Considerable field work
taken to determioe appr - - .te aumerical
values of n, C,. and C,. ioe resuits are ade-
quately summarized elsewhere {3, 6-8) and
there is little need for rev.. - here. Very few
of the data apply to nocturnal temperature
inversivns, ner do they pertain to distances
many miles from the source. Buth points are
extremely important to this study, and for-
tunately it has buen poesible 1o v tain some
data cubcerning dispersion over very long
distancen from Themas [9] of the Tennesme
Valley Authority. These supplement rhort-
dixtance ipversiod studien made at Brook-
haven. and have heiped greatly in the final
selection of parameters nven in table |. Data
from noclear bombd tests srw not pertinent
because of the great difference in cloud
heights involved. Comditions in the strato-
sphere are quite ustike those near ground
level.

. * been under-

Tamas

DIPPUSION PARAMETERS USED
IN THE sTUDY'

e St . o G .
——— - e (Wt @™ e
Trperailapse .. 0 VU 68 0w 30
w0 0235 0w T4 130
Typralaverwus @ 035 080 * - @
W0 03 ew wvas 56

' Numerical values of the Setion diffusien parame-
tovs seloried for the analyua

Since the diffusion parsmeters are critical
to all other aspects of the study, it is im-
portant to examine table ! curefully. The
most Duticeable leature is that no allowance
has been made for vanation of the parame-
ters with height, except it the case of the
mean wind sperd (). This «tems (rowm the
fact that the diffusion uccurs over gr:sles
distances than eny previvusly studied, an t it
is doubtful that the v.n.tons with bheyht
shown in short-distance testa are pertin.nt.
To include such variatiun would be more ac-
phisticated, but not neceamanly more sccu-
rate. In trmusof wind speed, it is weil knowa

“that an important incrense Ususly eXists I8

svproximately the first 2000 feet above
sround. and this is reflected in the wind apeed
va: s shown. In view of ke selection of &
shajuw valley as a typical site location, it
may well be argued that the ground-level in-
versiva wind speed should be reduced to § or
2 m :=c. This might be true if 1t could be
specifivd that the release actually occurred at
ground level and that only short distances
were involved. |nasmuch as neither 18 Deces-
‘a1 ly correct, it is felt that wind speeds up
t. 2 $0-m height are aa prubable as thuee 3t
ground level, Thenmfore, 8 3 M sec wind
spred seems & good mean vaive. The w.nds at
Righer levels normally ranye from 0 to 30
m sec. af. the selection of 15 is a reasonsble
Agure.

Nou sericits quarrel ia anticipsted wita Le
use of 0.25 (vr » in the daytime conditions,



since mo-t inveatigations have shown values
closs to this. The use of 0.535 during the in-
version case is considerably fexs firm. Sutton
originally suggested 0.50, Lut based this on
data that are hardly applicable to this study.

" Brookhaven testa at 100 m above grouvad give

n values up to 1.00 but these upply to a small
oil-fug source and distances of less than 2 kom.
The selected vaiue fits the TVA data extend-
‘ng *. U miles very well indved. The C, and
(. vuires of 0.40 for day.ime conditiuns are
pernape larger than might Le anticipated,
primarily because many tests have sugyested
a tendency for an increase in both parameters
with time, as well as an additional incresse in
C, with distance. The choice of 0.05 for the
socturenal C, is in rough accordance with tne
meaver information available. It is aimost
certainly no laryer, and it nay be as small as
0.02. The use of 0.40 for C, during 0w in-
version largely reflects the bein  that strung
horizontal wind shear is .~nin‘iined even
during very stable conditions. The very re-
cent unpublished data from TVA and Brook-
haven support this view.’

The lnregoing should make it quite ciear
that it is impossible to aclect precisely the
currect vajues (or the problem under consid-
eration. However, since the range of varia.
tion is unlikely to exceed that thown in table
2, reasunable limita can be defined.

The results of the diffusion calculations are
aummurized in figurex | 1o 3 in which the
solid lines represent the dusaye in C-sec m?
directly dJownwind of tbe reactor fr a re-
leane of T = 10 curies, or 50 percent af the
total finsion producta. Figures | and 2 refer
to the c..'.t «eleane in which the cloud center.
line beyins and remains at ground leve). This
approximation is obtained by setting y - A
- 01 equation 3. The very great difference
between night and day is immediatenn =vi.
dent, for important dosagee extend te bt
Jreds of kilnmeters at right aa compasa o
approximately ten duving the davtime. Tnis
is primarily associsted rith the very small
vertical diffusion (C, - 0.06) and the very
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larsre stability parameter (n = 0.55) applied
to the inversioa condition. It is important to
fote that inversivs and lapee conditions
usualiy aiternate on a diurnal basis so that
the computed values at great distances are
not completely realistic.

Tama 8
PROBABLE 1.1M178 CF DIFPUSION
PAKAVETERS'
Wamrnnal  Hogt | o . O B
renddune ' » e ] {0 L mpee

b !

;. 002 0Xte 0V 301s
lapee | 0i0: 0% 0! w0
WO 01 (280 0w 50w
03 o0 a4 20
Ty piead GO Amte N2 | 10t
invemean ety 0 our e
0 0t UML: 002t [ S0
i 1.00 0850 ' DM; B0

‘Limiting values have b n chosen from values
defined by varivus expenimects

Figures 3 and 4 represent the sume dosage
information derived from the asumptivn of
a rapid, hot rel -1se suilicient to rupture the
container, but inc! ding the xame amount of
tissinn products. In these cases, the dusage is
not continuoualy present st the ground be-
cause of the fact that the cloud first rises and
then diffuses back toward the surface. This
Tesuita in what mizht be described as a skip-
distance hetween the source and the bulk of
the ground contam.r .o, Olvicusly, ia
practice there would be some radinactivity
present in this 120 'n betweed *h= .,urce and
the ara predicteu v the equation, ~ince some
+rtion of the cloud would initially remaia
close to the grouna, but the grn~r. pattern
of a maximum at a distance (1. ihe soune
in valid, provided the particles are small. In
b:th lu;se and inversion the highest dosage
fails to reach 10 C-sec.; m>, but the distances

DIPPUSION, DEPOSITION, AND RAINOUT OF RADIOACTIVE CLOUD ‘

</ toe maxima are very different (10 and 250
a, respectively). ’

Figures 1 to { are indicative only of condi-
tions at the ground aiung the cloud ceaterline.
Obvivusly, the width of the cloud must be
defined, if its true relation to injury and
damage is 10 be evalusted. This has Lven
accomplished for the ccld releases by com-
puting dosage isolines. These horizontal
ylots (Ggn. 5 and 6) emphasize the differ-
ences i ares represented by night and day
cases. No similar calculation has been made
for the corresponding hut clouds (or the obvi-
ous recson that nune of the dorages ure sig-
nificaat ia terms of this study.

The mathematical model choves assumes
that the terrain downwind is at the same
elevation as the reactor, Certainly this is not
a reliatje assumption in man, areas. Al
thoughk few field tests have shed wuch 1ht
upon the problem. @ ~=ms safe to treu
higber land as though the (inud height incre-
meat (A} were reduced. It is particulurly
important during the inversion case, and it ia
fortunate that very recent tests conducted in
Tennessee can be utilized in the study. They
support the cuatention thut an efluent flows
arvund and envelopes ~mall terrain (~utures
extending up to the {evii of the plume, and
does not rise over them o> many wind tunnel
tests suggent. Thu., 1t must be remembered
that isoluted clevniions or land sloping up-
ward ty ¥ ively climinate the initial
rise of a hot cioud.

The analysis has included estimates of the
dosage in units of C-swe m? from which beta
doeagre and particulate ingestion in the lunga
can be derived directly, but no mention has
been made of the gamma ruse during the
cioud passage. The latter is proportional to
the C-wec m' valuea only at “rye distancea
where the spatial variation of the concentra-
tiva is small. However, this approximation
makes little ditTerence in the final injury and
damape figures, sn that wimple proporting.
ality is used. and the direct gumma duee la
imcluded in the Lmiting radiatic n valuen for

the appropriute cuies, described in appes-
dix D

The pontulated accidents considered 1 this
study include & 15 percent reiease of noble
wares and halogens as well as the 50 percent
fission product relesse airexay deacribed.
Dosages for the smaller reil.ase may be de-
rived an a direct prrceatage (12 percent) of
those given in fig 1 es | and 2, sioce ooly the
relense (Q) diff-rs. [n ull revpects, the chas.
acteriatics are wdentical with those of the
cald, ground-level clouds of greater radso-
active content.

Deposition sod Reinout

The diffusion studies have provided s basis
for evaiuating the direct effects of the cloud
“4 it puzses over th: countryside, hut they
give no indication of the particulate residue
that taay be transferred to priund surfaces,
vegetation, and buildings. The term “trans-
forrea is uved initially instead of * *iout”
or “washout” to ruggest the lack of knowl-
vJwe concerning the physical pron . soes se-
tuaiy involved. It is known, (or example,
that small jarticlea tnay be influenced by
many forces uther than simpie grasvitational
~ttling iu dry weather, Ranz ind John<tone
{1} have shuwn thut mpu ten, v et
static, and thermal forces may be wyually tm-
portant for |- particles. Simiiariy, a simple
treatment probably dims not denile wav-
enginge by Pain, in which the oograscngae
nature of the particlcs may e as ymportant
s the size snd shape. Forms of precipitation
other than rain prewat evea maore compli-
cated problems,

Unfortunately, scientitic know dge of the
right type for this astudy is even more inade-
quste thun that »pplying to diffusion. The
main reasofl is toat cumplete field cxperiments
in deposition ¢ rainout are extremeiy dif-
Acult tn con'uc’, and there has teen littie
need for them uitil the present. Thenretical
work and most Jaboratnry studies have dealt
with ides.: «~ spherical particles umder cua-

S
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ditions grorsly unlike those in the stmos-
phere. Field experience, such as that
describsd by Chamberiain (i1}, Gregory
(12}, and McCully [13], is not sutficiently
completa to have an important :nflucnce vo
this ubalyais. For thess reasons, it seems
best to utilize simple approximations for such
etlects rather than to become involved in
complex trestmeats which may not fit the
{acts any better.
The Arst probiem is to establish s physical
deacription of the particles themselves, It
seems most probable that the releuse would
occur as a result of or in combination with
combustion, with tne particles having the
genera! characteristics of a3 fume. The size
distribution Atting- this descriptios would
certainly be very smail. However, the possi-
bility cannot be ruled out that a much larger
_particle nize distribution wouid be caused by
a0 accident of a different nuture or by un-
known processes. Table 3 suows the two
distributions selected for cnnaideration in
this study. That size is a» important con-
sideration is probably already evident from
tha data given in fiyur s ¥ and 2, where the
dashed curves repewsent dosages corrected
for removal of the two size ranges in dry
weather and rain.

Tanta 3
PARTICLE SIZE DISTRIBUTIONS*

Aot Porsent Pweent

) Rt e
Group having 1.0 [ wh 0
mas taedian dismeter 13 5 0
Group baving T 0» 13 13 1
mass menlan Liaeter i) [[4] 1L
;0 n »
1350 2 ~

*Typical fume and dust distnibuticns are shown.

A straightforward approach to both dry
deposition and rainout has aiready been pre-
sented by Chamberlain F11]. Since it is veit
suited to this study, it is used without altera-
tion. 1n dry weather it is assumed that the

small particles (even 15.0-n particles are
small from this viewpoint) are brought close
to the ground by turbulent diffusion, and
that depositicn occurs {rom this lower por-
tion only. This is stated in equation 4,

- 20V, Wt
s=gccom (- )

1yt A 4

uv[-- F"(C:‘ + c;,)] )
W . 18 simply the basic diffusion equation
a.uitiplied by & scttling velocity (V,) and
corrected for remnval of particies by the first
exponential term. The settling velocity is
presumed to follow Stokes’ Law for spherical
paruce  -f density 2.5 as shows in table 4.

Tanwa ¢

GRAVITATIONAL SETTLING OF
SMALL i ARTICLES

Patuis bsnute Sty ity *
- ‘ajun
05 255107
LS 20at0
1.5 10al0¢
70 40x10¢
15.0 20310t

' Computed from Stokes’ Law, & particle dessity
of 25 amsumed.

This equation applies rigorously to ground-
level sources and a different depletion term
should b used for elevated clouds. This can
lead tn underestimation of the affected ares
amounting to 30 ur 40 percent for large par-
ticles under mocturnal condition~s, and, of
course, should be evaluated properly in indi-
vidual site studies. However, the practical
implications are amal} in terms of a general-
ized study and equation 4 has been used for
both cold and hot releases.

From equation 4 uni ‘hese settling veloci-

" ties. deposition curves for each of five par-

t.cle sizes are extabl’shed, and then combined
in accordance with the mass percentages of
table 3 to arrive at the centerline deposition
curves shown in figures 7 to 10. These are
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counterparts of figr:res 1 to 4, showing depo-
sition instead of doeage along the cloud cen-
terline in curies m". Ix buth lapse and ir.ver-
sion cases with a hot cloud (5~ 9 ana 10)
the larger particuiale dissnitution would pro-
duce much greater udeposition, by approxi-
mate factors of 70 and 12 at the respective
positions of the .naxima. Figure 7 shows
that the same would be true for the cold
cloud during the lapae conditions, hut the two
size distributions would give nearly equa)
denosition at 300 km. il & cold cloud sh-uld
disperse during an inversion (fig. 8). This
reflects the rapid depletion of larxer particles
from a radivactive cloud during its slow
travel downwind.

Rainout' has been treated in a similar
manner by use of the same two particle
distributions and settling rates, and with all
precipitation considercd as rain. It would
not be proper, however, to axsume that rain
affects only those portions of the cloud very
close to the ground. sibw: N given droplet
quickly traversen aR entire . _ctical section.
Therefore. integration with respect to height
givea squa‘iun 5, expressing rainout:

M) expl—1©, . » A8
The Wt -~ 'lp(— C..": ‘) &
Certain impliciti~us of this analysis are very
important. No advintage is gained from the
rise of a hot cioud : therefore, all releases are
effectively treated as cold, except for the
important variation of wind speed  with
height. The vertical diffusion parameter
(C,) disappears from the equaticn in the
same way that the height (A) does.

The depletion factor (3 is related to many
factore other than. rainfall charscter, tics
and particle size, but research to define these
is far beyond the scope of this study. The
values given in table 5 are taken from the

P

Strictly spesi.ng, some dry Jeposition  acvom-
penies rarnout and «hou'd be inciuded 10 the analy-re.
Howwver, in sil cpuses evcept the griundlev.| cloud
at might, the raiRout procens yives values about an
order of magmitude greater thas depusition, and the
atter 19 igwored

exceilent summary pre pared by Chamberlain
(11]. The two rates of ramnfall shown in ‘hie
tabie are a probable figure (0.02 in. hr), and
a higher rate (0.15 in. ur) 1., fesenting the
value exceeded by only 10 percent ul ke
hourly rates in Brookhaven studies. Apr., T
dexcription of natural rainfall would retlect
its inconstant nature, for it is slmnat certain
that in any piven perind a rapidly varying
rate would Le found. This merely states that
<harp departures ubove and beiow the rainout
curves shuwn in figures 11 to 14 waould be
anticipated int an actual case. in the last two
tigures, it is easily seen that the rize of the
hot cloud is no longer helpful. {n fact, the
highest deposition rates at great distances
are now found with the fast-moving clouds
alnft. Noteworthy too is the reversal oi the
importance of particle size, forn rainout it
ix the smaller particles that contribute to
substaptial deposition at distances greater
thin 30 km. The heavier rainfull rate (0.15
in. het has the effect of increasing depesution
close to the anurce, but decreasing it further
awav hecause of more rapid depletivg of the
tatal avarlable radivactivity.

Taniz b
RAINOUT OF SMALL PARTICLES'

T
t
P

Progutus ¢ rugd supssnt piv wnend

¥ otune e om— e am—- —— - PR
ot ,
Ratei’ Qi) - Besiell 303wt

ns 10v108 200168
ts t&xInt 10as1t0}
15 6 0viv? 10100
in I Scine TO N
1 n 2000 tovi10?

* Values derived from Chamberlain (1}

Sire and Cliameology

In keeping with the concept of a typical
example, no attympt has been made to review
and compare a number of possible siten. A
single, highly icealized mudel illustrating the
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major problems in reslistic fashion will serve
the purpuse «ffectivaiy. Acrurdingly, such a
8. in outlined io the succeeding paragrapha.

The firat premise (s that a power reactor is
likely to be designed to serve a municipal
aren, and would normaily be placed fairly
near the population cenrers, le., 30 to 38
miles. Since s <wintantial source of fresh
water ia a mecemsity, it is also poxsible to
apecify locativh nrar a lake or river- of the
two, the river is more probable. These as-
sumptions permit conatructicn of a rough
map of the idealized site, shown in figure 15.
The 2-mile valley width with 200-foot ridges
paraliel to the river and sorth-south orienta-
ticn la purely imaginative, but in no way
unrealistic.

From a survey of United States climato-

Tann &
METEOROLOGICAL PARAMETERS
FOR AN IDEALIZED SITE

| Prne wabiay

Lapas rete {°C. 10w}

Mesa 0r temprrature [ o
CchH. . ;

Howrs with preoipife- 13 ! P
s (perceat), : .

Menn wind spvwel at 50 le
grrand lavel (m we). | !

Mran wind apewd 58 50 [EX ]
4G Lo MR ftery '
(m o),

Total annual precipilsifon — 0 I8, yt; most probable
rainfal) rats 00ln Wi reimfell rate exceeded by
{0 pervent of haurs . U 15 in. he.

' Typieal vaiucs chosen frm natioawide climate-
logical dies and himited micr logical in-
vestigations

loxtical records and available micrometeoro-
ioxical studies, a synthetic microclimatology
hus beer developed and is presented in tables
6 and 7. The first entry in table & nay be
surprising to persons unfamiliar with evicro-
climatology, for the temperature inversing is
still generally thought of as un uncomawn
phenomenon. Actuslly. the avignment of 50
percent of all hours to the inversion category
in yuite in keeping with microclimatologics)
studiea such as those at Savannah River {14}
and Brookhavea {153]. Oak Ridge data {16)
would eved suggest the poasibility of a valye
greater than 3U percent for a valiey lucativa.

Tams 7
WIND DIRECTION FREQUENCIES FOR
AN IDEALIZED 3tTE

(Pereent)
[~ | ’ Ainfi @ s iy o)
Dwatton | ‘
S U | - _— FR—
' n
Newth {13 as 1o
Northwent i 100 5o | k]
Wont | 50 50 n
Notthwest 73 in l »
Sowith 100 ! 24 n
Nerut homat 25 ¢ 13 I H
Fast } 28 25 s
Nowthean se . 10 0
Toal. wo ., Wwo 0

' AR sxtension of the data in table &

With reference to the a ‘erration of inver-
sion and lapse conditions between night and
day, an important limitation of the mathe-
roatical models becomes appareat. Neither
eondition can normally be expected to last
more than a totul of 12 to 14 hours, and the
curves extending to hiundreds of kilometers
are therefore sumewhat inconsistent. Ac-
tually., any diffusion pattera would change
after a perivd of time, but this is no* 1mple
to reprenent mathematicaily. It is al<o doubt-
ful that such refinements would have an

|
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iriportant bearing o & general study of this

The selection of typical lapse rates and
mesn air temperatures needs litile explana-
tios or justificativn. There are wile var.s-
tions in both over the United States, but the
numbers used are realistic. The xame may be
said of the percentage af houre of rainfall
and the associntion With Lunse and inversion
cases. The normal and moderate rainfall
rate- vere selected from unpublished studies
at Brookhaven.

The choice of wind speeds has been dis-
cunsed under the topic uf diffusion parsme-
ters, but wind direction variations have not.
The upper level distribution in the final col-
umn of table 7 reflects a prodominant west-
erly fow very cummon in middle latitudes.
The division of the ground-level winda into
lapee and inversion huure is in sccordance
with the well-known “channeling’ etfects of
valleys, and is especial.. noticeable in n'a-
tion to the 25 percent frequency assigned
to northerly (duwn-valley) inversion winds,
It is also commoun knowledge that a relution
ususily exists hetween wind direction and
rainfall, bu? this 12 such a wilely varying
feature of climatology that it has been de-
cided to consider rainfall hours independent
of wind direction.

This completes the representation of the
hypothetical site, providing all the parame-
ters Revesuary for the computation of the
probability of vhrious cases existing at the
time of an acvident. The analysis beging
with the ascumption that a release may occur
at aay time of the day or night, and {or thiy
portion of the work, na probability distine.
tiva newd Y made among types of releases.

~ Table 8 is the result of these computitions,

showing the percentaye chanece of vach condi.
tion for the two proposed reactor neations,
For the cunditions postulated, regardless
~f the location or the nature of the accident,
it is alwavs probable that there will be no.
rain and that the ¢lond will not move toward
the city, with a slight preference for an in-

version cunditien over a lapse. Only in the
case of e northern location is tinre a rela-

Temia v
PREQUENCY b 4 CORRENCE 08 b AR

METHOK LS L CoNITpoNs s
t(Perernt)

Krorter Norith of sty

Lagp oo
ol .omda A nd e .
Normn - Wand fawant Lav ¥ 3 1
Norun  Wind ey (s ity “ @
Han  Wand tosaed Aty ) 4
Rauw —~ Wined awav iram ety 12 <t
Neo' Clond tinrt
Novrun Wir | s ard sty z
Nevraan - Wand sy {rem eny [ )
ftaua - Wil tomant Aty <} <i
Rain - Winef awas v ety 2 2

Reacsar Sonth of Cuy

[#Y ) Hnamu

¥ ad tirenad Lowd ( hod L e L e d
Normia - Wand sl L] ]
Notvn Wand anay iraep ity BN "°w
Veasds ‘Nart towmard ity Iy L §
Huu  Wang aew 'nae ot " 1

Wkt iond bt

No raan Wind tawant cify 1 3
Norun - And awas inem ity i3 [y
Wain Win) tomard aure <1 <1
tan Macd sasy ram e 12 2

The percentages shosn may be combined dirsetiy
with accident prubatiitl.es to vblan s estumate 7
the perrvntage chance of «perific 'njuries or damage.

* Towsed city 1s defined o2« .- “aif the north o
~uth wind direction prubsritr arcaune of the nar-
row path necrsscty to inciude the ey fud withus L
Pla e

tively large chance of movement of the vid.
grcund-ievel cloud toward ti-» city during as
inveruon, and this reflects the cnanneli=> »f
the wind fvw at nigxht. Rain accurrning a: the
fime of .r wecident would usually be asseei-
w ud With apwe condition s and 1o pu-vement
would trad to be away from the city. The
combitalae of rain and iaversion codditions
is reiatively uncommeon.
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Special Conditions

It has been assumed ix: the calculationa
that at night most pecrie will be (:uare.
This was inciuded ia ti.: calculationa by the
assumption that cloud conceatrationa would
be down by a factor of 2 for the inversion
conditions. This factur was chosen from
Federal Civil Defense Administration data.

Another assumptiona used in this study was
tkat during rainout, 90 perceat of the fiasion
products landing on the city can be made to
go immediately down the sewer syatem if the
streeta and buildinga are being copiously
hosed down before and during rainout. This
could be done since a large city will have
equipment and men available from the fire
department, and tnere should be aufficient
warning time to guvo them int- uperation. If
no hosing is done, only 25 percent of the
fission producta can be assumed to be washed
down the sewer by the rain itself.

Eficcy of Relense on Metcorology

Compicieness requires some mention of the
posnibility of a nuclear release affecting me-
teorulogical ccnditions. On the local reale, a
release deacribed as cold in this study would
have nn measurable effect. A hot cloud would
disturb the lapse rate and wind flow in the
immediate vicinity of the reactor, but only
over very short distances and time periods.

Only two mechanisma can be visualized by
which an accident could conceivably influence
the general weather over a Iarger area. The
Arst assumes that radiosctive * urticle . would
be unusually effective in promoting .-.ndensa.
tlon, as is true of dry ice and zilver i .lige.
There is no evidence that this assumption is
valid. The other proceas postulates that radio-
activity disturbe the jonization of the atmos-
phere, and thervhy affects the frequency of
thunderstorm acuvity. Regardleas of the
merit of this hypothesis, the effect of a ro-

actor sccident would be infinitesimal from
at.v  jewpoint. The conclusion, therefore, is
that a reactor accident would have nn edect
on the genersl meteorological conditican.

Summary and Coaclusiung

The foreguing anslysis demonstrates the
wide variation in radiation dosages and de-

position that can be produced by meteorolog-

ical factors alone. It is not represented as 18
exhaustive study of the possible result,, Lut
rather as a model illustrating typical condi-
tions, In a specific study of an actual site, a
complete set of computations would require a
machine program. However, even the rough
approach used here suggests the degree to
whicn hazard probabilitier can be reduced by
careful site selection.

In the development of the work, glaring
deticiencies in scientific knowledgs have be-
come apparent. The must acute in concerned
with the removal of small particles fror: the
atmosphere by deposition and rainout proc-
esses. Knowledge of pure diffusion in the
atmosphere is also inadey especiaily in
terms of the stable, inverton condition. It
is interesting that previour diffusion experi-
ments have been both too small and too large
for the reactur hazard acale. Micrometeoro-
logical work has been in the appropriate lay-
ers of the stmosphere, but has seldem
extended to great distances. Nuclear bomb
tests, on the other hand, have been confined
largerly to higher layers of the atmosphere.
Despite these and other deficiencies, the
studies are believed to be of acceptable accu-
racy for a first approximation of the problem.

{ ix ulmont certain that sil the important
meteorological factors are included, and none
of the resuits should be in error by more than
a facior of ten. Many portions are assuredly
much more precine. A ignificant improve-
ment in the analvais cau rost only on pains-
taking research.
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LIST OF SYMBOLS'
Drseriptions Umis

height of cloud e ™
b ALY dimensioniens
stability parameter dimencionirse
@ and p are derived {rom
the relation % = O, — azp,
which defines change of
poteslis. tempersture with

ey

Fiovne & Diffusion of Fissws Products. Hot Cloud
Aloft, Typical Nucturnal Cundibons 1+ ldentical o
Figure 1, except for metanrological cund:tiona.y

Fic:am 8. lsupirths of Fiswa Produrt Dosege,
Ground-Level Cloud, Typral Deytime Conditiona
(Isolines of constant dosage 1 C-see m*) ore showa
in » horizostal pist. No currecton for deposiion
or reinout is 6 luded

Frivms 6 lwpleths of Fiswa Produrt Dusape,
Ground-level Cloud, Typwal Nuctursal Cuncic
tione. (Nimilar w Figere B, exewpt for duferent

height 10 C/;
[ {see sbove) - di ioal
L] putential trmperature A
&' gradient of putential

tempersture 0.0C/m
» density of air g
, specific hent _ calig-deg
v generslized diffusion

cosdivient ..t
'S beat jilerated in release 8.4 3 10° eal
H mean concentration . C-see/m®
Q.Q:  poliutant emission ..~ curied
Co borisontal diffusion

parameter . m™
C. vertical diffusion

parameter -
H mean wind speed . m e
3 distance downwind L3
4 distance crosswind . . m
s vertical distance [ 3
3 depasition cunes/
' 4 rainout curies 'm’
v, selacity of deposition m/sse
[y propuruen of cloud

remuved per aee

by raia 1, 00e
" Thoss wot specified are defined in \he text or

tables. -

FIGURES

Ficimg 1. Diffurivs of Fission Produeta, Grousd-
Lavel Cloud, Typ'esl Daytime Conditions. {Note:

The dusages dirertly downwind of the teacior sre’

sboun Sinee depusitivn and rainout actually re-
move & portwa of e partickes, the corrected
curvee sre included )

Fickax £ Difusion of Fiwion Producta, Ground-
Level Cloud, Typwal Noeturnal Conditivas.  (See
wote to Figure 1°

Frcvas 3. Di%usion of Fission Priducts, Het Cload
Alofx, Typwal Dayt: ne Cunditions, ( Thin is simi.
tar to Figure L. except that dosage duss mt oceue
contibwonny at the yround. Curves adjusted for
ranout aad depunition have mot been included
sitncw the maximum desages ore %0 o)

dist scale.)

Ficvns 7. Deposition of Fission Producta, tirousd.
Level Cloud, Typica: Deytime Cunditiuma (Dry
weaiher depunition 1s ~hows fur the two partuis
sise distributivns shown 1s Tabdle 3)

Fwuas 8 Deposition of Piswos Prdarts, Ground-
{avet Cloud, Typical Nocturnal Conditnas. (Coun-
terpart of Figure 7. Note that 10 = partcies be-
come must important beyond 300 km.

Fictag 9. Deponitiva of Fission Prtwcs, iior Cleod
Aloft, Typical Daytime Conditiona

Fisuns 10. Depositivn of Fissivn Producta, itot Clood
Alaft, Typienl Noeturnsl conditions

Ficire 11. Raincut of Firaes 'raducts, Ground.
Level Cloud, Typical Dagtine Conditias (Curves
for the two particle size div’ributwns and twoe rain-
Iall rates are shown.)

Ficuas 12 Rainout of Fivos Toslucts, Ground-
Level Cloud, Typical Nocturnal Cond:twas 1 8mi-
lar to Figure 11, but much mure rapud depletion
removes much of the material rlose to the wree )

Ficena 13. Rainout of Fivvon |- aducta, Hot Cloud
Aloft, Typicnl Daytime Cunid-tiens. « Nite that m
rainout, the rise of the rliud dovs not prevent m
partant depuaition on the grvand. y

Ficuae 14, Ra‘nout of Fossen Producs . ot Cind
Aloft, Typical N.«cturnat t'ondit:one

Fisrax 158, Map of Hyperhet cal Reactor Sitn + The
shelch represents an imaginary resctor bwation
in the United States)
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A Method for Calculating ¢h Number of People That
Could Be Atfected by 2 Fission Product Release

The calculr’i husdonmlm
lhmpmioﬂ:(o)‘thcwindmaqul
pnh.hil.ityolbeinlillny direction. (b}
Th‘popnhuonuu(uutiou of radius 7 cap
be written ia the form

8 on o' (1))

whers # = poputatios density (people/me-
ter?). () Sutton's equation for the cloud
dispersion with source at ground level gives

X =i (~gle=)ere (~eim-)
2

where Q = curies released (measured st 24
hours),
X == copcentration is air (curies-sec

z == radial (downwind) distance
_ (meters), .

g == vertical distance {meters).

'] == crosswind distance (meters),
C.Cy ,==met¢orolol"lcal parameters
. (meters) 4,

n ==stavility parameter. and

U == wind »peed (meters sec).

Foflpenolll.mndk'el (z = 0) the
radiation is
2Q y
xm (- )

2Q .
Let - :"c:c:vﬂ A 4)

then X =AZ? exp(-.f cietty. A8

i WWW i W B P o

where

Expanding the expunential and keeping only
the first two terms gives

X=As'(1— WG] ()}

or X =42 APCy " M

-X+ AL = ApC,e™ (1]

X rAS? (X A) -2
v'--;.z;%,ﬁ-“'—"c;-i,sc—'- "

g=Cr et — X/
Fromuqunﬁols.lctuwnta-o.y-o.
X =: A*? an

of r== (X ATF

10)

r == maXimum downwind interaction
distance.

quutioll.thenumb«o(mhinm
area dyds is given by
8= o2 .pdE
IntezTstion gives
(AT

(2)

P=2

O (XA rds D

o e i SO0 P
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;.'....‘— ---m""’ A

it AR P f inms 1)

L ] IERAIRE 3 3n N o wmmem o

(X A~

of ’=&C'j
’ 0

s '—= (X/A) )3 de. (13)

Let =t (n—-2<0 16
then P . an
aoddr = BT dum o -de (18

o~
.

Whea 3w 0, 4«2 »; whea 2 = (X/AM
= == X/A. Substituting equations 16, 17, and
18 iato equation 15 gives

X/A
r-s.c.f g [x — (X/A)]?
N -
X "‘:'_'_";' i (19
-
o r-g"—f—'; ot [u— (X/A) ]2 dw
X/A
(20)
where g = (5 +y—20)/(2— ).
Let (X/A}V =5 — (X/A), then
du = (X/A)dV. (2

WMQ—X/A.Vsozvhenu=-, V=we,
Combining equations 20 and 21 gives

P2 [ (v DGR
X%—GV. )

]
2aC, Xy Vi dv
-k (X))

Mmmllionolapnmlundlu

- ™~'dz r{m)r(N
I arner s e N 28
1]
ot -3 AN ag = (3:2),thes
LG Ay @ AL - Q2]
Py '-.(';\") R X V) -
: 28)
2+y— (w2}

Pl (i) 270

X ( 513 _?z,{‘-)-m (26)
e
Forareaa=1,7=0,

area =g T

[
r32yr| =y -
W i
[T
{557
For a uniform population denaity, people = K
timen area, where K - prople/ meter?, or

23— in'2)

PR ( .‘c."::?vx')- it

To solve a large number of casen it is con-
venient to write equations 26, 27, and 23 in
terms of the maximum interaction Aistance.
From rquation 16

v = (X/A)VOP
or e A/X -2QOUX. (29)
2 1bstituting in equation 26 gives



NUMBER OF PEOPLE APFECTLD BY FISSION PRODUCT EELEASE 7%

population distrioution, or from squation 32
for a vniform cne.

20 T+y—(w2)

+30)
Q =curies released (measured at 2¢
haours)
Sutwtituting in eqvutlun gives $ @ noauaiform population density
— (n2) {people. meter?)
A = %, (rl : a == population density at 1 meter
2 — (n/?) . (P_ecpl!/(mteri"') .
r a2 r[ 2__:’-'_-._ y = gradient of population density .
x o d . t) X = concentration in air (curie
r(—z—__—"‘-‘—) see/ meters)
C,CC, = meteorvlogical parameters
For a uniform population demsity equation (meicra)™*
28 hecomes zwarudial (downwind) disunea
. (meters)
P ZEl-[r] 2-(n/2) . ¥ r=crosswind distance (meters)
, . £ = vertical distance (meters)
T (8/2) .-[_ (»'2) o= dtability parameter
< 5 ,_ i (32) U = wind speer (meters sec)
( —=n) P ==people within an area bounded by
2-n ao X isoline

‘K == uniform population density
(people. meter?)
A =2grea baund- ! by an X isoline
7~ axivugm downwind interaction
distiz o (meters)

where K = people. meters,

The number of people who cnuld Le exposed
to radiation greater than X may be cuaicu-
lated from equation 30 f.r a nonuniform

Appendix G

Basic Assumptions in Calculating Potential Losses

lassodection

The p-tential off-site losses which mighr -x
associated with - power reactor accidvnt paay
involve persomal imjury or death, property
damnage, and personal custa dux to dislocation
and other expense. This study has attempred
to zvoup these potential .osies under two
beadings: the first involves injury to pec:ans
and ihe second, all other losses. 1n the Lirst

" group, e results x.e given in term» of the

sumber of persons probably killed or injured.
In the second groun the results are expressed
in terms of the areas involved, the number of
peopls afected. anul the costs invuived.

The mechanismn used tu arrive at an esti-
mate of the costs for the second group in-
volves calculating the number of people who
might be invoived, dividing these people into
four categories acconding to severity of
interaction and extablishing f.r each cates
gory an average dollar ner persin Ggure. It
should be emphasized t. .t each dhijar number
it based 0B an aveTage (vr on affected by the
average amount of radiativn of depomition
characteristic of the revegory. “Actually,
within any category. inui lun (o-ts would
have 3 wide rukye of vaiues: however. the
numbers givem here are aversevs. It waa
found that this method of apnruach avoided
difBeultien aricing from variat nein popula-
tiom denaity and in differences Ietween urhan
and vral property values. Alsn, the coat
associated with moving peopic would be pro-
portioaal to the numte f Lear'v and not to
presony values

Ranges | and Il Evacustson: $3000. person

People in these ranges would be evacuated
and would probably not be permitted .. re.
turn to their humes for i year or more, Range
1 includen oniy those people evacusted o an
urgent basis. Range I includes, in addit.on,
thuse people evacuated at a more lvisurely
rute. Sirce the retura date would be wome-
what indefinite, the assumption is made that
the individuals wouliz luse the value of their
land and nonneeabiv other property. The eati.
mate of luss per person is based on & 1919
nationwide averae of the “Repristucibie
Tangible Aszets ind Land™ as reported on
page 08 of The »'atistical Ahatract of the
United Ntates, 19:5. Sepatate figures are
given fur urban and farm populations, but
the difference is so rmail that { e the purpose
of this report these two tyies of peaple beed
not be considered neparately {see tatle 1),

Range L Temporary Evacustion or Nevure
Rextrictions on Made of Liviag: $750 peron

In thix Range farming would be halted for
an extended period; therefare, the loss to
Caem familien is convidered to he the same as
the loas in Range 11. However this is not true
for urbun dwefleps. To arrive at an average

“eest per per-on incluting both rural and

urhan dwethrs the ratin of the two groups
muat be considered. While the natinaal aver-
age ratio of farm 1~vle te yurbanites 1» about
1 1o 6, the ratio [..r the region arvund the
reactor may be mure like that on the castern

7



Tams 3

ESTIMATE OF LIABILITY POR
EVACUATION

Based on Naticawide A
. Dutn frem The Stetustions Abstrace of the United
. Stetes, (058
Urban Populatioa, 1963 = 1252 10°
Rural Populstion, 1949 = 25g 10
A- Reproducitie Tangible Assets, Urbea:
Structures:

Nonferm Residential (198 x 107 /
(13% x 10" C e e $1.560
Neafarm Nosreudential
(MIx100), .2 *F) __ T28
lastitetionsl (i » - "0,
(128 x 107) .
Gevernment (T4.2 x 197)/
(128 x 10" -~ - 093
i an
Producer Durables (104 X 10M/
{128 x 107)
Cotsumer Durables (99 X 10°)/
(180 x 10°) . . .
Inwentories:
Noafarm (581 x 16%)/
(Elxlo') PR - 48
otal . $4.514/ pernoa
B. Reproducible Asscta, F'arm:
Teructures (26.2 x 10°)/

(25 x 107 $1.048
Livestock (132 x 10°)/

{25 x 1) A [ ¥ ]
Crop (6.0 x 1)/ °

(25 x 1) 240
Land 1542 10 /(25 x 10%) 2,148
Forvets (43 x 10}/

(25 x 10 - 172
Consumer Durables (98 X 1¢°)/
a8wxin .. e
Towl __ $4.818/person
Rough Chach Calcalstion
Average Salary per Family of
S8 Persoms . 3000
Value of House = Thres Yeary'
Sadary
Furnishings = Oue Half Yoars
Salaey 2,750

Toal ... . 1m0
NT.750/38 = 31,000 parvca
board, which is about 1 to 20. Thcrefore
average per pervn loas (ur all persons {n
Range due to farm evacustion is con.
lidered to be $5,000 '20 or $230 person.

D TERORLTICAL POSSIBILITIES OF ACCIDENTS IN NUCLEAR POWER PLANTS

Urbeaites woald ¢ obably be moved tempo-
1arily. The loss eaiculated below is baiéd on
2n average family of 3.5 people

lou!wl«'rk-ﬂnil-.om
N@Hﬂnnullﬂ/“‘ﬁw.-ﬂh $ o
Imunmhnbnn [ ]
l.auo:lnromdurincmdum:m

way st $25.day ————. 208
Decontamination of belongings 16 pasple-

duys at $25.day) B . ©
Loas for famiily of 3.8 _ — e VTHO
Loss per persca S e e .. 500

Thototalhupermthu!fmmid'

bmo+35oo=-8750/pem|inlhisllm

Raoge IV. Probeble Destruction of Scanding
Crops with Restrictions on Farming fre
Ons Year: 925,000/ n0i® o

The value of the crmp is estimated from
tables In The Statistical .Abstract of the

United States, 1955. Toble 2 shows the aver-

age farm income per square mile for various

sectiona of the United States. This average
varies widely in different sections of the

country; but, since it has been assumed in

this report that the reactor will be near 3
concentration of people, the figures for the
Middle Atlantic and East North Central sec-
tions are considered to be most applicable.
To these rumbers should be added 32000 to
$3000 per farm for the food gruwn {or home
consumption. Thus & figure of $23.00y .z,
was considered to be the best estimate.

City Conditi
Where the cloud is assumed to interact with
“u::d major city, the followi:g criteria sre

Range [ $5.000 person as befory
Range II. $5,000 persom as before
Range I1I. $100 per person. Assume 4
days disruption of eity
business at $23, persca-

day
Range IV. 30

g

ASSUNPTIUNS AN CALCULATING PUTENTIAL LOSSES »
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YEARLY AVERAGE PARM INCONEK'

i
|

] 1 |
[+ ! Pelow'd | Natow® i Ve Poaiet ‘ Cod*mempof | Vo

3 - @t ”awe ¢ ! o = o
¥ tad teaton | 0T | 2316 | 95,38 1l owmsas | e9me
New Eagland . . l o6, M 103,228 €. N 188 | T 10,478
Mokile Atlaaise. i owets ! am 642 1w | Lwmy ! n.817
East Nunh Central. | 240,203 .1 S, W4 ‘ 6378 | 387 LRSI Y .40
West Narth Ceatrad . ! 315,207 g, T8 kY f LKL ROV [T
South Atlaatse. . b UL I 938, 8 | 3.4 v, 3 Tuns "H..>»
East Byt Central . (LI I RIER: 2.8 sm 16w 10,476
W rot Noueh Contend | LNUR Y D : 4.201 [ 3 T 332 T.5Me
Mowntas. ... . : Wy, -7} IS8 1 10,1604 on 106 ! .
Panfic. .. L1 TDee | e ‘ 1299 LR TR WOPL 0.08

i

* Data from The Statietionl Abstrast of the United
Staten, 1955
* Takie Ne. & p 5, aren in aquare miles (1980).

" Pemarks

The above figures have been used s-the
basis for the loases in: this report.. \Whenr lLet.
ter data become available fur any group, the
new number can simply be muiltiplied by the

" oumber of people or area as appropriate, and

a new estimate of total loxs established. It
should be noted that cach permon 1 a cate
gory would not suffer the same amount of

;Tluo No. 789, p. 830 (1,561,
¢ Table No. T83, p €42, cush in mallions of dollare
(1984).

loss tor would each square mile austaia the
same amount of damapge.

The boundary lines for any Range cannot
be «et with any degree of exactneas; and to
w.lhivide the affected persons and property
into smaller Ran;res would not improve the
accuracy of the estimated total losses. It
should again be emphasized that these aver-
age loxsex are nut to be appiied to any indi-
vidual case,
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Consequences of Gamma Radiation From a

100 Percent

Release of the Fission Products into the Containment Shell -

Intraduction

it has been assumed that a §00,000-kw
(thermal) reactor experienced a power ex-
cursion after 180 days of continuous opera-
tion and that all the fission products were
dispersed throughout the assumed l-inch-
thick steel reactor container. The resulting
gamuma radiation dose rates for different
times after shutdown at selected distances

from the reactor, as well as the integrated

doses, were calculated. Correction was made
for the attenuation aforded by a t-inch-thick
steel container, but self-absorption in the fis-
sion product dispersion was peglected. Eati-
mates of mccident losses involving off-site
areas and persons affected by the radiation
are prosented.

Generst Caloulstions

. imitially the radiation levels were caku-
lated according to the approximation given
by Way (1], which states that the rate of
emission of fission product gamma vaergy is
proportional to 1.26 T 3, where T i- e tilae
after fissior: in seconds, within a factor of 2
{or times between 10 sec and abcut ‘wdays.
Thea, at a time r after reactor shutdown, ~a+
gamma energy emission due to all the fissions
which cccurred during uhe reactor operating
time, ., is

g..cf 1.%(r -~ T) V24T,
0.

K = ¢3C[+*? — (v, v} "3} Mev sec,

where C is the number of fissions per second.
If the power level is P watts and 3.25 * t10'"
fssions .produce one watt-second ot energy
{2]. then

E =205 W P[r*! = (n.+ 1))

Mev/sec,
E 328 10° Ple®t = (r.+ 0 *?]
) CTEN. e,
E o33 P[e® = (r. 1 o) "] watta,

at r secomis after shutdown.

The gumma dose rates for the rﬂnctor
under discussion after 130 -hyn of operation
are

"R 164 10K [#%3 - (s, -4} )
roeatgens. second.. (1)

where K involves the exponential and inverse
«quare atteauation and build-up factors due to

" the steel cuntainer and the air traverwed, as

well as the radiation juantity (ergs/cm¢) to
dose (roentgens) conversion [3].

Similarly, the integrated doses from time
T. to T, at selected distances from the re-
actor are

D Ridr roenipenn,
r .
B 203 S 10 KT — (rnn+ Ty)
B an ‘al .
- lo - 777"} roeatgyens A 4]

X was evaluated by subetit:. "-ap *he appro-
priste values from TID-7004 ({) ity the
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elationship involving the attenustion of
adiation from s point isotropic souree ig ap
finits medium and the energy flux to dose
>aversivn, namely,

A _ Bpr), ™
‘-r ‘I"Jxa-fmﬂl/m

hers 7 ==distance from the puint source to
the polnt of interest,
a7 wa the total inean {ree paths
traversed,
B (pr) ==the build-up factor, and
K w=energy flux to dose conversion.

Build-up factors for water were used be-
use of the lack of appropriate values ip
r {5]. This approximation should be ade-
ate since the effective atomic numbers for
r and v.a*er are similar. That is, (6], from

1.2,
z*-*(ia;z;)'

-Zm (HO) ~ 8.0.

Finally, since the energy of the gamma
liation is known, the dose rites and in-
rrated doses can be calculated from equa-
ns 1 and 2. jritially, a mean vnergy of 0.7
w was asuucd for the flasion products
]. However, it was soon discovered that
culation of the radiation levels on the basis
a single mean energy can grosaly under-
imate the sctuat levels by a factor ot 18 or
re at the great distances of interest (up to
mean free paths), because of the wide
hge of fisston product gamma energies.
us, the radiation levels employed to esti-
te accident costs were inferred from the
en fiasion product Famma energy group
atmenta appearing in the literature (2,
8].

TREORETICAL POSSIBILITIES CF ACCIDENTS IN NUCLEAR POWER PLANTS

Radistivg Lavels

Unfortunately, no available seven flasion
product gammas epergy group data pertains
directly to a reactor which hus operated for
180 days. Also, the data are not adequate for
times less than 30 minutes after shutdown
{8]. In any event, the rzaiation levels were
actuzlly inferred from ND\-27-39, a com-
pilation which emphasizes the eneryy emis.
sion during the first day after shutdcwn.

Plots of dose rates at ap kcur and vne 4zy
after both 1,000-kr ind iafinite reactor vpera-
tions indicate thit the radistion 'evels aue to
fission products produced during the stated
operating periods differ only slightly at the
distances of interest (table 1, figs. 1 and &).
The energy emiasion data (or infinite opera-
tion, then, was taken to represent the encrgy
emission due to a 180-day operatiou. Plots
of dose rates at 30 days and VW days indicate
that the duse rates inferved from the 1,000-hr
and infinite op:ration data differ by about a
factor of 3 +* 6,000 ft (table 1, figs. 3 and 4).
However, the effect of a factor of 3 Iu dose o0
the estimations of the amount of land and
numbers of persons involved appears o be
small. For example, a factor of 3 in the 100-
day integzated dose changes the distance of
affected nreas from the reactor by only & few
hundred (about 500) feet at about a mile
1f1. 7). Actuslly, since the dose rates for
times up_fo 100 days after shutdown for
1.000-hr and Infinite reactor operations differ
by up to a factor of 3, it can be said that the
integrated 100-d~y doses for 180-day and in-
finite operations would differ by less than »
factor of 3. In any cuse, the use f energy
emission data derived from an infinite re-
actor operation to represent the radiation
levels durinz the frz: 190 dava due to 180
days’ operation, weuald Bet appear to be uu-
duly pessimistic, eapecially when the uncer-
tainties in some of the other assumptious are
considered, e.g., cost of acciden: estimates.
The values of gamma dose rates appear in

.m OP.HSSION PROUUCTS INTO CONTAINMENT SHELL S - ]
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COMPARISCN OP GAMMA DOSE RATES
v by, INFERRED FROM NDA-71.39

» = Time after shutdown
re = Reactne operating time (hours)

' Yy , -z ldsy rsb.bp | v = 400 daye
i . ; _
Distency  § i ; t . : o
im | te=w ;-._w-o; ez | tTI00| oz ir.=l~; ra=w | rn=1000
{ i -t ,
| j l } 1 |
- f s ; | ;
1.00 . 7 ™ v 128 | 5 » " [ X
2,000, - W 13 10. 81 ] 38 K} [ 3 ] .-
3,000 ] e 13 oe |-08 , 0 -} on . oo 0 »13
.00 013 [ B1) i 0 (&3 oom | 0016 | .00l ! oon2y ]o0owm2
5,000 i ooty en? ! omr2 oonkt | aon? ;. 0OMI OO 0 0BMMT
'6.000. ; 0 ooas oum-’ 0 ouovs oml 00oNI3| 0 000lS - O ANOUZS ! @ NANNOTO
! | {

table 2 and figure 3. and those of integrated
doses are shown in table 3 and Ggures 6 and 3.

Cesiume-137 Contribution t Gamma Energy

It was noted that Cs'' was omitted (rom
the NDA enavpilation; consequently, an esti-

mate ol the effect of this omimon on the
100-day dove wan made. Roughly, the pumber
of Cs'"? atoms produced in the 130-day-old .
reactor is, simply, fission yield times tota)
flssions, Conseguently, *he Us'S? artivity at
-shutdown would be ahut 2 - 105 curies, &
value correaponding tu a i mma eneryy emis-
“sion,of 10'" ergs. sec. The eneryy emitted dur-

Tama 8

CANMA DOSE RATES (rhr) FOR VARIOUS TINES
AFTER SHUTDOWN, INFERRED FOAM NDA-27-239

Reacwe prosn :: 660,008 kw

Operating time - »
{ !
N | Times After Shisibowrn
Yoot ! : T
H o b 2 howrs 1 dog ! ool 1 wnth y 00 daye
T . N
T
1.000 [ 7 e " " | "
2,000 o 4 1) e 87 E 84 N
3,000 . Pone 12 on - 04 e i oums
4.000 ioel -4 sl - ( oom 008 » o8 o oo
S0 ... emis . ouis | 0@ | oo emir °  ooen
4,008 0 - A0MN | 0oRs sowiy ! omgy | 0monn
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Tams 3

INTEGRATED GAMMA DOSES (ri1 FOR VARIOUS TIMES
AFTER SHUTDOWN, INFERRED FROM NDA-21-39

Reactor power = §00,000 k.

Operating time = =
Ksparn -+ Times Seprunsng of Shuidews .
{huance e _ —
ifeet: .
1 howr 8 howrs ! day 1 weed toomd | 100 daye
10 0 . wu L om ! 34,000 | 75,000 130,000
2.000 . ; (11 F7] | e i 1,208 | .08 3,000
1,000 . 1y | s 10 [ 770 30
4,00 ! 018 [ g e .2 » 3
A.000 : oom ! (X ¥ | ow | 1t ! a3 34
6, Qu) [X - o008 | ® 023 [ BT S o4 [ X1
i

tng the 100 days (ollowing shutdown would,
then, be t)'7 ergs. From NDA-27-39, it was
estimated that the total eneryy emitted under
the same circumstances was about 2 < 10'*
ergs. [t would appear, then, that the ominssion
of Cx'? would have little effect on gamma
duses during the first (00 days.

Dycussion of Cosrs

Figures ¥ and 9 <how a cumpariron of
gamma Jdrse rates and population as func.
tionta oof dh-tance for the hypothetical reactor
site described in appendix 8.

For this rontained fiscion product radiation
levels would apoear to be unimportant be.
vl about 5,000 feet, the integrated dose
during the firet 100 days being Jess tham one
roentyen. Thus, it was nxsumed that, most
prohably, much less than about 300 peopie
would be uffectd uecording to figure 9. Un.
fort:nately, integrated doses beyond 100 days
after shutdown were aot ensily obtaioed from
the NDIA compilation, and the estimation of
weident costs wux hampered umewhat by
the lack of long-term integrated dowes. Pigure
10 indicates that the bulk of the integrated
dume would be obtained in about the first

month. A rough entimate of the dose rates at
t.004) days, however, indicaizd that the radia-
tion Jevels from 100 to 1,000 days would be
reduced by a factor of about 60 at 1,000 feet
wed nbout 10 at 6,000 feet.

The evacustion costa are the same as those
discun:  in appendix G. In order to prevent
further radiation damage, it would, of course,
be ¥ to ¢ te at leant those per-
«ins who could get 50 r or more in 3 months
{approximately 100 dayx) if they stayod. It
<hould be pointed out that, for the purposes
of this repurt, it was necessary to wt up
-ome sort of division between areas to be
evacuated amsl arean in which evacuation ia
unnecesaary. quently, istenci
ax to the doses received by persons at the
diviwen line may occur. Actually, the areas
to be evacuated would be determined by
messurementa of radioactivity, and such in-
consistencies would be avoided.

For the purpises of this report, it was
usxumed that before re-entry would he per-
mitted, the maximum dose rate which could
he received by persons moving back into the
arva would Aot sxceed 0.3 poweek.

In ertimating the accident costa, a site
radius of 2,000 feet was assumed.

RELEASE OF FISSION PRODUCTS INTO CONTAINMENT SHELL . 35

Finally, it was assumed either that (a) 2
hours eiapeed before an evacuation was com.

pleted; or that (3) 21 hnurs elapsed. The -

calculated resaits are shown in tables 4 and 5.

If only the volatile fixsion products were
released into the reactor container, gamma
radiation levels would of cvurse be lens and
would decay more rapidly than in the case
just discussed. However, the yreas requiring
evacuation would not be reduced as much
as tae proportional reductior in the curie
content.

Ca-du-iu_-

To summarize, it would appear reasonable
(o say that the tutal cost of the contained
sccident would quite probably be less than
ute million dollarn. It should be stated that
ncne o f the preceding extimates accounted
fer the poasible reduction of radiation levels
by lucal shielding due to buildings and rough
ground or seif-shielding. Furthermore, 1t w.ia
axsumed that all the fimivn products would,

Tame ¢
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SITE MOUNDARY
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© remain suspended inmide the container indefl-

nitely. {t shnuld be noted that of voe scumes
sutficient isolation or the proper combination
of isolation and shielding radiation damage
to the public and cunsequest coatn from
& contained accident couki be completely
eliminated. LI
The use of the infinite medium treatment
in calculating the radistion levels might re-

“ult in a tendoncy to underestimate the radis-
iiom levels which would be expected from o
fixsion product source mear the ground. Al
thiugh no data were found to permit evalua.
tion of the uederestimation, it can Yo sasd
that the errors in the assumptions tend ‘v
cancel each other,

As stated earlier, in passing, the radiation
leveld due to & volatile fimmion produt release
into the container were not calculated, Sut it
can rafelv be assumed that property damage
\'l:::. would be less than those summarized
al . '

Toms .
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e & Compariscs of g-nma dess raten and

population as fuactions of dittanca
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Appendix 1

Personal and Property Damage Resulting from Release
of Fission Products from 2 500,000—tkw Rcactor

The estimates of personal injury to the
public and other off-site losses resulting from
s maximuma accident contained within the
resctor shell are discussed in the previous
sectivn. Here, the nnd-contained cane is cod~
sidered. Many more variables must be con-
sidered; therefore, the results cannct be
stmply stated Dor presented in terms of a few
figures.

The reactor considered 13 the 500,000-kw
{the.mral) power resctr +hich has aperated
for 130 days previous to the occurreuce of
the accudent.

Two cases of flssion product release are
copsidered : '

1. Volatile—All of the icble yases and
iodines plus 1 pervent of the strontium-90

2. Major—350 percent of the gross fissien
pimduct content of the reactor

Two celease temperutures are considered:
1. Cold—Normal atmoapheric temperatures
2. Hot—Approximately 3.000° F.

Two typical distributions of relvased par-
ticle size are considered. They are described
by their madian diameters:

1. L—Characteristic of a fume
2 T,—Charscteristic of industrial dust
Combinations of two different meteorolog-
ical variatioas ars considered:
1. Dayor Night
& Duy-——Normal lapee conditions
b. Night-—Temperature inversion condi-
tions
2 Dryor Wet
& Dry—No rain
b Rain—Light (0.02 in./hr}

Juntification for selection of these several
factors is found in preceding Appeadices.
The evaulation of personal inyury snd ather
loas is summarized in the following tables.
The symbols used are explained as follows:
Major release = 50 percent of ail finsion
products released
Volatile release == Xe +~ Kr + | + Br
released
Cold -~ Cloud emerges at ambient tempers-
ture
"Hot == Clwud emerges ut 3,000° F.
Day - Cloud released during lapse
Night == Cloud rei § during 10
Rain = 0.02 in. hr rainfuli rate
75 -= Cloud compuned cf a 'y normal par-
ticle distribution with a 7. mass median
14 == Cloud compased of a log normal par-
ticle distribution with & | . mass median
R - Distance of furthest boundary of cate-
ZOrY OF FARRE 15 M . uilof tiles)
P =- Number of penple in cateyury of range
$ - Liability in categury or range (liabil-
ity per person times aumter of peapie),
in m:lliuns of dollars
W - Widin of civud at city imiles)
A — Lethal expusure cutegory
B =: Sickneas category
C -u Some liability category
§ == Uryent evacuation range
11 -- Evacual:vn range
11f = Living restriction range
1V = Farming restriction range
a == Alea it square miles in range IV
. = Meteorological probability of oecun
rence
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Tama
WAJOR RELEASE: COLD—1, MASS MEDIAN PARTICLE SIZE
Porsenel Damage
Dey Night
Bon vy Bein Doy
o lothal exporse. ........ 0.9 1.0 us 158
A [X ) ¢ 3,900 3. w0
—lnjury Nhaly...... ..... 2 23 [ J ]
Bt 53 [ 34,000 43,500
- Inj wnlikely. ... . ... 7 8.1 134 04
¢ ll;:,:’nu- bhkely...... 1,508 1,000 130,000 103,008
— [aternction s catagay............. 0. ... [ ]
b Pevmsme. ... .| ............. ). 0,000 168,000
Preperty Damege and Deslocaiing Esponce
LUrgret ovacustios. ... ... Rimi).. .... 5.5 [ X ] 09 18
! Alog.cmi} 158 §{......... AN 9 3.4
9,300 .3 48,000 3.708
1. Total evacustion. . Rias).... 18 2.8 » 7
A(ery.mni) 700 .54 700 T
. 363,000 220 400,000 48,000
§ Milkien 1,800 1.3 3,300 30
§15. Restrictions oo land Rimi) (10 ] 2.1 620 38
s outdous setivity  Aisy. i) 7,700 a2 2,19 %0
Peronns. . . .. 3,300,000 2,900 1,200,000 410,000
$ Milkion . .. 2,300 .3 808 a0
. Rastrictions on fasrming, Rimi). . .. 1,000 »n (7] 1,800
w une of crops. Al wmil. . . 45,000 «® 3,800 16,200
$ Millios .. 1,100 1.7 o =
Totallowe. . ......... ....... § Millica. .. 8,400 33 3,000 [ )
(M4 T+IV)
Percsnt of time for pasticular ] 7 ] -
metectuiogionl cond’s
— lateraction in renge. ... ... ... n n i 1
o Porsons. . . 580,000 28,000 19,000
$ Million. .. 58 |+ ) o0
Parvent of time lor particular ] ] t "
meteoralogisal comd'L

|

D&IAGI RESULTING FROM FISSION PRODUCTS RELEASE

Tasia g
MAJOR RELEASE: COLD-—7. MASS MEDIAN PARTICLE 8izB
Zersonal Damags
Dug Nt
Rein Doy Bein Dry
A~ Lothal xpasury. . . ... - Rl [ X ) 10 [ ] L] ]
Porocae. . ... [ [ ] [} s
B~ lajery likely... ........ Rimiy. .... .9 20 1., s
Poresns. 38 » 4,500 L7
c-llj-'y'ﬂid_y., coee. R(wd). L. 1 71 -4 L
bkely. . ... Porscas. . . o 1.009 13,0 0.
City — Internction inentagory...... . | ... . . [+ [
Poresns . . o [} 49,000 0,0
(X} 30 »
38 »n 121
» 3.0 19,008
ns | ] [ ]
» At L}
»n, 500 0,000 X ]
1.7 «0 30
1. Rentrictions e laad Romi} 190 [ ] e e
and outdoor activity. A myme) 1.000 k) E- e
Persone . 450,000 203,000 175,000 150, ane
$ Malliva 3% 153 3 ne
V. Restristions oo furming, Rimi) . . -] E ] k- 1,100
ws of crope. Avqai) . 2.300 1.708 7 5.
$ Miilion ” u e T
Total ks, ., .. § Millioe 1.20
M+1I+N ! » w i
Pureest of time for particular 13 -4 ] -
astearologica) cond's.
City — laternetion in rangs. . Foowas . e m n [}
N 718,000 396,000 84,000 X
$ Milive . n » LN ] ' =
Purvest of time for particalar 1 3 ] n
Setearuiogscal cand 't !
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Tama §
MAJOR RELEASE: HOT—1s MASS MEUIAN PARTICLE BIZE

Dey Nigh
Bein Dvy Rein Dry

L. Crgant ovacuntion. .. .. Rimd)...... 8 0 ” o

Aleg mil. . Le [ ] 25 ]

Purvons. . ... e [ 13,500 [ ]

IL Total evacuntion. ... . Rimi). ... 8 [ a8 °

- Ao}, . . 190 0 7% s

Persons. . . 132,000 o 400,000 [ ]

8 Million. . () [} 2.000 °

Tl Restrictions on lnand Rimi). .. 440 [ ] 1,300 ®

and ouldosr activity. Aisq.mi). 4,720 ° 7,000 ]

Peranas . . 3,800,000 (] ,600,000 [ ]

8 Million 2,80 ° 3,700 °

IV. Restrictions oa larming, R(mi) 2.20 1.8--l8 8 3,100 $0—330

s of crops. Alspoma). ., 150,000 18 38,000 1,400

$ Mullioss . 3.73%0 43 "0 L3

Total Lose ... 8 Million 7.300 48 3,700 @

(L IE+IY)

Prrcent of Ume for particular 13 n ] -

metsarological eond't.
Oty — Inleraction in rangs . . . N m {4 R

Permms . . . .. 400,000 [ 198,000 [}

$ Milken .. « ° » °

Paresat of time for particular 1 3 1 1n
meteorological cund't.

Nots: There is no perscasl damage for this ease.
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DAMAGE RESULTING FROM FIASION PRODUCTS RELEASK

Tama ¢

MAJOR RELEASE: HOT—7s MAANS MEDIAN PARTICLE SIZE
Property Demage end Disiscating K spense

101

Dey Night
-
1. Cogunt evacuntion. . .. . Rumi) k14 ° [ -] { [}
A mi) ) ' 2
23,000 e | Qe ! <
{ :
ns 1o=14 | P °
w0 o T .
365,000 2,500 C am.om 1 [
1.5 E I 1o ! °
" 0 1 408 ! 38 | 600
and oqtduor activity. Ampu). .. 3,40 | 170 ! w0 ¢ %) ]
Perwnas. . . t, 150,008 123.000 t 40 a0 ' X7
$ Million 84 v : w0 “s
!
IV. Rastrictions os farmag.  Riau} 420 10 5-+192 : 590 I A3-e1 M0
wne of erope. Amj ma) 1.9 1,00 2.000 15. M0
$ Multon 20 % 0 n
Total bow .. .. $ Mution 2,900 o) e 510
dl+HI+ IV i }
Perceat of time for particulnr [H] 7 3 ; L]
metearviopeal rosd 't i
' {
City — Iaternctios is rangs . . . 1 i n . i '
Pereoss 13,000 4800 ¢ Iwow L]
§ Mithua ny L I T oo [ ]
Poccant of *uue {8 particular 1 3 i ] n
weteoraligwal cond’s. :

Note: There is no pr- wonal damage for this case.
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Tama §

VOLATILR RELEASE: \uU Br.~ls MASS MEDIAN PARTICLE SZE

Peoresnsl Damage
Gty Night
Lan Dry Rain vy
— Lothal exposure. . . ... ... R(md)... K- K | 3 .3
, Porwome. . ... 1e [N ] " -
- Injury tibaly. ... .. .. Rimd)....... [ L8 He »

* Pereome. . . .. 158 8.8 11,300 13,000
-_— walikely . . ........ R(mi)....... 49 (K ] " 100
c lt;‘:r'vmhuy ....... - ] 40 78,000 96,000 -
— Interaction im category...... ... e C c

o . Porsens. . ... [] [} 11,008 68,000

Propurty Damage ond Duslocating Exprase

1. Urgent ovacusiion. ... ... L} ) 4 » 8.7
2 « s 1.2

710 - .8 43,000 ™
38 ... 08 3.0

Parcent of time for pacticular 13 -4 2 «»

westher conditiobe.

Nors: Mo internction for Racges 11, IIL, LV, ar¢ In city for suy Range.
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DAMAGE RESULTING PROM FISSION PRUDUCTS AXLEASE 103
Tus d
VOLATILE RELEASE: NO Sr—7Ts 24 \SS MEDIAN PARTICLE SIZE
Poresnai Damags
Dey Noght
Asin vy Rem Dry
A = Lothel expessre Rimi) .. ” » .3 43
Perscas . 1.3 [ X ] 8 =
B = Injury bely .. Rimi) ... 1M 13 ne X
Porsms. . we 122 1.000 L
C — Injury unlicely. . . . Rimi).. .. 38 48 = . W
iom hhely Persons . . 17 30 15,300 18,008
f p T -
L Urgend owniatiom . .. Rimiy . » a2 I n i 193
Alsgms). .. LY i 18 [} so
Poronss. . .. 28,008 %0 ‘ 31,300 §.0m
$ Mullion 1% 14 i 1L J »n
Parcent of time fre particelar n ! 7 2 -
@etoarclogical cnad's. : : ' 1
i i i !

Nots: Ne intersction ia Rangve U1, 111, IV, nor in city.
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Tama? R DAMAGE RESULT/ 3G FROM FISSION PRODUCTS RELEASE "5
VOLATILE RELEASE: WITH 1% Sr—1. MASS MEDIAN PARTICF 2 SIZE : ama s
! anes
v ! VOLATILE RELEASE: WITH 1% Sr—7. MASS MEDIAN PARTICLE SIZE
Dey Night Porasnal Danage
Reia Dy Reia by Doy Nght
A — Lethal exposre. . . ... .. R(mi).... 2 0.3 X Rein Dry Rom vy
Porsons. . ) 0 0
R A—lomiapuers. ... ... R(mé) [ L3 [} .2 3
B — Injwy likely. . . Rimi). ) He » )
Porsame. . .. 5.5 11,300 13.000 ] Ferscas 1.3 1.4 08 1»
C — lajury watikely. . Rimi) .. . u 100 ! I .
Obesrvation liksy . . ... Porscs ... | @ 71,00 .00 ey lidy.... . R o a3 Lt -
City — Iateraction in calogory............. ‘ N O c c C — Iaj Shely . .. Rmi) .. s o » e
Porscas. . .. ‘ R 11,000 58,000 o ios likely .. .. . P ; 17 30 15,3 15.00
Propwty Damage and Dislecatio ; Espenss Property Damnags end Dislecaiing Esponse
| ! i : {
L Crpeat evacuation. ... Rim) .. :: (.n :5 :; i L Urgont evaruation.... . Rimi)... . n ! .2 | w2
Atsqam)... | : oo : : Alsqmi). ... a s PR 5o
Persons .. e .8 41,000 70 s P 28,000 200 31.508 ! 5.%60
§ Nilloa . | s ¢ fnd 3. H # Milliom. ... ) 1.4 ™ ‘'
3
LI Restrvtions on fnndd Rimi) 0 1.8 1 a . 111, Restrieti had Rimi) : Q9 e - «
aad outduor activity.  Aisqma).. .t 200 H 350 b t udc-\-l-:m' ity. Atznn-A . "o 15 ;n .nlo
Promas .. 1%3.000 104 Rs.00 .00 : Perers 153,008 00 | so0m0 | siom
® Mitlion.. ; 137 0 7 b4 i ¢ Wiies . e o pr e
IV. Restrictame on farming.  R(msi) i 0 s 510 198 : - tarmi - .
wae of crupe. Awm). . 3.500 33 1,500 310 w. ':"‘:'"“ artaing. :[:..)'.'.l g |: :.’: ;:
§ Multi » o » 7 ) # Milhon 13 3 o T3
Totathms.. ... . ..... . §Miliea . no ! o7 o »a j Tomlbw. .. ¢ Miskea.. - - an a7
Peresnt of time fur particular ' 13 k24  § - s P vont of time for X ™ n 1 -
meteerologeal ccnd'’s. { . i lnn' d“l.l wa
Gity ~ Isteraction in raags. .. S TR SRR m m Gty — lateraction in age P . . ."nlm ’ au':.
Pers . o o 2,00 34,000 s $ Millooa 3 [} s 50
8 Mutior o ° 3 1.4 : ;
‘ ot .
R of time for particel = 1 . 3 1 1" i Poreast -t:::m ] 3 ] I 1
motearelogical coad't. ! 1 . -
- j B Noru: Ne interaction ia city for catogurios A, B, o¢ C.
. ’ . N U 8 SOVEMMUENT s ahue S0V ca 198 0—an e
i
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