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A GUIDE TO IL4DIOLOGICAL ACCIDENT CONSIDEl&iTIONS
FOR SITING AND DESIGN OF

DOE NONREACTOR NUCLEAR FACILITIES

by

J. C. Elder, J. M. Graf, J. M. Dewa@T. E. Buh~
W. J. Wenze&L. J. Walkex,and A. K. Stoker

ABSTRACT

This Guide was prepared to providethe experiencedsafety analyst with accident
analysis guidancein greater detail than is possible in Department of Energy (DOE)
Orders. The Guideaddressesanalysisofpostulatedseriousaccidentsconsideredin the
siting and selectionof major design features of DOE nuclear facilities.Its scopehas
been limited to radiologicalaccidents at nonreactor nuclear facilities. The analysis
stepsaddressedin the GuideIead to evaluationof radiologicaldoseto exposedpersons
forcomparisonwithsitingguidelinedoses.Other possibleconsequencesconsideredare
environmentalcontamination,populationdose, and public health effects. Choices of
models and parameters leading to estimation of source terms, release fractions,
reductionand removal factors, dispersion and dose factors are discnssed. AIthough
requirementsfor risk analysis have not been established, risk estimates are finding
increaseduse in sitingof majornuclearfacilitiesand are discussedin the Guide.

I. INTRODUCTION

A. Need for the Guide

A DOE guide in the area of postulated radiological
accident analysis at nonreactor nuclear facilities was
providedto supplymore detail than that practicalin the
DOE Orders. Further, collectionof related information
in a guideof this typewasconsideredusefulfor conduct-
ingradiologicalaccidentanalysiswithin the DOE com-

-- plex.
Major requirements for the siting and design of nu-

clear facilitiesas formulated by the Nuclear Regulatory
. Commission(NRC) and DOE are found in the Code of

Federal Regulations(CFR, Title 10) and DOE Orders
respectivelyand are stated in terms of radiation dose (or
effectivedose equivalent) calculated at a specified lo-
cation. Althoughthe sitingcriteria dosesmay be unam-
biguous, the many models, parameters, and assump-

tions necessaryfor the intermediate calculationalsteps
betweenthe postulated accident and the resultant dose
are not specified.The NRC addresses this situation by
issuingsupplementaryguidancesuch as technicalinfor-
mation documents,safetyguides,and regulatoryguides.
This supplementaryinformation is availableto and has
been appropriately used by DOE safety analysts;how-
ever, it is specificto the types of facilitieslicensed by
NRC, particularlylight-waterreactors(LWRS).That the
DOE should apply reactor-basedcriteria to nonreactor
facilitieshas been implied in DOE Orders. However,
applying criteria intended for LWR power plants to
DOE facilities that may be “first of a kind,” located
remotelyon a DOE reservation, and already subject to
strictregulatorycontrol is often not appropriate.Recog-
nition that a numerical limit shouldbe accompaniedby
guidancefor its applicationled to the preparation of this
Guide. Its scope is limited to accidental release of
radioactivematerial from nonreactor nuclear facilities.

1



B. Status of the Guide

This Guide shouldbe regardedonlyas a guide,not as
a regulation or standard or as a statement of DOE
policy. DOE Orders remain the primary source of re-
quirements related to nuclearfacilitysiting,design,and
safetyanalysis.The status of the Guide as a substantial
documentusefulto the safetyanalysthasbeen enhanced
by an effortto obtain carefil peer review.Followingthe
suggestionscontained in this Guide should lead to
compliancewith applicableDOE Orders.

The extent to whichthe Guide willreceivecontinuing
reviewand revision has not been determined.This will
depend on its usefulness,the extent of its utilization by
field officesand contractors,and the feedbackreceived
duringthe firstyearor two after its issue.

Acomment sheethas been includedas AttachmentA
to encouragethe user to provide the authors with input
as the need arises.

C. FeaturesofDOE NuclearFacilities

DOE nonreactor nuclear facilities house a broad
variety of processes,a number of which contain radio-
logical hazards with potential for onsite and offsite
consequencesin the event of a major accident. These
potentialhazardsare generallyof lowermagnitudethan
those associatedwith nuclear reactor facilitiesbecause
ofa lowerinventoryof radionuclidesand lowerlevelsof
dispersiveenergy.However,carefulanalysisofpotential
accidents in nuclear facilitiesis required to assure that
the combination of proper siting and design of safety
featureswouldprovide a highdegreeof safetyfor mem-
bers of the public.This is accomplishedby considering
siting criteria and safety features described in later
sections.

Nonreactor nuclear facilities are defined in DOE
Order 5480.lA, Chapter V, “Safety of Nuclear Facili-
ties,”as

NuclearFacility.A facilitywhoseoperations
involve radioactive materials in such form
and quantity that a significantnuclear haz-
ard potentially exists to the employeesand
the general public. Included are facilities
that (1) produce, process, or store radioac-
tive liquid or solid waste, fissionable
materials, or tritium; (2) conduct separa-
tions operations; (3) conduct irradiated
materialsinspection,fiel fabrication,decon-
tamination, or recoveryoperations;(4) cOn-
duct fuel enrichment operations. Incidental

use of radioactive materials in a facility
operation (e.g., check sources, radioactive
sources, and x-ray machines) does not
necessarilyrequirethe facilityto be included
in this definition. -a

Nuclear facilitiesare further categorizedin DOE Order -
6430.1, Chapter IV, as either critical or noncritical ‘f-
acilities (DOE 1983A).Critical facilitiesare those for “
radioactive material handling, processing, or storage, - I
and other facilities having vital importance to DOE
programs or high dollar value [such as plutonium
processing, tritium processing, weapon assembly
(HE/Pu), and certain storage facilities].Noncritical fa-
cilities are other facilities that meet the definition of
nuclearfacilities(above).

The major categories of DOE nonreactor nuclear
facilitiesand a summary of processes,prominent radio-
nuclides,dispersiveener~ potential,and accidenttypes
most likely to be the design basis accident (DBA) are
presentedin Table I. The entriesin Table I are discussed
in greater detail in the Standards and Criteria Guide
(Brynda1981).There maybe other nuclearfacilitytypes
whichrequireanalysisof a DBA.

II. SCOPE AND INTENT

The Guide focuses on the implementation of DOE
Order 5480.IA, Chapter V, DOE Order 5500.3, and
DOE Order 6430.1,“General DesignCriteria Manual.”
It also has incidental application to DOE Order
5481.1A, “Safety Analysis and Review System.” Its
most direct application is to DOE Order 6430.1,which
containsguidanceon sitingand major designfeaturesof
nuclear facilities. Order 6430.1 discusses general re-
quirements, largely leaving the choice of analysis
method and parameters to the analyst. The largenum-
ber ofanalysismethodsavailablehave resultedin varia-
tions among analysts seekingto answer the basic ques-
tions:

Does the proposed site meet the siting guideline
doses?
Is the proposed site more suitable than alternative
sites, based on consideration of other potential -
consequencesof an accident, such as population -
dose, environmental contamination, or public -
health effects? --

Can emergencyplanning requirements be met at -
the proposedsite?
Can an existingfacilitysafelyhousea new process? -
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TABLEI. SUMMARYOFNONREACTORNUCLEARFACILITYTYPES
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The Guide has been compiled to aid experienced
anaIystsin app[yinganalysis techniquesconsistentlyto
allaccidentswith major potential for radiologicalconse-
quences.It is not intendedas a tutorialdocumentor as a
guide to writing safety analysis reports (SARS).The
Guide should be usefi.danywhere postulated accident
analysis is required, that is, for SARS,design analysis,
environmental documentation, emergency planning,
etc. Its primary utility willprobablybe as a tool for the
analystand will contain useful information and quality
references. Areas either vague or not covered by ex-
perimentaldata are identified,and in some cases,speci-
ficassumptionsare suggested.

Coveringall aspectsof radiologicalaccident analysis
was not considered possible or practical. The analyst
should not assume all areas of accident analysis have
been covered in the Guide, although an attempt has
been made to dealwith all important issues.

111.CRITERIA AND DEFINITIONS

A. DOE Orders

1. Environmental Protectio~ Safety, and Health
Protection Program for DOE Operations (Order
S480.lA). DOE Order 5480.lA, Chapter I (DOE
1981A),“EnvironmentalProtection,Safety,and Health
Protection Standards,” provides as a recommended
standard for nuclear facility safety “appropriate por-
tions of Reactor Site Criteria” (10 CFR 100, revised,
CFR 1962). DOE Order 5480.lA, Chapter V (DOE
1981B),“SafetyofNuclearFacilities,”establishessafety
proceduresand requirementsfor nuclearfacilities(reac-
tors and accelerators are exceptions in Chapter V) to
assure

. . . that nuclear facilitiesare sited,designed,
constructed, modified, operated, main-
tained, and decommissionedin accordance
with generally uniform standards, guides,
and codes that are consistent with those
applied to comparable licensed nuclear fa-
cilities.

Although the 10 CFR 100 site criteria were issued
specificallyfor siting stationary pressurized-waterand
boiling-waterreactors,theyhave representedforover 20
yr the only authoritative sitingguidanceand have been
applied to nonreactor facilitiesby NRC and DOE [or
previouslyby the AtomicEnergyCommission(AEC)or
Energy Research and Development Administration

(ERDA)].More recent guidancehas been proposed for
use within DOE in DOE Order 6430.1,as discussedin
the followingsections.

DOE Order 5480.1Aalso requiresthat adequate con-
6siderationbe givento environmentalprotection,safety, ~

and health protection matters throughout the life of a -
nuclear facility,includingits siting. Its operation must -
not create undue environmental protection, safety, or --“-

health protection risks. Evaluation methods applied to -
accident effects in these areas are addressed in the
Guide.

2. GeneralDesignCriteria (Order 6430.1). The DOE
implements radiological accident guidance for siting
and major designfeaturesin DOE Order 6430.1,“Gen-
eral DesignCriteria Manual” (DOE 1983A).DOE pol-
icy stated in Order 6430.1requires that “DOE facilities
be designedand constructed to be reasonableand ade-
quate for their intended purpose and consistent with
health, safety, and environmental protection require-
ments.”

Dose guidelinesproposed for inclusion in Chapter I
of DOE Order 6430.1 to limit a one-time accidental
dose from a major credible accident are as shown in
Table II. The proposedguidelinedoses for wholebody
and thyroidare purposelyconsistentwith existingsiting
criteria in 10CFR 100.Bonesurfaceand lungdosesare
basedon ratios of ICRP weightingfactors(0.03forbone
surfaces,0.12 for lungs)to the thyroid weightingfactor
(0.03) (ICRP 1977).This rationale was developed by
NRC in the Clinch River Breeder Reactor site suit-
ability decision (NRC 1977A).Determination of effec-
tive doseequivalentis discussedin Section111.B.6.

The following caveat should accompany each
publication of the guidelines to aid in keeping dose
guidelinesin proper perspective(CFR 1962):

The use of these guideline doses is not in-
tended to imply that these doses constitute
acceptablelimits for emergencydosesto the
public under accident conditions. Rather,
these values are referencevalues to be used
in the evaluationof facilitysiteswith respect
to potential accidents of exceedingly low
probability of occurrence and low risk of
public exposure to radiation. They do not
apply to facilityoperationsunder normal or
emergency status, nor to emergency dose
guidelinesthat might be appropriate for the
generalpublicshouldan accidentoccur.

.
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The radiologicalguidelines in DOE Order 6430.1,
Chapter I, require considerationalso be given to onsite
personnel when the site and major design features are
selected.Considerationof the onsite person is stated in
DOE Order 6430.1,Chapter I, to be “prudent measures
associated with the radiological protection of onsite
personnel and in conjunction with onsite emergency
planning,as required through implementation of DOE
Order 5500.3.” The guidance on dose methodology
provided herein is considered usefil in meeting the
requirements of DOE 5500.3 related to emergency
radiologicalresponseplans.

3. Nuclear Facility Emergency Plaming, Prepared-
ness, and ResponsePrograms (Order 5500.3).This or-
der requiresemergencyactions to respond to the onsite
and offsite consequencesof a radiological emergency
and to assure protection of onsite personnel, public
healthand safety,and the environment.

4. Safety Analysis and Review System (Order
5481.1A).Postulated accident considerations are dis-
cussed in appropriate detail in DOE Order 5481.1Ain
terms of safetyanalysis(DOE 1981C). Accident-related
topicsto receiveanalysisor be addressedare

● identificationof h~ds,
. potentialaccidents,
● probabilityof occurrence,
s physical design features and administrative ~n-

trols to prevent or mitigatepotentialaccidents,and
● predictedconsequences.

\
VariousDOE fieldofficeshave prepared parallelorders
to implement DOE Order 5481.1A.These orders are. generallymore speeificto the operational needs of con-
tractor activities under a field officeand might not be
applicableacrossthe DOE complex.

The glossary of the Guide (Appendix A) contains
definitions of many terms used in the Guide. Definit-
ions needing further elaboration and discussion are
includedin this section.

Basis Accident (DBA). All credible acci-
dents are evaluated for the purpose of establishingthe
need for certain designfatures in a nuclear facilityand
approving its siting.The DBA is that accident causing
the most severeconsequencesand is compared with the
guidelinedoses.

Credibility of a potential accident is based on the
amua.1frequencyat which the accident is expected to
occur.Accident-frequencydata to support a probability
estimate may be lacking. In this case, a deterministic
approach similar to TID-14844 (AEC 1962) may be
applied.Assumptionsshouldcontain a suitablelevelof
conservativism.Credibilitylimits in the rangeof 10–6to
3 X 10-5occurrencesper yearhave been used within the
DOE and elsewhere(Lucas 1981,Clemens 1982,ALO
1982,ANSI 1976,NRC 1983).This Guide suggestsan
approximateannual frequencyof 10+ be used to estab-
lish the credibilityof potential DBAs. The selectionof
10+/yris basedprimarilyon a generalconsensusamong
risk analysts to consider a frequency of 10-5/yr as a
frequency which should cause concern if the accident
consequenceis high;conversely,a frequencylowerthan
10-7/yr is considered so low as to be almost in-
determinate or nonsensical.Therefore, any postulated
major aeeident which has an estimated annual fre-
quencyapproaching10+/yr shouldbe consideredcredi-
ble.

2. Offsite Person. The offsiteperson is a member of
the exposed offsite population and is assumed to be
locatedat the site boundary. His dose, which maybe a
whole-bodydose,an individual-organdose, or an effec-
tive dose equivalent, is compared with the sitingguide-
linedosesproposedforDOE Order 6430.1(alsolistedin
Section 111.A.2).The exposure reeeived by the offsite
person should depend on unfavorable,site-speeificme-
teorology &ta (methods are discussed in Section
V.E.5.).As a generalrule, the offsiteperson is assumed
to be presentat the centerlineof the cloud fora period of
2 h unlesscloud passageor evacuation within a shorter
time is a reasonableassumption at the proposed site. It
may be assumed that any person who might be con-
sidered the offsite person is lawfully occupying the
location and will consent to evacuation. The offsite
person should be assumed to be the individual most
affected by the released material. In most cases this
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person is characterized by the ICRP reference man
(ICRP 1974). A possible exception is a radioiodine
exposurein which the dose to an infant’sthyroid might
result in a highereffectivedoseequivalent.

3. PopulationDose.Populationdose is an estimate of
total radiation dose received by members of a popula-
tion group exposedto the radionuclidesreleasedby the
postulatedaccident.It can representa collectivewhole-
body dose, collective dose to a specific organ, or a
collective effective dose equivalent. Consideration of
population dose may be appropriate under some cir-
cumstances, such as the case where several sites are
beingcompared. Populationdosesmay showa decisive
advantageof one siteover the others.

Estimation of population dose and potential public
health effectsis addressed in SectionV.G.

4. PopulationCenter Distance.Population center dis-
tance is defined as the minimum distance from the
proposed nonreactor nuclear facility (structure, not
boundary)to the nearestpopulationcenter. DOE Order
6430.1 does not specify a population center distance
other than by indirect reference to 10 CFR 100. A
populationcenter is defined in 10CFR 100as a densely
populated center containing more than about 25000
residents.To establisha minimum distanceto a popula-
tion center,the 10CFR 100calculation(1.3timesa low-
population-zoneouter-boundarydistance) is suggested,
if the releaseis delayedover 2 h.

Somepopulationcenterboundariesare vague;that is,
sprawlingsuburbsmay approach the proposedsitein an
irregular pattern, making a single population center
distanu difficultto choose.Politicalboundariesare not
generally invoked as population boundaries without
considerationof actual residences,includingthe possi-
bility of fiture expansion bringingresidencescloser to
the facility.It will be necessa~ to evaluate each siting
caseon its own particular featuresand makejudgments
that may not be alwaysconsistentamong analysts.

5. EffectiveDose Equivalent.Effectivedose equiva-
lent isa specializeddosevalue relatingdosesreceivedby
multiple organs to a single whole-body dose for the
purposeof comparison with sitingguidelinedoses. It is
based on the ICRP 26 approach that risk of delayed
mortalityshouldbe the same whetherthe wholebody is
irradiated uniformly or whether several organs receive
the dose (ICRP 1977).The ICRP 26 approach replaces
the critical organ concept, which has been in use for
many years.The effectivedose equivalent is the sum of
doses to each organ receiving dose (including whole
body), after each organ dose is multiplied by an organ
weightingfactor. These weightingfactors are based on

somatichealth effectsdata derived from many sources.
Some organ risk factors are still in question. Health
effectsdata, the weightingfactors that may be derived
fromthem, and relatedtopicsare discussedin Appendix
B.

6. Risk Analysis and Risk Assessment. Risk is the
combination of probability that a serious event will
occur (numlm of events per unit time) and the esti-
mated consequencesof that event (commonly cancers
or deaths or rem). The common practiceof callingrisk
the product of probabilityand consequenceis not con-
sidered sufficientlyinformative because both compo-
nents are needed to filly describethe nature of the risk.
Risk analysisis consideredthe specifictechnique, such
as fault or event tree analysis,which is used to perform
the broader processof risk assessment.Since the DOE
hasnot specificallyadopteda riskassessmentmethod or
defined an acceptable level of nslq treatment of this
subject in the Guide is limited to discussion of risk
assessmentmethods presently in use by DOE contrac-
tors: qualitative (informal) methods and probabilistic
(formal)methods.Ongoingactivity in this area by DOE
and its contractors is encouraged, along with active
information exchangeswith other safety analysts not
presentlyequipped to perform probabilisticrisk assess-
ment. Sourcesof riskanalysisand nskassessment meth-
odsare discussedfurther in AppendixC.

IV. DESCRIPTION OF DESIGN BASIS ACCI-
DENTS

Requirements for identification and description of
the DBAsare set forth in DOE Order 6430.1,Chapter I,
and other chapterswhich are facilityspecific.Proposed
nuclear facilitiesmust be sited and designedto provide
confinement of radioactive materials under normal
operations and DBA conditions. The DBAs are the
postulated accidents and resulting conditions against
whichthe structure,systems,and equipment must meet
their functionalgoals.The analysisof DBAsservestwo
majorpurposes:to determinethe need duringthe design
phase for engineered safety features (ESFS)and other
controls,and to justify that the proposedfacilityinclud-
ing the EiSFswilladequatelymeet sitingguidelinedoses
in the event of the DBA.

Both internal and external initiating events must be
considered.Unlessthe facilityis specificallydesignedto
withstand all credible external initiating events, some
releaseof radioactive material from these events must
be assumed. This release should be ‘estimated and
shownto be lower than that which could cause dose in

.
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excess of the siting guideline doses in DOE Order
6430.1,Chapter I (also in Guide Section 111.A.2).The
steps involved in evaluation of amident consequences
are discussedin SectionV.

The processes in the nuclear facility should be
carefullyreviewedto assure that all potential accidents
that could qualifi as DBAs have been described and
analyzed,both for their probabilitiesand their conse-
quences.The traditional deterministicmethod is acmp-
tableas wellas some form of risk assessment(a consid-
eration of both probabilityand consequence).An infor-
mal, qualitative approach or a more formal, quan-
titative approach may be used, if a comprehensive,
systematic,well-reviewed and welldocumented analy-
sis is performed. Two general methods of risk assess-
ment (qualitative and quantitative analysis methods)
are presently in use within the DOE complex and are
discussedin AppendixC.

The depth of analysis should be in some measure
proportional to the level of risk at the facility under
evaluation. Certainly, critical nuclear facilities (pluto-
nium processing,tritium processing,weaponsassembly,
and reactor fuel reprocessing)should be subjected to a
rigorousformal risk assessmentor a deterministicanal-
ysis containing a suitable level of conservatism in the
estimation of accident consequences.The followingas-
sumptions are presented as examples, all or part of
whichmightbe includedin formulation of DBAs:

● A worst-caserelease mechanism is assumed, con-
sistent with credible but conservative selection of
physicaland chemical parameters of the released
material.

. The m~mum amount of dispersiblemateri~ ~.
lowed in the facility is assumed available for re-
lease.

. Maximum release fraction based on the physical
and chemicalparameters is assumed.

. CreditforESFSand administrativecontrolssuchas
evacuation is based on degraded performance un-
lessthey are clearlyunaffectedby the accident.

. Unfavorable atmospheric or aquatic dispersion
conditionsare assumed.

● Radiologicaldose calculationsare based on a 50-yr
dose acmmulation time and selectionof breathing
rate, particle size, and chemical volubilityclass,
leading to doses which contain a suitable level of
conservatism.

A. O

The DBA could be an operational accident caused
caused by an internal event. Direct causes are usually
poor design or procedures, operator errors, equipment
failures, or inadequate technical development (un-

knowns)that lead to the accident. The major accident
categoriesare explosion,fire, nuclearcriticality,leaksto
the atmosphere,and leaks to the aquatic environment.
Event histories have been prepared that can aid the
analyst in decidingwhat operational accident could be
the DBAfor the proposedfacility(for example,Perkins
1980, 1981).Several other reports contain usefid de-
scriptions of accidents and suggestedparameters ap-
plicableto many operational DBAs (Selby 1975,Faust
1977,Walker 1978,ANSI 1976,ANSI 1980,and ORNL
1970).

The processesin the facilitymust be
reviewed for potential energy release by explosion or
other uncontrolled reaction that could release radioae
tivematerialto theatmosphereor aquaticenvironment.
The major causes of explosions involving radioactive
materials are listed in Table III. The list should not be
considered all-inclusive but contains a summary of
major accident types either noted as actual events in
event histories or postulated events considered to be
crediblethroughaccidentanalysis.

Experimental or explosion accident investigation
data available in the literature have been summarized
by Walker (1978);major sources of dispersal informa-
tion are Selby (1975), Mishima (1966, 1970), and
Castleman(1969).In the absenceof applicableinforma-
tion, simpli&ng but consemative assumptions should
be made. For example, maximum airborne concentra-
tion of respirableparticleswithin the space into which
solid particles or liquid droplets are dispersed by an
explosionprobablywillnot exceed 100mg/m3after the
first 10min (Selby1975).Releasefractionsare discussed
tirt.her in SectionV.B.

For facilitiesother than a weaponsassembly(HE/Pu)
facility,dispersalbeyond the facility structure may be
limited by an assumption of structural integrityif blast
barriersare providedaround conceivableblast locations
and engineered safety fkatures are unaffected. In this
case, the radioactive material would be discharged
through the ventilation system at its normal discharge
rate and releasedat effectivestackheight.Otherwise,the
releaseshouldbe assumeda puff releaseat ground level.

HE/Pu assemblycellsdesignedto fullycontain an HE
detonation may release limited amounts of material
throughfacilitypenetrations.An analysismethod ofthis
case may also be found in the Pantex Environmental
Impact Statement (EIS) (DOE 1983B)and supporting
documents. A detonation accident at existing HE/Pu
facilities(weaponsassemblycellsthat cannot iidly con-
tain a detonation)shouldbe assumed to release 100%of
Pu presentas an aerosoland 20%as a respirableaerosol.
A suggestedmethod of accident analysis in which an
elevated cloud of accident debris is dispersed may be
found in the Pantex EIS and supporting documents
(DOE 1983B).

7



TABLE III. EXPLOSION ACCIDENT CAUSES’

ChemicalProcessing

2.

3.

4.

5.

Hzexplosion—H2fromradiolysis,Na-H2reaction,fluoride-zirconiumreactionin dissolveror in a
-.-1

reducingfurnace.
w

Solventor red oil explosion—organiesin evaporators,concentrators,denigrators.
.
.

Hydrazoicacid explosion(hydrazine).

Ion exchangeresin—fwefollowedby explosion.

Unstable compounds—silver-nitrogen-halogencompounds, ammonium nitrate, mercury com-
pounds.

WeaDonAssembly
1. High-explosivesdetonation—uncasedHE/Pu or HE/U, duringassembly.

General
1. Powderedmetals 7. Methane
2. Hydrogen 8. Ozone
3. Acetylene 9. Picricacid
4. Volatileorganicliquids 10. Explosivegas mixtures
5. Nitrates 11. Fuels,natural gas
6. Peroxides

Selby

Frequencyof explosionsin chemicalprocessing,fiel
fabrication,and radioactive material processingplants
can be estimated from event histories. A typical ap-
proach to estimating accident probability from failure
rates and accident frequencies is described by Selby
(1975,p. 92).Recent sourcesofdata have been collected
by Perkins(1980,1981).Sourceterms, releasefractions,
and evaluation of accident consequencesare discussed
further in SectionV.

2. Fires. The processes in the facility must be re-
viewed for potential releaseof radioactive material by
firedamage.DOE Order 6430.1specifiesdesigncriteria
for nuclear facilities(Chapter X and in speefic facility
chapters).Fire resistancerequirementsare stated as a 2-
h minimum fire barrier in the major walls, floors, and
ceilingsacting as a secondary or tertiary eontinement
system.Four-hour barriers are required if the potential
cost of fire damage exceeds $75 million. It may be
assumed that the fire does not breach the structure if
proposedfire protection (sprinldersand other systems)
and restricted fire loading in the buildingare such that
the fire should be extinguished within 2 h. A plume

release at effective release height may be assumed. If
breachof the buildingcannot be excluded,breach of the
confinement system followed by ground-level plume-
model release (adjusted for thermal plume rise, if ap-
propriate)shouldbe assumed.

Assumptionsregardingfire-causedreleaseof radioa&
tive materialfromconfinementwillvaryamong nuclear
facilitiesand shouldbe substantiated for each case.The
followinggeneralstatements will usuallyapply to most
facilities:

. All systems designed as cntieal systems operate
normallythroughoutthe event. 1-

● h cleaningsystems operate normally during the .
fire if they receiveadequate protection from direct --
fire damage of system components; HEPA tilters
operate with accident-case efficiencies(stated in -
Section V.C.) or with higher efficiencyif adequate -
protection is provided by sprinkler systems, de- -
misters,and prefilters.

. Any installed fire protection system functions as
designed.

8



I

-.
---

.

0

8

Amounts of flammable materials and radioactive
materials involved in the fire are the maximum
amounts actually present during fidl-capacity
operation.Case-specificlocationof flammablema-
terial, separate from radioactivematerials, may be
used to mitigatethe consequencesof the tire;other-
wise, estimates should include the more con-
servativeassumptions.
The amount of radioactive material in the source
term includesthe total amount of dispersiblemate-
rial normally in processwithin an area surrounded
by a 2-or 4-h firebarrier.

Selection of release fractions should be based on
appropriate experimental or historical &ta where
@sible. Since the amount of material released is
dependenton the form and volatilityof the material and
the air velocity across the material, no single release
Iiactioncan be assumed.Sourceterms, releasefractions,
and evaluation of accident consequencesare discussed
further in SectionV.

Major potential sources of fires in nuclear facilities
are summarized in Table IV. These major categoriesare
based on analysisof event historiesand accident analy-
ses (Perkins 1980,1981).The probabilityof f~es with a
potential for release of radioactive material may be
estimatedfromevent histories.An approach to estimat-
ingfirefrequencieshasbeen drawn from firestatisticsin
the chemicalindustry (Selby1975).

3. CriticalityAccidents.Acriticalityevent isin many
casesa localevent without offsiteimpact; however, the

processesin the facilityshouldbe reviewedfor potential
releaseof radioactivityand for direct radiation at onsite
locations.Descriptionof this DBAshould include

●

●

●

form of the critiml material (liquid solid, or a
mixture),total number of fissionsexpecte~ and an
amount of eachradionuclidein dispersibleform;
times over which fissioningand radionuclide dis-
persaloccur;
containment of dispersible radionuclides and
shieldingof direct radiation;and
reductionand removal factorsapplied to dispersed
radionuclideamounts.

Table V contains initial burst yields and total yields
based on Stratton’s (1967) review of criticality ami-
dents.These yieldswerechosenby Woodcock(1966)as
potentialmagnitudesfor emergencyplanningpurposes.
Subsequent guidance was issued by NRC (1977B,
1979A,1979B)defining a “minimum” criticality acci-
clentin a solution in which the total fission yield (1019
fissions)dif%crsslightlyfrom the 3 X 1019fissions de-
rived by Woodcock. The yields in Table V are con-
sideredsuitablefor useby the analystwhen case-specific
analysis is not practical. Case-specificanalysis may be
aided by experimental results and estimation methods
provided by L.ecorche(1973),Hooper (1974),and Tuck
(1974).

Radioactivity can be dispersed during a criticality
accident by fission product generation, or by physical
action on a solution containing actinidesor other solid
radionuclides.The radioactivity available for dispersal

TABLE IV. FIRE ACCIDENT CATEGORIES

Fire Source

General

Zirconium

Organicsolvent

Hydrogen

Electrical

Sodium

Pyrophoricmetal

Cellulose

vehiclefuel,welding,poor housekeeping

fuel reprocessingfacilityin fuelbundleshearing

fuelreprocessingfacility,solventseparationcolumns,
solventrecoverytanks, pipingleaks

radiolysisofprocesssolution

sourceof fue spread, lossof services

liquidsodiumspills

U, Pu metal production;scrap recovery;inerting at-
mosphereloss

spontaneouscombustionof cellulosewipesand nitric
acid

9



TABLE V. CRITICALITY ACCIDENT FISSION
YIELDS’

Yield
System : (fissions) (fissions)

Solutionsunder 1 x 1017 3 x 101S
100gal (0.46m3)

Solutionsover 1x 10I8 3 x 1019
100gal (0.46m3)

Liquid/powderb 3 x 1020 3 x 1020

Liquid/metalpiecesc 3 x 10’S 1x 10’9

Soliduranium 3 x 1019 3 x 10’9

Solidplutonium 1x 1018 1x 1018

Large storagearraysd None 1x 1019
(belowpromptcritical)

Largestoragea&aysd 3 x 1022 3 x 1022
(abovepromptcritical)

---

a
s w a a powder~yer co~d result ‘n

progressivelyhigherreactivityinsertion.
CA
d s a w

by the criticality accident can be calculated by the
ORIGEN2 computer code (Croff 1980)for amounts of
fission products and actinides initially present in a
dissolved reactor fiel solution or by the RIBD code
(Gumprecht 1968) for amounts of fission products
produced by the excursion. Actual radionuclide
amountsmade airborneby physicalaction (evaporation
of solution)or by production during fissioningmay be
calculatedon an individual basis or establishedby the
assumptions made in the applicable NRC regulatory
guidecitedabove.The NRC assumptionsare as follows:

●

●

10

AUof the noble gas fission products (except those
removed before the excursion),25%of the radio-
iodine, and O.1%of the ruthenium resulting from
the excursion or initially present in the spent fiel
are released directly to the cell (or room) at-
mosphere.
An aerosol,generatedfrom evaporationof solution
during the excursion,is releaseddirectly to the cell
atmosphere. The aerosol comprises 0.05%of salt
(solute)content of the solution that is evaporated.

Persons outside the facility may receive significant
dose. Calculationsby Selby(1975)indicate major dose
contributionsat distancesas far as 100m resultingfrom
prompt neutrons and dose to internal organs from
inhalation.

Radionuclides released from a criticality accident
would normally be discharged to the atmosphere
through the facility stack. Choice of puff or plume
model will depend on duration of the event (Hanna
1982,P.42).

Frequencyof occurrenceof a criticalityaccident may
be estimated flom historic data for the types of
processesplanned.Probabilityofacriticzdityaccidentin ~
a Pu orU fuelfabricationfacilitywasestimatedby Selby
(1975) to be approximately 9 X 10-3 per plant year. ~-
Becausethis estimate was based on criticalityaccidents _
in solutions and a nearly equal number occurred in
solutionsin other facilitytypes,this rate (10-2)per plant ‘=
year is considered a suitable frequency for use in risk .
assessment.The analystmay choose to perform a case-
specificanalysisif a lower rate is expected.Probability
studies based on historical criticality safety violation
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data indicate the frequency could be assumed much
lower, depending on how soon a fault in a criticality
safety program might be detected (Lloyd 1979).This
duration of a faultwouldbe a site-specificor operation-
specificdetermination.

Source terms, release fractions, and evaluation of
criticalityaccident consequencesare discussed firther
in SectionV.

4. Leaks to the Atmosphere.A DBAmay result from
a major leak to the atmosphere caused by equipment
failure or operator error. Filter failure, by-passing of
removal systems, storage tank rupture, dropped casks
causing fhel disruption, material spills outside of con-
finement areas, and short coolingof spent reactor fuel
are examples of this accident type. A detailed list of
potential accidents based on event histories in fuel
reprocessingplants is included in Perkins (1980).Leaks
resulting from natural phenomena or other external
eventsare discussedin SectionsIV.B.and IV.C., respee
tively.

The dispersal mechanisms for this potential DBA
include mechanical ejection of disrupted material,
atomization of radioactive solutions under pressure,
aerosolizationof powders,surfam evaporation produc-
ing an aerosol, and perhaps others. A summary of
parametersaffectingreleaseand transport of radioactive
material is included in Walker (1978).Selby(1975)also
discussespotential releases from accidents caused by
internal initiators.

Frequencyof occurrenceof accidentscausingleaksto
the atmospherecan be estimated from historicaloccur-
rence data. Selby (1975) discusses failure-rate data
sourcesas valuable predictors of release probability in
caseswhereapplicabledata are available.

Source terms, release tlactions, and evaluation of
such accident consequences are discussed fim-therin
SectionV.

5. Leaks to the Aquatic Environment.Some nuclear
facilities have the combination of a liquid medium
contaminated with radionuclides and a nearby lake,
river, or stream that mightreceivean accidentalrelease.
Intake by ingestionof drinking water, consumption of
fish, immersion in the contaminated water, and con-
sumption of food crops irrigated with contaminated
waterare potentialpathwaysto be considered.

The discussion of accidental releases of liquid ef-
fluents in Section 2.4.13 of the Stan&rd Review Plan
(NRC 1981A)and its referencesmay be helpfid to the
analystin the evaluationof this typeof accident.Source
terms, releasefictions, and evaluation of suchaccident
consequencesare discussedfirther in SectionV.

Natural phenomena, particularly earthquakes and
tornadoes, may be capable of acting as initiators of
major accidents at nuclear facilities.These events are
evaluated both for their capability of disrupting the
cxmfinementsystem (structure and engineered safety
fatures) and triggering other failures or effects con-
tributingto dispersalof radioactivematerialbeyond the
facility. The discussion applies to evaluation of
proposed critical facilities or reevaluation of existing
facilities being significantlymodified for new opera-
tions. In some cases, loadings may be higher than or-
iginal design requirements. The facility modifications
shouldbe designedto withstand thesehigherloadings.

This section reviews major considerations in the
analysis of postulated accidents initiated by natural
phenomena:

Site selection-proximity to a known active seis-
mic fault location in a region of high tornado
frequency,in a flood-proneregion, or in a region
vulnerableto hurricanes.
Structural adequacy—resistanceof an existing or
design-phasestructureto natural phenomena.
Component adequacy—resistanceof critical com-
ponents to natural phenomena and adequacy of
these components in allowing the facility to be
placedat the proposedsite.
Damageestimationand releasefraction-amounts
of radioactivematerialwhichcouldbe releasedas a
resultof postulateddamage to structuresand com-
ponents.

DOE Order 6430.1, Chapter IV, provides general
requirements for site selectionand designingresistance
to natural phenomena into all types of DOE facilities,
including facilitiesfor handling processing or storing
radioactivematerial, or other facilitiesconsideredcriti-
calby virtue of their vital importance to DOE programs
(Pu, 3H, and HE/Pu facilities) or high dollar value.
Structural design of buildings other than these critical
nuclearfacilitiesmust complywith the latest edition of
ANSI A58.1(ANSI 1982)for wind loads and the Uni-
form BuildingCode(UBC)for earthquake loads (ICBO
1982).

DOE has initiated a program to prepare site-specific
tornado and earthquake hazard models. Compilations
ofearthquake and extremewind/tornado hazard curves
for many siteshave been publishedby LawrenceLiver-
more National Laboratory (LLNL) (Coats 1984A,
1984B).Related reports are becoming available for
earthquake hazards (for example, Tera 1984). The
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Purpo5esof these site-specfic models are twofold:iira~
to tie a probability of occurrence to a maximum ex-
pected magnitude an~ second, to characterize the de-
sign basis event more specificallyin a locality than
permittedby existingmethodsfound in NRC regulato~
guides,ANSI standards,or buildingcodes.

Present guidance to be applied to critical items is
expressedin DOEOrder 6430.1as recurrencetime. This
is 106yr for tornadoes; no direct recommendation is
made for earthquakes although 104yr is implied in
Chapter IV, p. IV-8, of Order 6430.1. A conservative
intfrim value for earthquakes is considered to be 104
v.

1. Earthquakes. DOE Order 6430.1 specifies that
seismic resistance be provided in critical facilities to
withstanda designbasisearthquake(DBE).The DBE is
also defined as a safe shutdown earthquake (SSE).
Jointly occurring accidents should be considered if a
joint eventis likelyto be causedby the eathquake, such
as a tire or explosion.That is, a tire or explosionshould
beassumedto occurunlessmitigationispresen~suchas
negligiblecombustibleloading or absence of explosive
materials.Becausethe DBEmust be assumedto occurat
any time, certain loads, such as common wind loading,
snow loading or intermittent maximum loadings
(storage tanks, vaults, cooling pools, and the like),
shouldbe added to earthquake loading.A detailed DBE
analysis may not be needed if a conservative simple
analysisshowsanother accidentto clearlybe the DBA.

& Site Selection. DOE Order 6430.1 requires, as
quantitative design basis for nuclear facilities against
earthquakes,proceduressimilar to 10CFR 100,Appen-
dix& “Seismicand GeologicSitingCriteria forNuclear
Power Plants” (CFR 1962).These siting requirements
as relatedto capablefaultsare stated as minimum length
of fault to be considered versus distance from the site.
Site suitability received Iirt.her elaboration by NRC
(NRC 1975A)in RegulatoryGuide 4.7, “General Site
Suitabilityfor Nuclear PowerStations,”as follows:

. Sitesthat includecapablefaultsare not suitablefor
a nuclearpowerstation.

. Sites within about 5 miles (8 km) of a surface
capable fault ~eater than 1000 ft (305 m) in
length] are generally not suitable for a nuclear
powerstation.

These conclusions are also considered applicable to
critical DOE nuclear facilities based on DOE Order
5480.lA specification of comparability with licensed
facilities.

WhisvaluesuppliedbyDavidW.Coats,LawrenceL.iv-
ermoreNationalLaborstory,November1983.
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b.StructuralAdequaqy.Adequacyofcriticaland non-
criticalnuclearfacilitystructuresto withstand vibratory
ground motion shall be verified, according to DOE
Order 6430.1,using a suitable dynamic analysis tech-
nique,exceptwhere the static responsetechniqueof the ‘-
Uniform BuildingCode (ICBO 1982)can be shown to -
provide a conservative estimation. A common and -
recommended design approach is sizing of structural L-.
members to meet static loading, then applying a dy- -
narnicanalysismethod to checkoveralladequacyof the I

structure. The maximum (peak) loads determined by
dynamic analysis are then combined with dead loads
and other live loadsas describedin DOE Order 6430.1.

Figure 1 is a representation of logicalsteps required
foranalysisof criticalnuclear facilities.

(1)Descriptionof theDBE.The DBE is describedby
site-specificspectra and recurrence time versus peak
acceleration data, if available (Coats 1984A).If site-
specific&ta are not available,one of the followingmay
be used:

●

●

●

The simplest (and acceptable if shown to be ade-
quatelyconservative),the UBC SeismicZone 3 (4
in California and Nevada) description for static
analysis(ICBO 1982).
Regionalresponsespectra based on historical list-
ing of all known earthquake activity in the region
(200-mile radius) supplemented by geological
evidencebeyondthe historicalrecord(10CFR 100,
AppendixA, CFR 1962).
The characteristics of a single historical earth-
quake, which in the absenceof specifichistorical
&ta for the region, is believed to conservatively
represent the most serious earthquake expectedat
the site. The El Centro earthquake of 1940 is an
example of earthquake characteristicsselected for
this purpose(Newmark 1978).

(2) StaticResponseMethod.Earthquakeresistanceof
a noncritical facility structure may be determined by
staticmethods describedin the Uniform BuildingCode
(ICBO 1982).Eagling*suggeststhat Zone 3 classifica-
tion be the minimum selected,regardlessof the location
of the facility, and that Zone 4 should be selected in
regionsof Californiaand Nevada. Althoughthis sugges-
tion may lead to apparent overdesignat some locations,
it acknowledges the uncertainties in predicting the
seventy of the DBE for a given site. It is also question-
able whether major savingsin building costs would be
realizedif a lowerzone classificationwere assumed.An
indication of conservatism contained in structures de-

UBC-relatedcodesis discussedin the Seismic
SafetyGuide, p. 4-1(Eagling1983).

%s work providedby D. G. l%glin~ Lawrence
BerkeleyLaborstory,December1,1983.
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(3) DynamicAnalysisMethod.A variety of dynamic
analysis methods are now available. Descriptions of
dynamic analysis methods are found elsewhere(New-
mark 1973,ASME 1980,and Clough 1975).

(4) Determinationof Damping. Calculation of per-
eent of damping in the structure is subject to major
uncertainties. Conservative damping values based on

. experimentaldata have been determined (Bohm 1973,
Hart 1973,Newmark 1978).These values maybe used

-- unlesshighervaluesem be justified.
-1-

(5) Strength Analysis (Combined Response). The
.- eombined response from all sources of loading during

the DBE should be accounted for. These responses
caused by the earthquake must be combined with the
dead load of the structure in the manner described in
DOE Order 6430.1.Specificequations are provided for
reinfore.edconcrete structures (elastic only) and steel

structures (elastic or plastic design method). The ade-
quacy of critical structures and components should be
verified for horizontal and vertieal motions, with the
mt.ioof vertical to horizontal accelerationset at 2/3 by
DOE Order 6430.1 unless a different ratio ean be
justified. The effketsof tipping, tilting, and rotation of
the ground during an earthquakehave not been studied
extensivelyand usuallyare not analyzed.

c. Compowst A&quaqv. Dynamic analysis of ESF,
safety, and confinement system components in a nu-
clear facility is performed to assure their continued
operation throughout the DBE. Failure modes are ex-
amined to evaluate integrityof the gloveboxes,vaults,
pools, tanks, and other confinement components.
l~ossiblef~l~e modes include ftilure Of SUppOr@or
tiedowns,window breakage, filter seal breakage, inter-
ruption of ESFoperation through lossof power,and the
like.

13



The floordesign, response-spectramethod and the
time-histoxymethods similar to those applied to the
building structure are used in analysis of component
adequacy. A basic approach to these methods is dis-
cussedin RegulatoryGuide 1.122(NRC 1978A)and the
ASMEBoilerand Pressure VesselCode (ASME 1980).
Newmark (1978) has provided usefid discussion and
referencesregardingcomponentadequacy.

d. DamageEstimationand ReleaseFraction.Failure
of structuredmembers indicated by one of the analysis
methods discussed earlier may or may not affect the
confinement system or otherwise cause an accidental
releaseof radioactive material. Assumptions regarding
releaseamounts may depend on severalconditions:

●

●

●

proximity of a failed member to the confinement
system(that is, does the roof collapseonto a glove
box?);
availabilityof an energysource that transports the
material through a breach in the confinement sys-
tem; and
sizeof the postulatedbreach.

Release fictions should contain a suitable level of
conservatismin the absenceof analyticalor experime-
ntaldata. Analysesby Selby(1975)and M.ishima(1979,
1980,1981)may be usefidin arriving at suitablerelease
fictions. For example,a tlaction (rather than all)of the
radioactive material in crushed or perforated glove
boxes may be dispersed (Mishima 1981,Mehta 1978).
Asan alternative,a releaseto the room maybe assumed
to reach some upper value of airborne concentration in
the room, such as 100 mg/m3 Pu aerosol in the
respirable size range (Selby 1975).Removal by the air
cleaningsystemmay be assumedaccordingto the redu~
tion and removal tlactions listed in SectionV.C. only if
analysis shows that the air cleaning system remains
intact.

2. Tornadoes DOE Order
6430.1 specifies that critical items and systems in a
nuclear facilitybe designed to provide confinement of
radioactive material under DBA conditions, one of
whichis the designbasistornado (DBT).ANSI/ANS2.3
also discusses guidelines for determining tornado
parameters (ANSI 1983).The DBT shall not cause the
siting guideline doses to the offsite person to be ex-
ceeded.A determination of dose requires knowledgeof
or assumption of the amount of radioactive material
releasedand its dispersion under the chaotic meteoro-
logicalconditionsof the tornado.

a. Site Sektion. Tornadoesand extremewindshave
not playeda major role in siting of nuclear facilitiesor
nuclear power plants, because safety-relatedstructures
and systemscan be designedto resistmost atmospheric -
extremes (RegulatoryGuide 4.7, NRC 1975A).How- ~
ever, a site in a regionwith relativelyhigh frequencyof .
strongtornadoesshouldnot receiveequalconsideration :.=
with a site in a more favorable location. Strength and .
effects of tornadoes are not well known, and present -
design methods cannot guarantee a “tornado-proof’ 1
nuclear facility.Guidance on what tornado strength is \
too greatto allowdesignofa facilityof reasonablecost is
limited. However, this should be considered in the site
selectionprocess.

b. StructuralAdequacy.Design of a critical nuclear
facilityis specifiedbyDOE Order 6430.1to resista DBT
havingthe characteristicsof a tornado with a recurrence
time of 106yr. Curvesof recurrenm time and maximum
wind velocityare provided for major DOE sites (Coats
1984A).Other sites without site-specific tornado or
high-windprobability data may use characteristics of
the DBT in the appropriategeographicalregionsshown
in DOE Order 6430.1.Tornado resistancecalculations
must considercombinedloads resultingfrom rotational
plustranslationalwind speed,rate of pressuredrop, and
missiles. Combining these loads is accomplished ac-
cording to the equations shown in DOE Order 6430.1.
The componentsof tornado or wind-loadcombination
Wtare discussedby Vellozziand Healey(Vellozzi1973).
The wind-load forces developed on various waUsand
roof of a structure hit by a DBT are calculated by the
methodsdescribedby ANSI A58.I (1982).

c. ComponentAdequacy.Adequacyofcriticalcompo-
nents (ESFand safetysystemscomponentsrequired for
safe shutdown and confinement of radioactive
materials) in resistingthe DBT should be assessedun-
less the building remains intact, missile barriers are
provided at ventilation intakes and exhausts, and ade-
quate strength of the components to resist pressure
effectsis demonstrated. Experimentaldata from which
component strength might be estimated are limited.
Simulated tornado effect experiments have been
performed on HEPA filter systems that indicate as-
sumptionsof filter type and filter loadinginfluencethe

.

tornado-inducedpressurepulse strongenough to break -
a HEPA filter (Gregory 1982,Horak 1982).Although ‘>
these experiments were performed on single filters
rather than multiple-stagebanks of tilters, their results _-
indicatepossiblebreakageofhigh-capacityHEPA filters
ifan averagemaximum differentialpressureof approx-
imately 1.6 psi (11.0 kpa) is exceeded; for standard

14



HEPA filters,2.4 psi (16.5 lcpa).A reduction of colle(i
tion efficiencycan alsobe exmcted if the pressurepulse
is survivedwithoutstructuralbreakageof the tilter.This
collectionefficiencywas measured to be approximately

,--., 70%and representsa reasonable removal fi-action(per
stage) if other design and damage considerations in-
dicate the DBT will not cause breach of the facilityor4
pressurepulsesare not high enough to break the HEPA
iilters.

d. Damage Estimation and Release Fractwn. The
quantity of radioactive material released from the fa-
cilityby a DBTwilldepend on the sourceterm and what
reductionand removal fractionsare assigned.Extent of
damagefrom tornadoesto structuresand gloveboxesor
similarconfinementcomponents is discussedby Mish-
ima (1979, 1980, 1981). This information suggested
various fractions of the contents of the confinement
systemwhichmightbe assumedreleasedto the building
air cleaningsystem.Intact filter stagesmay be assumed
70%efficient,as discussed in c. above. Gregov et al.
noted partial release of existing filter load nom intact
filters, which is a release source not yet well defined
(Gregory1982).Tornado-inducedfloweffectsand reen-
trainment have been studied by lhdrae et al. (Andrae
1979)usingthe TVENT computer code (Andrae 1978).

e. DisperswnAssumptions.Three approaches to me-
teorologicaldispersion of released radioactive material
havebeen used in past DBT accidentanalyses:

●

o

●

dispersionby straightwindsaccompanyingthe tor-
nado;
uptake of the material by the funnel, followedby
return to the ground in heavy precipitation;and
uptake of the material by the funnel, foliowedby
infinitedispersion(assumednegligibledose).

This third approach is not consideredacceptablefor the
DBT accident analysis. Dispersion by straight winds
accompanyingthe tornado was considered appropriate
foran HE/Pu detonation casein the Pantex EIS(Dewart
1982).Uptake by the fimnelcloud followedby deposit
on the groundby precipitationpresentsa difficultprob-
lem in establishingthe location of the exposed offsite
person because the DBT has translational motion and
unspecified nonuniform precipitation. A natural-.

,- phenomena analysis of a plutonium fuel fabrication
facility(Pepper 1978)and the Rocky Flats safetyanrdy-

._ sesand risk assessment(RFP 1982)used this approach.
.

3 Other Natural Phenomena.The natural phenom-
ena other than earthquake and tornado have not been
treated in comparable depth because the hazard of
radioactivematerial releasedby a relatedaccidentis not
expected to be comparable. According to DOE Order
6430.1,“designloadsand considerationsfor other natu-
ral phenomena shall provide a conservative margin of
stiety greater than the maximum historical levels re-
corded for the site. Protection against floodingshall be
based on no less than the probable maximum flood
(PMF)for the area as definedby the Corpsof Engineers.
The possibilityof seismicallyinduced damageor failure
of upstream dams shallbe taken into account in assess-
ing the nature of flood protection required for the
facility.”

C. AccidentswithExternal Origins

Each nuclear facility exists under some probability
that an offsite or onsite external hazard may cause a
breach of the confinement systemresultingin a release
of radioactive material. DOE Order 6430.1 specifies
that each facilitybe evaluated for all hazards, such as
fire, explosions,gas mains, explosives in large quan-
tities, flammablegases(wewould add largeonsite vehi-
cles),and potentiallyhazardous external (offsite)opera-
tions such as airports and private industry. Evaluation
shouldincludeboth an estimate of the probabilityof an
external occurrenceand the magnitude of a release of
radioactivematerial from damage caused by the occur-
rence.

site should be evaluated for
any potential release of radioactive material caused by
an explosion,leakage,or tire at any nearby volatile fuel
or toxic chemical transportation route. The accidental
release could result from missiles, direct blast forces,
fire, leakageof volatilefuelnear or into the facility,or a
leak of toxic chemicals rendering the facility un-
inhabitable.Determination of structural or component
damageand assumptionsregardingreleaseamounts can
be approached similarly to tornado missile analysis
(Section IV.B.2), to fire-related releases (Section
IV.A.2), or to blast force damage similar to tornado
differentialpressure forcedamage. Uninhabitability is-
sues should be based on inability to perform safe shut-
down followingexposureto leakingchemicals.Various
aspects of external hazards are discussed in the NRC
Standard ReviewPlan, Section2.2.1(NRC 1981A),and
in severalregulatoryguidesreferencedtherein.
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2. Aircraftand Airports.The risk of releaseofrad.io-
active material caused by an aircrafl crashing into the
facility increaseswith proximity to an airport. Unless
the crash risk can be shown probabilisticallyto be less
than 10+ per year, the facility should be analyzed for
vulnerability of the confinement system to damage.
Assumptionsregardingamounts of radioactivematerial
released to the atmosphere should be consistent with
amounts releasedby other eventscausingdamageto the
confinement system, such as natural phenomena (Sec-
tion IV.B.) and operational events (Section IV.A.). In
particular, an accompanying fuel fwe should be as-
sumed. Various aspects of aircraft and other missile
hazards discussed in the NRC Standard Review Plan
(Section3.5.1.6)and its referencesmay be helpfulto the
analyst in evaluatingthe hazard of aircraft crash (NRC
1981A).

3. Other Nuclear Facilities or Reactors. The risk of
exposureof the facilityto radioactive material released
accidentallyfrom nearby nuclear facilities or reactors
involves possible overexposure of personnel, loss of
habitabilityof the facility,and possibleextendedlossof
important operations. An analysis should demonstrate
that an accident at a nearby nuclear facility will not
causean accidentat the proposedfacilityand that it can
be safelyshutdown and evacuated.

4. Large Dams. Presenceofa largedam upstream of
a facilityis cause for an evaluation of risk to the facility
in the event of dam failure. Section IV.B.3 contains
related requirements stated in DOE Order 6430.1.Sec-
tions 2.4.2and 2.4.4of the NRC Standard ReviewPlan
(NRC 1981A)and its referencesmay be helpfld to the
analystin evaluationof this potential accident.

5. Explosive or Toxic Material Facilities. The
possible effect of a major explosion at a nearby ex-
plosives facility would be analyzed like the explosion
hazard fromfiel transportation (SectionIV.C.1),that is,
for vulnerabilityof the proposedfacilityto blast effects,
missiles,or fire.halysis of hazards from a nearby toxic
material facility would be approached on the basis of
possible release of radioactive material due to un-
inhabitabilityof the facilitywithout safeshutdown.

D. AccidentswithHigher Probability

Doses resulting from an accident with lower conse-
quencesand higher probability of occurrence than the
DBA may also be compared, where appropriate, with
other dose guideLines lower than the guidelines
proposed for DOE Order 6430.1.These accidents with
lowerconsequencesmay deserveevaluation becauseof

a potential for exposure of the public and workers at
nearbyfacilities.The guidelinedosesor designgoalsfor
theseaccidentswill then depend on their probabilityof
occurrence.Determination of this probabilityshouldbe
based on failure data where possible. A quantitative
method currently in use (Durant 1980, 1981) bases
accidentprobabilitieson incident frequenciesrecorded
in extensive data bases. Because the relationship be-
tweenfrequencyof incidents(componentfailures,oper-
ator errors, etc.) and accident probability is not well
known, subjective judgment cannot be completely
eliminatedfrom the process.Related discussionswhich
may be of use to the analystare found elsewhere(Swain
1983,on human reliability analysis; Briscoe 1982,on
generaltopicsof risk management).

Several approaches to establishing a structure of
safetyguidelinesin terms of probability of occurrence
and consequence (dose, in this case) exist within the
DOE complex. A qualitative evaluation approach is
currently being implemented by several field offkes
(Lucas 1981,ALO 1982,and ORO 1984)and has been
suggestedseparately by Brynda et al. (Brynda 1981).
This method requires subjectivejudgment in assigning
an accident to a probability class (that is, anticipated,
unlikely, extremely unlikely, or incredible). These
classesare assigneda range of dose guidelinesthat are
fractions of the siting guideline doses. The fraction
ultimatelyselecteddependson the analyst’sdetermina-
tion of probability;the more probable the accident, the
lowerthe guidelinedoseselected.Althoughthis method
leaves more to the analyst’sjudgment, it provides a
systematic approach to evaluation of lesser accidents
than the DBA.

TableVI representspotentialcategoriesofprobability
and ranges of dose. These values are similar to those
referenced above but were adapted to current DOE
siting guideline doses. A similar approach in ANSI
Standard N287 (ANSI 1976)and in field offke orders
for implementationof DOE Order 5481.1A(ALO 1982,
ORO 1984)maybe helpfil to the analyst in devisinga
suitable structure of safety guidelines for these acci-
dents.

V. EVALUATIONS OF ACCIDENT CONSE-
QUENCES

The analyst should predict with acceptableaccuracy
the behavior of a DBA under the assumed conditions
most appropriate for the proposed nonreactor nuclear
facility. Verification of assumptions, where possible,
may be derived from comparisonswith existingverifi-
able experiences/experimental results and in some
cases,with experimentalresultsyet to be gathered.The
confidence one can have in predictions of accident
behavior is primarily based on these comparisonswith

.

.

--
-
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TABLE VL POTENTL4LR4DIOLOGICAL DOSE GUIDELINES FOR
ACCIDENT EVALUATION

DoseGuideline(rem)

NominalRange
Probability of Probability Whole Bone Other
Category

A >1O-* <0.01 <0.03 <0.12 <0.12 <0.06

Unlikely 1 0.01-0.50 0.03-1.5 0.12-6 0.12-6 0.06-3

Extremely
unlikel~ 1o-C1O-4 0.5-25 1.5-75 6-300 6-300 3-150

Incrediblee <lo-d

r

facfity.~~s mtegoryincludes

a

experienceand experimentaldata. Experimentalverifi-
cation, when available, should demonstrate that the
individual mechanisms or processes(accidents)affect-
ing a release are adequately described analytically;all
significant mechanisms (accidents) are included; and
interactionsamong individual mechanisms (accidents)
or processesare properlydescribed.

Evaluationof potentialDBAsof the proposedfacility
or operation involves

@descriptionof the sourceterm,
* calculation of the dispersion factor ~Q) of dis-

persedmaterial at the point of interest,
* calculationof doseat the point of interest, and
● estimation of other c w s

considered.

Figures2 and 3 provide a graphicalmodel of the steps
involved in each accident analysis.The model may be
adjusted appropriately to accommodate variations-
among DBAs,but these figurescontain the major cate-
gories of analysis and description. The followingsec---
tions provide additional detail and discussion of these\
major categories.

--

The sourceterm is defined as the amount of radioaci
tive material available for release after the fraction of
releasefrom primary confinement is applied. It maybe

the total amount of radioactive material in process or
storagebut is usuallya smalleramount followingmodi-
fication by the release fraction. Release fraction is the
fractionof the total availableradioactivematerial that is
released from primaxy confinement in a readily dis-
persible form. It is assumed that readily dispersible
radioactive material is capable of causing radiological
dose, either by direct radiation or by inhalation of the
respirable fraction or by ingestion. The source term
descriptionusually includesa list of radionuclides,the
quantity (Kg or Ci or Bq) of each, particle size
characteristics, and chemical form. These latter two
featuresare discussed in Section V.F. in consideration
of their role in radiologicaldose.

1. Radionuclides.R.adionuclidesof interest may be
originally present or are fission products released by
disruption of spent fiel or are produced by a criticality
accident. They may be in a pure form or mixed with
other radionuclides.The list should include all radio-
nuclides contributing more than a few percent of the
activity of sourceterm after coolingtime or decay time
is allowedfrom the time of the accident to the time the
radionuclide is inhaled by the exposed person. Each
rad.ionuclideshould be screened according to its con-
tribution to the dose.A suitablemethod can be based on
rankingof the ratio of quantity at the time of intake and
the annual limit on intake (ALI) of the nuclide flom
ICRP 30(ICRP 1979).Anothermethod is the rankingof
rad.ionuclidesby the product of quantity (Ci or Bq) at
the time of intake and organ dose factor (rem/Ci or
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Sv/Bq) appropriate to the intake pathway. The radio-
nuclidesto be included in dose calculationscould then
be all those contributingsignificantlytoward total dose
to any organ (for example, to 99%or some lowervalue
consistentwith the uncertaintyof the dose calculation).
Nuclide quantities and dose evaluation are discussed
further in SectionsV.A.2.and V.F., respectively.

Table VII contains a list of radionuclides (fission
products, activation products, and actinides) that are
likelyto figurein accidentaldosecalculations.The list is
taken from analyses involving accidents followed by
very little decay time (reactor accident, short-cooled
fuel,or criticalityaccidents)and with longerdecay time
(reactor fhel reprocessingaccidents)(WASH 1400,Ap-
pendix VI, pp. 13-21,NRC 1975B).Although this list
should not be consideredall-inclusivefor all combina-
tions of nuclidesand potential accidents,these nuclides
shouldbeconsideredin the sourceterm descriptionsfor
major accidents. Sources of information on nuclides
with major dose potential are WASH 1400 for spent
reactor tiel (NRC 1975B)and ICRP 30 (ICRP 1979,
1980).

Activation products are of limited importance for
mostaccidentsin DOE nuclearfacilitiesbecauseof their

general lack of mobility. However, special cases may
existthat shouldbe investigated.

2. RadionuclideQuantities. The source term for a
radionuclide in dispersible form will normally be the
total activity present multiplied by a release fraction
(discussedlater). Quantities of fissionproducts, activa-
tion products,or actinidesthat could be dispersedfrom
spent fiel are determined on the basis of power history
(burnup) of the feed material and its cooling time. A
suitable source for fission product and actinide inven-
tories is the ORIGEN2 code (Croff 1980). RIBD
(Gumprecht 1968)is also used to obtain fissionproduct
inventory. These codes require as input the fissileen-
richment of the fuel, the average neutron flux (neu-
trons/cm2. s), the total uranium or other heavymetal in
the core, and the irradiation time. Code output is a
tabulation of actinide, activation product (ORIGEN2
only), and fission product activities as a function of
coolingtime. If ORIGEN2 or a comparablecode is not
available, a simplified determination of the fission
productand actinidesourceterms of cooledreactor fuel
may be performedby scalingfrom exampleequilibrium
source terms for a standard set of conditions, if

-.

---

.-.
..-
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similaritybetweenthe reactorsis observed.Scalingfrom The solid fission procluctcategory was apparently in-
example-values in the ORIGEN2 manual is p~ssible
becausethe inventory of the long-livedradionuclidesis
proportional to burnup (powerdensity times time) and
is not sensitiveto powerdensityat any given time.

B. ReleaseFractions

The release fraction is that fraction applied to the
total radioactivematerial in processto obtain the source
term (that amount released from primary confinement
in dispersible form). Release ffactions established in
TID 14844(AEC 1962)to allowcalculationof dosesfor
comparison with 10 CFR 100 dose criteria are as
follows:

noblegases 100%,
halogens 50%,and
solid fissionproducts 1%.

tended to also include the s~rnivolatile‘solid fission
products(Ru, Rb, Cs, Te, Tc, and Se).A later addition
to this list wasa Pu and U or other particulateactinides
category of 1%(NRC 1977A).These release fractions
were nonrnechanistically determined for use in site
suitabilitycalculationsfor light-waterreactorswherethe
systemisquite complex.Their applicabilityto accidents
in nonreactor nuclear facilitiesis not clear; their use as
an upper limit in SARSis common. However, nonrea-
tor nuclearoperationsin DOE facilitiesare, for the most
pa~ relatively straightforward.The accident sequence
maybe readilyunderstandable,compared with the reac-
tor case,and use of other lowervalues maybe justified.
In specific accident cases for which applicable ex-
perimentaldata exist, lowervalues may be considered,
if conservative.Table VIII presents an excerpted sum-
mary of recommended safetyanalysisparameters com-
piled by Walker (1978). These values are based on
existingexperimental data. Some values are justifiably
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TABLE VII. IMPORTANT RADIONUCLIDES FOR ORGAN
DOSE CALCULATIONS*

ReIease Whole Bone Bone
Radionuclide Bodyb Marrow Lung Surface Otheti

He-3 1
Co-58
co-do
Kr-85

Kr-85m
Kr-87 1
Kr-88 2

Rb-86
Sr-89 2 2 1
Sr-90 1 2

Sr-91 1
Y-90
Y-91 1 1 1

Zr-95 1 1
Zr-97
Nb-95 1

Mo-99 1
Tc-99m
Ru-103 1 1 1 1

Ru-105 1
RU-106 2 1
Rh-lo5

Te-127
Te-127m 1
Te-129

1 1 1
1 1 1
1 2 2 2 2

----

---

Sb-127 1
Sb-129 1
1-131 1 1 1 1 1

.

1-132 2 1 1 1
1-133 2 1 1 1
1-134 1

1-135 2 1 1 1
Xe-133 1
xe-135 1

--
.
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TABLE VII. (cent)

CS-134 2 1 2 2
CS-136 1 1
CS-137 1 1 2

Ba-140 2 1 1
La-140 1
Ce-141 1

Ce-143
Ce-144 2
Pr-143

Nd-147
NP-239 1
Pu-238 2 1

Pu-239 2 1
Pu-240 2 1
Pu-241 1

Am-241
Cm-242 1 1
Cm-244 1

2 =
1=

= c

a

.-

lower than the TID 14844criteria (AEC 1962)and are
consideredsuitableexceptas notedbelow.

● Total fissions from a criticality in a large liquid
systemmight be as high as 3 X 1019fissions;from
criticality in a liquid/powder system, 3 X l~”
fissions(SectionIV.A.3).

● Nonvolatile solids released from solutions spilled
withinbuildingconfinementare expectedto be less
than 10-2%.*

The experienceat TMI-2 and reeent experiments at
ORNL and elsewhereindicate the 50%halogen release
fmctionmaybe too large(NRC 198IB).Smallerreleases
are expecteddue to a largeamount of elemental iodine
(12)reacting with cesium to form CSI, a much less
volatileand more water-solubleform than 12.Although
it is apparent that a reduction in release fraction is

forthcoming,a consensuson a smallerreleasefraction is
lackingat the present time.

Semivolatile solids (called volatile solids in Table
VIII, and includingRu, Sb, Rb, Cs, Te, Tc, and Se) are
released over a broad range of release fractions (up to
80%). Beeause of the radiological importance of this
nuclidegroup,each caseshould be reviewed.

Release fractions of other materials, such as pluto-
nium or uranium compounds in powder form, have
been reviewedand summarized by Walker (1978)and
Selby (1975).Their release fractions depend on many
variables, including temperature, air velocity,and par-
ticle size. However, a simpli~ing assumption of 100
mg/m3 airborne concentration atler settling and ag-
glomerationof particleshas been used.

C. Reduction RemovalFactors

~is workprovidedbyW.S.Durant,SavannahRiverLabo-
ratory,August1983.

Reduction and removal factors are those factors by
which the released radionuclides may be reduced by
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either natural or engineeredmeans. A natural reduction
factor commonly applied to halogen release is 50%
plateoutfactorallowedby NRC (1977B,1979A,1979B).
This 50%of the 50%inventory releaseresults in 25%of
the halogeninventory reachingthe containment barrier
or the removalsystem.Anothernatural removalprocess
is depositionof particlesfrom a cloud of releasedmate-
rial, both inside and outside of the facility.Deposition
outside the facilityis consideredmost important and is
discussedin SectionV.E.

Engineeredsafety featuresreceivecredit for removal
if they are designed, installed, tested, and maintained
accordingto prescribedstandards (Brynda 1981).Table
IX provides a summary of removal factors from the
literature (Walker 1978).Although not all these factors
were investigatedindependentlyduring preparation of
the Guide, the recommended values in Table IX
provide a basis for common usage, with the possible
exception of HEPA filter efficiency.Three situations
can be envisionedunder whichdecisionsmust be made
regarding credit for HEPA filter stages. First should
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creditbe allowedfor any stageof HEPA filterswhich is
not protectedagainstheavysmokeloading?In this case,
protection is not likely to be realized at any stage
becauseupstreamHEPAstagesare likelyto fail.Second,
what credit shouldbe allowedif the postulatedaccident
isunlikelyto affectthe HEPAfilters(no common failure
occurs)? In this case, it appears acceptable to allow
credit commensurate with in-place test results, that is,
approximately99.95%.Third, an unclear situation may
exist in which degraded performance should be as-
sumed. The practice set by DOE-AL (ALO 1971)uses
the followingefficienciesfor HEPA faltersunder acci-
dent conditions,if it maybe assumedtheyare testableas
installed and protected by prefilters, sprinklers (or
equivalent),and demisters:

● 1ststage 99.9%,
. 2nd stage 99.8%,
. 3rd stage 99.8%,and
. 4th stage 99.8%.
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RegulatoryGuide 1.52recommends 99%in case of an
accident(NRC 1978B);this is consideredtoo low.Faust
et al. assumed only one stage of operable filtration
providing 99.9% removal (Faust 1977); this is con-
sidered too restrictive when other tested stages are
present. A general discussion of HEPA filter credit
under accident conditions is contained in the Nuclear
Air CleaningHandbook (Burchsted 1976).

Sand filter eficiency is expected to be 99.5%,based
on extensive operating experience at the Savannah
River Plant (Orth 1980).This value is the 97th percen-
tileefficiencyexperiencedwith operatingfilters;99.97%
is the median efficiencyfrom the same data. This value
(99.5%)may be used to calculate accidental releases

. (including fire, if the filter has been suitably sized or
protectedfrom pluggingby combustionproducts).

Halogen removal is affected by humidity, loading,
and its chemicalform. The accidentdescription should
includeestimation of each effectand choiceof etlicien--_
cies which lead to conservative estimates of release..
Those suggestedin Table IX are considered suitable

except for 30% efficiency against CH31 at high
humidities.Althoughrecommendedby NRC in Regula-
tory Guide 1.52(NRC 1978B), the 30%figureis at the
low end of experimental data summarized by Walker
(1978)and is not considered conservative.An alterna-
tive value in the range 50 to 8096is considered more
appropriate.

D. ReleaseDuration

Releaseduration for the accident case in nonreactor
facilitieswill usually be short (less than 8 h). In most
cases, the total release may be averaged over the total
time of release;however,someeffort should be made to
characterizethe timing of the release.If a peak concen-
tration exists during a short period of the release, that
period and concentrationmay be appropriate for use in
the dispersion and dose calculations. Evacuation or
other mitigation may affect the concentration selected
for the exposure.
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E. MeteorologicalAnalysisand Dispersion

Dispersionof radioactivematerial in the atmosphere
followinga major postulated accident requires use of
models that account for the major features of the acci-
dental release: its relatively short duration, its cloud
more often a puff than a plume, and a potentiallyhigh
concentration of radioactive material. The postulated
accidentcaseis simplifiedsomewhatby its brevity;that
is, it may be assumed in most cases that no major
change in meteorologyoccurs during the duration of
clouddispersion.

This section deals with a suitable model, its general
acceptability, and the approximate range of its ap-
plicability. Choice of model and the adjustments to
models may have a major impact on the result. It is
suggestedthat the analyst consider each adjustment as
an important sourceof additional accuracy,whilekeep-
ing in mind the generallevel of uncertainty inherent in
eachcalculationleadingto the dose.Asin all other steps
of dose calculation, conservativism in the selection of
dispersionmodelsand parameters is suggested.

Gaussian Dispersion Model. The straight-line
Gaussiandispersionequation (Slade 1968)is in general
use to model dispersion of chronic and accident re-
leases. Its use for estimating the time-integrated air
concentration ~(Ci”s/m3 or Bq” s/m3) at downwind
locationsis recommendedfor most accidentconditions,
unless site-specificmodels of some other form have
been developed and verified. The basic Gaussian dis-
persion equation has been adjusted by various authors
to accommodate release and dispersion effects.These
adjustments are discussed briefly in the followingsee
tions and in greaterdetail in AppendixD. The range of
distances over which the Gaussian model should be
used varies with conditions (see Section C-I in Appen-
dix D) but the model is consideredgenerallyapplicable
over the range 0.1 to 10-20km. Beyond 20 km results
should not be considered better than order-of-magni-
tude estimates.

2. Dispersion Parameters/Stability Classifications.
The horizontal and vertical dispersion coefficients,CY
and an required in the Gaussiandispersionequation are
obtained either from site-specific meteorological
measurements (standard deviations of wind angles)or
by estimating an atmospheric stability class for which
standard coeffkients have been established. Methods
for using site-specificdata are cited in Appendix D. If
the necessary meteorological measurements are not
available, several methods for determining stability
class may be used. Examples are contained in Turner
1970,NRC 1974,and NRC 1983.See Appendix D for
others.The vertical temperature gradient method is no

longer recommended by the AMS (see Appendix D).
Assumptionof a conservativestabilityclass (for exam-
ple,slightlystableor moderatelystable)is an acceptable
and frequentlyused method for ground-levelreleases.

Determination of CJYand ISZfrom existingcurves is
common and acceptable practice. For CY,the AMS
(1978)has suggestedthat the Pasquill-Gifford(Gifford
1961) curves and the McElroy-Pooler (1968) urban
curvesare acceptableif adjustments are made for sam-
plingduration and surfaceroughness.Curvespresented
by Briggs(1973) have combined data from Pasquill-
Giffordand severalother sourcesto describedispersion
ofelevatedreleases.

The differencesbetween puff and plume dispersion
bythe Gaussiandispersionequationcan be (and usually
should be) accounted for in the accident case. Methods
for calculating puff dispersion coefilcients have been
addressedby Gifford (1977),Hanna (1982),and Turner
(1970).

3. Release Effects.The dispersionequation may re-
quire modifications due to release effects, notably
plume or puff rise (buoyant or momentum) and build-
ingwakeeffects.

IZ PlumeRise. Credit for plume rise has not always
been taken in SARSand regulatory guides. However,
calculation of an effective release height above stack
height is considered reasonable for the accident case.
Equations appropriate for the descriptions of buoyant
and momentum plume rise have been presented by
Briggs(1969, 1975).An expressionfor cloud rise from
high-explosive detonation has been presented by
Church(1969).

b. Stack andBuildingWakeEff&ts.Stack tip effects
will be observed if exit velocity does not exceed 1.5
times the wind velocity.Buildingwake effectswill also
be observed if the releaseheight does not exceed 2-1/2
times the height of nearby structures. Adjustments for
theseeffectsare discussedin AppendixD.

4. DispersionEffects.As the cloud of releasedmate-
rial moves downwind, several dispersion effects may
alter the air concentrations obtained by the Gaussian
equation. Of these, radioactive decay, plume trapping
by an inversion, dry deposition, and fumigation are
considered of possible importance and are discussed
here and in Appendix D. Wet deposition, although
consideredan inappropriate cloud depletion effect for
the accident case, is discussed briefly in Appendix D.
Chemical change of state by absorption of a gas by
atmosphericwateror the chemicalreactionwith vegeta-
tion may be identified removal mechanisms for some
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compounds; these are not expected to be important
removalmechanisms.

a. RadioactiveDecay.Radioactive decay will be im-
portant only in depleting short-lived radionuclides re-

-.. leased from a criticality accident. Decay effects are
accountedfor in the decay and buildup modelscited in
SectionV.A., SourceTerms.

--

h InversionLid. As a generalrule, unlimited mixing
depth should not be used. Dispersion analysisof some
locations with chronic inversions lasting more than a
few hours must include some restriction of mixing
depth (Turner 1970).Severalalternatives for determin-
ingmixinglayerdepth are discussedin AppendixD.

c. Fumigation.Fumigation conditionsare capable of
causing locally high concentrations. Modifications to
the Gaussian equation to account for frequent fumiga-
tion conditions are presented in Turner (1970) and
Hanna (1982).Further discussionis provided in Appen-
dix D.

d. Terrain.Effectivereleaseheightshouldbe reduced
by the terrain height or the releaseheightdivided by 2,
whicheveris smaller (Briggs1973).Combined effectsof
stabilityand terrain are discussedin AppendixD.

e. Dry Deposition.Dry depositionof particulatemat-
ter or gases may be of interest for ground deposition
estimates or for reduction of the source term at a
downwinddistance.However,depletionof the cloud by
depositionof respirableparticles(<10-~m aerodynamic
equivalentdiameter) will not have significanteffecton
inhalation doses due to the low deposition velocity of
respirable particles. Ground deposition is discussed
further in AppendixD.

5. Meteorology.Two meteorologicalcategories,me-
dian and unfavorable, are used to establish a range of
releasedispersionfrom expectedto extremeconditions.
These categoriescorrespond to 50% and 0.5% sector
probabilitydistribution of z/Qs, respectively.Specific
definitions of median and unfavorable dispersion fac-
tors are provided in AppendixD.

6. PopulationDose. If population dose estimatesare
needed, dispersion factors used to calculate con-

-- servative population doses may be assumed in the
direction having the largest nearby population. The
unfavorable dispersion factor for this sector could be---

. used to calculatethe collectivedose to the peopleresid-
ing in that sector (out to some minimum dose contour,
such as 25 mrem). If there are population centers in
several directions from the release, several sector
evaluationsmay be appropriate.

It is not appropriateto considerthe entire population
exposed to the concentration at the cloud centerline.
Integratedactivityconcentrationsover the area contain-
ing people and the actual population density in those
areaswouldbe appropriate for populationdose calcula-
tions.

F. RadiologicalDose

Choiceof modelsand input parametersare important
ifdoseconversionfactorsare to be obtainedand applied
in a reasonablyconsistent manner. Doses to the whole
body and to specific organs are calculated for com-
parisonwith the doseguidelinesproposed for Chapter I
of DOE Order 6430.1.This sectiondeals with the mod-
els and parameters used to calculate doses from acci-
dent-causedexposuresthat are expectedto be the major
contributors to accident consequences: inhalation of
radioactivematerial during cloud passage,direct radia-
tion receivedby immersion in the cloud, and ingestion
dose. Dose methods are discussed in greater detail in
Appendix E. A comparison of several dispersion and
dose codes was made using common input for two
postulatedreleasecases.The results of this comparison
are presentedin AppendixF.

Inhalation Dose. The inhalation model described
by the ICRP Task Group on LungDynamics(TGLD) is
incorporated in most major computer codes for calcu-
latinginhalationdoses(ICRP 1966).Formulation of the
TGLD modelwasbased only on the need for protection
against harmful effects of radiation and is not
necessarily an accurate detailed description of the
behavior of inhaled mdionuclides.This model is, how-
ever, considered suitable for the purpose of analyzing
hypothetical accidents, that is, estimating fractional
deposition of important radionuclides in the compart-
mentsof the respiratorysystemand subsequenttransfer
to other organs.The TGLD model is intended for use
with particledistributionsthat have an activity median
aerodynamicdiameter (AMAD)between0.2 and 10pm
with geometricstandard deviationsof lessthan 4.5. For
the unusual distribution having an AMAD greater than
20 pm, complete nasopharyngeal deposition can be
assumed. The model does not apply to aerosols with
AMADsbelow0.1 ~m.

The TGLD model is included in the ICRP 30 dose
model (ICRP 1979),a major upgradingof the ICRP 2
dose model (ICRP 1959).A transition to the ICRP 30
model, which accounts for dose to an organ from
gamma and beta emitters deposited in the organ itself
and in nearby organs, is occurring within the DOE
complex. This transition is expected to continue as
computing facilitiesacquire the computer codes and as
various radiation standards such as 10 CFR 20 and
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DOE Order 5480.lA, Chapter XI, are revised using
ICRP 30or similarmodels.In the interim, the following
(elaboratedin AppendixE)are providedfor appropriate
use:

. Codesbasedon ICRP 2 dose modelsmaybe modi-
fied to use organ massesfrom ICRP referenceman
(ICRP 1974) and quality factors from ICRP 26
(ICRP 1977).

. Transfer fractions and biological half-times in
ICRP 30 models may be incorporated in models
wherepossible.

● Volubilityclassesofcompoundsin ICRP 30may be
used in all calculations.

. Bone doses calculated for comparison with the
surface bone guideline dose proposed for DOE
Order 6430.1may be calculatedby ICRP 30 model
or by the ICRP 2 model of volumebone dosetimes
a distributionfactorof n = 5.

● The exposed person may be considered ICRP
referenceman (ICRP 1974)(seedefinitionsin See
tions 111.B.2.and 111.B.3.).

. The AMAD chosen as input to the TGLD model
represents the respirable fraction of the particle
cloudrather than the total particlemass.

. A 50-yr dose accumulation time may be used to
take advantage of occupational dose conversion
tabulations (differencesbetween 50-yr and 70-yr
conversionfactorsare minor).

. Dosesto more than one organfrom a singleinhala-
tion exposure may be combined into an effective
dose equivalent by a method similar to the ICRP
26 method (ICRP 1977).

2. Direct Irradiation from Cloud Immersion. Two
modelsare commonlyused to calculatedirectgamma or
beta dose from cloud immersion: the finite plume
model or the semi-infinite plume model. The finite
plume model is preferred for most accident analysis
cases where a puff release occurs and the lateral
dimension of the cloud is limited by unfavorablemete-
orology. If a semi-infinite model is used, a “finite
plume” correction factor should be applied to calcula-
tion of close-in doses (<10 km) (Strenge 1980).NRC
recommendationscontained in RegulatoryGuide 3.33
(NRC 1977B)state that immersion dose to the whole
body should be assumed at the 5-cm tissue depth
(Strenge1980).ICRP 30also usesan acceptablemethod
of calculatingimmersion dose by the method of Poston
and Snyder(Poston 1974).Calculationofdose to skin is
rarely necessary because its biological significanceis
usuallylow compared with that of other organs receiv-
ingdose.

3. Ingestion Dose. Ingestion dose as a controlling
consequence of an accidental release is considered a

lower likelihood than either inhalation or immersion
dose. However, a major leak to nearby waterways
should be considered in some instances. Although un-
likelyto approachthe radiation doselimitsproposedfor
Chapter I of DOE Order 6430.1, ingestiondose might
fall in the categoryof “other consequencesto be cm-
sidered”discussedin SectionV.G. of the Guide.

Dispersionof radionuclidesinto the aquatic environ-
ment can be estimated by the method of Regulatory
Guide 1.113 NRC (1977C). Doses from ingestion of
contaminated water have been calculated by several
models;RegulatoryGuide 1.109(NRC 1977D),Strenge
(1980),Huang (1983), and ICRP 30 (ICRP 1979)are
examples.

G. Other Consequencesto be Considered

Potential consequences of radiological accidents
other than dose to individualsmay influencedecisions
on site selectionand major design features.The conse-
quences of entionmental contamination, population
dose, and public health effectsmay be significantcon-
siderations when a comparison must be made among
several alternative sites. In the absence of numerical
guidance,the conditionsunder whicheach of the conse-
quences could be evaluated are discussed, leaving as-
sessment of the result to an authority other than the
analyst. Usefulnessof each result will depend on indi-
vidual circumstances.

Environmental Contamination. Contamination
by radionuclides from the postulated accident could
causean economic impact or production loss in excess
of that deemed acceptable. Although numerical guid-
ance has not been provided in DOE orders or in NRC
regulatoryguides, the cost of cleanup or the impact of
lost production at nearby facilities may be significant
considerationsin the siteevaluation and facilitydesign.

The public health consequences of long-term ex-
posure to residual accident debris, afier decontamina-
tion and return to originaluse,are small compared with
direct inhalation exposure doses and may usually be
neglected(seeAppendixG). A possibleexceptionmight
ariseifradioiodinewerethe major radionuclidereleased
into the environment by the accident. The cow-milk-
infant pathway for radioiodine may cause more
restrictingdoses than the dose from direct inhalation
from the passingcloud.

At present, consensus has not been reached among
government agencieson appropriate decontamination
limits for soiland property.Three approachesare com-
monly made toward limits: those based on health ef-
fects, food chains, and pathway analysis; those on de-
tection levels and ALARA concepts; and those which
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are expedient in terms of cost and political consider-
ations. Preferred limits should be based on levels that
wouldgivelittleadditionalhealth risk to the publiconce
the land and propertyare decontaminatedand returned
to normal use. It is assumed that confiscation and

. .- condemnation of private property in lieu of decon-
tamination and renovation to original use are not
acceptableapproachesto this problem.

--- Current soil remedial action guidelines(DOE 1984)
for actinides and common fission products have been
derived for the DOE FUSRAP and SFMP programs
based on earlier work by Healy and the EPA (Healy
1971, 1977, 1979A, 1979B;Napier 1982;ORO 1983;
Gilbert 1983;EPA 1977;and EPA 1983).The EPA has
recently published the final remedial-actionguidelines
for the natural uranium decay series in 40 CFR 192
(EPA 1983).The soil remedial-actionderivation meth-
ods (pathway analyses) given in ORO 831 and 832
(ORO 1983,Gilbert 1983)have been used by the DOE
to be the basisfor developingaction guidelinesfor other
radionuclideswhen they are needed.

Several proposed cleanup levels currently exist for
actinides.The EPA has suggesteda soil screeninglevel
for plutonium (EPA 1977).This screening level was
calculated by EPA to meet the EPA proposed dose
guidance (1 mrad/yr to lung and 3 mrad/yr to bone)
with no remedial action necxxsary.Another suggested
level is a limit also based on a maximum dose to any
organ(Healy 1977,1979A,and 1979B).These proposed
criteria are based upon limiting the amount of pluto-
nium that could be inhaled or ingested by the general
public living or working in areas contaminated with
plutonium.

Decontaminationcostestimatesmay be based on the
approach used in WASH 1400(NRC 1975B)and in the
PantexEIS(Wenzel1982).This approach includesthree
land use categories(farm, suburban, and commercial),
but doesnot refinethe analysisto the extentof including
site specificationfeaturesbeyond these three categories.
Other potentialcosts,suchas decontaminationof onsite
buildings and loss of operating time at contaminated
onsitebuildings,couldbe consideredseparately.

Decontamination methods, decontamination guide-
lines,and costestimatesare discussedin greaterdetail in
AppendixG.

2.
in Section 111.B.-- Calculationof radiologicaldosesto individualmembers

ofa populationisalsodiscussedelsewhere(SectionV.F.
and AppendixE).Populationdosecan be valuableas an--

. additional index of the suitability of a site and as an
intermediateresultneededin the estimation ofpotential
health effectsof a postulatedaccident.

The population which is subject to exposure is com-
monlyconsideredthe total populationwithin an 80-km

radius of the proposed site. However, the accidentcase
usually involves only that part of the population con-
taining individuals directly contacted by the accident
cloud. That is, a limited number of people could be
exposed potentiallyhigh concentrations of airborne
radioactive material. In this limited population, a
higher incremental health risk or a higher risk to the
individualreceivingthe averagedosewouldbe expected
to occxrthan in the totalpopulation.Therefore,dilution
of the population dose over a larger population should
be avoided when using the population dose in an esti-
mation of incremental health effects due to a major
accident.

Population dose may be calculated using integrated
concentration values and population densities. Cloud
centerlinedosestimes the total population is considered
overlyconservativefor this estimate.

Assumptions regarding makeup of the exposed
population may require variation to suit the actual
populationand the radionuclidesreleased.If population
doseis the desiredendpoint, say for comparison among
several alternative sites, a homogeneous population
made up of adults is an acceptableassumption. Errors
resultingtlom assuminga homogeneouspopulationare
considered relatively minor in comparison with
possibleerrors in other areas of dose calculation(Etnier
1979).However,basinga sitingor major designfwture
decision on a homogeneouspopulation dose does not
account for differenc..s in health risk factors as in-
fluencedby ageat the time of exposureand sexdistrib-
utionof the population. More study is needed to assess
the error magnitudes when homogeneous population
doses are used to estimate health effects.In the mean-
time, care should be taken to use conservativeage-and
sex-averaged health risk factors with homogeneous
populationdoses.

Credit for a fraction of the population being indoors
duringcloudpassagemay bejustified i.fasuitablemodel
has been devised. The protection factor afforded by
being indoors is discussedby Cohen (1979).Credit for
emergencyplanningand evacuationshouldnot be taken
unless the release is delayed beyond the time in which
effectiveaction couldbe taken.

3.
a at a DOE

nuclearfacility.Thesehealth effectsmight includeacute
effectsbut would usually involve only delayed effects
suchas cancer mortality and perhaps serioushereditary
effects.Estimatesshouldbe based on health risk factors
which have been recommended by recognizedadvisory
groups. As discussed in Section V.G.2, health effects
estimatesshouldbe based on conservativeage-and sex-
averaged risk factors when using a homogeneous (all-
adult) population dose. Two methods of estimating
~ealth risks resulting from exposure to low levels of
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ionizingradiation have been prepared for use in DOE
NEPAdocuments(Buhl 1984).The first method is used
when demographic data are not available for the ex-
posed population; in this case, age- and sex-averaged
lifetimecancer(or serioushereditarydefect)risk factors
are provided, based on the makeup of the US popula-
tion. The second method provides for a more detailed
risk calculationwhen the exposedpopulation is signifi-
cantly different from the US population. Use of risk
factorsaveragedby ageand sexover the US population
would lead to differencesof a factor of 2 to 3 from the
exposed populations with more extreme age and sex
distributions(Buhl 1984).Health risk factorswhich are
consideredappropriate for the purposeare discussedin
greaterdetail in AppendixB.

Advice on terminology to be used when reporting
estimated health effects in safety analysis documents
has varied among peer reviewers of the Guide. Better
public understanding or reduced chance of mis-
interpretation of the data by the reporting media or by
members of the public is the objectivewhen reporting
potential health effects. It is difficult to put any non-
voluntary health risk into a more positive or favorable
light. The negative as well as the positive aspects of
DOE activities should be reported objectivelywithout
shadingmeaningor 10SSof accuracy.

A number of semitechnicalterms have been used in
the past to describehealth risk.The followingare exam-
plesof terms that can be usedunder appropriatecircum-
stances:delayed cancer mortality, incremental risk of
eventual cancer death, expected cancer deaths, pro-
jected cancer deaths, potential health effects, and per-
hapsothers.The term used shouldacknowledgethe fact
that radiation can cause cancer (or potentially serious
hereditarydefects)but at low doses to individuals, this
likelihood is quite low. Increased chance of eventual
cancer death and incremental risk of eventual cancer
death are similar terms which accurately describe the
situationofan individualwho receivesa doseas a result
of a postulated accident. This dose representsa risk of
cancer, not a certainty. It is also considered helpful to
the understanding of this increased risk to include in-
creased risks from common activities of the public for
purposesof comparison.

Points to be made in providinghealth effectinforma-
tion are (1) a finite but small probabilityexists that an
accident might occur which could have offsite conse-
quences; (2) should the accident occur, the analysis
showssome members of the publiccould receiveradia-
tion doses;(3) it is not clear whether any of these doses
would be large enough to cause observable health ef-
fects-it is known that theseeffectswould probablynot
be observablefor many years;(4)thesehealth effectsare
purposely overestimated in the analysis to assure that
any error in the estimate is accounted fo~ and (5) these
estimates are made to promote more informed deci-

sions regardingthe location of the nuclear facilityand
the major design f~tures included to minimize the
effectsofany potentialaccident.
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A

Absoluterisk. Expressionof excessrisk due to a radia-
tion exposure as the arithmetic differencebetween the
risk among those exposed and risk in the absence of
exposure.

Absorbeddose.The energyimparted to matter by ioniz-
ing radiation per unit mass of irradiated material at the
place of interest. Its unit is the rad or gray (Gy) (see
Metricunits).

Accumulateddose. A dose term coined for use in the
Guide to fit the postulated case of dose equivalent
accumulatedover a time interval after a singleacciden-
tal intake of long-livedradionuclides.No new sourceof
dose is added during the interval. The accumulation
interval should be specified;50 yr is recommended, for
the reasonsdescribedin AppendixE, SectionI.

Activity median aerodynamicdiameter (AMAD).The
aerodynamicequivalentdiameterbelowor abovewhich
hay of the activity of an aerosol with lognormally
distributedparticlediameters is associated.

Aerodynamicequivalentdiameter(D.c).The diameterof
a unitdensity spherethat wouldhave the same terminal
velocity due to gravity in air as the particle under
consideration.

AnnualLimit onZntake(ALI).An ICRP secondarylimit
on occupational exposure, as intake in 1 yr of radio-
nuclides resulting in stochastic eflects in all organs
equivalentto 0.05Sv (5rem) or nonstochasticeflectsin a
singleorganequivalent to 0.5 Sv (50 rem).

AAKZ.American National Standards Institute.

As lowas reasonablyachievable(ALARA).The criterion
stated in 10 CFR 20 that exposures of personnel to
radiation during routine operation (of LWRS) will be
“as lowas reasonablyachievable.”

BEIR. BiologicalE#ects of Ionizing Radiation (Na-
tional Academyof SciencesCommittee on. . .).

Breathingrate.The volumetric rate of air exchangeby
the respiratorysystem;the product of tidal volumeand
respirationrate.The ICRP has establishedthe following
standard breathingrates for referenceman:

Resting 1.25X 10-4m3/s
Lightactivity 3.33X 10-4m3/s
Heavywork 7.17X 10-4m3/s
Heavy exercise 18.$X 10-4m3/s

Committed dose or dose commitment. The radiation
dose calculated for radiation protection purposes to
evaluate the dose received during some period of ex-
posureplusthe doseaccumulatedover a period ofyears,
say50yrofoccupationalexposure,resultingfrom radio-
nuclidesdepositedwithin the body during the exposure
period.

Conj?nement.Usually refers to a system of cladding,
containers, piping, glove boxes, other barriers, and air
cleaningequipment which prevent release of radioac-
tive material into occupied spaces. Primary confine-
ment refersto the firstbarrier providedfor this purpose.

Containment.Usually refers to a structure capable of
containing (with some nominal leakage) an over-
pressure caused by explosion or release of pressurized
contentsof vessels.

Credibleevent. An event whose probability of occur-
rence is above a specifiedthreshold (recommended in
the Guide to be greaterthan 10+ per year).

Criticalfacility. A nuclearfacility for radioactivemate-
rial handling processing or storage,and other facilities
having vital importance to DOE programs or high
dollar value, such as plutonium processing, tritium
processing, weapon assembly (Pu/HE), and certain
storagefacilities.

Criticalsystem.A systemwhosecontinued integrityand
operation are essential to assure confinement or
measurethe releaseof radioactivematerials in the event
of a DBA. Usually the ventilation, fire detection and
suppression,electrical,and utility systems.

Criticalityaccident.The accidental assembly of suffi-
cient fissionable material to initiate a self-sustaining
neutron chain reaction. The resulting neutron burst, if
unshielded, is a major hazard to nearby workers. The
energy produced disperses fission products which can
causepotentialhealth effectsonsiteand offsite.

-.

--

Wermsin italicsaredefinedelsewherein thisglossary.
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Damping. Dissipation of energy by motion within a
structure or in underlyinggeologicformations. Usually
an index of the ability of a structure to withstand
vibratorydamage.

D
Decontaminationfactor. The quantity of radionuclide
per unit area before decontamination divided by the

●
quantity remaining after decontamination. Also the-.
ratio of upstream to downstream concentrationapplied
to removalcapabilityof fluidcleaningsystems.

Design basis accident (DBA). See definition and dis-
cussionin Section111.B.1.

Dilutionfactor. The ratio of concentration of radio-
nuclides(Ci/cm3)in samplesof standard volume taken
beforeand after dilution of contaminated material by a
largervolumeof a medium.

Dispersibleform. The form of radioactive material
which makes it subject to airborne or waterborne dis-
persion by the dispersive energy at hand; at least a
fraction of the dispersed material will be directly
respirable (see respirabiefraction) or subject to con-
version to a respirableor ingestibleform by exposurein
the environment.

Dispersion.The processof natural mixing of a material
releasedto the atmosphere with air, causinga reduction
in concentration with distance from the source. See
median dispersionfactor and unfavorabledispersion
factor.

Dispersionfactor x/Q (s/m3).Ratio of the air concentra-
tion (g/m3or Ci/m3)and the releaserate (g/sor Ci/s) or
the ratio of the time-integratedconcentration (gos/m3
or Ci” s/m3) and the total quantity released (g or Ci).
Dispersion factor yields dose when multiplied by an
amount released,a breathingrate,and a doseconversion
factor.

Dose accumulationtime. A time period over which
expected dose from a long-livedradionuclide retained
in the body after a singleaccidental intake is estimated
(seeaccumulateddose).

.
Dose conversionfactor. A factor with units of dose
equivalentper unit activity inhaled or ingestedwhich is.%
multipliedby other factorsto obtain the doseequivalent
receivedbya specificorgan(seeAppendixE,SectionII)..-

Dose equivalent.A quantity that expressesall kinds of
radiation on a common scale for calculatingthe effec-
tive absorbed dose;defined as the product of absorbed
dose in rad (or Gy) and modifying factors such as
quality factor or an organ distribution factor. The unit
of doseequivalentis rem (or Sv).

EJ1.2ctivedose equivalent.See definition and discussion
in Section111.B.

E~eBctivereleaseheight.Heightaboveground at whicha
release of airborne radionuclides is assumed to occur.
Usually stack height plus adjustments for buoyant or
momentum plume rise and any terrain effect (see Ap-
pendixD, SectionHI).

Elevatedrelease.A point sourcereleaseoccurringabove
ground level(M-3 m). Usually refers to a releaseat the
eflectivereleaseheight.

Engineeredsafetyfeature (ESF).Any feature of a nu-
clearfacility, includingstructures,systems,and compo-
nents, provided to prevent or mitigate the accidental
releaseof radioactive materials from the facility.Typi-
cal 13SFsare containmentstructures, confinementbar-
riers, air cleaning systems (filters, absorbers, traps,
scrubbers), devoted emergency cleanup systems, fire
protectionsystems,and safetysystems.

EZS.Environmental Impzct Statement.

EPA.EnvironmentalProtectionAgency.

Event tree analysis. An inductive analysis which
portrays the various paths or scenarios that may result
in a major consequence when some initiating event
dri}’esa systemout of its standard operatingmode.

Facility bounda~’.The boundary, usually a fence or
other physicalbarrier, provided for the security of the
facility.Some facilityboundariesprovide a radiological
accidentexclusionarea.

Faulttree analysis.A deductive failure analysis which
focuseson one undesired event and provides a system-
atic method for determining causes of this event. The
undesired event constitutes the top event in a fault tree
diagramand may be a catastrophicfailure.

-.
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Fumigation. An atmospheric inversion condition
prevalent just after dawn in which newly developed
convective eddies mix the eflluent plume within the
shallow unstable layer next to the ground. This con-
dition can cause the greatest ground-level concentra-
tions observed in the neighborhood of a stack over
periodsof about 30 min to 1h.

Geneticeffect.Serious health effects in future genera-
tions resulting from a radiation dose to either parent,
usuallyautosomal dominant and x-linked,irregular in-
herited, recessive,and chromosomalaberrations.

HEPA falter. A high-efilciency particulate air filter,
usuallycapable of 99.97%efficiencyas measured by a
standard photometric
dynamic equivalent
(DOP).

ICRP. International
Protection.

test using 0.3-pm droplets (aero-
diameter) of dioctylphthalate

Commission on Radiological

Incrementalrisk. A risk added to existingor accepted
risk by d proposednew activity.

ZNEL.Idaho National EngineeringLaboratory.

Inversion. A meteorological
when ~emperature increases
mosphere. Characteristically,
blocksnormal plume rise.

condition which exists
with altitude in the at-
a layer is formed which

Life table. A statistical determination of age-specific
probabilities of death from all causes among various
population groups. Associated survival and longevity
data are included. Life tables may be used to estimate
the number of radiation-induced cancer deaths that a-
wouldresult from accidentalexposureofa population. ‘-

-

~wpopulation zone.The area (immediatelysurround- ‘u-
ing an exclusionarea) which contains members of the -
public, the total number and density of which are such
that there is reasonable probability that appropriate
protectivemeasurescouldbe taken in their behalfin the
event of a seriousaccident.

LWR. Light-waterreactor, either pressurized-waterre-
actor or boiling-waterreactor.

Mediandispersionfactor.The dispersion factor ((~Q))
which is exceededby 50%of the hourly ~Qs observed
in the sector and at the distance to the person whose
doseis to be calculated.

Metricton.One thousand kilogramsor 2205lb.

Metricunits.The metric systemor SystemInternational
(S1)units are recommended for voluntary adoption in
DOE Order 6430.1. The radiological units and con-
versionfactorsare as stated below.

Mitigation.Minimizingthe effectof a postulated acci-
dent by means of facility siting or its major design
features.

R 1 Ckg-l=
X R

1 =

1 =

1 =
X

--
..
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Nonnucleardetonation or single-pointdetonation. A
chemical reaction within the high-explosivecompo-
nentsof a nuclearweapon,whichresultsin an explosion
that can disperse radioactive materials in the weapon

0 componentbut with lessnuclear yield than the equiva-
lent of 4 lb of TNT (approximately2.5 X 1017fissionin
plutonium).a

--
Nonstochasticefects. A radiation effectwhose seventy
in an individual is a functionof dose.

NRC.NuclearRegulatoryCommission.

Nucleardetonation.An energyreleasethrougha nuclear
processthat isequivalentto the detonation of more than
theequivalentof4 lb ofTNT withina fewmicroseconds
(approximately2.5 X 1017fissionsin plutonium).

Nuclearfacility.Seedefinition in SectionI.C.

Oflsite.Any location beyond the site boundary where a
member of the publiccan be legallysituatedbeyond the
controlof the ownerand operatorof the nuclearfacility.
Relateddetailsare discussedin Section111.B.2.

Oflsiteperson.See definition and discussionin Section
111.B.2.

Onsite.Any location inside the site boundary but not
within the facilityunder evaluation.

Populationcenterdistance.Distance from the nuclear
facility structure to the nearest population center of
greaterthan 25000 inhabitants (seeSection111.B.5).

Populationdose. See definition and discussion in Sec-
tion 111.B.4.

PRA.Probabilisticrisk assessment.

Protectiveresponserecommendation(PRR).A projected
numerical radiation dose to individuals in the popula-
tion that may triggera protectiveresponseby emergency
responseagencies.

Recurrencetime or return period. A statistically de-
termined time period after whichnatural phenomena or.- other events of a particular seventy would be expected---
to be repeated, based on historical records sup-

.- plementedin some casesby expertopinion.
--

Reductionfactors.A factor by which the releasedradio-
nuclidesare reduced by natural means (plateout,gravi-
tationaldeposition,absorption,etc.).SeeSectionV.C.

Relativerisk.Expressionof risk due to an exposureto
radiation as the ratio of the risk amongthoseexposedto
the risk in the absenceof exposure.Relative risk projec-
tion method assumes the rate of fiture cancer
mortalitiesdue to radiation dose is proportional to the
rate of natural that wouldoccur if no
raciation dosehad

Releasefraction.That fractionof total radioactivemate-
rial

dispersibleform by a
postulatedaccident.SeeSection

Removalfactor. A factor by which the released radio-
nuclidesare removed by engineeredmeans (absorption
beds, falters,sprays,etc.). SeeSectionV.C.

Respirablefraction.
aerodynamicequivalentdiameteris less

10pm.

Respirationrate. The rate at which a fill respiratory
cycletakesplace(inhalationand exhalation).

Risk, risk assessment.See definitionand discussionin
Section111.B.

Safi*tysystem. systemssuchas detectionsystems,
isolation valves and dampers, annunciators, and other
automatic systems required to achieve a high level of
safety in normal operations or safe shutdown in the
event of an accident.

Site bounda~. Usually the boundary of the property
over which the owner or operator can exercise strict
control without the aid of outside authorities. The site
boundary does not have to be a fenceor other physical
barrier. Seediscussionin Sections111.B.2and 111.B.5.

Volubilityckzss.One of three classesof biologicalhalf-
times (tB)established by the ICRP to indicate rate of
clearanceof radionuclidesfrom the pulmonary regionof
the lungs:ClassD, 1to 10days;ClassW, 10to 100days;
and ClassY, more than 100days.

Somatic eflects.Harmful effectsof an agent (such as a
radioactive material) within the body of the person or
animal receiving dose, rather than in offspring of the
receptor.

Sourceterm.The amount of radioactive material avail-
able for releaseafter the releasefraction from prima~
confinementis applied; it is therefore the amount of
radioactivematerial releasedfromprimaryconfinement

dispersib[eform.
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SRP.Savannah River Plant.

Stochastic eflects. A radiation effect where the
probability of occurrence, rather than severity, is a
direct fimction of dose; a radiation effeet occurring
without threshold, such as hereditary effeets and
carcinogenesis.

Tidal Vohone.
each respiratorycycle.

UBC.Uniform BuildingCode.
9.

Unfavorabledispersionfactor. The dispersion factor ‘-
(x,/Q)whichis exceeded by 0.5% of the hourly ~Qs ~-
observedin the sectorand at the distance to the person -.-
whosedose is to be calculated.

_-
-,,

--
--
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Radiation health effects data were reviewed with
these objectives:to provide recommended health risk
factorsfor considerationof publichealth effects,and to
reviewthe method for calculatingeffectivedoseequiva-
lentwheremore than oneorganreceivessignificantdose
from a singleintake of radioactivematerial.

Appropriate health risk factors are in debate within
the radiation health and epidemiologicalcommunities
and major uncertainties exist. However, public health
effectsfrom routineoperationand potentialaccidentsin
nuclearfacilitieshave come under scrutinyand deserve
consideration.

Whetherhealth riskestimatesneed to be reportedwill
probably depend on the magnitude of the dose. If the
estimated dose is lower than annual backgroundradia-
tion, it wouldcause little additionalhealth risk. Report-
ing trivial riskswouldbe of littlevalue. However,doses
to individualsin the rangebetweenbackgroundand the
25-rem siting guidelinedose could cause health effects
whichmay warrant consideration.

Portions of this discussion can be found in greater
detail in a Los Alamos report (Buhl 1984).This report
providesmethodsof estimatingradiation health risk for
use in National Environmental Policy Act (NEPA)
documentspreparedby DOE.

II. R

Estimates of the increased risk of cancer mortality
resultingfrom exposureto ionizingradiation have been
publishedby

the Committeeon the BiologicalEffectsof Ionizing
Radiations (BEIR Committee) of the US National
Academy of Sciencesin 1972(the BEIR I report,
BEIR 1972)and in 1980(the BEIRHI repoz BEIR
1980);
the United National ScientificCommittee on the
Effectsof Atomic Radiation (the UNSCEARCom-
mittee, UNSCEAR 1977,1982);and
the International Commission on Radiological
Protection (ICRP 1977).

DifYerentapproacheswere taken by these organizations
in presentingtheir risk estimates.Both UNSCEARand
the ICRP publishedage-averagedand sex-averagedrisk
coefficients,giving the incremental lifetime risk of an
individual dying of a radiation-induced cancer either
per unit absorbed dose (UNSCEAR) or per unit dose
equivalent(ICRP).The BEIR Committeeson the other
hand, tended to publish age-and sex-specificrisk rates,
givingthe annual risk of dyingof cancer in terms of age
at exposureand elapsedtime sincethe exposure.

The first approach has the advantageof simplicity.If
the cumulativeorgan dose to a population in an assess-
ment area isgiven,the number ofhealth effectsresulting
from that dose is easily estimated by multiplying the
cumulativeorgan dose by the risk factor for that organ. J
However, if the population at risk were significa~tly
differentfromthe populationoverwhichthe risk factors
had been averaged(for example, if the population con-
sisled of male radiation workers between ages 20-25),
the estimate of health effects using an age- and sex-
averagedrisk factormay not be representative.

This difficulty is remedied by using the second ap-
proach,whichemploysrisk-ratecoefficientsfor each sex
and age group. The enhanced flexibility in this ap-
proach, however, is offset by an increased complexity.
Input data required to perform this health effectscalcu-
lation include the population distribution by age and
sex, life table for each sex, and if a relative risk projec-
tion model is used, cancer mortality rates by age and
sex.

The risk estimates from BEIR III age- and sex-
averaged lifetime risk factors were calculated from the
BEIR III risk-rate factors (when lifetime risk factors
were not given).These estimates are listed in Table B-I
for the most important organsof concern. In obtaining
the BEIR III lifetime risk factors, we used a life-table
calculationwith the 1980US populationdistributionby
ageand sex(US Bureauof the Census 1982)and the US
decennial life tables (US National Center for Health
Statistics,1975).

The BEIR 111lifetime risk estimates were calculated
usingthe linear (L)dose responsecurve, whichassumes
that the cancerrisk increaseslinearlywith dose (forboth
low-LET and high-LET radiation); the quadratic (Q),
which assumes a quadratic model to provide a lower
bound (low-LETradiation only); and the linearquad-
ratic (LQ) (low-LETradiation only), which is an inter-
mediate estimate. The BEIR III Committee recom-
mended that a linearquadratic model be used for low-
LET radiation. However, the linear finction may be

39



preferable in view of the recent reassessment of the
doses at Hiroshima-Nagasaki,which has resulted in a
reduction of the estimated neutron flux, especiallyat
Hiroshima. The linear dose response function is less
affected by changes in the neutron relative biological
effectivenessand neutron flux and at this time would
appear to conservatively estimate the risk of cancer
inductionby radiation (Buhl 1984).

For completeness,the risk of seriousgeneticdisorder
in all subsequentgenerations that may result from ex-
posure to ionizing radiation has also been included in
Table B-I. This risk was taken as the equilibrium risk
from the UNSCEAR and BEIR III reports, since as
pointed out in BEIRHI, “the total of all serious*genetic
effectsthat willbe expressedover all future generations
as a consequenceof exposurelimited to a singlegenera-
tion, is numericallyequal to the total foreachgeneration
in the equilibrium situation” (BEIR 1980).The genetic
risk estimator recommended by the ICRP was adopted
(ICRP 1977),in which the risk of serioushereditary ill
health in the first two generationswas estimated to be
100 X 10+/rem and of the same magnitude in later
generations.The total risk was taken by the ICRP to be
200X 10-6/rem.

Risk estimates applied to postulated accident cases
should be derived from similar exposure modes where
possible. Similarity in radiation type, exposure
pathway, dose rate, population makeup, and clearance
time would be ideal but is seldom available. What
choices should be made when similarity is lacking,or
whether differencescan be tolerated, is a major ques-
tion.

The major points to be made (each considered ap-
plicableto healtheffectsconsiderationsin accidentanal-
yses)are as follows:

● Primary reference.The BEIR 111report can be
relied upon heavily in arriving at recommended
risk factors,primarily because the BEIR III report
is the most recen~ thereby benefiting from input
from the earlier reports and from experimental
data reported in the meantime. Extensionsof the
BEIR 111report results were made to broaden its
areas of applicability.

● Populationcomparability.Use of age- and sex-
averaged cancer risk factors is recommended for
estimatinghealth risk in a populationsimilar to the
1980US population (or a population of unknown
makeup, but probably similar to the 1980 US
population).These factorsare basicallythe sameas
thoselistedin Table B-I.Aa more detailedcalcula-

tion might be preferred for estimating health risk
from an exposure of a population much different
than the US population (that is, a nearby work
forcecomposedprimarilyof men aged25 to 30 yr).
Acomputercode isavailablefor this purpose(Buhl
1984).Use of risk factorsaveragedby age and sex
over the US population may lead to differencesof
up to a factor of 2 or 3 from a similar treatment of
exposedpopulationwith more extremeageand sex
distributions. The analyst would evaluate the
significanceof this uncertaintyand decidewhether
a more detailedcalculationis appropriate.

● Reportinghealthrisk. When results of health risk
calculationsare expressed,many optionsare avail-
able. As shown in Table B-I, the BEIR 111report
expressedorgan cancer risks from low-LETradia-
tion in terms of linear, linearquadratic, and quad-
ratic dose responseequations,each modifiedby an
absolute or relative risk projection model. Other
than an indicationof the lowerlimit of uncertainty
in risk estimation, the quadratic calculation is not
considered to acceptably tit dose response data.
The linearquadratic form, althoughrecommended
by the BEIR HI Committee as a preferred central
value, has recently come into question following
review of Hiroshima-Nagasakigamma and neu-
tron doses.Until the ensuingrecalculationis com-
pletedand acceptedby radiation protectionbodies,
use of a model which conservativelyestimates risk
is advisable.The linear model is unanimouslycon-
sidered by UNSCEAR, BEIR HI, and ICRP to
overestimate low-LET radiation risk. For most
cases,risk resultscalculatedby the linear modelare
consideredalso suitablefor useas an upper limit of
uncertainty. The range bounded by the absolute
risk projection and the relative risk projection of
the linear estimate are considered appropriate for
expressingrisk results of accident analyses (Buhl
1984).

. Doserateand levelconsiderations.The NCRP rec-
ommendsa reductionof linearlyextrapolatedtotal
cancer risk from whole-bodylow-LETradiation, if
the exposureis at lowdosesand lowdose rate. This
allowancecompensates for the effect of biological
repair mechanisms.Reducingthe risk factor in the
all-cancer category for whole-body radiation (in
Table B-I)by a factor of two would be appropriate
if the dose rate were less than 5 rad/year and the
dose levelwerelessthan 20 rad.

●
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*Autosomaldominantand x-linked;irregularinherited,re-
cessive,andchromosomalaberrations(BEIR1980).
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Dosescalculatedfor potential accidentscan be com-
pared with guideline doses existing for individual or-
gans in a straightforward manner, unless significant
dose is calculatedfor more than one organ. In this case,
a method is needed to considerthe contribution of each
organ dose to possible delayed health effects. The
purpose of this appendix is to review existing health
effect data (Table B-I) and suggest a method which
could be used to evaluate a quantity equivalent to a
single-organdose. For the purposes of the Guide, the
desired quantity is called effectivedose equivalent and
is related to the whole-bodydose. The effective dose
equivalent may be compared with the 25-rem whole-
body dose limit proposed for DOE Order 6430.1,
Chapter I. The effectivedoseequivalentmaybe derived
by establishing a risk equivalence between multiple-
organ dosesand a singlewhole-bodydose. Establishing

-- this riskequivalencewassuggestedearlierby Strom and
.-. Watson (Strom 1975)and by the ICRP (ICRP 1977).

The ICRP states in ICRP 26 that the risk of delayed
-. mortality shouldbe treated the same whether the whole
-. body is irradiated uniformly or whether several organs

receivethe dose. Derivation of organ weightingfactors

from health effectsdata availablein 1976-1977allowed
ICRPto calculatean effectivedoseequivalent.Asimilar
method for calculating weighting factors is recom-
mended, although not necessarilyusing the ICRP 26
organ risk factors.The finalized risk factors calculated
from BEIR 111 (Table B-I) after review by
epidemiologistsand health scientists will probably be
adopted. In the meantime use of weightingfactors in
ICRP 26 (ICRP 1977)maybe appropriate.

BEIR 1972:National Academy of Sciences, National

“The Effectson Populations of
Exposure to Low Levels of Ionizing Radiation” (Na-
tionalAcademyPress,Washington,DC, 1980).
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Radiation,” Los Alamos National Laboratory report
LA-9893-MS(May 1984).

ICRP 1977:“Recommendationsof the ICRP,” Intern-
ationalCommissionon RadiologicalProtection Publica-
tion 26 (1977).

STROM 1975:P. O. Strom and E. C. Watson, “Calcu-
lated Dosesfrom Inhaled Transuranium Radionuclides
and Potential Risk Equivalenceto Whole Body Radia-
tion,” International Atomic Energy Agency report
IAEA-sM-199/l14(1975).

UNSCEAR 1977:United Nations ScientificCommittee
on the Effectsof Atomic Radiation, “Sources and Ef-
fects of Ionizing Radiation” (United Nations, New
York, 1977).

UNSCEAR 1982:United Nations ScientificCommittee I
on the Effects of Atomic Radiation, “Ionizing I
Radiation:Sourcesand BiologicalEffects”(United Na-
tions,New York, 1982).
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US Bureauof the Census 1982:“Preliminary Estimates --
of the Population of the United Statesby Age,Sex,and .-
Race: 1970to 1981,”US Bureauof the Census,Current ‘..
Population Reports, SeriesP-25, No. 917 (US Govern- -
ment PrintingOffke, Washington,DC, 1982).

US National Center for Health Statistics 1975:“United
StatesLifeTables: 1969-71,”US Department of Health,
Education, and Welfare Publication (HRA) 75-1150
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Risk is the combination of probability of the occur-
rence of a seriousevent and the possibleconsequences
of the event, either to persons,facilities,or the environ-
ment. Various procedureshave been employed for the
determination of estimated risks, including de-
terministic, probabilistic,judgmental, and cost benefit
(Rhyne 1983).

In deterministicassessment,specificreleasesare pos-
tulated without an identified mechanism causing the
release and without any known probability of occur-
rence. The primary exampleof this is the large“loss of
coolant accident” assumed for LWRS. A calculated
consequencesuch as a radiologicaldose is compared
with some upper limi~ with the facilitysite considered
acceptable if no consequence exceeds this limit. No
inference of the safety of the reactor is made in this
assessment,only of the legalacceptabilityof the site.

Probabilisticcriteria provide an upper limit on the
probabilitythat a consequencewillexceeda givenvalue
and thus require that all events which could contribute
significantlyto perfomlance criteria be considered.Al-
though inherently more complex and requiring more
data, this method providesgreaterinsightinto potential
systemfailures.

Judgmentalproceduresare usefulwhen acceptability
criteria are not explicitly defined and are left to the
judgmentof the analystor the regulator.This procedure
is not considereda viable basis for many safety review
criteria.

The cost-benefitcriteria are attempts to compare the
expectedcosts with the expectedbenefits using a com-
mon value system; however, there is a difficulty in
placing a common value on human life and injury.
While used in some NRC regulatory processes, deci-
sionsbased upon this method are usuallyof a relatively
narrowscoperather than the basisfor the entire process.

Current regulatoryprocessesconsistlargelyof overall
safety criteria developed over several decades. The
analyst reviews the design to assure that the criteria

-- have been met. Current DOE and NRC criteria are
#. largely deterministic and are based on scenarios and

valuesthat have been used in the past. For a number of.-
reasons,probabilisticmethods are presentlyused more-.
to supplement deterministic methods than to replace
them.

Of the three approaches considered acceptable for
use, the deterministic approach has the advantages of
greater familiarity and wider acceptance by reviewers
includingthe lay public, less complexity,and generally
taking less time to perform the analysis. Its major
disadvantage is the lack of formal structure which al-
lowsgreater variety of results, depending on the judg-
ment of the analysts.NRC is encouraginggreateruse of
probabilisticmethods(NRC 1983).Althoughtheyresult
in a more comprehensive analysis, the probabilistic
methods require extensive training of the analyst and
extensivesupportingdata,

In performing a deterministic risk analysis, the
analyst starts with a known or conservativelyassumed
sequenceof events leading to a major release. Conse-
quencesof the releaseare calculatedand then compared
with a givenupper limit. If the postulatedconsequences
do not exceedthisupper limit, the facilitysiteand major
design features are acceptable under this event. The
calculations are repeated for each event and can be
repeated for the contributions between interrelated or
possible contributing events which might mitigate or
enhancea givenaccident.

The analyst starts a probabilistic analysis with the
considerationof all events which can contribute to the
performance(failure)of all of the given systems,assign-
inga probabilityvalueto eachcomponentof the system.
Usuallythis probabilityis the possibilityof a faiIureper
unit of time, obtained from historical data and failure
records and also best estimations. One then considers
the magnitudeof both the probabilityand the potential
consequences to arrive at an assessment of the risk
presentedby the particular ftilure. An estimate is made
of the consequencespossiblethrough a stated chain of
events. While more complex and requiring a greater
amount of time and data, this method provides greater
insightinto potentialsystemfailuresand potential inter-
actions of the set of systems.For example, fkilureof a
secondsystemmay produceamplificationof the conse-
quencespostulatedfrom a prior failure.

One approach is to use a combination of the de-
terministicand the probabilisticmethods, starting with
the deterministicmethod and followingwith probabilis-
tic risk analysisas a confirmatory process.Usefid tools
for these techniques are available, including fault tree
analysis (NRC 1981)and the Management Oversight
Risk Tree (MORT) diagrams (MORT 1975, Briscoe
1979).These must be coupledwith adequate databases.
The safetyanalystuses these to



. identi~ sources of energy within a system which
are largeenoughto causea major releaseof radioae
tive or otherwisehazardousmaterial,

. identify the conditions under which this material
could be releasedas wellas the factorswhichcould
ampli~ or mitigatethe release,and

● estimate the probabilityand magnitudeof the pos-
tulated release and estimate the consequencesof
the postulatedrelease.

This same procedure is followedfor each step from the
initiating event, through the entire system, to the esti-
mation of the consequencesto the facility, the people
exposed, and the environment. For whatever method
and toolsare usedby the safetyanalystin the assessment
of risks, it is extremely important that the methods,
estimations, and calculationsbe adequately supported
by documentation and examples, to allow reviewersto
approximate the steps in the analysisand validate the
conclusionsof the analyst.

Q

A qualitative or relative risk evaluation approach
currently in use (Lucas 1981,ANSI 1976,Brynda 1981,
DOD 1977,ORO 1984)requiressubjectivejudgment in
assigningan accidentto a probabilityclass,forexample,
anticipated, unlikely,extremely unlikely,or incredible.
These classes may be assigned ranges of numerical
probabilities.A dose guidelinemaybe selecteddepend-
ing on the analyst’sdetermination of probabilityclass;
the more probable the accident, the lower the dose
guideline selected. This method leaves more to the
analyst’sjudgment but provides a systematicapproach
to risk assessment.

Q

Quantitative methods are currently in use at DOE
nuclearfacilities(Durant 1980,1981;Lucas 1981).Acci-
dent probabilities are based on incident frequencies
recorded in extensive data bases. Because the rela-
tionship between frequency of incidents (component
failures,operatorerrors, etc.)and accidentprobabilityis
not well known, subjectivejudgment cannot be com-
pletely eliminated from the process. However, for-
malizedriskassessmentmethodssuchas PRA (probabi-
listicrisk assessment)(NRC 1983)and fault tree analy-
sis (NRC 1981),coupledwith an adequate incidentdata
base, can be valuable tools in evaluating the risks as-
sociated with a facility.A conservative risk limit may
also be applied in conjunction with this risk evaluation
method.

For many DOE facilities,an adequate incident data
base may not exist, preventing an estimate of the
probability of occurrence of a certain event. Because
broadly accepted risk guidelinesdo not presentlyexist
and presentexperienceis not adequate to allowcalcula-
tion of the probabilitiesof most accidents,adoption by
DOE of a risk assessmentmethod is not recommended.
The probabilistic methods certainly provide a useful
supplementto the deterministicmethod currentlyin use
and shouldbe continued by localoption.

ANSI 1976:“Criteria for the Design of Plants for the
Manufacture of Mixed Oxide (U-PU) Fuels,” ANSI
N287-1976 (American National Standards Institute,
Inc., New York, December30, 1976).

Briscoe 1979:G. J. Briscoe,“Application of Manage-
ment OversightRisk Tree (MORT) to Reviewof Safety
Analysis,”EG&G Idaho reportSSDC-17(1979).

Brynda 1981:W.J. Brynda,L.Junker, R. C. Karol, P. R.
Lobner, and L. A. Goldman, “Nonreactor Nuclear Fa-
cilities:Standardsand CriteriaGuide,” US Department
of Energy report DOE/TIC-l 1603 (BNL 51444) (Sep-
tember 1981).

DOD 1977:“Military Standard SystemSafetyProgram
Requirements,” US Department of Defensedocument
MIL-STD-882A(June 1977).

Durant 1980:W. S. Durant, “The Applicationof Proba-
bilisticRisk Assessmentto Nuclear Fuel Reprocessing
at the Savannah River Plant,” E. I. du Pent de Nemours
and Co., Savannah River Laborato~, US Department
of Energyreport DP-MS-80-59(November 1980).

Durant 1981:W. S. Durant, “Savannah River Labora-
tory Data Banksfor RiskAssessmentof FuelReprocess-
ing Plants,” US Department of Energy report DP-
MS-81-90(E. I. du Pent de Nemours and Co., Aiken,
South Carolina,October 1981).

Lucas 1981:D. E. Lucas, “Safety Analysis Guide for
Nonreactor Nuclear Facilities,” Hanford Engineering
Development Laboratory report HEDL-MG-153
(1981).

MORT 1975:“Management Oversightand Risk Tree”
(SystemSafety Development Center, Aerojet General,
Idaho Falls,Idaho, June 16,1975).
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NRC 1981:“Fault Tree Handbook,” US Nuclear Regu- ORO 1984:“SafetyAnalysisand ReviewSystem,”DOE
latory Commission report NUREG-0492 (January Oak Ridge Operations Oflice Order OR-5481.lB (May
1981). 23, 1984).

0 NRC 1983:“PRA Procedures Guide. A Guide to the Rhjne 1983:W. R. Rhyne, “A Proposed Approach for--
Perfiormanceof ProbabilisticRisk Assessmentsfor Nu- the SafetyReviewof the New Production Reactor Pro-

. clearPowerPlants,” Vols.I and II, US Nuclear Regula- ject” (H & R Technical Associates, Inc., Oak Ridge,
tory Commission report NUREG/CR-2300 (January Tennessee,January 1983).~-
1983).
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APPENDIX D

DISPERSION CALCULATION METHODS

I. BASICDISPERSION EQUATION

To calculate downwind doses from an accidental
releaseof radioactivematerial, air concentrationsof the
gasor airborneparticulatematerialmust be determined.
The straight-lineGaussian dispersion equation is typi-
cally used.The Gaussian formula for the air concentra-
tion, ~, at a downwind location (x,Y,z)may be found in
Slade(1968).

Air concentrations should be calculated for 16 com-
pass directions (22.5”sectors centered on north-north
northeast etc.).

The Gaussian dispersion model is estimated to be
accurate to within a factor of 2 for distances of 0.1 to
10-20km when onsite meteorologicaltower data are
available and conditions are reasonably steady and
horizontallyhomogeneous(AMS 1978).Beyond20 km,
Gaussiandispxsion calculationscan onlybe considered
to be order-of-magnitudeestimates. Conditions which
will reduce the accuracy of the Gaussian dispersion
calculationsincludeaerodynamicwake flows,rough or
urban terrain, very buoyant or dense gases, or dis-
persionunder very stableor unstableconditions.

The use of the Gaussian model may not be ap-
propriate for reactive gases and particulate matter.
Alternative methods accounting for possible trans-
formations should be investigated. The dispersion of
densegasesis discussedby Britter(1979, 1980,1983).

II. DISPERSION PARAMETERS/STABILITY
CLASSIFICATIONS

The horizontaland verticaldispersioncoefficients,CY
and c- required for the Gaussian dispersion equation
can be estimated from measurements of the standard
deviation of the wind angles or by estimating the at-
mosphericstabilityand usinga setof curveswhicharea
function of downwind distance and stability. If
measurements of co, the standard deviation of the
horizontalcrosswindcomponent of the wind, are avail-
able, creis estimated from the formula Cy= c%xf7x),
where x is the downwind distance from the source.
Several sets of fhnctions have been presented for fix)
(Cramer 1976,Draxler 1976,Horst 1979,Irwin 1979A,
Pasquill 1976);some of these functions have been re-
viewedby Irwin (1983).

If measurementsof C9are not available, the stability
classmust be determined. Severalmethods for estimat-
ing stability class are currently in use (Turner 1970,

●
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NRC 1974, NRC 1983). The NRC has also issued .-
regulatoryguideswhich apply to specificfacilities;Reg- .-r
ulatory Guides 1.4(NRC 1974A)and 3.33 (1977A)are
typical. One of the more widely used methods, the -
vertical temperature gradient (AT) method (Hanna
1977,NRC 1983),has the disadvan~ge of not assessing

the mechanicalcomponent of turbulence, that is, wind
shear and surface roughness. Thus, one of the other
methods, including both the effects of buoyancy and
mechanicalmixing,may be a better selection.The Rich-
ardson number, bulk Richardson number, and Monin-
Obukhov length (Golder 1972) can also be used to
determinethe stabilityclass.

Functions relating measurementsof a,, the standard
deviation of the vertical wind angle, to q have been
presented (Draxler 1976,Cramer 1976,Pasquill 1976,
Irwin 1979A).However,determiningaZdirectlyfrom a.
has not been recommended by the American Meteoro-
logicalSociety(Hanna 1977)as the standard method for
determining a, because of the difficultyin making ac-
curate measurementsof q. Thus the atmospheric stab-
ilityclasscan be determined in a manner similar to that
describedfor CZ,and o. is then determined from a set of
curves.Many sets of curves are availablefor determin-
ingayand a,, dependingon the sourceheigh}averaging
time, etc. For OY,the AMS (Hanna 1977)has suggested
that Pasquill-Gifford (Gifford 1961) curves and the
McElroy-Pooler(1968)urban curves are acceptable if
adjustments are made for sampling duration and sur-
faceroughness.Curvespresentedby Briggs(1973)for Cy
and a, have combined data from the Pasquill-Gifford,
Brookhaven, and TVA curves for dispersion from
elevatedsources.Lamb (1979)has presented equations
for o, (and the effectivereleaseheighth) for nonbuoyant
releasesinto an unstableatmosphere.Somesite-specific
dispersion curves have also been developed (Yanskey
1966, Fuquay 1964)which are the most appropriate
choicesfor thosesites.

Curvesdescribingplume dispersionare often used to
describethe dispersionof a puff release.However, puff ~
releases initially have a faster rate of growth than -
plumes (Hanna 1982).Gifford (1977)has summarized --
22 experiments of relative (puff) diffusion showing +
cloud width proportional to (time)312for travel times -
between 1000and 3000s. Beyond 10000s (2.78h), the ‘:
puff growth rate slows to approximately a linear de- -
pendence on time. A method for calculatingpuff dis-
persion coefficientsis presented by Hanna (1982).To
account for the size of the puff at the releasepoint, the
dispersion coefficientsshould be initially set equal to
(puffradius)/2.15(Turner 1970).
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111.RELEASE EFFECTS

The dispersionequations may require modifications
due to plume rise or buildingwakeeffects.The specific
modificationsare presentedin the sectionsdealingwith
thosetopics.

Equationsappropriate for the descriptionof buoyant
and momentum plume rise have been presented by
Briggs (1969, 1975). The reader is referred to these
sourcesfor a completepresentation of these plume rise
equations.An expressionfor the cloud rise from a high-
explosive detonation has been presented by Church
(1969).The verticaldispersioncoefficient,a., may also
require modificationdue to plume rise. Pasquill (1976)
has suggestedthat a, be enhanced for a buoyant plume.

If the exit velocityof a stack release is less than 1.5
times the wind speed at stack height, stack tip down-
washis considered.Briggs(1973)presentsa method for
calculation.

If the release height is less than two and one-half
times the heightof the buildingor adjacent solid struc-
ture, building wake effects are considered. Hosker
(1981)and NRC (1982)present guidance for the selec-
tion of appropriate equations to assess building wake
effects.

As the cloudof releasedmaterial movesdownwind,a
number of processesmay affect the air concentrations.
These include radioactivedecay, plume trapping by an
inversion,dry deposition, etc. The necessarymodifica-
tions to the dispersion equation are presented in the
followingsections.

R

The amount of radioactive material will be affected
by radioactive decay and daughter product buildup as
the release travels downwind. These effects are ac-
counted for in the decay and buildup models cited in
SectionV.A., SourceTerms.

As the release travels downwind, its vertical spread
can be limited by the presenceof an inversion or by the
mixing height. The Gaussian dispersion equation is
modifiedto considerreflectionfrom this elevatedstable
layer. The Gaussian equation is adjusted to include
retlcctionfrom a stablelayerby adding terms according
to Turner (1970). Climatologicalestimates of mixirig
heights can be obtained from Holzworth (Holzworth
1972).Hourly estimatesof mixingheightscan be made
usingradiosondedata, acousticsoundermeasurements,
or a parametric relationship which specifies mixing
heightas a fi.mctionof other boundary-layerparameters
(Arya 1981,Venkatram 1980,Benkley1979).The value
of the vertical dispersioncoefficient,o,, should be lim-
ited to the depth of the mixing layer or the inversion
height.Alternatively,the Gaussian dispersionequation
can be usedwithout modificationif aZis limited to 0.8P,
where J?is the depth of the mixing layer. Beyond the
distance where CZ=f!,the material is spread uniformly
between the ground and the lid. The air concentration
can then be expressedin a simpler form of the Gaussian
equation (Turner 1970).

High ground-levelconcentrations can be produced
duringfumigationconditions(Hanna 1982).These con-
ditions can occur in the proximity of large bodies of
water(NRC 1982)or fora shortperiod followingsunrise
when a surface-based inversion is present. Modifica-
tions to the Gaussian equation to account for fumiga-
tion are presentedby Turner (1970)and Hanna (1982).
Guidance on the length of time fumigation conditions
may be observed is provided by NRC (1982). Idaho
National EngineeringLaboratory uses l-h duration if
release height exceeds 75 m and 15-30min for lower
releaseheights.

Under unstableor neutral atmosphericconditions,an
airborne releasewill tend to rise over downwind terrain
obstacles.However, the oliginal effectivereleaseheight
above the terrain will not be maintained. The effective
releaseheightshouldbe reducedby the terrain heightor
the release height divided by 2, whichever is smaller
(Briggs1973).Under stableatmosphericconditions, the
releasewillnot risewith the terrain and so may impinge
on the ground if the obstacleis sufficientlytall.

If a releaseimpactselevatedterrain, an artificialjump
in the concentrationat the terrain featurecan occurdue
to the reflection term in the Gaussian equation (Egan
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1979).This effectcan be corrected by the requirement
that along the axis of maximum concentration, the
concentrationcannot increasewith distance.

Under stableconditions,diffusion in a valley is lim-
ited by the valleywalls.When the width of the valley,w,
is equal to 2CY,the highestconcentrations occur along
the valley wall. These may be calculated as shown by
Hanna (1982).

Another approach to estimating concentrations in
complexterrain under neutral and stable conditions is
to define an amplification factor, the ratio of the max-
imum concentrationoccurringin the presenceof terrain
to the maximum concentration from the same source
located in level terrain. Snyder (1983)has summarized
several wind-tunnel and towing-tank studies which
have been performed to defineamplificationfactorsfor
sources located in various positions with respect to
terrain features.

Complexterrain can also increasethe horizontal and
vertical dispersion of a plume or puff as it travels
downwind. If the Pasquill-Gifford stability typing
schemeis used for a location in complex terrain, it has
been suggested(Stnmaitis 1981)that during nighttime
stable conditions, the Pasquill-Giffordstability should
be changed by one class toward unstable to reflect the
increased dispersion. Where possible, onsite &ta
shouldbe evaluated to determineappropriate modifica-
tions of dispersionparameters in complexterrain.

Ground deposition can be estimated by multiplying
the radionuclideconcentration in air at ground levelby
a deposition velocity representative of the particles in
the cloud. Deposition velocities for unitdensity
sphericalparticles,0.1- to 100-ymD.., range from 10–4
to 25 cm/s. A common assumption is that deposition
velocityvaries from 0.1 to 10cm/s with an averageof 1
cm/s (Sehmel 1980).

Dry deposition for gasesis treated in the same man-
ner as particulate material. Deposition velocities for
gases range from 10-4 to 10 cm/s; 1 cm/s is often
assumed for deposition calculations (Sehmel 1980).
Noble gases should be treated as having a zero depo-
sitionvelocity.

If ground deposition is calculated, downwind air
concentrationsare modified to reflect the effectivede-
creasein the source term. This is done by replacingthe
total emission,Q, in the dispersionequation with Q(x),
the source remaining at a downwind distance, x (NRC
1983) OverCamp (1976) has presented a modified
Gaussianplume model for calculatingdry depositionof
fineand heavy particlesand gases.It combinesa down-
ward slopingplume to account for settling and a con-
stant depositionvelocity.

Plume depletion from wet deposition may be con-
sidered for determining the total amount of material
deposited on the ground followingthe release. In gen- .
eral, wet deposition should not be included in the u-
calculationof air concentrationsunless it can be shown .
that the release has a strong probability of occurrence “.
duringa rainstorm or snowstorm.

--

The amount ofmatenal depositedon the ground can -
be calculated as a tlmction of the air concentration
(NRC 1983).The air concentration may be reduced by
washout as it travels downwind (Hanna 1982). A
scavengingcoefficientcan be determined as a function
of rainfall rate and a stabilitydependent coefilcient
accordingto Ritchie(1978).

The meteorologicalvariablesrequired for evaluating
downwind air concentrations are typically developed
from 2-3yr ofdata collectedat a locationrepresentative
of the site of the release (Strimaitis 1981)or are con-
servativelyspecifiedas PasquillType F and wind speed
of 1 m/s. Guidance for onsite meteorologicalmeasure
ment programs, including instrument location and
measurement techniques, is presented by Strimaitis
(1981).The estimation ofwind speedat releaseheightis
discussed by Irwin (1979B) and Hanna (1982). The
treatment of calm winds is discussed in NRC (1977B)
and Hanna (1982).Two meteorologicalcategories,me-
dian and unfavorable,are suggestedfor accident-release
dispersioncalculations.Becauseaccidentreleasesare of
short duration, the median and unfavorabledispersion
factorsare assumed to be constant during the duration
of the release.Descriptionsof unfavorableand median
categoriesare providedbelow.

To calculatethe concentration to which the exposed
person is exposedunder unfavorableconditions,hourly
dispersion factors (~/Q) should be calculated at the
distanm of the offsiteperson. For each of 16 sectors, a _
cumulative probability distribution of X/Qs should be
constructed.The z/Q value that is exceededby 0.5%of ~-
the total number of hourly ~/Qs in the data set is the ~-
“unfavorable” dispersion factor for that sector. For -
example, if the data set comprises 8760 observations, ‘-
the 0.5%X/Qforthe sectoris the~/Qexceededby O.005 “-
x 8760or 44 observations.The sectorhavingthe highest
unfavorabledispersionfactordefinesthe wind direction
assumed to occur during the release, and the un-
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favorable dispersion factor in this sector is used to
calculatethe desireddose.

The 0.5%~/Q wasselectedfor consistencywith NRC
RegulatoryGuide 1.145(NRC 1982).The 0.5%sector.

.-, x/Q waschosenbythe NRC as beingconsistentwith the
5%direction-independent~/Q (NRC 1981),while al-.

> lowingthe considerationof the directionaldependence
-. ofatmosphericdiffusionconditions.The NRC retained

a requirementin RegulatoryGuide 1.145for comparing
the highest 0.5% sector x/Q with the 5% direction-
independent x/Q and selecting the highest for dose
calculations.However, from a parametric study (NRC
1981),it wasjudged that for most sitesthe 0.5%z/Q will
be the most conservativez/Q and the comparison with
the 5%directionindependent~/Q need not be included.

To calculate the concentration to which the max-
imallyexposedperson is exposedunder median ccmdi-
tions,a similarprocedureis followed.For each sector in
which the person is located, hourly dispersion factors
are calculated for the distance to the person from the
point of release.A cumulative probability distribution
of ~Qs is developed,and the ~Q which is exceededby
50%of the hourlydispersionfactorsin that one sectoris
defined as the “median” dispersion factor. The sector
having the highestmedian dispersion factor definesthe
wind directionassumed to occurduring the release,and
the dispersion factor in this sector is used to calculate
the desireddose.

To calculate the population dose, the release is as-
sumed to travel in the direction having the largest
nearby population. The meteorological conditions
producing the unfavorable dispersion factor for this
sectorare used to calculatethe dose to the peoplein that
sector. If there are population centers in several direc-
tions from the release, several sectors may require
evaluationto determine the largestpopulation dose.

It is not considered necessary to expose the entire
populationto the concentration at the cloud centerline.
Integratedactivityconcentrationsover the area contain---
ing people and the actual population density in those.-
areas wouldbe used to calculatepopulationdose.
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Doses to whole body and to specificorgans from a
postulatedaccident are calculated for comparison with
the site criteria doses proposed for Chapter I of DOE
Order 6430.1.Contributions to dose from the accident
case come primarily from radioactive material inhaled
during cloud passageand direct radiation to the whole
body received while immersed in the cloud. Other
possible sources of dose (ingestion by the cow-milk-
human or crop-food-humanpathways,direct radiation
from the facility, or delayed exposures from con-
taminated water or land) are secondary contributors
whichmay require evaluation under specialconditions.

Inhalation dose depends on the time-integrated
radionuclide activity concentration (Ci ”s/m3 or
Bqs s/m3), the breathing rate of the subject (m3/s),the
fraction of the inhaled radionuclide reaching the organ
of interest, and the organ dose conversion factor
(rem/Ci or Sv/Bq). Recommendationsare made in the
choice of parameters to calculate these major dose-
related factors.

Dose to an organ depends on how soon the radio-
nuclideclearsthe lungs,how much of it is transferred to
the organ through the bloodstream,and how much and
how long it is retained by the organ tissue. Several
models are available which also account for dose re-
ceived by an organ from nearby organs containing
radioactivematerial.

The primary methods used to calculatedose or dose
conversion factorshave been publishedby the Intern-
ationalCommissionon RadiologicalProtection (ICRP),
an authoritative radiation protection organization.The
various contractorsand offkes in the DOE are in vary-
ing stages of transition from the ICRP Publication 2
modelsfor lung bone, and other organs(ICRP 1959)to
the recent models in ICRP Publication 30 (ICRP 1979,
1980).Morecomplexthan ICRP 2, the ICRP 30models
accountfordoseto (target)organsfrom beta-or gamma-
emitting nuclidesdeposited in neighboring(source)or-
gans.This added complexityaccounts for no changein

. .
-s

dose if the nuclideis an alpha emitter but maybe quite .-
Iargefor some organsif the nuclideis a gamma emitter. .~..
For example, lung dose directly from deposited
lJTCs-lJTBa(ClassD) only0.0025rem/Ci (6.8x. -
10-10Sv/Bq),whiledosefrom neighboringorganswould
contribute an additional 0.014 rem/Ci (3.8 x 10-9
Sv/Bq). Dose calculations for mixed fission products
generallyyield higher results with the ICRP 30 models
than with earlier models. The major differencesin the
ICRP 2 and ICRP 30 models have been discussed in
severalpublications(Bair 1979,Runkle 1981).

The apparent movement towardadoption of ICRP 30
models is considered favorablebased on the following
observations:

The methods are recommended by a recognized
international commission whose earlier recom-
mendationshave been broadly accepted.
The methods are believed to be made more ac-
curate by the source-target dose refinement de-
scribed above and by updated transfer fractions
incorporatedin it.
Progressis being made toward adoption of ICRP
30modelsor variationsof them by NRC, EPA,and
other US agencies,such as the current revision of
10CFR 20 occupationaldose standardsby NRC.
DOE is currently revising ChatXer XI of DOE
Order 5480.1Ato-provide~CRP30-basedexposure
limits.

Computercodesbasedon modelsother than ICRP 30
generallyyield comparable results for alpha emitters if
common input parameters are used. The major sources
of variation come from choice of quality factor, organ
mass, transfer fraction, compound volubility(clearance
rate), and dose model for some organs.The organ dose
models and major parameters used in the major dose
codesare describedin later sections.

Since ICRP has converted to the International Sys- -
tern of Units (S1),usingsievert (Sv) for dose equivalent -
and bccquerel(Bq)for activity,similar usagewithin the --
DOEadds conveniencefor those ofilcesusingthe ICRP -
30 models.Accordingto DOE Order 6430.1,increased -
useofSIunits is encouragedon a voluntarybasis.In this -;
transition period, it is suggestedthat quantities in other ‘
units be accompanied by converted quantities in S1
units.



The ICRP Task Group on Lung Dynamics (TGLD)
model (ICRP 1966)has been incorporated into most of

-- the computer codes presently in use within DOE. The
-- 1966model has been modified slightlyin ICRP 19and

r. ICRP 30 (ICRP 1979).The form recommended for user
is found in ICRP 30. Regionaldeposition fractionsare<
provided in ICRP 30 and its supplements for only one.
particle size (1.O-~mactivity median aerodynamic di-
ameter), although a formula for calculatingdeposition
fractionsof particlesof other sizesis provided.

The ICRP lung model is based on these assumptions
and considerations(Bair 1979):

Irradiation of the lung is more limiting than ir-
radiation of lymphatic tissues, although for some
radionuclide compounds, the average doses to
lymph nodes may be many times greater than the
averagelungdose.
The risk of radionuclidesas particlesin the lungsis
likelyto be lessthan if the sameamount of material
is distributed more uniformly.
Dose equivalents to specific regions of the
respiratory tract can be estimated; however, be-
cause of the many uncertainties regardingcells at
risk, loerdizationof depositedradionuclides,etc., it
was concluded that such estimates are unwar-
ranted.
In adults, the tracheobronchialregion,pulmonary
region, and the pulmonary lymph nodes are con-
sideredas one organ of 1000g.
The dose to the nasopharyngeal region was
neglectedsince it is usually small compared with
other regions.
Radioactivedaughtersremain withand behavelike
the parent radionuclide.

The gastrointestinal tract has been partitioned into
four sections (stomach, small intestine, upper large in-
testine, and lower large intestine) accordingto the bio-
logicalmodel developed by Eve (Eve 1966).The Eve

4 model has been at least temporarily adopted by ICRP
- (ICRP 1977,1979).The Eve model calculatesthe dose

-- at the surface of the bolus (contents), not through the
A mucous layer or at the site of the most sensitive cells;

however, application of a 1/100 factor corrects this.- defectfor alpha emitters (Bair 1979).--
The transferof radioactivematerials to body fluidsis

estimatedfrom the fractionofa stableelementabsorbed
into the blood followingingestion(fl values).Valuesof
f, for a number ofclassesof compoundsare includedfor
each element (ICRP 1979). For radioactive decay

daughtersformed in the GI tract, the value of f, used is
that appropriate for the parent nuclide. Also, the
metabolicbeha~iorof the daughter is assumedto be the
sameas that of the parent.

ICRP 30departs from the ICRP 2 practice,whichhas
been to adjust volume bone dose for distribution of
surfaceseekers(Pu and Sr) relative to radium by apply-
ing a distribution factor n of 5. Doses are estimated by
the ICRP 30 model for two regions of bone, both of
which are considered to be at risk for cancer induction
by radiation (Bair 1979):

Marrow-Since hematopoietic stem cells are as-
sumed to be randomly distributed in the marrow
within trabecular bone of adults, the dose equiva-
lent to the hematopoietic cells is calculated as the
average over the marrow filling the cavities. The
mass ofactive red marrow in the trabecularbone is
taken to be 1500g.
Bone Surfaces-For the osteogenic cells on en-
dosteal surfacesand epitheliumson bone sufiaces,
the dose equivalent is calculated as the average
over tissue up to a distance of 10 pm from the
relevant bone surfaces.The total endosteal area is
taken to be 12 m2. The mass of the ltl+m-thick
layeris taken to be 120g.

Severalassumptionsare made in the absenceof data
on the distribution of radionuclidesin bone:

●

●

Radionuclides of the alkaline earths (Mg, Ca, Sr,
Ba, Ra) with radioactive half-livesof greater than
15days are considered to be uniformly distributed
throughout the bone volume.
Radionuclideswith half-livesof less than 15 davs
are consideredto be distributed on bone surfaces.

Bonedose from actinidescan be affectedby burial of
deposited material by new bone mineral, which is
variable with age of the person and rate of exposure;
however, this effect was considered too complex to be
accountedfor in the ICRP 30 model.

As noted earlier, the particle size distribution in a
newlyformed cloudchangeswith time as smallparticles
agglomerateinto largerpa]liclesand the largerparticles
settle out of the cloud. An estimate should be made of
the particlesizecharacteristicdescribedby activity me-
dian aerodynamic diameter (AMAD)that exists where
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the exposedperson receivesthe exposure.This AMAD
becomesinput to the TGLD model, from which comes
regional deposition in the respiratory system. The
AMAD of the respirablefraction [massassociatedwith
particleswhoseaerodynamicequivalent diameter (D=)
is less than 10 ~m] is the desired input to the TGLD
model, rather than AMAD of all particlesremaining in
the cloud.One-micronAMAD has been used widelyto
provide a conservative estimate of inhalation dose for
plutonium and umnium aerosols;however, the actual
AMAD may lead to largerdoses from accidentsinvolv-
ingparticlesizessmallerthan 1~m.

Particle size information for plutonium undergoing
simulated accidentconditions is extensive,particularly
the plutonium release studies performed by Mishima
and his colleagues(1965, 1966,1968,1973,and others).
Selby(1975)has summarized particle size and concen-
tration data for accident cases involving plutonium.
Kirchner (1966)and Elder (1974)characterized pluto-
nium aerosolsin gloveboxesand ducts under nonacci-
dent conditions. More recent plutonium aerosol
characterizationshave been reported by Raabe (1978).
Information on size and amounts of particles poten-
tially released by accidents in fiel reprocessing or
processesinvolvingmaterialsother than plutonium has
not been locatedduring preparation of the Guide.

Selection of compound volubilitycan cause broad
variability in results of dose calculations, as can be
observed in the ICRP lung model (ICRP 1966).
Clearanceof inhaled materials in the ICRP lung model
is describedby D, W, or Y classification:D for those
with a pulmonary clearance half-time of less than 10
&ys, W for 10to 100days, and Y for greater than 100
days. Radionuclidecompounds have been assigned to
one of these classificationsby ICRP (ICRP 1980).The
ICRP assignmentsto volubilityclassificationsmay be
appropriate for use in dose calculations unless ex-
perimentaldata to the contrary can be provided.

ExistingDOEordersor NRC regulatoryguidesdo not
specifythat the exposedpersonbe anyoneother than an
adult receiving the highestdose as a result of an acci-
dent. Past practice has been to assume ICRP reference
man as the receptor of accident-induced dose (ICRP
1974). A change in this practice is not considered
necessary,although each case should be reviewed on
individual merits. Exposure to radioiodine causes
higherdose in thyroids of infmts and children than in

adultsand may be a specialcasewhichdeservesdescrip-
tion and evaluation.

Breathingrate of the exposedperson maybe basedon
the standard rates established by ICRP for reference
man (ICRP 1974).The standard rate of 3.5 X 10-4m3/s
corresponding to light activity is recommended for
doses received as a result of an accident under 8-h
duration.

H. Quality

A singlequality factor (QF) for alpha radiation is not
consistentlyused throughoutthe DOE, allowinga factor
of 2 differencein dose.The followinglist from ICRP 26
(ICRP 1977)contains the recommended quality factors
for all radiation types. The quality factor for neutrons
may be vaned if the averageenergyor energyspectrum
is known.

20
Alpha-recoil 20
Betaor electron 1
Gamma 1
Fissionfragment 20
Fissionneutron 10

Decay scheme data presently in use with ICRP 30
modeldosecalculationsare contained in ICRP Publica-
tion 38 (ICRP 1983)as calculated by an ORNL com-
puter code (Dillman 1980).Other sources of updated
data to consider are the ENDF/B fission product data
(Rose 1976)and the ORNL radioactivedecayhandbook
(Kocher 1981).The importance of this updated data in
improvingaccuracyof dose calculationsis unknown.

Calculationof an accident dose conversion factor is
usuallybased on a short-termintake of the nuclide(less
than 8 h). ICRP 30doseconversionfactorsare based on
50-yrdose receivedafter intake of a unit amount of the
radionuclide and are therefore compatible with acute
inhalationexposure.

Dose accumulation times should be selected to be
long enough to account for most of the dose. For the
purposesofthis Guide, the 50-yrperiodcommonlyused
as a dose accumulation time, roughly equivalent to
averageoccupationallifetime, is used. Fitly years may
also be assumed to equal or exceed the remaining life-
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time of the individual of average age in an exposed
offsitepopulation.Intermediatetimes maybe usefulfor
illustrativepurposes,but fordosecalculatedto compare
with proposed DOE Order 6430.1A dose criteria, 50 yr
hasbeen used.

Effectivedose equivalent is used when dose to mul-
tiple organs from a singleexposure is postulated. The
methodologyfor calculating this dose for comparison
with whole-bodydose limits is simple:

D.= ~ (individual organdose, Di)
X (individualorganweightingfactor,Wi)

Individual organ weightingfactors may be the ICRP
weightingfactors(ICRP 1977).

I

Two modelsare commonlyusedfor calculatingdirect
dose from cloud immersion: the finite plume and the
semi-infiniteplume models (Slade 1968).Although the
finiteplume model is more complexand requires more
computer time to run, it has the advantage of greater
accuracyat distancesnearer to the accidentsite (Wenzel
1982).The results of both models converge when the
plume is relativelylarge (compared with the mean free
path ofgamma photons)and has diffised to the ground.
At relatively short downwind distances, the semi-in-
finite model overestimates the dose for ground-level
releases during stable meteorological conditions and
underestimates the dose from elevated releases. It is
suggestedthat use of the semi-infinitecloud model be
limited to calculations of dose beyond 10 km if the
release is elevated (Wenzel 1982) or that a “finite”
plume correction factor be applied to calculations of
close-indoses(Strenge1980).The finiteplume model is
preferred under most conditions and is available in
several computer codes (RSAC-3,Wenzel 1982;SUB-
DOSA, Strenge 1975). Codes using the semi-infinite
model are also available (EXREM HI, Trubey 1973;
RSAC-3,Wenzel 1982).

Immersiondosemodelsusuallyprovidea doserate at
the body surface. For the purpose of calculating an
immersiondoseadditiveto whole-bodydose from other
sources, a dose at 5-cm tissue depth has been recom-
mended (NBS 1954,NRC 1977).Total body dose at 5-
cm tissuedepth maybe calculatedfrom the surfacedose
as described by Strenge (1980). ICRP 30 calculates

whole-bodydosefrom immersionby a differentmethod
(Poston 1974),whichis also appropriate.Gamma doses
to other organs from cloud immersion do not vary
greatlyfrom the whole-body(5-cm)dose,as observedby
Strenge(1980).If skin dose is the major contributor to
dose (airbornebeta or weak gamma emitters), the skin
dose shouldbe the sum of surfacegamma dose and the
beta doseat a depth of 7 mg/cm2(NRC 1977).

Ingestionofwatercontaminatedby accidentalrelease
of radioactivematerial to nearby lakesand streams is a
possiblesource of dose. However, neither ingestionby
the drinkingwater pathway or by the cow-milk-human
or crop-food-humanpathwayshave been confirmed to
be major contributors to dose from a credible DBA.
Althoughit appears unlikelythat ingestiondose would
approach the limits on radiation dose proposed for
Chapter I of DOE Order 6430.1,guidanceon ingestion
dose is discussed in this appendix on the assumption
that ingestion dose may fall in the category of “other
consequencesto be considered” (Section V.G. of the
Guide).

The accident leadingto ingestiondose is assumed to
be a grossleakofa liquid contaminated with radioactive
material, such as tritium, into nearby lakes or streams.
An internaldosimetrymodel such as the GI tract model
of the ICRP (1979)is suitable for calculatingdose ftom
direct radiation of the GI tract and metabolic transfer
from the small intestine to other organs. INREM II
(Killough1978)is a suitablecomputercode for calculat-
ing ingestiondose conversionfactors.Dispersionof the
radionuclidescan be estimated accordingto Regulatory
Guide 1.113 (NRC 1977A);doses ftom ingestion of
contaminated water can be estimated accordingto Reg-
ula.to~ Guide 1.109 (NRC 1977B).An acute liquid
release model for tntium and other radionuclides has
been prepared for the Savannah River Plant by Huang
(1983).
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Several computer codes containing the primary in-
halation dose models have been used to calculate in-
halation dose from radiologicalaccidents.These codes
and their major featuresare summarized in Table F-I.
The objectivesof this effortwere to

● @in experiencewith the major codes now in use
elsewhere;

● calculate doses with codes of similar capabilities
usinga semistandard set of input representativeof
major postulatedaccidents;

. intercompare results from these codes to detect
major differenceswhich might lead to inconsisten-
ciesin the sitingand major designfeatureprocess;

● identifi code5considered most use~ for a~ident
analysis;and

. identifi the codes written for chronic dose a55e55-
ment whichare adaptable to the accidentcase.

Results of this effort are preliminary and are sum-
marized in the followingsections.

Standard input for the codes listed in Table F-I was
compiled for two postulated releases:an instantaneous
elevated (p.@ release of 239Pu02and an 8-h ground-
level release of mixed fission products. Those codes
capable of dispersion calculation were provided com-
mon meteorologicaldata and depletiondata. Other data
such as particle size, uptake time, and dose accumula-
tion time werealso common.

* .
&

Results from dispersion and dose calculations are ,-
presented in Table F-II. Those codes only capable of
dose calculationwere supplied with a common ~Q (at .*
10000 m) from which to calculateorgan doses. These
resultscan be summarizedas follows:

● The cause of a problem with the elevated dis-
persion calculation by the HADOC code was not
readily located;RSAC-3and DACRIN ~Q values
were in good agreement;and CRAC-2~Q values
were low by a factor of 4 for the ground-level
releasebecausean expansionfactorproportional to
the time of releasewas includedin CR4C-2 but not
in the other codes.

. Lung doses were in good agreement among
HADOC, RSAC-3, DACRIN, and ICRP after
quality factor differences were accounted foq
CRAC-2and INREM II were unaccountablylower
in PU02dose.

. Bonedoseswerecalculatedwithin factorsof2-4 by
all codes except CRAC-2, which was unaccoun-
tably lower.

. Liver doseswere in good agreement(a factor of 2)
among HADOC, DACRIN, ICRP, and INREM II.

. Thyroid doses were not valid in this comparison
becauseof poor choiceof radioiodineamounts.

Experience with these codes (HADOC, DACRIN,
ICRP, and CRAC-2at Los Alamos and RSAC-3by D.
Wenzelat INEL) showedall wereadaptable to input for
this simpleaccidentcasewith the exceptionof CRAC-2.
CR4C-2 waswritten for analysisof health and environ-
mental consequencesand mitigationeffectsrelated to a
nuclearreactoraccidentand is too largeand complexto
allow the dose discrepanciesnoted above to be readily
reconciled, nor is the code amenable to running a
simplifiedproblem.

*
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x/Q (dm3) Whole

x 10-1’J 4.0 x 10-17 1.9x 10+
(2.7X 10-7)b (9.OX10-14) (4.2X 10+)

RSAC-3n 2.8 X 10-7 3.1 x 10+ 4.4 x 10-s
DACRINS 2.7 X 10-7 2.6 X 10+ 4.6 X 10+
CRAC-2’ 1.9x 10-7 ... 1.4x 10+

(2.7X 10-7)b – (2.0x 10-s)
ICRP (2.7X 10-7)b – (1.0x 10-’)
INREMII*’ (2.7X 10-7)b -- (2.8X 10+)

G

6.5 X 10-8
(1.5x 10-’)
1.3x 10-’
7.9 x 10+

—

(3.1 ;10+)
(8.7X 10+)

3.9 x 10-8
(8.8x 10--s)
1.7Xlo %
3.7 x 10+

—-

(6.9 =10+)
(3.8X 10+)

X
x 10+ 0.19 4.5

DACRIN 4.6 X 10+ 0.40 3.3
cIuc-2 1.2x 10+ 1.6X 10-2 0.62

(4.6X 10+)b (6.1X 10-2) (2.4)
Imp (4.5x lo+)b – (6.3)
INREMIIC (4.5 x 10-y – (6.0)

4.3 —-
3.1 —
2.3

4.1 x 10-2 :
(0.16) –
(3.7) –
— —

—
—
—
.—
—
—
-.
—

7.3 x 10+
2.7 X 10+
1.4x 10-’
2.9 X 10-3
(1.1x 10-2)
(1.8X 10-2)’
(2.5X 10-2)d

‘ c u QF= 10 =

INREM11dosefactorst K
Unrdkticdh low).
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INTRODUCTION

Potential for dispersingradioactive material into the
environment could affect both the site selection and
major design features of a nuclear facility. Long-term
radiation dose to the population in the region, major
cleanupcosts,and lossof production at nearby facilities
are potential consequences. For the purposes of the
Guide, it is assumed that contamination would be
cleanedup to acceptablelimitsand long-termdose from
residualcontamination would not be a major concern.
Lossof production at a nearby facilityis a site-specific
matter not easily handled in a generalized guidance
document. Therefore, discussion has been limited to
decontaminationcosts,which have receivedonly mini-
mal attention in most accidentanalyses.This appendix,
althoughreflectinga generalshortageof specificdecon-
tamination cost information, may be of help to the
analyst when environmental contamination concerns
are considered.

II. DECONTAMINATIONPARAMETERS

A. R

-%
.

Determination of which radionuclideswould be im-
portant if the environment wereseriouslycontaminated
by an accidental release depends on original amount
radioactive half-life,and dose conversion factor of the
radionuclide.Methods of determination are discussed
in SectionV.A.1.of the Guide.

The originalsourcestrengthprovidesan indicationof
the severity of the spill or release. Decontamination
costs are generallyproportional to the contamination
surface concentration, which is proportional to the
amount releasedat the source(Finley 1979).

The chemical form is important because decon-
tamination methods depend on the decontamination
factors. Ability to remove the radionuclide affects the
cost of decontamination; that is, a surface could be

decontaminated by physical or chemical cleaning or
totally removed, such as removing a section of pave-
ment withjackhammers.

D.

The dispersalmechanismdeterminesthe distribution
of the concentration levels to be expectedand the uni-
fomlity over the contaminated areas.

E. Evacuation

Short-term decisions on which areas to evacuate or
restrict usage affect decontamination costs. Security
needsand costsbefore,during,and perhapsafter decon-
tamination depend on the land use pattern and con-
tamination levelsinvolved.Even after extensivedecon-
tamination, some contamination will remain in the
environment. Surveillance to follow long-term move-
ment through the food chains may be needed. Land use
before decontamination may be restricted. Certain
crops, livestock,and produce (milk, for example)could
be purchased and disposed of. Livestock foragingmay
be restricted from some areas.

D

The decontamination factor is the amount of radio-
nuclide per unit area before decontamination divided
by the amount remaining after decontamination. A
largevariety of decontamination methods is available,
rangingfromcarefulhand scrubbingto wet sandblasting
(Fore 1982,Chester 1981).Usually the simpler, inex-
pensive methods work for large areas. Removal and
disposalof a surfacemaybe more cost effectivethan its
decontamination, as is the case for soil (Menzel 1971,
James 1973).Decontamination data for radionuclide
chemicalforms encounteredare needed for a variety of
surfaces and liquids. Table G-I provides examples of
decontamination factors developed for PUOZ(Wenzel
1982).

G. Economic PopulationInformationfortheArea

The building replacement,land, and crop valuescan
be obtained from US Department of Agriculture
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TABLE G-I. DECONTAMINATIONFACTORSFORPuOZ’

GeneralDescriptionof Method DecontaminationFactor

2

4
d

2
100

2
300

.

100
30
50
10

W 1 F 1 M 1 J 1 M 1 S 1 1 W
1

economists.Dependingon the depth of the analysis,an
economic activity assessment of the area would be
needed to estimate evacuation and land use denial cost
estimates. The accuracy of the analysis in general de-
pends on the quality of the population density data for
each contamination leveland land use typechosen and
the detailofmonitoringperformedbeforethe operation.

D E

Wastedisposalis a major cost. Whethersolidwasteis
retrievable (>100 nCi/g transuranic) or nonretrievable
determines the waste disposal method. Liquid wastes
will also be disposed of differently, depending on the
level of contamination. Worker radiation dose is
directly proportional to radionuciide concentration in
the waste. Packagingand attendant cost is related to
waste radionuclide concentration. The transport dis-
tance for offsitedisposalshouldbe considered.

The basicdecontaminationtasksand costsdependon
land uses of the contaminated area. Table G-II is a
generalized listing of typioai land use types for
agriculturalareas, town, and central city. Tables G-III
and G-IV give building parameter and land use frac-
tions helpful for cost estimation. Detailed analysis
would require site-specificdata rather than the gen-
eralizeddata in TablesG-II through G-IV.

D

Decontamination cost/unit area or per capita tables
for each land use pattern (agricultural, town, central
city) and decontamination level should consider the
following:

●

●

●

●

●

●

●

initial radiologicalsurvey of entire contaminated
area;
land usedenial and producepurchase;
perimeter,urban, and long-termsecurity;
radiation surveys-precleanup, during cleanup,
finalcertification,surveillance;
decontamination tasks and costs for each land use
area;
restoration of topsoil and fertility, lawns, streets,
buildings,property,and recreationalpotential;and
onsitedecontaminationand restoration.

For illustration,Table G-V givescostsof three land use
areasand three decontaminationlevelsas DFs for PU02
contamination.

d A
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a

Townor
Rural Satellite Central

PopulationandLandUse Agriculture City City

Populationdensity(people/acre) 0.01 3.0 16.0

Landuse(fraction/acre)
Single-familyresidences
Residences<6 floors
Residences>6 floors
Commercialbuildings
Publicbuildings
Parksandcemeteries
Undevelopedland
Agriculturalland

b

--
0.05
0.1
0.8

0.3
0.1
0.05
0.1
0.05
0.2
0.1
0.1

0.2
0.1
0.1
0.2
0.2
0.1
0.5
0.05

b

TABLE G-III. BUILDINGAND DWELLINGPARAMETERESTIMATES

S S

story) Building

Buildings/acre
Families/acre
Lotsize(ftz)
Streetarea(ftz)
Driveway/parkinglot area
(ft’)
Floorareaperfloor(ft’)
Numberof families/floor
Openareaandlawn(ft’)
Interiorhorizontal
area(ft’)

1
1

40000
3560

1000

1
36500

2500

5
5

7260
1450

300
2000

1
4960

2000

5
30

7260
1450

2600
2

2000

39000

5
60

7260
1450

3260
2600

2
1000

78000

5
0

7260
1450

3260
2600

0
1000

78000

from particulate deposition. Some assumptions are
0 needed for the nonhomogeneityof close-indeposition.

m can be c

Y
— c
k c

B. Isopleth/LandUse Category

The contamination isoplethsand the 80-kmgrid can
be scaled and overlaid on topographical or Landsat
maps (see Stephen 1979) to estimate areas of un-
developed,agricultural,suburban,commercial,or other
land use patterns. Once the fraction of each land use
type is estimated for each isopleth, then population
census data can be used to estimate the population in
each land use fraction.
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TABLE G-fV. BUILDINGTYPEAND LAND USE FRACTIONESTIMATES

*
AreaPlus Occupied .-%

LandUse Type (m2) Driveway Lawn byBuilding ~.

Ruralsingle-familyresidence’ 4047 0.11 0.84 0.05 *
Suburbansingle-familyresidence 809 0.20 0.57 0.23
<6-Storysuburbanapartment

-
809 0.47 0.23 0.30

>6-Storysurburbanapartment 809 0.54 0.12 0.34
Commercialorindustrialarea — 0.50 0.05 0.45
Publicbuildingarea — 0.50 0.20 0.30
Parksandcemeteries — 0.05 0.90 0.05
Undevelopedandagricultural” —- 0.025 0.95 0.025

C. AccidentDecontaminationCost

The total cost for the accident in dollars can be
calculated by multiplying the area within an isopleth
land use category(mz)times the decontamination cost
per unit area and contamination level for that land use
category(dollars/m2)and summing these for each land
use category and isopleth. The total cost can then be
adjusted for inflation for the year of concern.
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