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I, David D. Ed, being duly sworn, hereby state as
follows:

I provided written direct testimony before the
Licensing Board in the above captioned proceeding. A
portion of that testimony reads as follows:

The factors for dose committment reduction

afforded by sheltering are derived from

the EPA report entitled "Protective Action

Evaluation Part II, Evacuation and Sheltering

as Protective Actions Against Nuclear

Accidents Involving Gaseous Releases" (EPA

520/1-78-001B). If the predominant type

of structure is unknown or of a mixed type,

the dose reduction factor used for sheltering

is a conservative value assuming a single-story

wcod frame building, the least protective type

of sheltering provided by a permanent structure.

As it was brought to my attention by the Memorandum
Regarding Official Notice of the Licensing Board, dated
September 20, 1983, it has become apparent that this portion
of my testimony requires clarification.

The referenced EPA report is actualiy the second

of a two part report: "Protective Action Evaluation Part I,



RSN —

the Effectiveness of Sheltering as a Protective Actior
Against Nuclear Accidents Involving Gaseous Releases, (EPA
520/1-78-001A)" and "Protective Action Evaluation Part II,
Evacuation and Sheltering as Protective Actions Against
Nuclear Accidents Involving Gaseous Releases, (EPA 520/1-78-
001B)."

The above quotation from my testimony was in the
context of my discussion of a standard operating procedure
which is used by the Illinois Department of Nuclear Safety
(DNS) for deciding between evacuation and sheltering. The
methodology used in this standard operating procedure is
derived from Part II of the EPA report. The procedure
closely parallels the logic detailed in the diagrams on
pages 3%a and 39b of Part II of the EPA report. The math-
ematical formulae in our standard operating procedure call
for input of the dose commitment reductior. afforded by
sheltering. We attempt to provide the sheltering input
whenever possible based on data gathered in local surveys.
(In fact, the above referenced standard operating procedure
utilizes such empirically derived data when addressing
sheltering versus evacuation scenarics at the four operating
nuclear generating stations in Illinois. A sgimilar Jata
base will be developed for the Byron station by the time the
site specific volume of the Illinois Plan for Radiological

Accidents for Byron is completed.) However, if such data is



not available, DNS will utilize a dose reduction f _tor
assuming a single story wood frame building, the least
protective type of sieltering. The factors for this input
can be found in Part I of the EPA report.

I used the term "single-story wood frame building" to
indicate a wood frame building with no basement in which the
only attenuation is provided by a single layer of roof and
ceiling materials. See page 16 and Table 3 at page 18 of
Part I of the EPA report. As indicated at the referenced
pages, the attenuation factor for =zuch a structure is 0.9.
As indicated in Figure 26 at page 72 of Part I of the EPA
report, that attenuation factor translates intc a dose
reduction factor of about 0.6 (based on the parameters
presented in Table 6 at page 52.) Thus, the dose reduction
factor we use in the circumstance described above is ap-
proximately 0.6.

There also may be some confusion concerning my use
of the term "conservative" in the above-gquoted part of my
testimony. As I stated in my testimony, the policy cf the
State of Illinois favors evacuation as a protective action
since it reduces dose commitment to zero if timely achieved.
Thus, when unknown or highly variable factors are present,
assumptions are made consistent with the State's policy. If
the predominant type of structure is unknown or if there is

a significant mixture of structural types, the dose re-



duction factor for sheltering used is that of a single-story
wood frame building. This assumes the least amount of
protection and thus assumes the greatest possible exposure
from sheltering. The use of this assumption in the standard
operating procedure will favor evacuation, and thus the
assumption is "conservative" under most circumstances. The
EPA report does not refer to this practice as conservative

nor does it recommend any policy such as that adopted by the
State of Illinois. Any inference that the EPA report endorsed
our practice as "conservative" was unintentional.

It should be emphasized that this "conservative"
approach is applied only when the type of sheltering available
is uncertain. We do not anticipate the necessity of using
this assumption at Byron since, as previously indicated, we
expect to obtain data regarding the types of structures in
the Byron area.

To the best of my knowledge, the foregoing is true

and correct.

D) O £

David D.

SWORN AND SLBSCRIBED
to before me this 104h

day of petsfwn — , 1983,

e ’Otary Public
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POREWORD

The 0ffice of Radiaciom Programs carvies out a naciocnal
prograa designed o evaluate the exposure of maan to ionfzing
and nonionizing radiacion, and to promote zhe develcpment of
controls necessary to protect the public health and safecy
and assure environmental qualicy.

Office of Radiation Programs techmiczal reporss allow
comprehensive and rapid publishing of the results of iacra-
zural and comtract projects. The reports are discribuced co
groups who have ikmown incerests in this type of infsrmacicn
such as the Nuclear Regulatory Commissiocn, the Departzent of
Energy, and Stace radiation control agencies. [hese reporss
are also provided o the Natioumal Technical Iaformacicn Service
in order that they may be readily available zo the scieazific
community and to the public.

Comments on this revort, as well as any aev informacion,
would be welcomed; they may be sent to the Direczor, Zaviron-
mental Analysis Division (AW=-461), 0ffice of Radiacion ?Tograms,
U.S. Eavironmental Proteccion Ageacy, Washingtonm, D.C. 20460.

Deputy Assistant Adainistrator
for Radiation Progranms




PREFACE

The material comntained in this repor:t was sponsored by the
U.S. Eavironmental Protection Agency under the technical guidance
of Mr. J. Logsdon of the 0ffice of Radiatiocn Programs, Znviron-
mental Analysis Division. 3ased on a ;tudy to assess the
application and utility of sheltering and evacuation as specific
protective aeasures -u the event of accideatal releases of zaseous
radicactive material from suclear power plants, this repor: is

the first of two that deal specifizally with the effectiveness of

public shelter structures.

The second report evaluates both sheltering and evacuation
protertion zeasures {rom the standpoiat of providing technical

guidance in formulating emergency planning procedures.

The purpose of this contract repor: is to provide a ﬁcchnical
basis for EPA to cevelop guidance with regard to actioms to protect
the public from accidental airborne releases of radicactive =macerial
from nuclear power facilities. The information in this repor:s should
not be coustrued as guidance from ZPA to State and local officials
in development of their radiological emergency response plans. Such
guidance will be published in the "™anual of Protective Action Cuides
and Protective Actions for Nuclear Incidents,” currently under de-
velopment by the EPA 0ffice of Radiacion ?rograms. The Zavironmeatal
Protection Agency is =aking this repor:t available as a source of

technical iaformacion.
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I. INTRODUCTION

Iz the event of an airborne release of radicactive material from a
suclear powver plant accidenc, sheltering of individuals (s an iapor.an:
consideracion in emergency proteczive actionm planning as it zay be 1)
an effective zeans of significantly reducing radiation dosages; 2) tie
only practical optiom in view of possible tize and logistic comstraiacs.
Moreover, 208t necple iz urban areas, for exazmple, spead 75 percen:z of
their time indoors.

This repor: describes an analysis 0 estizate the effecciveness or
benefic cthat might be derived from shelrerizg following a release of

gasecus fissicn producss from an operating nuclear power staticn. The

objective of this effort is the development of sheliering effectiveness

information that could provide general guidance %o those responsible for
forzulating required emerpency plans for auclesr pover plant siting.
Accordingly, the approach zaken here does zot lesd itsel? =o tle specific
evaluacion of shelzar structures invelving decailed descripcions and
operacicnal scemarios; but racher focuses zore sroadly on what are deemed
t0 he the esseantial parameters and cheir variacticns, ard the general
characterisctics of szall and large categories of shelter scrucsures
available to the public. Shelter effsctiveness as rafer—ec to {a zhis
report is cthe ratio of the dose thac may be iacurred wich sheltaring
conditicns to that without sheltering in the open, speciiically defized
as the dose reduction factor (DRF). ODRF estimacas for 4iffereat con=
dizions of source release, sheltar scriczure assumptions, anc operaticmal
Cize parameters are made Sor hozh whole=-o0dy and tayroid doses separacely,

based on a single-comparzzent strucsural szodel of the tize-varying ouc=-

side and inside gasecus radionuclide sourzes af &Typton, xeaon, and iodiae.

Design basis accideanz (DBA) dssumptions are zade for the gaseous
fadionuclide release "o define che eroportion of rare gases and radia-
iodines. The zagnitude of the relaase ind Zose ascimaces are Sased on
Tadionuciide data from The fecoTor Sty Smidy (WASH-1400) (1]. Howe
ever, ilnasmuch as cthe ORF, as defined azove, is :he ey index used =9

characterize the affectiveness of sneltering, iz is act sensitive 25 che

T — | c——. I S— -




abscluta source relsase aagnizuce (nsofar as an approxizacze Proporsiocn=-
alicy is zaincained amoug the ladividual radionuclide soursas. Sourcs
release time and duracion Assumptions are related to release categories
§iven iz Ref. 1 as PWR 1, PWR 3, and PWR &, for which release tizes

range from 1.5 20 2.5 hr and thae release duration ranges from 0.5 to 3 hr.

The basic shelter model characteriscics considered ara gamr . ray
attenuation, source gecmetTy, gaseous fission=produc: ingress, and air
change ~ate. Numerical values used for DR? calculations are based on
a lizerature raview and some dssumptions that are zade vhers data are
sparse or lacking.

Temporal paramectars considered are source Telease tize and duratiom,
cloud travel time, and tize spent in tle shelter strucsture. These para-
Becars are used o llluscrata the semsitivizy of sheltering effacziveness
£2 variacioms ian paramecer values. Also, the analysis of sheizer effective-
ness L3 dased on a tize-frame model, vhich can be couveniently relaced
to other operatiocnal tizes imporzant for exergency planning (e.g., in=-
formation tize-delay and reaccionm tize) required to accomplish the pro=-
tective action=—in this case, sheltering. Ia additiom to develcoping
shelzer-effectiveness escizaces parametrically, the advancage of exiting
and evacuaring che vicinicy of the shelter area after some inicial tinme
in the shelter ir analyzed from zhe standpoint of the DRF and temporal
considerations.
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RADIONUCLIDE SOURCES

Tabla 1 gives the radionuclides and associated daca used ia this
study to sizulace a fissico-product releass of the rarea gases (Xa and Kr)
and che significant radioiodines. The Xe, Xr, and [ radionuclide sources
and parazeters shown ace essentially the same as those given in WASE-
1400, Appendix VI (1], with the exception of fe-133m and Xe-135m, which
have been added for completeness only, since they would not affect resul:s
significancly.

Fission-produc: source iaventory dara based om QRICEN Code calcula-
tions (2] vere used :o astizaze the Xe-1llm and Xe-l315a sources liszed
in Table 1, based on a $50-dsy irradiacion pericd (same as Ref. 1).

Since the decay half-lifs of Xa~1315z decaying 2o Xe-135 is shors (15.5
min) considering the times of intarest (hours) iz czhis study, the esti-
mated shutdown zero-tizne Xe-L135z {aventory vas added 2o the fe=121S
souTce ou a wass dasis and converzed o Xe-115 on an activicy basis,
waich increases to 0.27 CL instead of 0.26 Ci given for Xe-135 iz Ref. 1.
The =atastabla decay half-life for Xe=11] is by comparison appreciabla,
and oo sizilar adjusctzent for the Xe=-11] sourcs ilavenzory vas zade.

The average decay gam=a energias lis ed in Table 1 for the =etastable
Ia radionuclides were taken from Ref. 1 (pp. 32-33); the whc ' e=dody (WB)
cloud gamma-dose factors, from Appendix D, wf. 1. These dosa factors
for the ground-vy (surface deposition sourza) do =0t take gTound rsughaess
{azo effact (such as a factaor of 2). The estizacad effactiveness values
in terms of a dcse-reduction faczor would not de aifected significancly
vhetler or 2ot the ground roughness adjustment were iacluded.

An estizace of the average gazma decay emerzy was zade Ior the
source anuclides %0 serve as a guiie {2 1) estizacting gamma ray atzsnua-
tion factors for shelcear strucsuses acd also iz 2) =akiag estizatad
adjusc=ents for {inice source geomeczries of cloud-source volume and
cenctaminacad Iloor-surface spaces inside the stTucture, siace tle dose

faczors for cloud-y and goound=y apply o infizite sourcs gecmecTies
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Table 1

RADIONUCLIDE SOUNCE DATA

Half-Liie

Source

Average Gamma

Dose Factors

Nucl it de () | (Curtes 1 108) | Encrgy (Mey) [‘;'.‘:“!‘ e | et g I?Zf;:?
PO - o {C1/n’) (c1/m’) | (rew/C1) | (rem/ct)
Kr-85 93, 600 0.006 0.0 0.0 0.9 0.0 0.0
Ke-85m 4.32 0.26 0.16 0.7236

Ke-t7 1.27 0.52 0.82 0.3

K- td 2.70 0.76 2.21 0.42

Xe-13) 127 1.7 0.08 0.007

Xe- 1) 0w 55.2 0.04* 0.2y 0.0075¢

Xe-1135 9.12 0.27% 0.26 0.06

Xe-135m 0.27 0.274 0.52b 0.0972¢

-1n 19) 0.85 0.9 0.09 2.8 2,600 | y.47x10%
1-132 2.4 1.2 2.3 0.55 17 1% | 5.3a0"
1-15) 21 1.2 0.63 0.12 1.7 520 | 3.96x10°
- 134 0. 864 2.0 2.4 0.6 16 0 | 2.sx10
135 6.72 1.5 1.45 0.42 12 290 | 1.23x10°

‘unuud on Refs., | oand 2.,

b

Ret. 3.

Hel . 4.

————
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(discussed below, p. 12f.). The avarage gamma decay energy was estizatad
to be V1.2 MaV, based on the following simple weizghting relationship:

< 201 g (! ) .
> ZQJH (! .

wvhere Q‘1 and !1 are the radicnuclide source aczivities and zamma energies,

Tespectively, lisced in Table 1, and u‘(zj) is the gamma-ray lizear ecergy
absorptisz coefficient as a functiom of emergy for ais given in Raf. §.
The estizace of che average gamma ray acergy was based on a suzmation Jver
all che radicauclides shown iz Table 1, wizh the exception of fe~l3S5m=—
agaiz because of its short half-life for the tizes of inceres:t ia :his
study. The gaseous radicnuclide data %in Table 1 ars used =2 estizacte
shelzar effactiveness {a dose reducziom by summing each nucliia comcribu~
tion (assuming single radicnuclide decay) o cbtaia the umproractad (ous=
side shelter) and procected (izside shelzer) dose. Desizn bSasis assuzptions
(DBA) are made for the sourze release—100 percent of the uoble gases and
25 perceat of the radioiodines available for relaase.

SHELTZR STRUCTURE MODEL

A sizplified approach rather zhan a detailed investigation wvas
adoptad 0 account for those factars that aight comsriduta £I the Dene
£.2s of seeking strucsural shel:er iz the event of a gaseous, radisac:ive
fission-product ralease from a nuclear sover facili:zy accident. Thae
Teascus Ior taking this approach are as follows:

1. Explicic consideratica of 4ll types of possidle structures
that zay be available for sheltar——single-family dwellings,
apartaenc bduildings, office buildings, subways, tuanels,
fzecories, and venicles, et:s.-—would require an analysis
beyond tie scove of :ais effor: hecause of the large varia-

Billizy {a :he paramecers :lat cetarmine affacziveness.




2. In zany instances, reliable parizecer dara 2vs sot available;
€.3., the actual che=ical/physical fors of the "gasecus"
constituencs at some discant poiat from zhe source release
and the ingress of, ia particular, radioicdise i{ato shelcar

structures.
3.  The zain purpose of chis study is best served by providiag
overall tezhnical guidance information as to the effactiveness

of using a shelter struccure based om some assumed comditiocms
for shieldizg and venrilaction races wizhout specifically focusing
on detailed physical descripcticm znd analysis of shelter scruccures.
After a review of cthe literature dealing with the kay parazecars of
this study's sixplified model (in keeping vith che above reasons),
calculazions were performed using parametars selected to sizmulace
what cthis study classifies as "small" and "large" structures (5SS
and LS) zo illustrate the relative effecciveness 4f typical siagle-
family dwelliags and of larger structures such as office buildizgs,
auditoriums, apartment complexes, ezz. Ia develcoping the shelzar aodel,
consideracicn was ziven Lo account far cthe fallowing possible avezues of
axposura o shelter imhabicancs:
° Extamal <3 dose from airborme radicactive azaterial Soth

Outside (shielded) and inside ‘unshielded) the shelzer

stTucture.
-] Inhalacion W3 and thyrsid dose frem airdorne radicactive
Racerial inside the shelter struccture.
° External WB dose from radicactive fallout zacerial daposited

both outside (shialded) and imside (unshialded) the szel-er
stTucture.

Ia chis scudy, beta skia dose vas noc <onsidered, as i: is assuzsed
€0 be of secondary iaporzance as compared with WB and thyroid dose con-
siceracions. The extarnal W3 doses (cloud=v and fallout-y) are cased
soiely on radicnuclide~dezav gamma radiacisn iz which boes shelcar-
Structure actesuacion anc fiaiza source gecmecTy fac:iors ara iacluded

L2 the 2wdel as discussed selow.




The entry of outside wirborne radiocactive cloud material is assumed

eo'bc dependent on the shelter-structure veantilacion race (forved, natural,
or boch) assuming constant homogeneous aixing based omn sizple on.=compars=-
ment outside/inside air exchange. This type of stirred-cank aixing and
ven:zilacion zodel has deen -ppliad in scudies of the relacionship between
indoor/outdoor pollucancs (e.3., NO, mz. €O, and 03) and has predicced
concentration versus tine profiles that are similar %o those zeasured (6].
The radioiocdinae fallout deposi:ion inside the shelter is then also assuszed
to be dependent on the ventilation rate as vell as the fallout depositicn
velocity; these aspects are also discussed bSelow.

Sheltaer Struczure Ventilation

A rev.aw of licterature on veatilation rates of homes and duildings
indicaces a wide variety of air change esctizates rangiag anyvhers from
0.1 22 6§ per “our for single-family dwellisgs o ~l to 9 changes per
hour {or large stiuctures. The wide ranges are, of course, due 23 the
various types of comstructisn——wvhether the portals and windows wers
shut or sealed, and such environmental factors as wind speed, tempera~-
cure differential, and humidicy. Also, in some instances, LI was aot
clear whether air change rates included incernal forced-air systeus.

A review by Handley and 3arzon (7] of published infor=acicn om
home ventilation races resultad in their sugges:cing the use of tie range
from 0.5 to 1.5 air changes jper hour for homes and 2.0 air changes jer
heur {or aodern high-rise apartment duildings. A check with commersial
home air-conditioning and heatiag veadors seems o gezerally suppors
those rTecommeniations. For example, usually a 4-com (1500 ciz) umi:z
is Teccmmended for a UOO—-f:z siagle=-family cwalling with fzom 10= 22 -
20=percent outside air =akaup. Such an inscallation resul:zs iz frzz: 0.3
to 1.6 air changes par hour with outside air. Of course, soze sysctams
are iascalled for complaze {aternal recirculaticn with no outside ais
Rakeuo other than nor=al expeczed strustural leaakage.

Municipal code requiramencs Ior bSuilding ventilation ratase_ar7
high-rise office duildings, large aparc=sn: coz=plexes, audicoriuzs,
eZC.~al50 seex= IO support the valie 0f TWO ai: changes per Rour as

-

suggesctad Sv Handlay and 3acsen (7). Tor example, a chaeck ‘rith tha




Health Division of the Los Angeles Cizy 3utldiag and Safaty Deparcsent

(8] tadicated {nternal air cumover tize of from 5 zo 10 min depending ) .

on occupaacy Tequirements, wich a Tepresencacive value of abour 7 ALy -

wich 15 percent outside air makeup as a comfort-level requiremenz—

vhich corresponds o 0.9 and 1.8 air changes per hour and +1.31 air changes

per hour. CQnstdotin; the above data, the rates for siagle~family

dvellings and large scructures are generally comparable, dssuming incermal

forced-air syscems. )
Ia cthe absence of forcad-air vencilation Syste=s, home and building

4ir change rates would be expected o Vary much more widely--as indicated

by the published daca exazined by Handley and Barzon (7]. This conelusion

»8 also supporzed by observations of Tocom, €2 2l. (9] whe notea that

particulace pollutane levels are lower ia public bulldings than ia hozes,

The ASERAZ Zancboux of fundcmenzals (1] poiats to the lack of published

daca on air change rates for differenc Suildings, exclusive of air Jro=-

vided for venrilacion, whea utilizing the air change zethod for escisa-

tiag Lnf:l:ra:iau. requires experianca and judgzenc. Tabla 2 gives dS3RAZ

fancBook values thatr 2ay be used wi:zh reasonable Precisicn iz =aking

Lafiliracion csci:a:cs for residences with dififerenr room condizicas.

Tadla 2

AIR CLANGES TaXING 2LACT UNDER AVERAGE CONDITIONS 1IN RESIOENCES,
EXCLUSIVE OF AR PRCVIDED FOR VENTITATION

Nuzber of aAir Changes

1 -
Kiad of Reom or Sulldizg Taking ?lace per Hoyr 4

locms with ao windows or extarior doors 1/2
Rooms wizh windows or exterior doors con ome side
Rooms with wiadows or 2xterior doors on two sides /2
Rwoms with viadows or excerior docrs on three sides

Eatrance halls

~N N e -

‘?or Tooms wizh veatherstiripped wiscdows or with sCorm sasa, use IwWo-chirds
these valuas.

~
The other is che "eTack nezhod” based on Teasursd leakage characsare
istics of zhe Suiliiag components ang selecied pressure iiffavences.




Another approach iz making air change estimates dues 20 uatural
vearilation for houses is given by Coblentz and Achembach [1l], vho suggest
the following empirical relationship im which the air change rate is
proportional to the cutside wind speed and inside/outside temperacure
differencial ({.e., without inside forced vemcilacion):

I (changes/hr) = A + BW + CAT ’

vhers
A = air change rate for W = Q, AT = 0 (0.12 =2 0.18),
B =0.013,
C = 0.005,
W = wincd speed, aph,
T® Tingtde = Touessde' T

Assuming the upper liadc of A = 0.18 and AT = J0°F gives air change ratas
or about 0.35 per hour for a S-=ph wind speed and asous 0.3 far 15— 2o
i0-mph wind speeds, which appears to be somewha: on the low side ccaparea
with other dacta reviewed. This diffsrence, however, 2ay Se due :o new,
vell-puilt houses that made up pars of Coblencz and Achenmbach's fialéd
samples. Iz contrasc, =masured air change races given >y Megaw [l2] for

4 but structure that wvere Zade iz comiumcstiocn with radisicdize pemeczrazicn
experizents wvere substantially higher, ranging anywnera from adcu: 2 per
hour o 3 per hour (the lazter, however, for spen “indows). Az examiza-
ticn of Megaw's data reveals an indiczacion of air=.change-rate properiionzlizy
wich outside wiad speed that, rougaly, was about 0.5 (changes/hr) per
(mai/hr). This figure corrasponds :3 only an "eyesall' sscizaza ‘rem
Magaw's data, which are complicated 5y variactions ia wiad dirsczioa.

Such variacions would give rise to differeat pressura differeacziil dis-
triduzions dus 20 asy=mecric flow pacteras, whiza would affec: zze iatarsal
air change raca.

3ased o°n the above reviaw of air change rates :that 3;WInNC e axpec:a

n

for sirgle-family dwellings (small strucszures) anc various wisdizng
$TTuCIures that could Se usac as temporary Judlic shelzars, valies oF
from C.125 23 J air zhanges jper h0ur were assuzec ia serioraing shalzac-

stTucture effeciiveness calculations. 1t was fel:r :hna: 0.115 zhanges
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per hour might represent relacively "tighe" struccures (eicher large or
small) and chac ~3 air changes per hour ght rspresent a pricsical
upper limic of structural ventilation. 0Of course, as {ndicaced, much
larger values of 6 2o 9 air changes per hour have been Seasured; buc ic
vas felt thar these values would Fepresent extreme cases (e.3., open
vindows or portals), which do not Fepresent practical cases {f good
planning is assusr- 4.

Gaseous Fission=?roducs Iagress

The extant to whica radioiodine will penetrate a structural shield=- *
ing facilicy is dependent on the gross ctighiness of the structure, the
venctilaiion race, fileracion, and che chemical and ,aysical properties
of the released zaterial and the interacting species. Many of these
facets of 2 gaseous fission-product release from a auclear accigent
are currancly unknowu, particularly for radioiodine, which leads to
difficuley ia dccuractely prediccing the ingress of gaseous radicaczive
Racerial into saeltar strucrures. For the rare gases (Xa and Kz), aesc
are willing to accept virtually no effaccive "struccural £ilcering,”
hecause of cheir izertness and stability as gaseous forms. Accordingly,
fa this study oo effective filtering action has been included in esci-
®acting their izrtermal struccure concentracicns.

For che halogens, which ire here assumed to be all raciniodizes,
the case {s mores complicated and suffers froz scarzizy of experizencal
work on indoor/outdoor pollutanc-level relacionships dealing wizh zhe
ingress of radioiodize iaco various pctemcial sheltaring strucsures.
The radiciodines are of course particularly imporsant sourcss due =2
their large conc-ibution =0 the WB dose, as vell as beizg cocally
responsidla for the thyroid dose.

Three aown chmic_al foras of radioiodine sreseat as airSorme
83secus species i(n power-scation areas during and after handling Zefac-
Cive fuel elexments are elemental i{odine (12). hypoidous acid (H0I), and
organic ‘odides (&32). The racio of the ctharee species would depend
on the conditions under which an accidenzal release 3i1zht taka place.
Elemencal iodize is tought o be the prizary fir= ralsased from

uraniuz-oxide fuel. I: aydralyzes rapidly iz watar, generaciag 20I, or




it forms organic fodides through a slower reaction with organic com=
pounds, wizh relacive stabllicy ia air increasing in the following

" order (13]:

Iz¢mI<C831

The actual chemical/physical form of the radioicdine that would be
prasent at soze off-sire point is yet azother questicn; however, pro=-
bably very little proteczion would be offered by a structure agaisss
the i{nzress of 30! and szl. both unreactive gasaous forms like Xe
and Kr (14]. The Recctor Safety Study (1] did consider oth.r possisle
foras of radiciodine tha:r could be released (e.g., HI, Csl, and 2:zI),
Sut comcluded that these forms would not be uajor species as they had
a0t Deen verified experizencally. Ia i:s dose calculacions, ef. 1
issumes, primarily, elemenczal {odine; and, 20 a much lasser extemc,
organic iodide (approxizmately a faczor of 100 lass). However, assuming
elezental iodize release o the atlosphere, comtrolled fiald release
tests [15] iavolviang elemanzal {odize (‘.‘2-131) iadicated a rapid crans-
forzaction in apparent parzicle size from cthe source—-in that che field
sazpling resulcs for the released gasecus product (efieczive XM = 2.;)
ravealad a zuca broader specizum of sizes, closely rese=pling the aor=al
discridution by size, of particles iz the actzosphere («izh am D = 0.4
aicrons,. The above would sugzuﬁ soze effectiveness of shelzar strucsures
in reduciag radiociodize ingress relaased ia the elemencal form, depend=-
ing, of course, on overall iacegricy, veatilation, filzering, ecs.

Zstizaces of radiocicdize iagress inco structures for zhis study ace
Prizarily based on the observaticns and work sf Megaw [l2], which repre=-
sents essentially the only source of published i{afar=acisn applicadle
€3 ™is study; other related, dut 2ot applizable, work (18] 2as 3een
Spensored Dy the O0fIice of Civil Defamse (Defanse Civil ?ra2parecness
Agexcy). Megaw's work orizinatad ‘ram zhe dcsicenczal Wind scale
i2cilent in which {f was estizmaced tha: Zose Tactes inside duild-
23S zay de from abouz l4 zo 28 percent of :those susside. Subsecuent

€xperlental zeasurazents wers zace Sy Magaw iavolviag racisisdize
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releases and a reasonably tight wooden hur, and he concluded that the
tize incegral of the inside concentration (dose) may be from 20 o 30
percent of that oucside, depending om wind velocity and direcsion.

Az examination of Megaw's published data [12]) does not suggesc aay
correlacion of the inside-to-outside dose ratio with either outside wiad
velocity or veatilation rate, probably because of the varying conditiocns
under which zsasurements were =ads; e.3., Deacursments vere amade for
unique secs of wind direction and velocity. A simple statiscical
analysis of cthe data indicaces a procection factor (racis of inside to
outside dose) of 0.51 = 0.12 (pooling the data from two experizents
described). From Megaw's work, hovever, it is not possible to ideacify
precisely the exteat of the radiciodine filtering action or resiscance
to ingress for use in a sizple mixing model such as is assused far cthis
study, even for the test scructure used in the experizea:z, beciuse of
the absence of experizentzal informacion regirding source release tize
and inceasity discriduction and the absence of any correlatisn of zhe
inside-co-cutside dose ratis with ventilation rate. The dose reducsion
faczors given Dy Megaw are therefore effective values tha: would iacluce
any f{iltering or iagress ac:tionm of the shelter scructure used ia the
experZlent plus the specific test conditions and paramecers. However,
€0 taka into iccount what is fel:r to amount to scme gross filzeriag
actiom for radiviodine——vhether assuzed to be due to trappizng or
deposiction in small cracks or openings—the above-mencioned value of
0.51 has been taci:tly assumed in approxizatiag the explici: filtaring

action for shel:er structures.

Radicicdine Denositicn

Shelcer aiffeciiveness escimataes iz this study take into acssune
external <3 dosages from outside and (aside radisiodine source deposi:ticnm,
using estizaces for the deposiczion velocicy, Vz. Values ranging irtom
0.1 to 1 c=/sec were obtained from comtralled eavironmencal radio=
fodine tests zade act the National Reacsar Testing Statiom 4a ldano (15,
For outside radiciodine dezosizisn veloecisy, the feccusor Sarecy Stucy (1)
used a value of 0.5 cm/sec, whizh is also assused < =his study for

suriaces outside a sneliar scrucsure.




Ins(da a sheltar, a value of 0.025 ca/sec was ascumed for che radio-
{odine depasition velocity for the floor surface, based on Magavw's
worz {n whizh he estizaced the inside depositiocn velocity to be only
abous 5 percent of the outside deposizion veloecizy [L12].

Clouc-Gazna Attenuation

The attenuacion of cloud-gamma radiation that aight be afiorded by
building structures has beez estinated by Burson and ?rofio [17]; the
results of cheir analyses served as a guide for estizacing the cloud-
gacma attenuation facsors used in this study. The souzcze dasis for the
arzenuation calculations that vere performed applies to the PWR Category
2 aczident (1l7] ten miles frecm the plant, under average dry meceorological
condictions. Figure Ll shows comparison of zass-path attenuation for
diiferent enmergies based on dose buildup and exponential attenuacticn in
water. Since, for the source energies of interest, mcst of the attenua-
tiou will Ye due to Compton scattering-——where Z/A remains relactively
constant ar aboutz 0.5—water data (mass-pach) are suitadble for applica-
tica to the usual structural zaterials such as wood, concrate, brick,
and aven sctael (l7]. As showm ig Fig. 1, for amass-path thicknesses
of iacarest up 20 S p/c:z. attanuation values—=—parzicularly,
for rmactor-accideat specsTa (ground and cloud scurce) and Co=40=—are
all quictes close. Moreover, slight variatiomns ia the specizum are ot
considered siznificant, siace the higher-energy zamma rays would
be the 203t penetrazing and any differences {n actcenuacicn would zot
apount 0 any :ajor sourcse of uncertainty comnsidering tie other assumpliiors
asce i3 this study.

3urson and Pr3fio's acttenuation faczors (17 used im cthis scudy acs
basad on calculicions assuming a sizmple hemispnerical shell zodel (Fig.
2). Estimates were made of cthe gaz=a attenudtion (wizh the dose poin
at ctae origias) for the porsion of radicacsive cloud 3z:acerial oulsice the
shalter, bSased on numerical evaluacion of the actenuation, A(x), given 3y a

celacicasnip of che fora
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wvhere u‘ and u, ace the energy-dependent gazma-ray absorption coefficiaancs
for air and wvater, respectively; and K and Sv are the spergy-dependent dose-
conversion and volume-source terms, respectively; and 3 is the dose buildup
factor. TFigure 3, a plot of the gamma ray attenuatiom for accidenz ipec:ira
for a = J @ and uR = 3, is applicable for estimating gamma ray attenuation
for structures of a wide variaty of enclosure sizes (effective radii, a),
since A(z) is rtla:.vely mcui:..v. to a, because of the low demsity

of air (1.293 ¢ 10~ n/:a ) 4s compared to structural =aterzal. Also,
very little dose contribution would be expected from cloud sources

beyond about three mean-free pachs iz air; cherefore, ul = 3 (s a
Teascnable approxizacion for an {nfinite cloud source wich regazd :o0

the gamma-radiaition transport comsideratioms ia this study.

The estizaces of gamma actenuation for am outside radicaczive cloud
source that can be zade from Fig. ] depend om the structural assumptions.
For example, for a wooden frame house with roof and ceiling consiscing
of l/4~in. wood or asphal: shingles, 3/4 in. of wood sheathing and
rafzars, amd 1/2 in. of gypsum board, the mass thickress would Se

2 2
1.5 (4a.) x 2.54 (=/ia.) x 0.34 (gm/=”) = 1.2 /="

where A(x) = 0.9. Bettar protec:ica would be afforded by a s=all house
with a wocoden roof and masonry walls. For examole, assuning nall che
18

17 s0lid angle (Fiz. 2) to bSe subctended 5y the walls and the ocher hals

b7 the roof, che overall atsenuation faczor would Se
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0.5 x (0.9) +0.5(0.38) = 0.54 ’

vhers the attenuation for the valls (0.38) s bdased on a vall-mass tSick- i
ness of

é (1a.) x 2.5 (aa/ta.) x 2.7 (ga/ca’) = 28 ga/ea? |

(assuming 8-{a. concrete bricks with a 30=percent void volume).
Attenuation of cloud-gamma radiation for large structures such as .
office buildings and zultistory structures could be significantly azore
than for simple structures such as single-family dwellings. Aztenuaticm of
8=in.-chick solid concTete, either exterior valls or iaterior valls
(e.g., fire-resiscanc stairvells) zay be equivalent o nass thickess
of around 45 o 50 p/az. corTesponding to attesuationm facsors of 0.2
t2 0.17 (Fig. 3). Table 3 summarices Tepresentative cloud=-gazma atfenua=
tion factors for the types of structures noced.

Table 3
REPRESDINTATIVE CLIUD=GAMMA ATTODNUATION FACTORS

Structure Attenuazion Faczor
frame house, no basezent ' 0.9
Masonry house, 20 basemenc a.6
Basement of wood house ’ 0.6 .
3aseman: of aasconry house 0.4
Large office or {nduscr<al Suildiag 0.2 or less

The above values do aot suggest any substantial protecczicn frcm
.external cloud-gamma radiation afforded Sy lighely construcszed, fraze
single~fazi'ly dwallings. Ia chis scudy, hovever, estizates of sheliar-
ing effactiveness were zade dssuming somewhat zo0re substancial Zazma-

atlenuaction protacctiom, A(x) = 0.4 2o 0.9 for small struciures. Tor larze
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stTuctures, sheltar effectiveness estinates vers made for A(x) = 0.05
to 0.2; gamma attenuacion could be even greater, amounting to values
such less than 0.05 for well-protected arsas within large aultiscory
stIuctures. -

The estizated extarral W3 gamma-dose contridutionm from airborae
g§asecus radiocactive material that enters a shelfar structurs is based
ou a finits cloud-source geocmatry correctiom facsor, since infinice
cloud-dose conversion factors (Table 1) are used iz estimacing shelter
effectiveness. The source geometry correction factor is defined as

G(Z,R) = D(E,R)/D(Z,=) ,

vhere D(Z,2) and D(E,=) are gamma doses at the origin of a hemispherical
cloud source for finite and i{nfinice radii, :upcc:ivciy. Values for
G(E,R) based on point-karzel integracion over a hemispherical source
volume {n air, assuming Berger'’'s expression for a dose buildup faccor,
are given in Rei. 18 for variocus energies and sourse radil; values of
G(E,R) are plotted ia Fig. 4. Figure 5 gives finirze cloud-gecmersy
corTection factors frr a couple of gamma emergies of incerest ia this

study, vhere very little difference is seen becween l and 1.25 MeV gzammas.

Siaulation of small and large sheller scrucctures ia this study
assumes effescsive hemispherical radii of 3.4 and 10.] 3 to represent
sheltar enclosures of approxinacaly 4«00 and 3600 f:z of floor area,
respectively. From Fig. S, estinated small- and large-shelter-scructure=-
geonatsy correction facsors are 0.01 and 0.034, respectively. These

values are assured in estizating the effactiveness of shelter structures.

FALLOUT CAMMA-SOURCI ATTINUATION

Considerable analytical and experizental work has beea done 2

deterzine the protectiomagainst fallout-source ga=ma radiacion afiorced
by various types of duilding structures, primarily for civil dJefanse
applicacions. 3urson and ?rofic [l7] reviawed auch of this worik for
applicacion 2o cuclear power plant accideats, and perfor=ed addizicnal
calculacions using the astiod given ia Ref. 19 o estimacte actenuaticon
facsors for soce sizple recsangular sctTuctuces (Fig. 3). Zxperizencal

Tesulls [20-24] generally iadicata protaction factars (PF), ofzan
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referTed to as the recir 'al-ot-a::anu:‘.qn faczor, from 2 to § for a
wood frame home (without basement) and from 3 to 10 for bloek and brick
homes. Most attanuation-factor estimactes for fallout gazma sources in-
clude the effect of ground rcu;hnu.l. which can vary accordingly as
tabulated delow by the Defansa Civil Preparadness Agency [(19].

Ground Roughness Conditionm i Reduction Factor
Smooth plane (hypothetical) 1.00

Paved areas 1.00 zo 0.35
Lawns Q.85 0 Q.75
Gravelled arsas 0.75 o 0.65
Ordinary plowed fiald 0.65 o 0.55
Deeply plowed field 0.55 o 0.47

Many othar aspects affec:t protacticn agaiast fallout sources, ia-
cluding stTucstural zatertals, vall-exposure areas (taking iaco con=
sideracion basements and zmulsilavel dwellings), topograpnical varia=-
ticns (hillside or flac ground level), mutual shielding offered by
Seardy bulldings and scructures, and the intermal locationm withiz a
shelzer stTucture. For exampls, protecsion factors for basements 2ay
Se from 10 2 350; and material shielding of neardy dulldi-gs zay cffer
protection factors of from about 1.7 to 2.5 (25]. Complex strucsurss
such as zuliiscory offizs and apartment buildings offer protectiom
faczors of 20 or zore (away from doors or windows); this facsor s
supported Dy experinental zeasurements [25-28]. Table 4 suzmarizes
Tecomzended attanuaction or raduction factors for some represencative
shelzer structures and also vehiclas [17].

The reduction values iz Table 4 are relative 2o . meter above a
bypocthetizal, unifsra {afiaiza plane of lomogeneous source con-
cantracions. The values iven are only respresentative and aot ¢o Se
fakan as exac:; and as indicacted above, diffarect values will resul:
Secause of wice variacions ia conscrucsional decails and topograsny.

Zstizaces of tle extermal W3 dose from radicisdize fallousz inside

4 shelzer structure are based on a dose deteaczor ?0izt 1 2@zar above




Table 4

REPRESENTATIVE REDUCTION FACTORS FOR SURFACT SOURCZ

Structure and/er Location

Reducsion Faczors

ln above a hypothecical, izfizice, smooch plane
1z abeove ordizary ground
ln above center of 50-f: roadway half contaminaced

Cars, pickups, buses, and trucks on 50=ft road:
Road fully csncaminacad
BRoad fully decontaminatad

Trains
l=- and 2-scory wood frame homes (no bHasement)
1= and 2-story block or brick homes (a0 Saseszen:)

Home basemenc—1 or 2 walls fully exposed:
1l scory, less than 2 f: of basemeat walls exposed
1 story, less than 2 ft of basement walls exposed

3= or 4-story structures, 5000 =o 10,000 ::z per floor:|

First and second floors
Basemenc

Mulcistory scrucctures, >132,000 f:z per floor:
Upper floors
Basement

1.00
0.70

0.35

0.012
0.c0s%

‘A-ay from doors and wizdous.




4 cizcular area for small and large sheltar scructures ia vhich {nfinite-

plana dose-conversion factors were used (see Table 1, p. 4).

Therefore,

a finita-plane geometry correction factor was applied {n calcularing
dosages, defined as

G' ) =DR)/D(=) ,

vhers J(R) and D(e) are che finice plane (radius, R) and iafisiza=plane

doses for d = 1z above the surface.

1 - D(R,=)/D(0,=)

G'(R) =ay also de expressed as

vhers D(R,=) is the place-source dose for source radial dizensions from

R %0 =, and (=) = D(O, ).

given by

3(sz)

- % Blur)
0@ =35, / -

-yT

Vaiei?

"ie

Source streamgti per umit area,

dose-conversion constant,

distance from source plane (1 a),

® gamma-ray absorption coefficient in air,

l+ Curto“

s (3erger buildup facczor).

The dosa D(R) for a £lac plane source is

Integracizg the above cver the appropriate sourze-plane upner lizi:cs

(see Appendix A) yields




s o =(1-D)ud
D(=) —-*[.l(nd)o(_m. ] J

vhare tl(x) is the first-order expomential integral function, and C and
D are the Berger bu.uduv us:or coefficiencs for air given in Ref. 29,
Assuming 1.293 x 10 p/:: for air, calculacicns of G'(R) vers zade

for 0.5, 1.0, mzo&V;mmatotumummotaumm
following data from Ref. 29.

2
gfeal)
Energy (MeV) c D a(;n
0.5 1.6001 1.0094 0.G88
1.0 $:137% 0.05749 0.063
2.0 0.8363 0.0243 0.046

Some results are given below for R = 10 and 3I0m:

| G' ()
inerzy (MeV) l " ] -
a
0.5 0.413 | 0.620
1.0 0.414 ! 0.824
2.0 0.419 ! 0.622

As indicatad above, very li:isle variacion exists f=am 3.3 =3 2.0
MaV; cthe L-MeV values plottzad iz Fiz. 7 are assumed 22 Se Teprasenti-
tive for chis scudy. Agais, assumizg 1.4 and 10.3 = as effaczive
radii applicable for small and large saelzar scructures, vields fimiza-
sourca jeomecry corvec:tion factors of 0.22 and 0.4], respecszively,

vhich are used i{n the shel:zar zodel calsulac<zas.
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TDME-FRAME MODEL

The question of sheltar proctaczion effectiveness from airsorze
radicactive material accidentally released from a nuclear pover planc
is dependent upon the time required for iadividuals to gain eatsy iaco
4 protective structure; and tha length of tize they remaia, as compared
wvith the tize of cloud arrival and passage. The required eatry tize
assunes th.l.t individuals are transferved from either unproteczed or
protected locations to anmother location affording maxiaum proceccion,
consideriag logistic comstraints, etc. On the other hand, iadividuals
could alsc be located in houses and bulldizgs alrsady providing adequate
shelter so that effectiveness would not depend om access tize.

Figure 8 shows the tize-frame zodel assumed ‘o estizating cthe
effactiveness of sheltaring, as vell as ocher tizes of interest (2o
PUt CSem iz perspective). Maasured from initiation of a possible
incident, ('-.‘l#t‘) is the estimated tize-of-arrival of the assuzed lead
porticn of a radicactive cloud. The tize from source release, 71.
@easured from incident initiacion, 3ay vary from about 1.5 o J ar for
the 2oTe severes ac:zidenc categories [1); although in ome instance
(PWR & Cactegory), a value of 28 hr was indicated. Source release tizes
of from 1.5 %o ] hr vere considered o be of more iaceresc ia this
study, siace protective evacuation action might very wvell de =ore
appropriace, considering the greater tize that would de available.

Cloud arrival tize, T‘. would depend complecely ou the location
of a shelter from cthe point of release and the prevailiang zecaorslogical
conditions (primarily, wiad speed and direction) duriag =loud travel
tize. Assuming a given sustained average wind speed (and direcziom),
/3 is an estizate of T‘, where x is the distance from the rel:2ase and
U the average wind speed. For axample, for an estizate of the average
low=populacion zome distance of arcund 3.4 3l dased om sitiag data
given for 76 nuclear power planc sites [30], cloud arzival tize would
be approxizataly l-1/2 hr to 20 a3ia for wiad speeds of from 2 2o 1l =ph,
Teaspeciively. The effective tize for shelterizsg frvom iacident {aiziacion

L8 shown ia Tiz. 3 as (‘.':".'- , where Ty i{s cthe delay tize for the initiac-

g event 12 the sheliariag corzer, and T. is the actual :ize speat in taking

-
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Incident
inftiation

Ia = source release {ime

T. = cloud arrival time

T, = cloud-source release duration
(for 1, > Tge Ty = Tg)

'l = shelter entrance-delay time

T, = cloud passage time

after cloud arrival

T, = shelter time after cloud passage

Tv = evacuation time after leaving
shelter

Ty = delay time from inftfating event
to sheltering alert

l' = actual time spent taking shelter
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sheltar (assuming individuals are ot already {n a suicable shelter).
Dalay tize estimates (Tn) Bave been discissed by cthe ZPA [31] with
Tegard o evacuation that may be somewvha: applicable to sheltering,
since mmwot%anlwormutu:bcmm
the same in terms of a local decision process. As assumed here. TD
Tepresencs the total delay tia from iniziaciom of an event %o onset

of physical sovement to a shelcer. For evacuatiom, the ZPA estizarcas .
this delay cime as being from 0.9 o 4.5 hr (31]). Also, for evacuationm,
the EPA escizate for 1‘.‘. is from 0.2_:0 1.5 hr, which 23y be excessive
for sheltering on che high end. That i{s, reascnable sheltariag zizes
22y be anywnere from a few minutes to half an hour.

Allovance i{s made in the tizme-frase zodel for a shelctar-entrance
delay time zeasured from t<ze of cloud arrival, which would be dependent
upon T, r‘. tD' and rr. The shorter :1. is, the better (s the sheltsr-
ing effectiveness with the maxiaum advantage for 71 equal 2o zero,

('Iaﬂ'.‘.)_ 3 ('!14-".' ‘). Nor=mally, TL would bDe expectad to Se aither zers
or swall except for relatively high sustaised wind speeds and/or for loca~-
tions relacively close to a release.

The cloud passage tize, ‘!‘. would depend on source ralease duracicn

-~

(1") and wind persiscence zize (direccicn asnd speed). Tg 3ay range

from J.5 to 4 hr, depending ou the acsideszal Telease evencs (1] thac
would be of interesc for seeking shelcter. Zscizaces o¢f wiad Jersistance
ti3e siould be based om parsicular sice 2eteorology. Ia ter=s of ;ro-
tective action by che public (i.e., Sakiag shelter or evacuatizg), the
viad persistence tize estizates smade at the tize of and duriaz postincident
phases of an accident are amcng the 20sT important parazecers afleczizg
the effactivenass of tae procecrive acc<on. ldeally, the =ost useful

type of iaformation onm persisience, vhem zakin_ protactive aczicn
decisions, would be an estizmate of the zean or expected viad-direczion
persistance tize——given a Particular tize of cthe day and that z parsisular
direction has been maincained 4p %o that poist. Such pradictive abili:zy
would have 2o be forsulazed from a detailed scatiscical amalysis of

$ita zeceorological data of recard Tequiring frequent observacions

(7ernaps every 15 ain) over an adequate sericd of tize. A =eans of

. —————— —— . — — . " S—— e ——
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computing uu;u-d.oud trajectory based on real-tize analysis of site
and regional meterclogical data is described as a featurs of the ARAC
program currently being developed at the Lavrenca Livermore Laboratory
(32]. This kicd of capability would obviously be wery useful in plasmiag
enargency public actions such as sheltaring.

Ia this study, the persistence tize is simply related zo the cloud
exposure tize designated in Fig. 8 as t.; such that, if v is an escimata
of the persiscence tizme, than r. - t' for r. X t, othervise, r. - T,

The tiza-frame model for sheltering also comsiders the tize that
individuals may have remained i 2 shelier after passage of the radio-
active cloud. For example, althcugh exizing a shelzer may afford
more protection and thus aveid exposure o accumulated incermal con-
taminacion, precisa exiting with regard to cloud passage zay not b2
practical, and the overall tima spent in a shelter could be as indica-
tad by the shaded portiom of Piz. 8. This shaded porzicm, then, ignates
an "incerzal receptor” with respect to radicactive gaseous fission-
product sourcess. That is, during tl. after cloud arrival, unprotacted
{ndividuals =zay be exposed o airborze radicactive macerial by zeans of
dirsct WB gamma radiatiom f{rom both airborme and ground-source fallout
macerial and from radiocaccive materiil eatering the body via izhalacionm.
Duriag the interval iaside the shelter, (tz+r.~r.) - (In*t’). the iagar-
nal recepcor is exposed o WB radiacion from airzborme and surface~source
(fallout) =material, both insida and outside the struccture, and incermal
radioactive material entering the body via ishalaticn. Duriag :2'
afzer cloud passage, the incarmal raceptor is assumed 0 underzo the saze
t7pe of exposure with the exception of that due to airborne zaseous .
fission products outside the structure.

Finally, afzar 72. the tize-frame model makes allcwance for the
tize that =ay Ye required for leaving the area (where an individual
24y e axposed o ourside fallout in transi:c eitler om foot or By
vehicle). If vehicles are used for tramspors, sizulation can include
the affecs of shnielding atzeauaticn of zhe fallout-source gamma radiz-
ticn. Ia tarms of cthe tize~frame a0del, che shielding effacciveness

{3 defized as che racic of zhe dcse received under unprocacczed and
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proctected conditions to that received under wmpratactad conditious over
the iacerval (r.*tzﬂ’v) dus to the o#osuu 20des zentioned above.

The tize-fraze model is thus formulaced :o fadicace the effacts of tha
tize parametars on sheliar effectiveness. The effectiveness estinatas
in chis study are maialy concerned wish tises commencing at cloud
arrival, (1'14'1." » in wvhich simple radicactive dacay by each sourcs
isotope is considared over (1"44'.). Note also that the tize~frame
model assumes an abrupc boundary at both the leading and trailing edges
of che radicacsive cloud macerial. Of sourse, in reality, this is aot
true, as it is vell-known that turbulent diffusicn ia the atxosphere
gives rise, on the dverage, o coutizuously changiag airborne sourcs
Soundaries——vhose dizensional scalas, however, ars such that the above
aodel would de a reasonable approxization, considering the source
release i{acervals of {ateressc (excluding an {astantaneous nuff).

DOSE REDUCTION FACTOR

The estizated zeasure of effectiveness af orded 5y a shelcer
stIucture——dased on the models and assumpticns discussed above—is
refarTad o here as the dose reducsion facsor (ORF). This value is zivem
9y the racio of the dosage received during shel:zar pratacsion to zhat
which would be received in the open. DRF valiues araz escizated for S0ch

tayroid and WB exposures. The DRF for B ga=ma dose i3 given as

EC + IC + M

(DRF) = - = .
Y Z!:° - .Co - .'Do

vhere
EC = Ixternal zamma airdorme source dose, snelzered,
ECG = Extarnal gamma airdorme source dose, unshelzared,
IC = Inhalation aizborme sourcze dose, shel:zared,
ICO = lzhalacion airSorme source dose, uashel:erad,
fD = Excarmal zamma surface source Zose, shelzared,
mo = Ixtermal gamma surface soursze dose, unshelzarad.

The DRF Zor thyroid gland dcse i3 given as
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vhere
TC = Thyroid inhalaction dose, sheltared,
tC° = Thyroid izshalatiocn dose, unsheltered.

Table 5 summarizes the dose components given above, relacting the
source, receptor, and time-frame conditions that vere cousidered in
perforaing DRF calculations. Por example, EC and PD values laclude
estizaces of externil gamma WB dose for sources doth inside and outside
4 shelter structure for the exposure tizses (defined i{a Fig. 8, p. 29)
indizaced. Sheller dose compoumez=ts (ZC, FD, IC, and TC) also include
a4 portion of unsheltered dose comtributicns accumulatsa >ver the ex—
posure period, 1’1, to simulace the effecss of sheltar-access delay :‘.:q
that assume %0 proctecticn duriag that iacarval. The remainder of this
section desc-idbes the developmen:t of these dose components used in the
calculaticn of the DR values.

Doses downwind from an accidental release of airborne gasecus
fission products are dependent upon the conceatration of the airborme
Tadioactive ascerial that can be expressed as follows for continuous
source realease condicicas:

(2,8) = (x(£)/Q) Q(e) (cu/ady

vhers x(:)/é (uc/:l) Ls the ractioc of the comcemtTaticn x(r).(CL/aa).

at 2 discance r from the release to the source rslease rata Q (Ci/sec);
anc ':)(c-x/ﬁ) (Ci/sec) is the time-dependent source-rslease rata functicm.
Ia gemeral, the dose at ¢ is given by the intagral of the concentratica

Qver the pericd of exposure, ‘.'..

-

o(z) -f‘ ‘D x{z,t) d¢t Tea .

0




Table 3

Dese Source Receptor
Exposure Tizes
Componanc In | out Ia | oOue
a
X X 1’1, tv

(r.¢rz+rv)

“r' and tz are post-outside airborme cloud tizes and apply 22 the %
fallour dose (FD) onmly.
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vhera 5 i3 a dose mvc:sicn.tutar. For this sctudy, calculacions
vure performed assuming x(r)/Q unicy (i.e., a unic dilucion factor),
s‘nce iz 45 a common multiplier for all dose compoments and thersfore
dres 2ot affect DRF valuas. Accordingly, the dose component estizatas
described here are based ocu integrations of the tize-dependent scurcas
bo:h.mm and outside the shelter structura. The release rate ac

the source is assuzed to be constant with a correcsiom for sizple radio-
active decay over a release period, 1'..

. £Q

Qe) = 52 o e (Ci/sec)

vhers Q° Ls the inizial radionuclide activity iaventary in the re-
4cor at the tize of an accident (Table L, p. 4), !r is the radio-
auclide release fraction (DBA assumpcticns), and A is the radicactive
decay comnstanc. For ease of illuscration, the davelopuen:t of the
following dose components does zot use subscripts designatiag each
radisnuclide source, and it should be understood that summactions over
radicnuclide sources are performed in making computations.

The calculacions are obtained from diffarenzial rate equations and
incagracion over the tize-depezdent sources. Derivation of these dose

component relationshipzs are detailed where necessary is Appendix 3.

DCSE CCMPONENTS—UNSHEILTIRED

Whole=dody cloud and thyroid dose components assuming =0 shelzer

Proteciicn are given as

-
o 3 - .

°1, k! -x('.'a*r‘)f.Q(:) dz
zcoJ- X3 e A
C

3
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£Q o -AT
- ‘z.' alinl - (1-e ‘)
s

k52

vhere ll’ tz. and :3 are the dose onversion faccors given for WB cloud
gamra, WB inhalacion, and the thyroid ishalacion dose, respectively, and
B is the broaching rate assumed o be 3.4 x m“ (aaluc). Ia the above,
the source ralease duratica, T a® is assumed to be the duwnwiad exposure
tize, t..

The local fallout depositiom race outside the sheltar {s assused

£ be V‘x(‘..:) (CL/s«.-az). and the deplecion rate o se due to only radio=-

=AC

»

active decay. Expressing the airborme comcentration as x(r,:) = X, ©
vhers Xo Lacludes the uy [-x(rzwr )] term, the ocutsidae rcund-fa.!..au:
dop«i::.an. F(e) (cL /n ), is obtained from the following equation:

E oy o oL agces

dc g'o
Incegrating,
- - xt 4 2
r(‘)aut - V‘xo. e (Ci/a%)
The fallout dose compoment is given by integraticn of F(t) over the

sutg
tize of cloud passage, ‘-.'.. plus the contridurica ‘rom ime fallout sour:ze

afzer cloud passage inscagraczed over the rafarence tize, (:2°T~a)'

"
-

A

‘ -
: A3 T, ¢ =A(T,=T
Es V‘XQKQ -.—2 [l T (‘\:“l‘) e .] - _.__ [L'Q & v)-]}

“here z( =8 Ihe 3roundesourze gaama-d0se zonvers.ion factar.

——— ————
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DOLE COMPONENTS——SHELTIRED

Airbome Sourcs——Tnside

The souzce intake race for a shelter structurs is assumed to be
eLx, ¢ %, vhers ¢ is the ingrass fracticn (discussed above); and
L (c220)"" s che air change rate that is (f/v), vhers f is the volu=
BecLric air-inflow race and v is the enclosure volume. The internal
concentracion C(2) is assumed to de raduced by air oucflow, radicacsive
decay, and incernal radiciodine surface deposition ac the rates givea
57 (L#i) C(c) and (V"/!.) C(c). For iatarnal surface depositica, V; is
the depositicn velocity inside the sheltar (discussed above) and ¢ is
the mean fall distance for lodine fallout material in the shelter
enclosure, assumed to ba one-half the average floor-cto=ceiling discance
or about 1.5 meters. The significance of cthis coefficient as compared
wizl (L#i) per hour can be seen from

(v;“) - 2:00025 (n/sec) x 3600 (sec/hz) - h:‘l‘

1.5 (a) "

whers (as indicatad above) a range of 0.125 to 3 ht.l for L was chosen
for che DRF calculacioms, and A can range from abouc 0.0036 ¢o 0.3 hr-l
for the radiciodines. Since V; = 0 for the rare gases, the (v;/z)
ccefliicient Ls zero for determination of the Laternmal aoble-gas cou~-
cantTacions. 3ased oo rhe above, the intarmal structurs concantraticns
are decerzined from the tallowing differencial equaciom:

dC(z -AL X
ac - (on e K C(z) ’
vhere
KeslL+)+XK, , and !.-7;/1.
Iatagraczizg,
ex L ;
) =it -Xt o A
C(e) = m (. - e ) (Ci/a™)
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The dose accuzmulaced in the sheltar structure over the tize interval
('1'1.1") is

T
e
D-G%!f C(e) de
T.

L
G 3 ex L -AT -iT - i Y
e Y (i T Y s S
£

Specific dose componencs are given by the above equation, depending
on the values of the dose conversion facszar, K.)’ the dreacthiag rate, 3,
and che finite cloud-geomezry correction factor, G, as lisced Selow:

| | 3 | ¢

©, | 4flfl L | <L
i, | K, | 562207 | 1
| %5 |3ex10T | L

Afzer the cloud has passed zhe vicia S7 of the structure, :he iatermal
concentractiou is

€' (e) = &(T) o .

and the dose ucuzuia:_.d Lo the shelzar due 22 the intermal airsorze
source s

-

2
3-6%![ C'(e) de

Q

S ———— . — —— — o — O — - —_—
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Tha dose comporents zcz. xcz. and 1.'!.'2 ars obtaizsed in the manmer given
above for I‘.CI. “:1' and rcl Dosages due to airborme zaseous fission-
produced sources inside the structura are givem by (!Cl*icz) + (IC.,:-IC
for the W3 and (rcfrcz) for the cHyroid.

2’

Alrborze Sourcs——Outside

During the ti=e interval 1’1. it i3 assumed that individuals are
wproctecsed and dose components are similar o cthose givea for unpro=-
ts2tad exposures over the exposure iatarval to the cloud, 1'., {i.e.,

) _x(u ﬂ )

s & £Q, o 1 -1,
IC"’ = t2°! 1"4\ (1 =ea ) rem .
TCd LEy-B

The attenuated WB gamma-ray exposure in the shelier structure from the
cutsice airdorze cloud sourze over the incermal (71.1‘.) is given by

T
' - =it
!Cl = A(l=G) on . de
2
A(l-G)K x -AT -AT
. AH 2 (c il e ‘) rem .

vhere A is the cloud gamma-ray at:zenuation, (1-G) is the scurce-gecmetsy
corTection factor for the ausside cloud, and xo—ch. refareance concentra-
200 per uni:z y/Qe—is
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Surface Source——1Ingide -

The differencial equaticn for the surfacs deposizion rate

for radio~-
iodine in the shel:zer structure is

a C '
—é—l- ViC(e) = AF(c)

r

vhere C(t) is the incernal comcentration. Incegracing the above yields
the fallout surface source, l’(:)u. which is {2 turn intaegraced over the

intarval (Tl.t.) %0 yield the WB external gazma-dose component (see
Appendix 3) gzivea by

V'G'ex LK “AT. -7
ml - _L“O_‘ LZ [(A-rl,l) e 1 - (k':‘ﬂ) e l]
A

(=)

*—‘.! ) Ten

Afzar cloud passage, tae WB dose from {szernal radiciodine surface ce-
position that accumulated duriag cloud passage ‘s ziven by

T
- “At -
l"Dz F(T.)m/ N de
Q

L L
v'G cxclxb

o R ' =AT4\ |
. [:FA - %(.-x: 3 ."‘\ (: -e )| e
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Aftar cloud passags, intarnal radioiodine fallout deposition com=
tisuas to taka placs owing to tha residual airbornes sourcs ianside the
shelzer structure. The racas of incarnal fallou= depositicn is

'] .‘: -
g‘éﬂ =TSty AZ(e)

laregracing the above yields the fallout deposizion from the post=-cloud
ipuugn iaternal-airborne source in the shialding structure, which is
in turn integrated to yield the WB dose wriizan as (see Appendix 3)

V'G'ex LXK, 7 =AT -KT -AT. -
ml-—‘?—"—’-(- .-o .)i}T(l-c 2)-ﬁ<l-c 2) Tem .

The W3 extarzal gamma dose from intermal radiciodine fallou: iz the sheiter

structure is given by (rnl+mz+rn3).

Surface Sourze==Jutside
During the tize incerval Il. the accuculated Wl dose while seeking
shelzer (umprotected) from outside ground fallout depositiom is

LR ¢ «AT
- m [l - ('A:,‘L) e 1] e

Duriug the tize incerval ('.'1.1'.). the WB gamma dose inside the

shelzer structure from cutside ground-fallour deposition is




ni - "ﬁ‘ r(‘)“g de
)
=AT, -AT
. l'v‘%f‘{‘é‘ [(Aflﬂ) s *a (AT *1) e .] rem |,

wvhers A' is the sheltar-structure attesuation of ga=ma rays from the
ground-fallout sourza. '

The WB gamma dose accumulated inside from residual outside ground-
fallout deposition is

-
™! = A'K, P(T) P e e
2 [ e’ out .
0

T3 * -iT,
Y (L=-e

L
- A V‘xota

) Tex .

ter 1'2. the tize inzarval assuzed during which peopls =ay consiszue to
be ia the shelter struccure after outside cloud Passage, the computaticmal
2odel assumes thac individuals leave the viciaity of the shel:zer over a
tize iazerval, T,» either umprotected (e.g., om foot) or proteczad from
resicual growmd-fallout sourca gasma radiation while l2aving the con-
taminaced area in a vehicla with a shielding atzesuazion facssr of A,’I.
Accordingly, the WB zazma dosa is

7Z¢Tv

' - ' - >
mJ Av!h ?(‘c)ouz f - \e de

‘A"’--: -.—
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The extarnal WB dose from shialded ;ali- radiacion emanating from
growmd-fallout deposition outside the sheltar struccure (with the
axception !D;. vhere the recaptor is assumed outside) is FD; * rbi -

!Di - FDS. Note thac for !ni. !bi. and !Di (receptor inside) a gecmecry
factor——i.e., (1-G')=—1is oot assumed, which is comsiscent with the atzenua~
tion values, A', for ground-source fallout deposition. That i3, the
fallout source on the roof of a sizpla structure would approxizate the
ground-fallout source depositiom in terms of source gecmetrical effacts

for the reference dose point 1 meter above an idealized ground-plane
source, (see skatch below).

9040 R I D ATID AN SR N Tt v 00 B,
Shelter
structure” | Fallout with ro
T}l / structure
R T o e e LR » R TP bk R T W B A AR

Il//i/l//:;H//:u‘r/,‘,uu.w:,'//1//,'llf,l/un/u///;u{u‘t,’/uuuui;//[////:ll/."r Whiidtieddda il i il

SEELTZR NG AND EVACUATION

An investizaticn was zade o detar=ine che ucdlisy of the combized
protective action of sheliering and evacuation., That is, doth from the

standpoiac of tize comstraincs and the DRF,
4ction deasures zay cffer an advancage over shelzariag only. For example,
for individuals locatad relacively close to the point of the acszidenzal
release {2 terzs of either distance or cloud-arrival ti3e, shelteri:zg

=y de cthe only option.

the combined proteczive=

Furtherzore, if zhe duraticn of zhe source
relaase vers o continue longer than expectad decause of, e.3., wiad
Persistence or miscalsulation, exi: and evacuation ‘rom the shelzar
$TtTuCIure 2ay be advantageous (n terms 27 dose $avings as cpposed I
rezaizing inside over the wnole cloud-passage tize. The izpertant

Somsilerations in addressing this question ars exictesize ‘rom the




shelter siruccure, ‘ts. evacuation iransport tize, T., and sloud exposurs
-

tias, r.; and protection characseristics of the shelter stTucture (see

above) aad any evacuatior vehicle(s) that aay be used from transporsiag

people out of a radiscontamisated area.

Tha analysis of the above situation is based on a sizple =odel
(P13. 9) assuming ideal shelzering condisisns whers both sheliar-eatrance
delay tize and residence tize after cloud Passage ares zero (" -9,
tz ® 0; see Pi3. 8). Figure 9 is a plot of accumulated dose as a fuacsion
of shelter tize up to the cloud passagze tize, T Te! where the dcse is :s.
Values D1 and Dz are o suggest possible accumulated dosagzes for shelser
exis at I's and evacuation time I.. Suriag the interval .-. the 2ccel
assumes that individualsz are u:ond to airdorze and r:und-fallau.
source radicactive zacerial vhile {= an evacuaticn vekicle that cffers

Al

some degree of protaction discussed selcw. The decision is sizpliified
€0 2aking a comparison of the estimacad dose values. Thac is, ‘or
01 < DS' exit frcm the shelter strucsure and avacuaticn would e a sericus
cousideration; whereas, for Dz > DS' it woull be zore advamtageous o
“ezain inside Ircom the stamdpoins of iose saviags.

Ad equivalent zeans of deciding whecher =3 effacs sneliar exi:s and
@vacuactlon is bSased on DAF czomparisca. The actial auzerica. appraaca
taken ‘3 his analysis is based on =he question of for wrac valies oF

igy Tay and Te &5 the relationshi: CRF) .- £ (2857, satisiiaa, vners
-

-

D(Te},
(:)R.'.""S D—(:—"'—- (saelzaz oaly)
“e’sut
zad
- - - - - - - - \ -
SRS - 3(.9)13 “('S" in 3('S"'.”-w (sBelzar ancd
S/= D(.‘,w: evacuasion

where
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'1'.) s * dose outside shelzar strucsure,

B(T .) ta ® dose inside siaelzer structura,

n(:,.r‘)a = dose laside shel.er structure over iatarval
(:.’rs)o

D(?s.l’rJ" = dose accmulated durisg evacuation over iacerval
:z commencizng at ?3.

Assuming an evacuation venicle, 3urson and Praiic (17] estizaced
that steel and glass in mzcub les and small trucxs carrTespond 2o an
average of roughly 2 p/c: of shielding :hicikmess for 3az=a radiazion
from an airborze cloud sourse. Froam Fi3. 3 (p. 17), this shizxmess
corTesponds o am atsenuation of caly about 0.35 (the valie assuzed ia
S3is analysis). For heavier veaisles (e.3., large commerzial buses),
S3e ga==a attenuation zay se 2.3 o 0.9==gcill oot appreciible. Alse.
assuming an effactive venizla esclosurs radius of arsund 1 zectar zives
4 Source-gecmelry corTeaciisn faczar of arouzd 3.003 (F13. 5, ». 21) %or
the comtamizated airtorme zater<al a3 the venicla.

Gamma ray attamuation in autscobiles amd small tTucks is 0.5 ‘sz
contaminacaed I0-fz-wide roads ‘Tabla 4, ?. 24). Values ssti=acad 3y
3urscn, based on axperizencal Seasurecents [I2] wera from 2.5 =2 O0.57.
An average value of 0.5 was assused ‘z s=is analysis.

ALr change rates for autzaobilas under varisus comgiiices 2f opera-
tion have bdeen decarmined 3y Pecarson and Sacersky (34, Their rasul:s
(Fig. 10) are fr2= measure=encs 2ade of pollucan:cs (33. €O, NO, and Scx;
iaside a stock Chevrolet autsmobile wiza in asT-ecsnalisionisz uais. The
exclange rata is relacively A2gh. Iz lact, the passezzer :szparvmesc
is 20t iacanded o be airtizat; anc avem iz iie zax=um dls-csngislisning
=0de, a small fan draws outside ais L3222 tne compartment. Wizhou:r sais

AN

veatilatisn, the ratas can Predanly se reduced by a faczor o

A

difficulsy. The siagle poia: zarked by am arrow (Fig. 10) vas taxes whea,

Viik vizdows closed, she vehicla's ais conditioning was urmed 287 suz

the angize lai: feanizg. Under :hese comcitions, a fan also zraws s
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outside air. Ar higher spesds and ¥ith the same setzings, Q/V (air change
race) would be expectad to approach the values obrained wish the aizr-
senditioniag unir ia operation. This expectation (s bdasa2d on the
4ssurpcicon that gemeral leakage racher than the fan i3 the domiaanc
factor deteraining £/v ac these speeds. A value of 0.5 aia-L (30 hr-l)
was chosen for thi; analysis, which corresponds to 35 zph when general
leakaze is the domizgar ficar for £/v. Penetration cof gasecus fissicn .
Producss into evacuatisn vehizles was assumed "0 be 100 percent far the rare
gases and 30 perceac for racioicdines, which eorTesponds to the upper liair .
of the escizates of Megaw [12] based on sizple shel:er StIucture experizescs.
For sheltering, the DRF and dose compcerent relacicnships are as 3iven
above (p. 28f£f.); vhers, for 3(75.2.)‘: above, Ts - tl and 22 = Q0. FTor
evacuation, the venicle s assuzed 25 se analogous 2 a shelter strucsuce,
and dose estimaces for 3(?5.71) for the exposure-evacuacion tisa,

av
are based on the same dose compouents considered for sheliars—wics lle

-
-
-

exception of radicicd se depositisn iaside the vehizle, wnich L3 assused
29 be iasiznifizane and, =oreover, cannot be =eceled aczurazaly wizhous
30Re experizenctal verificacicn.

Zxtermal 3 cloud-dese dcsuzulatica frcm gasma-ray peaetraczisa o

"

the evacuazion venicla is

Tsvrr o
2 = A, (160K ¢ e
S
AT, . T, ‘
= A6 K1 e . f-(l -e ) Tem . -

whera Av 48 the venizle attenuatism far loud-scurse zamma radiacicn,

Cv t2e Iinize cloud-source secmetTy facizr, and X, the dose suversioca
B

faczor.

Insice the evacuazicn vehicle, the rata of comcaazrazisnm skange

s
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dcis) “AT _ o .
e chL' B xv.(:) ’
vhers zv s L+
Incegrating the above for C(0) = 0 gives
- =
J c(e) = ex, (."‘ -e ' ) (cL/a%)

for the concemtracicn in the vehicle. The dose accumulatad in the vehizla
over the pericd T, is given as
.

S T
-cvcxas f c(e) d¢

S

AT =AZ -K 7

- P! T 1 VTT

=G tx 3K e -.-('.-c. )-—(‘.-a ) ce=
v "o xD [ K, J

Speciii: dose compoments are obtaized bHased on :the valies far che

>

comssants as given below:

% ' 3 .
| | v
‘ |
€ia - : |«
-t
¢, | & | 3.6z | 1
. -
'..'Ciz g (3 3.4 x 10 | A
s e - P -l
The ground-fallout depositicn givea asove is :::)w’ - "‘13: e .
- -

The axtarmal W3 iose froz ground-fillout sourse zasma-ray ezesTasist

of the venizle duriag evacuaticn is

e —————
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™, = AKX, f F(e),,, 4t

Ts

A'VY x. K, -AT *A (T.*T.)
-—”—-'39—‘- ATg*l) @ - (ATgr T.0L) o $ 3 ]

A : -

The dose accuzmulated during evacuasion, D(:s'::)cv' corresponds 32
eitler the W3 or thyroid. Tor zhe w3, the dose ‘s (ECL:°ECOU=~IC -7 $ 5
for the chyroid, rcin' Note thac intammal exposuras for E:La azd
assumed 2 aczrue only vhem the evacuation venicle is a Ade vioinlsy
of the airSorme radiocacsive gasecus zactarial o'er ine perio. T., whizh i3
a4 very gcod approxizacicn considering tie large values aof Lv. At is,
i aczuallizy, omce :the veaicle laaves :he viziaisy of zhe aizsorme radise
active zaterzal, X, 2 the differenctial 2quation above i3 zers and the
intamal venicle zoncemcrazisn drops very rapidly wiihiz a fow 2izutese—
whizh would 20t give rise %3 any sigziflizan: dosage as :omparag wish con-
itions <hen tlhe venicle is assumes 33 3e i3 the vicialsy of the aizhorne
Tadicacsive zaterial, provided of z2surse = i3 =0re than a faw wisucas.
That is, the equilidrius comcessraticn zhas wouls Se f2ached iz zhe

venizle witiin a faw aisutes s ziven as

’ *Al L ¥4
ex L e €. e
3 Vv 3 -2z
o * il * 2 gy 2 v
.q .V A q. - '\ 9
-
v

“hich would Se approxizataly shat ouC3iia she venisla. Tuea, altar leaving
. a ~

the viciaily of airSorme zomtami=atisa, :=e <sncentritisn of zaseous Tadize

active macarial in the vehicle falls off as cxp{-{;v'i;:j, <nera L s

N
-
-

-l
.5 aia " (20 nr 7).
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2II. RESTLYS

Zstizates of shelier effectiveness have been nade usiang the DRF
calsulacional zocel and assumptiocns discussed Lh.§c§. 3. It ia, ot
course, impossidle withia the scope of this effors o2 develop infcrma-
tion comprehensive esough to anticipacta whas aight be expected for all
pracsic situations. lecordingly, assumptions are aade regariiag
input parasetars and tanges of variables ia order 1) to demcmstraca tle
degree of shelter effectiveness in a general semse, and 2) £o .indicace
sensitivizy variaticns for some specific sizuacionms.

Ioput values used ia :the sheliaring calculations fall under =wo
Celegorias. Tirst, a set of fizxed paramerers wvere selectad (susmarized
& Table §). These values are in part based on study ground rules
(DBA gasecus-release assuzpticns), review and analysis of existing daza,
and az actte=pt to develop representative {nformation that czam also he
Telacad o cthe Jzaccor Sglety Study (L], The zutionm of "fized para-
2ecers’ cbvicusly applies oaly o shis pazticular analysis; in reali:zy,
tlere zay de appreciable variatisns ia shelzer characteristics aad,
for exuzple, iodize depesizionm velocity. The second iapuz catagoery
comsists of the temporal and vemsilaticm rata variables selascsed s
{ndizace the semsitiviiy and degree of shelzering effacziveness aver
their range of values. Ia some cases, extTapolaticn zan e 3ade (wizk
caTe) 2 2stizacta sneliar effectiveness beyond zhe specific range li=zics
used = =azing the calculacioms.

Shelzer effactiveness resulls are jiven iz :ar=s of the D8F in
Figs. 21 zhrough 31, Sacugh <ata ace givan iz Tigs. 11 through Il co
enadle a fair amounc 9f cross-ploc exsrapelasionm. ALl the zizme variadles
have units of lours and ace identified in

-l

Siom rate, L, is in units of Ar 7; and 33 and L5 desiznate :he s=all and

ig. 8§ (p. 29). Tha vencila~-

large shelzar scruczurs satazorises, raspectively. The plotced Teasul:ls

-

238. 11 througa 31 ara siscussec Helow.

.3

Figure L1 zives Wi IRT as a ‘umctisn af tize (T.) ia she shelzar
$TIUCIure alftar passage of the airtorme clouc source, assuming =o zelay
S

(5,#0) iz shel:zar aczass afza2r isizs

sloud arsival and lear slsud
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Tabla 6§
FDOD PARAMETIR SUMMARY

SCURCE TIv®s

A
3

“©

GASEQUS FISSION PRODUCTS

Kr and e

SHEL>2]

Cloud gazma attanuaczicn, A

Rclease Tize

1.5
2.0
2.5

Relaasge
Pracsion

L.2
0.25

Saall

3 : a
0.5 (0.4, 9.3

Fallouz zamma atteanuacicn, A' 0.2

Fisice cloud facsor, G

Finize fallout faczor,

DEPOSITION
—_—

Q.01

G’ 0.23

V‘(ou:sidc} = 0.005 z/sec

V' (iasice)

® J3.00025 a/sec

Release Durariin
rs. Hir

0.5
1.0
3‘0

Ingress

1.0
0.51

Larze
StTucsires (LS)

0.1 (0.0, 0.2)%
0.01
0.034
0.43

'Varzaticas
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N

tTavel tize (‘1’.-1) frem the point of source release. Significancly,
WOT® procaciiom is afforded by the large shelter scrucsure (L3) szhan

the small one (55). The effacs of veatilacion rate is also sora io=~
portant for the LS than the $3, Prizarily because of the diffarsmca in
cloud-gazas attasuacicn. That iz, a larger porsion of the dose iz the
SS i3 dus > gamma ray Penecracion of the shelter from the cutside alrsore
eloud sworze than in the LS; that poriiom of tie dose does ao: depend

en the air changs rats. A value of L =} h:-l Zay be sowewha: repra=-
sentative, whereas 0,125 :-zt"‘ Tepresent; a fairly lov value associazed
with a relacively tighc structurs wish very liztle or no forzed ais
eirzulacicn. The relacive posizions of the A, 3, and C cacegorics of
release duration are also detarmised 9y the cocmbizatica of cloud-gacsma
atlenuaticn and vertilation rate. For the SS, the relatively larger dose
component frcm outside tloud-gamma ray pemezraction is sufficient %o
offsec the dose component from imcar=al airdorze radicactive =aterial.
Por exazple, for ?2 = 0 and L = 1, the ralacive positiouns of A, 3, and

C are the same for Soth S35 and L3; but the spread is larger for zhe LS
than the S5, iadicasing the effecs af a Telatively larger nuzter of a:i-
changes wiii respec:t t3 release curation (0.5, L, and 3 for A, 3, and

C, zespectively) iar the LS as compared wiid the 35. The crossover soiss

ac :z ®= 0.2 for the S35 is due 2 the iocTeasizg isporzamca 3f zhe su

”

side ground-fallout dose coTponenc, assulec 0 Je recuced at 3 rica
deyencden: upen saly radisacsive decay, as compared with the <ose fram
inside airdorme radicacsive 2acarial assumed 0 He reduced a: 3 raca
dependent upen radisacsive cecay, veasilatica, and imcar=al 2allaut

.

deposizisa of the radioiodises. for low air-change rates (Le0.128 &™),
QDe CRY for zhe S5 is deczermines largzely froz axzermal sSurces, whers
the A, 3, and C curve POSiIl00s prizarily reflacs =h diliarences ia
radicaczive source decay. Tor the L3, zhe dose coopornents frsm cucsise
sources ara relacively less imporsan: =& Shose Ior zhe S53; and a
clear separaticn of e A, 3, and C release=duracian cacegorias is

BOC seen when SocX iaside and outside icse io=ponents arz relatively

FWTE co=paradle.
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Figure 12 gives DRF plots for che thyroid for the same condisiocns
dssumed for Fiz. 11, which apply 2 dotk SS and LS. Iz general, the
DRF values indicace somewvhac 3eTE protection for cthe thyroid than for
the W3, and are more sensitive o T,i parzicularly for L e 1 "t
sizce there are no coaupetiag ou:sidn—soutcn dose components. The
relactive pesizions for A, 3, azd ¢ are due o the differenc number of
Alr changes associated wiszh each sou::i rTelease duration. Siszce the
DAF values ia Fiz. 12 corTespond tJ a radioiodize ingress fracsisn of
0.51, chey scala accordingly.

Calsulaced resulss of she WB DaF sensiiivicy wita cloud-source
arTival tize sre given ia Figs. 13 cthrough 16. The ORF vard gions for
tha thyrold, sot plocsed here, are insiguifizanc as a fumesion of cloud
arrival tize, t‘. Iz Tig. 18, zhe DRT decreasa wizh T‘ Sor che S5 is
due o the relatively decreasiag imporzamce of she Wi-<cse ce=ponent
fr2a the outside airdorme cloud sourze. That is, the 3cdel iacludes
suly sizple radicacsive decay and predic:ss zhac tSe relazive consTidu=-
tion of the ocble-gas sourses :3 the W3 dose decTeases =ore wizh :ize
than does that :f she radioindises. Ia Teallzy, :that decraase wi:z: t‘
2ay 20t de quize as Prevelant, parzicularly for tizes longer zhan a
few hours. The counctareflact, nowever, is indicataed far sne «3, siace
the signifizazce of the exzer=al gamma WB-<ose comgenent from the
Sutsice airborme sourze is maskad Oy the graater ga——a-shiald ing
atlenuaction assiz-ed 2o the L3 as comparad Witk the 35. The ralaczive

POSiiicms of the A, 3, and O curves are, as incicacted atove, due =3

o

the increasing nuzmter aof ais changes, respectively, duriaz =loud
passage.

Flgure 14 shcws @B DAY as a funcsionm of ?‘ for case A, assumizng
lacte shelzar aczass (?.-0.:5} soupled viil sxzanded resicencs tize
72-0.5) a2t8T Passage of the airtorme zlcud. Ildeal shelcer tiaing
71-0. 7,-0) s also showm Zor comparison 23 indicace c-e signilizant
10ss of »razacsizn far som-lZleal shelier-aczess siziag, TiguTe L4 also
SA0wWs .0ss 3f izheraa: L3 proctaction acvaniage (due =0 shialdizg), as

8.

SS™Parad wiIn the 33, secause 27 stellar-cizing c3asizecsasisn

S S S —— — . — » ——————— — 4 -~ —— - B - .
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sgures 15 and 16 are similir plots for cases 3 and &, respeczively,
vhere tiniag (".'1 and Iz) is relatively lass izporzant, decause of
lorger exposurs to the cloud sourcs.

Calculated DRF results i3 Pigs. 17 through 22 show the effeccs of
shelier-scructure veatilation rate. Figurs 17 gives the WB DRF as a
function of air change rata, L hs ', for ideal sheltes tiaiag (7,0,
12-0). For L less about ome air change per hour, the S5 I.F s Sased
om a relatively larger extarnmal zasma-dogs crmtribusion from the cuse
8ide airborze cloud source; for L greater than ab it oume «ir change
per hour, the DRF i3 Sased on a relatively larger dose compoment fraz
Loternal airdorme radicactive matarial. The LS OR¥Y, on the other zazd,
i3 based prizarily on the relitively larger W3-dose comporeat frca
Latammal aisborme gaseous radicactive sourzes far all values of ais
change rate, L.

Figure 18 zives the thyroid 227 depencence on the ventilationm rata
for ideal shelter tizizz. Compared with tha WB DRF values ia Iig. 37,
tle thyroid DRF functional dependence on L is =uch sore pronounced,
$ince the thyroid dese is based solely oa istermal airsorme Tadioicdize.
The advantage of low air-change rates less than about one-aall rer nous
is quita appareat for procectisn against innalacisn doses.

Figuses 19 chrough 22 show the comparative effacss of ideal and oe-
ideal shelter tizing. Figurs 19 gives w3 ORF values as a funcsisn of L
for case A, showing comsideradle overlap of 5SS amd L3 protacsiczn far
ideal (71-0. 72-0) and aomideal (71 23, '.'2-'3.5) shelser 2iziagz,
Tespectively. Figure 20 gives WB DRF for case 3 as a fuscsica 27 L whea
t2e 535 and LS overlap is =uch less than ia sase A (43, i9), and Tig. 22
shows no 35 and LS overlap far the ionger sourse c2l2ase duratisa sacagory
(C) wnen the izhereat L3 proteciion advantage over t2e 3 is maintaized,
even Ior nomideal shelter timizg. Tizure 22 zives plocs of che chyroid
SRF, comparing the effecss of nomiceal and ideal saelzar tizmi=g. Tha
iaversion iz the order of the A, 3, and C rela2ase-iuracisn cacagoiias far
Soniceal shelfar tizing is prizmarily Jue o tne fracsisn of tine an
ingividual is assuzed to remain unprocacsad Suring cicud passaze for
sheliar-access delay tize, T,; i.e., %2e fracsisn of =ise an isdividual

i3 unprocecsed is larger for A thas ‘oz C.
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Figures 23 cthrough 25 show W3 and thyroid DRF values i terms of
Tl and L in parametric perspective. W3 DRF values are shown in Fig. 23
for case 3 and for LS. DRT values for 21 * 1 (also the cloud passage
tiae for case 3) can exceed unity for the larger values of L; this
situacion corresponds o enteriag a shelzer after cloud passage, wvhich
gives rise to addizional dose from lingering iacermal contamization
for rz > 0. alchough the relative loss in shelter protecsion as a
function of ?2 ‘s lnosigificant for all valiks of ?1 and L. Also,
caleulacions performed during this study iadicace vircually no protective
advantage in seeking shelter af:zer umprocectad exposurs 0 a passiz,
rtadicactive cloud.

igure 24 is essentially the sace parazetric perspeczive plot as
Fig. 23 for che $S. Figure 25 gives corTesponding plots of the DRF
for thyvoid, indicacizg considerable overlap feor cersain Paramecer
combinations of shaeliar-access delay tize, '.’l, and air change rate, L.

Figures 25 and 27 iadicate the affeczs of shelser-structure arsaaua-
tion of gamma radiacion from the ocutside airborme radicactive cloud for
the S5 and LS, respectively., TFigures 25 amd 27 zomtain plots of th
WB JRF for izdependent variaticmns of zhe cloud gazma attanuactiocan, A.
In praccice, such variatisaus would noc lecessarily bYe iadependent of the
shelzar-strucsure atienuation of grawmd=fallous ga=ma radiaticn, as
nor=ally some correlatisz would Le expeczed. The :esu;:s ia Fig. 26
indicatas, however, thar a faczsor~of-two increase in gazma attanuaticn
resulis i3 about an 3C-perzanc increase ia shelier arorecsion far :a
38, whereas a fac:isr-cf-twe reducszicn Lz the ais change race (2 to 1
air changes per Dour) resulis 4ia about o8ly an 3-perczent increase ia
shelzar proctecticn. Ia the LS, the effac: of cloud gamma actenuation
is 20T as significanc. Resul:zs la 713. 27 indicate cthat a facsor-of-
T40 iacTease in cloud Zamma attenuation Tesulls L a SQ-perzsnt ‘acreasae
&2 shelter protacsicon, whereas a factor-cf-cwo reducsion i3 airs change
vrate (I to 1 air changes jer hour) gives rise 12 i 20-perzsm:s ‘acraase

{a shelczer prozeczion.
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Pigures 23 and 29 are plocts of chelzer DRY as a funcstica of shelter=
‘dalay access tize, T, for the WB and thyroid, resrectively. Figure 28
plots aTe given for a range of 0.5 20 1.5 ais changes per hour, wvhizh
is racozmended by HZandley and 3larzon (7] as applicable =0 single-family
dwellings. The valua of two air changes per hour faor the LS is alse
consistant with their recommendations far larger structures and aparz-
ment bulldings. Tor fieal shelzer tixi=zg, Tl = 0, and 22 e 0, the LS
provides about twice the protecsion as the S8, which decreases wizh
{ocreasing access delay tize. Pizu:‘ 29 gives thayroid DRF plots for
the same condiiions as Fiz. 28; siace the thyroid dose is dependent
oaly om the ventilation rata, scmewhat less protaciicn is afiforded by
the LS than by the 55, Secause of the diffarence & vensilazion racta.
Pigureas 30 and 31 {llustrate the diffsrescs in shelzer protaciicon
Sorded for the WB aad thyroid under ideal and less-tian-ideal com=
dizioms. Ia 74z. 10, DR? values are 8iven as a fumczicm of T, for a
low aiz-chazge rate (0.125 h:'l) and 22 ®«Q. Tor T, = 0, ::.ass pTOo-
vides a faciar of about 2.3 for WB-dose pra:cc::au;-Qho:nas the LS
provicdes a faczor of about 12.5-—a relaczive proteciive advancaze of
4.S=—=for the LS over %he $5. Ian Fi3. 31, for less-czas-icdeal shelzare
1ag comdizizas (7,#0.15 amd Lel br™), the SS provides a faczor of
abouz 2.2 protacticn far the W3 dose; wvherzas the L3 proviies a W3
protaciive facior of 4. =—a ralative Protaciive advanzage of abous
J==for the 15 over the 35. The change i the procecsicn far che
ShyToid dose bertveen ldeal and lass-than-ideal shellari=zg cozdizions
i3 about eignz-iold; tha shelzer PTotectiom facior of the thyrsid Zose
Ls about 40 for ideal comdizioms and about 3 for lessechan-i
condizions.

Figure 31 shcws the estimated efface of the lodine ingress fracsiznm

eal

n

on [e W3 JRF. The rise iz WB JRT is Lizear <112 e iccine ingrass
fraczicn, wiza the slope prizarily Zepemcen: <z :he vengilagion aise

change rate. The iacraase is =ost acpareat Ior the L3, for rasra-

sencative air change ratas, and Leas: apparent Ior zne SS, for low 3ire
change racas. Again, this diffarence is due 22 the relative ssmsriducisn of

e dose components from radisacsive sous-ss Jusside and insida :he
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shelzer. As Indicated above, a value of 0.51 vas used in the caleula-
tions for escizacing the DRF. If iodine iagress wers 100 percanc, the
DRF zay be frcm about l.é= to lé=perceac higher for 35S and from about
16— to 4é-perceny higher for LS. Of course, for the thyroid dose, the
DRYF could be nearly double (assuming ideal shelter-access tixniag).
Figutes 3] cthrough 15 are based on =alculazions for the combined
Protective actiom of sheliering and evacuation. The results shown are
for the shelzar tize, :S' and the evacuatiom transpor: tize, :t' waiza
together would provide protecsion equal o that of sheliesizg alcne
during the period of cloud exposura, ?.. The conditicus of sheltering
aTe cousisctent with ldeal siming; i.e., iadividuals are assumed =3 Se
L2 the shelzar at the tize of cloud arrival (T,%0) and exi: izmediacely
ter cloud exposure (tszJ. The csmbined praznc:ivc acsisns of shelzer~
28 and evacuaticon assuze that imdividuals exi: the shel:aer af:ar a
seriod, ts, azd evacuates during the pericd ?:. vhile exposad =2 che
airdorae radicactive cloud zaterisl durizg ios tTansic avay Irsm ch
shelzar srea. scordingly, L5 the stTucsure were exizad afzar a
sheltar pesicé, Ts. evacuazion oul of the vicialiy of clouz axposuce
should not exceed the iize period, 7:. to eflact a dose protaccisn ac
least equal 2 :tha: provized 3y stayizg iz the shel:zar. Theraisra,

t2e combizaticus (Ts..-) thac lie detween the curves and zhe aixes
-

would *“ve rise I3 graazar dsse srocaciicn Irom sheliaering plus evacua-
tion thaa from shelzaring only. for exazple, consiiering wi3~dose 3ro-
facsion i3 the 353 shelzer far low aire-change rate condizions izd a

cloud exposur: jerisd, 7. ® 3 3r, evacuazion frsm the shelsar visisis

should de aczomplisned iz no =ore ==an about Q.75 Ar if zhe shel-ar :is

abandened afzar I ar of cloud exposura; i a2xi: takas placa afsar 2 Aas

of sheliaring, the avacuation size chac should 20t e axczeced is
shortaned I ascut 2.4 2T, Under che Aizner represancactive airs chazge

race of L = L ar 7, the zmaxizum allsvable evacuation tizes iagraase

scmewnat 12 azout L and 1.5 ar for respec:ive shellar=-eaxiz =izes af
1 and I ar, assuming a lear sloud expesurs jericd. The iacraase is
al_owabla transic tize, T., is AT I8

iy 3ue@ I3 a largar dose iacurras
3

i3 tle shelczer SSTuCIure Wil the algmer aair shange T

- - - —— e
——— —— —
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Figuze 34 gives shel:ier evacuation break-evesn tises far the LS
shelzer. For low air-change vate comdiiions, zuch less tize is allowved
for evacuacicn from the LS shelser area cthan from the 5SS for a given
sbelter-exis tize, rs. because of the significanczly zreater 2arzin of
protection (lower DRF) offered by the LS. For cthe higher represenczazive
ailr change rata of L = h:-L. the allowable transi:c =2 from the LS
shelzer agaia is less than that for che SS shelzer; but the tize
difference is 20t as great as compared wiil that for the low air-change
Tate situactica. :

i1gure 35 gzives the shelter evacuacion break-even -ize poiats for
thyrsid dose protectican., The lover zaxi=us allowable evacuaticn sramsi:s
tizes ‘or the lower air change rate as compared with the higner rapresenca-
tive alr change rata are due o the larger zargis of procecsion provided
when air change rates are low and accordingly less tize is required for
the aczumulaction of the break-evesn dose during evacuation f:oz the
shelcer.




8s

IV. CONCLUSIONS ANT RESCOMMENDATIONS
M

Shel:ar proctection provided by a large variety of pudblic strucsuras
can provide a significant reduction iz W3 and thyroid dose frcm ex-
posure to radiocactive zaseous fissicn products that aizht be released
durizg a auclear power plant accident. Protective shelzering is
dcITaciive iI shelter-access tizming i3 ideal, Su: i:s effscciveness
dininisnes alzost lizearly with accass delay tize aizer cloud arrival.

Sheltering proctecsion against imhalazion exposures that resul: ia
tayTold dose depends om the number of air changes takiang place over
the period of exposure %o alrSorze - icactive cloud zaterial. Shel:zar-
ing piotection for WB exposures depencs om :the atteauatiazm of gac=a
radiaticm origizating from the airsorme sloud so ce, the auzber of
air changes duriag cloud exposure, aud (o a lessar extenr) zne
atienuactica of ga=ma radiation otigiznacizog from che ground fallsu:z
about the shelzer scrucsure. Aczordingly, optioum vemtilazion zoms=al
(low air-change racas during cloud Passage) is zcra affecsive far
reducing thyroid dose than W3 dose. Albei:, ventilaition contsal is
relacively zore effacsive for raducizz W3 dose in L3 tham ia 33

Large sctructures suca as offica Sulldings. 3wliistory apartsens
complexes, departzeat storas, etc., gemerally would provide si {gaificzancly
2ore sheliaring for W3 axXposures than smallaer structures such as sizzlae~
fanily dwellis 2gs=—a laczor of about 4.5 =zora during low air-zhange raca
comaiiicns and 3 zore far acminal ais clange Tatas. Taat is, W3 icses
would be racuced by a faczor af 2.5 =3 3 Ior 3S shelterizg; wnersas
for LS shelzarizg, w3 ioses would be racuced by a faczsr of abous L2
during low alr-chaoge rate condizions. ~Cor Teprasentative air change
Tata onciiicos, <3 lose would bHe regucad Sy aoout 1.1 Zor SS and ‘ram

6 to 9 for LS. 4B Jose can Se Iurcthier reduces ia 3 shelcer StTuczuce

through use of axvediane cilczacion: e.3., Bv stufling eracks ang sper-
SR3S <iin cloth or zaver Zacerials, ~nlll WOULlZ T2CuCe Tadisacsiva nazarial
Agress (ilscussec accve, 2. 10 ff.) and/ar sue nagtura. ventilasisn raca.




and 30uch area with such common iza=s as tovels, handkerzhiefs, or coilet
paper: e.g., a crumpled Landkerchief (or ome with eight or more folded
layers), a towel of three or zore folded layers, or toilec Paper of three
or mora folded layers can reduce inhaled radicactive zatarial (pazsiculate
iodine ia this study) by a facsor of about 10 [15]. The raducszion of

W8 dose iz a 35, however, is not appraciable=—abouz 2.5 perceant for low
ventilation rataes and about 15 percent for representative vencilaticn racas.
The reduction in 4B dose ia a L3S would e zore appreciable——abouc 13

percea: for low ventilation races and about 70 percent for representacive
ventilation rates.

The difference in thyroid dose protecsion becween S5 and LS sheltars
is 30t as aprarant as for W3 dose, because of the :0re anebulous corrala-
tlom of buildizg air change rats than 3amma radiaticm-attenuartion ;ro-
Perzies wita the gereral type of structure. The degree of variad alYy
i the air change rate——am isgorzans parazmetar affscsing cthe tayroid
eXTosura=—crevancs 2eaningiul ~stimates of the thyroid DRF for SS as
opposec t3 LS shelcers. :c:di:giy. LS may not necessar<ily have any
proteciive advancage for Lhyroid dose teductican over 35 or vice versa,
due %o any zumper of factors——open portals, filtering acsiom, ais coze
itioaing, structural integrizy, efs. Sheliaziz srocecsion for eizher
SS or LS, however, zan rasuls ia thyroid dose reducsticn Sy a facctor of
£zom abouz 20 o 70 for low ai:-change ratss, and frcam 4 %3 10 for repre=-
secntartive alr change ratas. Lhese ranges are prizarily due 2o tie
corTasponding ramge of cloud-exposure perisds of froa 0.5 o 3 ar, whera
the DRF increasas, alihcugh a0t limearly with she ais changes rTate (or
nuzper of air chanmges). Ascther imvor-aat sarazecer 155;::1:; z3s thyssid
SRY value (alsc the WB JRF 2o a lasser axzanc) is the isgress STacsiose,
wnich is creatac like an effaczive filiaring acsziom in this sgugy. Tor
that parazectar, 2 vaolue of 0.7l vas assused for she radiciccis nes, >ased
on raview 2f linizad experizencal work discussed azoove (9. 10 22.3. The
tayroid IRT values givezn would then scale ~iaearly with wnactaver value

is assumec. The use of axpediant filsrazicn discussed adbove Zar w3 Zose

can 3e even zore eflaciive in resucing tayvoid Zese (i.a., rTecuciag radise
~3Gine insTess ana/or wveatilasion 3y stuifing cpenings 3and :zracks oT




usiny such common {ie=s as handkerchiefs and towels far respiratory pro=-
tection). Such expedienc filtration could reduce thyreid dose by a
factor of abouc 10 [35].

The protection against w3 dose decreases linearly with the amount

of radiociocdine Penecrating to the occupiad spaces of a sheliar scrucsurs.
The decrease s zore apparaaz for LS than SS, because of the reslacive
ifferences in the gzamma ray actenuation from sourczes outsile the shelter,
and is also related %o the nusber of air changes that take place during
the cloud-exposura pericd. For =his analysis, an Lagress fracsionm of
0.31 4is assuzed for Ti&ing DRF caleculactional estizmatss. This assuspcica
i=plles thac radicidize sources collecs at certain locaczions ia the
shelter structures. Therefars, insofar as these locations could repre=
seaz "hot spots,” local exposurs of individuals who zay be adjaceaz 22
these colleczicn poinzs could resuls i3 dose incraase. Yo astaxpt has
beex 23de hera, however, o deal with thar problea scher than 22 =ake
aote of iz. Ia view of curven: uncertaincsy regarding sezecraczisa of
Taciolcdize into structures shat could be used as shalzars, the zeed
for zore axverizental resulss susc e emphasized.

The degree of W3 dosa protacsism affsrded by sneltar strucsures
as a fumciicn of clouc-exposure tize depends larzely on the relacive
coniriduticos of the exposure =oces. The larger the relative extarmal
dose concridution Irsm pemesiaticn of gamema radiatisn inzs she shelzar
4s compared wiih W3~-izhalatiocn dose, the lass :he effscs of cloud-exposusse
tize on shelter effe.zivemess. rTor example, for the S5 where gazma rav
penetracicn is relatively zores isporszans, the ORF would rasmais velacively
comstant Ior cloud-exposur: seriogs 49 I3 saveral hcurs. For low vemsilae

tiom ratas, the sheliaring protecsisn 2ay evea Incrrasa somewnat-—only

»

atouts
aix as

fo

percenat Jr sc—2ecause of zhanges ia ke ragdioisotope sousse

L

Tesul: of decay.

LA

LS shelzars, wvnere the W3 zose ¢capenent from gamma ray sene-
fralion is ralatively less izsorszans saasm ia 33 sheltars, the degree af
PTOC22Iion sIill ramaias nearlv zamsrant for cildud-exposure pericds up
£3 saveral -tours I3r low veatilatiza Tacas; but Ior rapresencacive

ventilaiiin racas, :he ralazive srataciisa far shelgaring dizmizisnes
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signilicancly——e.g., a facszor of asou:z ..7 f3r a J~ar cloud-exposures
perzod as comparad wizh a 0.5-hr period. The utili:zy of veatilatiop-
rale control in ainimizing the number of air changes during shelzeriaz,
especially for LS, is strongly supporzad by the results of this amalysis.
Maintaining low ventilatisn rates is even acre izportant from the stand-
point of thyroid dose reducsion for either LS or $S, as the loss ia
proteczion for the same cloud-exposure seriods zentioned above would
axcunt o a factor of about 2.5 faor 3 Tepresentative ventilation race

of ome air change per hour during shel:zering.

Semall-struciure shelier protecction for W3 doses tends to increase
somewnat with cloud arzival tize secause of radioisocope decay and
corTespendisg changes in radiscauclide 7toporiions. For LS shelcers,
PTofaciion Temaits nearly :0nSTant witi clsud arsival tize, because
of the relacively larger innalacicn dose componesnt; this holds sTue
even z=ore so for thyroid dose protecsicn.

Shelzer procecsicn for W3 dose dizinisnes for LS o a greatar

faat than for SS with increasing ven:llatisn rates. Tor a low
vencilaticn rata (L=0.125 hr ) as compared wizh a high ventilacica

race (Leé hr -

)y SS shelzer protecszion dizminisnes by a facser of
~1.32, whereas LS shelzer srotecszism dizinishes by a faczor of ~2.7;
thyroid dose protecticn decreases 3y & Zacs:or of e,

The actenuaticn of zamma radiation fsom airscrme radicacsive zactarial
outsice the shelter strucsurs is zore izpertant to the W3 JRF thaz that
of growmd fallout sbout the shel:ter. Alsc, tie effec: of gamma ray
d4ftaauacion on the ORF Ircm sources cutfside the shelsar is mora signili-
cant I3t the S5 than the LS, whereas :the zsnverse holds far =a ventila-
tiom rTate. That is, a factar-ci-cwo increase ia gamma attznuation
Tesulis o about an 30-perzanc imcrsasa in shelzaer 2ra.scsion for che
53, whereas i Zactor-of-cwe reducsicm iz the aiz change rata resulss i

only about az 3-pcerzent increasa in shelier srocecsisn for w3 dose.

"
J

Tor the LS, a facssreo

=TW0 lLacr2dse I iloud=gamma attenuaction resulcs
iz a 3C-perzen: iacrease in shel:ar sr3geciicn, whereas a factor-cf-two
TeCucIiin i3 the air cnange rata zives rise 0 a il-zerczaac iacraase

in shel2ar protesczion.




The penalty in shelter protection for remaining {a the shelter

tar the cloud-exposure period depends om the aumber of air charnges
takiag place during cloud passage coupled with the relacive somsridbuticm
to tle dose from inhalacion. Whem air change ratas gre lov, 20 signi-
£izant loss of protecsicn for che W3 dose iz either the 335 ar LS oCeurs,
regardless of how lomg individuals remain iz the shelzer afzar cloud
passage. WB~dose sheliaring protection is not affacted very =much when
remaining in a S5 aftar cloud passage; for a LS, shelter effacziveness-
may be zeduced Irsm 10 t2 20 perceat by ramaiaing in the shelter for
period up o about am nour afzer zloud passage. The sheliering pro=-
teciion penally is zuch more proncunced for the thyroid dose, which caa.
amount 3 a factor of adour a 1.2 %o 3 iscrease iz the DRT, as compared wizh
ideal shelter-cizing condizions, should imdividuals ramaia in the shelter
for a pericd up 2o abouz one 2our afsar cloud passage.

The extant 5 wnizh sheliering i3 atssacsive depends cu tie z32ia

of the projeciac dcse o tna protactive actizs guide (PAG). Gemerally

Speaking, wWhem IZat ratis is comparablae $2 ne rasisrscal of she IRE,
sheltering is effaciive as sn azergemcy procaczive acticn. ALss, So¢
conciticns where the projected dose is SO laTge as tT causa acuta
injury, ancd the pradictad tize of cloud arrvival sravencs effacsivae
evacuation, a reduciion in dose by even a facisr af I %2 I =ay se
quiste i=porsans.

The combinec procaciive actions of shelzarizg fallowed Dy evacua-
tiom Curizmg cloud axsosura (as opposed 3 only shelsaring) cam e an
agtTactive cptizn Itcm the stancpeiat of =stal Zose recucsisa. The
advantage becites iucTteasinglv =ore astracsive 3s cae dagzee of pTo-
tecsicn offared Sy 3 shelzar ssruciur: decraases and/or the cloud-
eX;osure Perizc Lacraases. Taacz ls, Zor o, consicarations, the
sneliar/evacuazicn opticn is gemerally =cra assracsiive than LS
and also for high air-change cate comcizisns
Tals clange Ionsilerstioms ase weT2 i=p
as far as :ne speism advanctage i3 conce
thyroid dese pracacsice.
for sloud=2iza arTival

t23n cupied wizlk izccezsi
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The: extent o which the results for snelier effacsivenmess develcped
iz chis study can se applied 5o the zelease of parsiculate airscrme
radicaciive natarial from a auclear izmcident can nar he quancizacively
estizaced here for two reascns: 1) the relacive contTidbution cthac
Tadicactive parsiculazas make to the total dose depends on the exzanc
of thei: ralease; 2) zhe ingress of parsiculate fissicm-producs macarial
i3to sheliar structuses 3ay de differen: from :that assumed hers for
Basequs radionuclides.. Cverall, however, shelters would tand o offer
BOoTe proteciisn i varying degrees thanm thas indicaced here for i
gasaous £fissizn produces. Therelore, applization of the DRF values £d
parTizulata release zatarial would be comservative. Turther zenczicn
saculd be zade far soze specificz consideraczions.

. Shelzer sirucsures would Se ‘ncreasizgly =ore effsczive iz reducis
desages from inhalacion &xposures, for increasing proporsiocems of sazsiz-
ulate relaase, sizoly because of effective filtaring aczicn. TFor W3

dosages, shelier scruzsuras wouwld tend also o e scmewna:z =ore eflaczive;

fowever, the extanr =3 whizh that zay de the case is csmpliczazad 3y varia-

tions ia cthe dose compomear somrribucions. In general, nowever, when :he
W8 dose o nomsaelzar comdis ions (unprotacsad) bdecsmes PTogTassively
BoTe atITiiutadle o parsiculasas, zhe =ore eifaczive sheliaring secczes.
Also, LS shelszers would offar more PTotaciion iRac S5 sheliars for equi-
valen: zarziczulate velaase sizuacisas.

=30tk experizenzal and analytizal work is needed 13 =zore accuracaly
and speciiically assass the srotecsive advantage ¢f snelzaring.

Iz the experizental area, zhe excen: of Tadisacsive iagress iazs
poteartal shelier strucsures still semaiss uncsrTais Taerzefors, some
efisrs using represencative strucsuses (oT =eodels) umcer zomsrzallac
sbelier-scTucsure condizions asd a variacy of csrrelaced zeteorolsgizal
condliions should Se undersaken to sbtais reliabla zeasurszen: b4 4
POSs Sle, the axperizen: should alse adiress Tepresentacive jarsiculaca
ingress.

Anocher excerizezns 2har zsulid vield usedul iaformacisn far shelzar-

=58 PTotaciion pradiztion Is tne easuramens oF W3 axtar—al sa==a Zose

S2om airsorme :loud =ageriil fav Sne.lar sTTUCIUTeS On in insize/sucsize
<Cse zasis. Cf course, sucs an <hgeriaging =ay be 2iifizil: in viaw 3F

t3e inzantiscal zsnmossliad Telease 3f radizaczive airsorma 2ACRELAL.,
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Such zeasuramants, however, could possibly be obtained in conjuncsicn
Viil experizectal programs carriec ous for veriiicaction of computer
codes used 0 predic: ofi-size doses (e.3., the ZRDA Healzh and Salecy
Laboratory prograzs).

I3 the amalycical area, it would be useful to "‘f_iﬁ?éfﬁf&f?.!?tf'°
2ates of shelter protecsion far speciiic cases bdased on zarz defiaizive
shel:er characzaziscics t=at =2ught carTespond o specifi .a0Catisns,, 122 o
The srincipal specific Parzzecers would be gamma Tay atteauation, ‘fiaize-
SouTc2 geozelry-corTectisa factors, alir change rate, fallout deposisisn,
and cloud arTival tize. Also aseded is 20del i=provement Tegarding
Tadicmuclide source componmeats. To shac ezd, Ii would be useful o
issess t=e effec: on the sheliar DRT vhea 7aTrenc-caugicar decay .s
considered along with specifis atzamuacion and finize scurce-gacmesT
C3TTecIion actioms for each racismuclide. T4 =ally, addizismal amalysizal
attantizn should %e ziven o incluce estizacas of suc.:¢~'- 2To=-
tection Ior radicaciive aizSorme Teleases that comrtaia jparzizulaca
2acarcal. Such a3 researczh effsrs wouls f3cus om tie extant and nazurs
of the parsizulaces and smeir i2gTess ia:o sheltar scTucsuras. SRS
@sllzacas would also be zmace using the ype of zocdel 37 :ie zaseous

fissiocn=producs relaase addrassed ia this sTugy.
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- Appendix A a e T
FALLOUT CAMMA SOURCZ e SIS e
FINITE GZCMETRY CORRECTION
M_
Consider the following skatzh for :he dose calculactad at a verszizal

distance d from a plane sourss of is0tTopic gamma-emiizing =materiazl of
source stTength S‘ (3::::“/:2/3«): '

The dose rate at ? fram an annular Source, rvadially Sounced frem 3. =3

-

2 .
2 3( \ -ys
. < 42) @ - -
(R, ,3.) = R e—ln & . ()
Ll any
].

wanere ¢ 1s a dose conversion csmszans, 3(.r) s a 3imma=-ray iose duildup

faczar, and u is zhe 3aS23~-ray agscerscicn i3effiziance.

e Tatio of sha
dese D(C0,2) 2 2(0,=) i3 defized 1ere as -=e iinize plane-scurza ieocessy

-

correcsisn facIar ziven as
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D(R) _ D(0.3) _, _ D(R.®

' e gy 00,  *~D@,= ° (2)

-

Assuming the 3erger duildup fac:ar form, and siace :z =- :2 - d"

D
-l

-
- — f -—-‘ dr = Cu /c-(l-a);: dr

3 (3)
Vil Var®

)
f—

Substituctiag u = ,r for ihe fisse iategral, aad evaluaziag:

- - e
6 ’ p -y - -:)'J- ’
3(R,®) = =2 e = S e
& 3 (a=Dju

~ _—
%3 ‘ _
4. \I . - (2=d)u \/a - “
- —a- | ;.(- ‘ -2 )- ﬁ : » (=,
- L - (P ] J
- vheta I,(x) i3 the firsc-orzar exjoneniial ilalagral funmczisn. Thesm,

sizce 2(J,=) =

o -
.. c o{lad)) —-
- - - \ - - ) -
2(0,®) ® === |z (,d) » e s L (S)
& ! & (a=y
b -
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Appendix 3"
DOSZ REDUCTION FACTOR

SE CCMPONINTS=—INSEZLTTRED
W8 Fallout Gazm=ma Scurce .

The cusside-fallout deposizicn race L3 assuzed o de

= -
g¥(s) A

-7 - \?(2 . 1)
de s ) =
. At
MulzZiplying (1) by the iacagratiag faczar o |,
A ( A
: gz—)Q Ae ¢ p(:) « 7T ¥
de 3xa
whizl can 2e wrisitan as the =stal difiazencial,
d .. At ? , N
- i) s 7 . - ':'
d; i‘ N.s z-(a \
Thas, iztegratisg
4 <
B L, i /’
‘ 7(s ¥ de’
f d k‘ ( )] ‘.\a ) »
3 : Q
ve nave
AL . »
e 3(L) =V s
(8) %3
and :he:z
‘;\s P4
/e e Y v e -3 - -y
eup gt ¢ vl - \e/
- X N
Ter=s usec i2 :tiis aprenmcix ars liszad an 2« 1538.
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The fallout dose during cloud passage vhere Xy # 0, over zhe ‘atesval
0,7,), s

lacegracizg by parss,

| -
1" -At .-k: ‘e 1 -“:c 1
f T e At = =(Az=]l) —— ® == |lee (AT =1) | 2 (5)
3¢ | A% ¢ 7]
0 (0

Aftaer cloud passage, the resiiual ground fallous is

= T =it
2 7(3.) - :

e e’out

ou

The “B gamma dose accumulated over zhe perzad (‘.'Z-l'v)- altar cloud jassage

from Tesidual fallous is

~
'y
(&) 'ﬁ
=)
"
~
"
A
O
[
n
o
“"
L]
o~
&
"y
-~
2]
w
[}
[
LA
L)
"~
'
»
(Al
A
Al

J
r~ - - .,
*Alen .'J/'
«2,7(2) 2|1 * VI (6)
- e Sus A -

The cutside refarence fallout W3 zamma dsse {unproctacsed) due 30 zrounde

fallout devosizion as given 3v Igs. (%) and (5) above is
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DOSE COMPONENT

Alirborne Sourc

1
2

A

- - ——

S== el s o

s=——Tngide
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=AT

L= (kt‘-rl) e

-A (1’24'1").[

rem

The rate of change of the airborme concemsrazica ia tle shel:zar

StTucture during cloud passage is

dc(e) .

de

A

tho e N RC(

) s

(8)

| 44 A
Cicesing e~ as the 2tagrating fac:ar and rewriiing as the socal

P
(e

de

(%)

where X = Lri=X_ ang X=r = Le<,. lzzegrating sver the iaterval (0,:)

where C{0) = )

‘.(: of 4

acd

&
(Lek,) e’ ex L[ (=, 7]
e) = gx L - 5 dt' ® o= | o T el
) ‘c f b’*‘ »
0 1 "
gTagicn is
sx. L -
g o) =it -Xz a3 5
gig) = :\—‘ 2 -2 ) Ci/a plo
2 Ile snellar structure i3 given v iasagraciag :ze con-
) Jver :ne iszarval (T.,T ) anc 2wiiiplying sv :he aperopriace




dose conversion and finiie-source correction facsors designatad here
by «<:

-
-

> 2
b-cf c(z) de

%

cex L
.—o

. (:-?“)

e L
—_—
~

'
»o
"
'—.
'
~
i
>
vl

—/
'

e
w

-.-
1]
[ d
'
~
..4
a
Bl
S
"
-

-~

£

Afzer cloud passage, the concantraticn in the shelzer strucsure as a
funczion of tize is

C'(s) =

anc the dose acsumulated .a tie shelzar s:oructure Jver the Jeriod T

2
afcter cloud passage is
.2
D= ¢ Jr ' (s) dt
0
cex L =al - Y / -K:.)
- 2 e - e - o - i .
—== (. e - en . (13)

&2 Ile sheller siTucture, the rata of change 2f susfaca=fallout

depcosiiion (assuzec 3n tne flscr space) is




Again, choosiag the {acegTaciz

total differentcial,

where X' = (I.s-(!,.

A
=g faczsr e E

Then, iacegrating wheres F(0) = 0,

V'iex L
A - =22
o 7te) = oy =

V'tx

" Ry

14
f(*.-.'“)u'

Q

e -X's
[-dr - o¥s]

8iving the inside fallouz depesizicn as

V'fx - Py |
Fz), = —Sm2e g™ % _ L 7 "5 | cL/ad .
ia \.’Kz) L < J
The W3 extamal zacma dose accumulaczad sver (?,.t.) is
‘e
> s ! ole)
-.:l 4 ’.('.. f E(s,‘a d:
T
1
7' ox X, o ..
. G -(3 \. _ 1 ./“ f‘.n;- -<Lz., i
('-,(.) ‘l Y / .-
.1 bz

lazegracing I3. (17) above (firsc intagral Sy rarss) zives

and rewrizing as :the
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V'C'ey I.Z‘..
m, . —
8 (Z.#‘z) x?. 1

- -‘-i-k-(.-ul - o-u') - -‘—}-i (c.cl - .-C')} ram . (13)

After cloud passage, the accumulated fallsus lavel as '." is given by
23. (18) evaluazed ac ‘." (?(T‘)u). which dizinishes by radicac:ive decay.
T, after cloud

The @B extermal gaxmxa dose accumulatad over iatarval
passage is

T

$ o
™, * c'x,‘z(:.)uf PR

Afzar cloud passage, the comstimuing fallout race iz tne saalzaz
StIuclure due 2 rasidual aissorme radisizdise is

SROR Y s BT ah amy
—— . ]C :' “-‘(:l ’ (.“’
dée
At
vhere C'(2) i3 zivem by 23. (L2). Cacesing 2 - as che ingtagrazizg
faczar and rewriiizg as the :3tal differsazial,
Ve L/ =T -X2 s
| T S, 254y 2 e) X' -
- it S\Sjl | @ pheme=| g - 2 L ] . Lo
as (L%,
=2tagrazing, Woers T(3) e 3,
: b S A L k.




V'ex L / =AT TN\ 2 .,
X R e . _ o/ -X's
e ‘7(:) T .‘2) (c e )o e de

V'ex L -AT -2 \ .
2 e 2 -X'ec
E=ry (o - e / (1 -e )

$2ving the iaside-fallout deposizion afzer cloud ;Jassage as P

!0(:)13- L*’s::)i(' \o -e ) tem . (22)

VaEx L/ =T, -C.) -\t  =Xs
-e (e
The B exzarmal zazsa dose due o ?.(:)Lz

accumulazed over lacarval
T, afzar a cloud Passage is
2
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Iacegrating by parts,

A

VXX, -AT,, |
!'D; - 3 1= 1‘1*-1) - tems . (24)

Similarly, the WB exterzal gam=ma dose inside the sheltar strucsurs
accumulated over iazarval (r1.2.> £rom ocutside~fallout depositica is

T
2
' ' =
m', =A%, f F(.)ou ds
T,
A'V 2 X, -AT -AT
— r(;:,-'-.; « - (AT L) e ‘.I rem . (2f
A e J
SEELTIATNG AND SVACTATION==VENICLE AZIORMI SONCINTRATION
The racte of concem:zraticn zhange ia she vehisle is
dc{z) ol r o wh s i
T:_ - c‘;"v - - Kvu(-) ’ \.6)
wners Z(v s L.*,
Chocsizg 2 4s the ‘zctegrating facisT imc rewTiiing,
4[5 c(-)1 T (27)
ac | ¢ = Aoy : Ve )
-

-atagraging wnere 2(2) = 3,
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and the comcentration ia

-K ¢
C(z) = cxo(c." -e 7 ) Ci/a . (28)

SEFINITTON OF TIRMS

F(e) =
C(e)

o~
= o
>

7
B

fallout (per uani: arza)

inside airborme concenzration (per uni: voluze)
cutside airSorme concensrastion (per uni: volume)
deposizion velocity outside

depositiocn veloci:y insiie

radicactive decay comstant (per uai: size)
fallout deose cenversicn somsczans

dose conversicn cemscant

cloud exposure jericd

shelter entrance de.ay serisd

sheltar pericd afzar cloua Passage

evacuation period away from shel:zar
vemgilacticn turnover rata (per uai:z cize)

7;/; (er uniz zize)

Seas fall Zistance for Lludize iasida

L+)+ X,

4

’]

gouss fracsion

finize-sourze carvacsis:

< w Sa°°" +
sagsor oz falloue

vensilation turncver raza far
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