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Abstract

In this report a model is presented for estima-
tion of the potential sulmersion and inhalation
radiation doses to people located within a dis-
tance of 1000 km from a muclear power plant
during noraal operation. The model was used to
calculate these doses for people living 200~

ity sited near the geographical centre of Den-
mark. Two cases of sources are considered for
this situation

=~ unit release of 15 isotopes of noble gases
and iodines,

= affluent releases fram two types of 1000 Mwe
Light Water Power Reactors: PWR and BWR.

Paramstsar variations were made and analyzed in
order to obtain a better understanding of the
mechanisms of the model,
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1. INTRODUCYTION

With increasing use of muclear ensrgy for electrical gener-
ation considerable sattpution has heen focused on the guestion of
the radiation doses to man and other organimms which might re-
sult from use of myclear facilitias im the slectric yower in-
dustry [1,2,3]. The potential impact on the enviropment from the
construction and operation of nuclear facilities includes the
radiological impact on man and other biota from routine operation
of the facilities and from transportation of radicactive mate-
rials (clean fuel, ‘izradiated fuel and wastss).

The puper evaluatién of radfation doses to people and
other organigms from enivirohmental rasdiiation sources reguires
the mammation of doge contrilutions from sll nunlides and pos-~
sible exposore patlamys.in guestion. Fregusmtly tha relative
importasos of & particular pathway-suclide combination cannot
be judged yithout calculating its costrilution to the total
dose. The ﬁth-n by which man and other organimms in the en-
vizommest could he exposed to radiation are shown in figures l-1
and 1-2 respectively,

The exposuzre pathways for man can be classed as those as-
sociated withs

a) gusecus effluents - air pathways
b) liguid effluents - wter pathways

c) extermal radiation fro: the muclear power plant or
from traneportation of radiocactive materials to or
from mm « direct radistion patbways.

!p- wimﬁll Il.l.' plun‘yo from nuclear power plant are

the m:muug: N
- % malmersion .
~ extermal W eu dsposited material

- jaminstion ..

- ingestion of food c:m .

hgnuaw Alitmil M ‘

The peincipal’ Wsys from nuclear powsr Klant are

tha !nlw: N .

[2 S SR
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- water immersion and water surface

- external exposure to shoreline

= ingestion of water

« ingestion of fish, shellfish and waterfowl

= ingestion of irrigatad food crops

- ingestion of products produced by animal fed irrigated
foods.

The principal direct radiation pathways from nuclear power
plant are the following: ’

= direct radiation from facility
~ exposure during transport of wastes
- axposure during transport of fuel,

Many of the pathways of exposure for organisms other than
man are similar to thoss for man. These pathways include inges-
tion of wa.er and aguatic foods, submersion in aizr, ismeczéion:
in watar and exposure to sediments and slworelimes. Other path~
ways such as irnhalation and direct radiation froms air deposition
of gradiomiclides on soils are not consideredl significant in the
total dose to such organimms, ’



,"lf’él‘/.a

%

PR

LS




| ]

N
3 e

0 OTVIB T2 e
Jeu3E 1.2 EXPOSUTE PATICAYS 10 EX0AMIEN
; o

- if pta



-7~
2. DOSE 20 MAN ~ GENERAL CALCULATION SCHEME

-Tha report analyses the radiation potentially received by
the population located up to 1000 km from a nuclear power plant
during its normal cperation. Two air pathways are considered for
15 isotopes of noble gases and iodines: air sulmersion and in-
halation of air.

Releases of radioactivity to the environment during normal
opsration of a nuclear power plant result in sxposure of the
population to ionising radiation. The assesmsent of the exposure
of the population is depsadent upon the types of nuclear facil-
ities and radiocctive wasts t syst a d, on the
uncertainties in the role of various processas in transporting
zedionuclides through the envircament leading to human exposure,
and on the approximations required in the mathematical modelling
of thess processes [2].

In a genexrsl study as this it is very difficult to take in-
to account all possible variations. However, sensitivity studies
were parformed to evaluate the effects of uncertainties in the
plf&tﬂ'i bilisved to be most significant in their effects on
the doss. Moreover, the dosss received by individuals in the
vicinity of the muclear powver plant are subject to a wide vari-
ation depending on location, age, dietary and other habits, and
other statistical factors. More generally thie can be expressed
ia a dose distribution in tLe population. The ares under the
distribution curve represants the total population dose. The
ll-m of tha total population dose that may result from

‘operation of a particular nuolear power plant is depen~
dent tpon & number of albmuptions. The calculationsl sodels
used ers gensrally catsgorimed as follows:

~ fiource term modsle,

=~ Snwironmental transport- sodsls
Ly 'me e @l

* Sckikde term modelliny mmﬁt ‘assesmeent of pollutant gen—
‘dration thves,’ uﬁ&rﬂﬁ.‘%ﬂ%&x ¥na theatcal charat-
wﬁn %l Filewss rivey to the deabspheric orrior.

2 m POrNits an estimate of




contimum,

The Dose Model allows an estimate of the enexgy dqultum
and biclogical effactivensss from axposure th the alr eoncentra-
tion of radiomuclides. K

The general alwhtmmolmmnumb-h
presented in table 1. -

Jeble L

Model for estimating the popum,lon
doses !ro- A nuclear pouu- M

¥

- **ém-a

. Environmsnte 1l 'rtpu-
#ource Term Models port Models S mm
- Radiocactive Dispersion '} Schmexsicn ub-
half-lives . N
Chemical and et and dry : mion tbu
physical behaviour depletion .
of radiomclides
Production rates Radioactive Decay . »uummm nt
’ J’pﬁmh
Ralease rates ’
Mr concentratiomts -+ |- <.
mmlo"? dose conversion factors

fadionnclide ~f WhoLebody mﬁc’n
;4] sources Air - { doses Mm

of factors. In order to amurnm :
stion dose a variety term wust be ooupled nﬁqiuumo! the

¥adionuclide relsased to, the mwﬁm azg, the pathwey

tranafer function (T) and doss, conyer 1 9 m.mw
iy differ depending upon tha TASiomy
organ (3), and group af psople.in) u

tion,. the patiway. tranafes funetidm VIYL is




of geographionl lopation sud of time.

The funiamental squation for calculation of radiacion doses
to may £rom WO lﬂ w (l\ﬂ-ﬁm and inhalation) is given
1 muu (1’)

e

lyk j,.&tllﬂ 0“’1‘30 :‘)"1 k.3,n 1)

ﬁiinﬁ:hﬂnﬁlmmwomjotthesaﬂivu-
usls in the group h located at a point x

. O Voo - St -t souroe in & divection d aver~
e e w0 aged-ower & sector width of 0 radians
: from molide 1 via pathway k, mrem/year

01 - = Ralsawe rate for muclids 1, pCi/s8

'r;txfi',d) " = melative concentration relsting quantity
. . . of radionuclids i released to its con-
"+  comaxation in the air st a point x from
\ ; ) m m in & direction A averaged
OvAr a sector width 8 radians, pCi/m’/pCi/S

b ,;:;,; " * = 'Dose Oofversion factor relating concen-
%otlmmimtm air
toq resultant ‘dosa to n-th group of

R A %f&oﬂmjﬂnmﬂuvk.

oo T nr-/y per pCi/m’®

T ﬁw‘m PR
Sk f e = Andex -of sltw‘ this ragort amalysas two
r ALE pathweys
o : T o™ makmersion in air
= apr inhslation

- 'm of radiomuclides; this Teport con-
’ ,‘i! u#m’im“ for sitmersion in
and 5 nnmmm for air inhalation

Wdﬂm nﬁr total body) for witmer

M;-,PI% trsﬂ-fﬂh EUrS

23
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sion and 2 organe for .inhalation
{thyroid and total body)

n = index of group of people; this xqorg con-
siders thres groups of peopls (childrea,
teenagers and adults) for inhalation and
one group for sulmersion

x = the distance from the source; this report
considexrs digtances up to 1000 km from the
source

-} = the direction from the source; this report
examines 12 sectors around the mclsar
power plant

e = the sector width; in this case the sector
width is %, i.e. a 12-point compass rose.

The above equation yields the yearly (mram/y) dose to specific
organ j-th individuals in the group & located at a poist x from
the source, in a direction d, averaged aver a sector width of B
radians from muclide i via pathway k. The population dose in man~
rem/year to a specific organ j for individusls in the group n
from mclide i, vias pathway k, is detsxmined by multiplyiny the
individual dose to the same organ j, of the same group of people
n, from the same nuclide i, via the sams pathwvay k, by ths mm-
-ber of the population group n located within tha sector in gques-
tion. Values of the dose at the point {x,0,4) are asswesd to be
applicable to all individuals locatad in that sector (4,6) Zrom
distance x-Ax to x+Ax.
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3.. SOURCE TER NMODELS

Since Light Water Reactor Plants (LWR) ars by far the pre-
dominant type ot nuclear power plants being purchased and installed
in the wordd [i,4, 5) at this present time, they are the major sub-
Ject of this report. The two predominant types of Light Water
Power Reactors cuiTintly in wse &re the Bdiling Water Reactor
(BMR), 8o ealled bevause it generstes steam by direct boiling of
water in tha reactor éore, and the Pressurized Water Reactor (PWR)
in which watis Ssolikt is alt -allowed ¢ Bulk Boil, but produces
steas in 65 eNternsl -Steam generatdr. The-nuclear cospoaents of
both types are similer; To-day ths mucliésy foel used in comaer-
oisl Power: yresctors of the SR and PUR (ypes consists of uranim
MW foel ‘pellets sncapsilited in zircaloy or stainless
#teel cladding [1}.

. - ks -
3.1, of ivity Confined in Light Water
“Yhe ridlotctive substances that accismlate in the reactors
a'n pi-tﬂ.v tha rolut o! three processes

- uum muc; ooc\ptl vmun the uranium dioxide (vo,)
. M pum during rncm operation,
- uul.on of tnw unnu- vlm:h ocours outside the fuel
id
- mf:oa uctiv-t.lon M is the wouu in which neutrons
) -n uptvnd‘ by the various non-radiosctive atomic npuclei
MMWmemmmmln-
ERNS - d‘”“”' cneen 9 o
; Of_fha'vhivn prhgesses, fission wuunun fuel pellets is
by ﬁt‘ﬂn et mfufmn sowswe of radioberivity, Undex typie
caf opitating condirions ‘the guantity of radioactivity comtzined
nmwo!-‘iMWWuw tinés greatar than
Shil gusitity of Andioassivity: 1o, Mévivasion, peoducts throughout
the: mm ummm nmmw- of
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3.2. Radicactive Effluents from LWR

3.2.1. Introduction

During normal opera‘*ion of a LWR there are three kinds of
raduaste:

~ Gaseous radwaste
- Liquid radwaste
= Solid radwaste

In this report only gaseocus radwaste is coasiderad and only
some igntopes of iodines and nohle gases which coastitata the -
sajor radiation hazards in gassous radwaste [4,5,6) . :.

LWRs require equipment for the control of gasecus radiosc~
tive materfals. The gaseous radwaste treatasat systems presanted
in this report illustrate the methods used to control the ef«
fluent gases to the environment. They range from minimal treat-
ment with attendant relatively high releases to advanced and
camplex treatment systems for which the releases are very low.

In all 16 conceptyal g. s radwaste sy arg pressntad
[4,5 ] to cover the range of the sute-of-the-rt treatment  tech~
nology for BWR and PWR zystems considering 7 cases for BWR Gassous
Endwaste Treatment Systems and 9 cases for FWR. The cases in each
category show the effects of varying the types and degree of waste
treatment provided. Case No. 1 in each category ie intended to
provide a basis for comparison to demonstrate the effectiveness
of the subsequent treatment system. The sucéeeding cises were
developed to evaluate modifications in radwiste systems to reduce
radtoactive enissions.

In considering the discharge of ga ratioactive effluents
from a LWR it is necessary to consider certain onnamm be~
tween BMR and PWR design features.’

3,2.2, Origin of t B
3.2.2.1, BWR Systems, In all BWRs the coolant is cirsuiated

through the reactor core where stean is produced. The stoww Ay '

then routed through the turbine, condensed, -nau»m-au ’
roturned to the core. Bepakiate side strhams of PrimaTy: caélast are
withiirawn from the primary system; proosssed throsgh the'resotor
cleaning system, and returned to the vemetor,” ' ° ‘<«von e ol



Ly,

T3

The priscipsl mechsnism that affect the oconcentrations of
radioactive matarials in the primery coolaint are

= fission prodect leakage to the coolant because of de-
fects in the fusl cladding,
~ activption products in the core.

The wast msjority of the radissucliides produced by fission
aze retsinsd within the pellets ustil the fuel is eventuslly ye-
soved fyom tha resctor and reprocesead. ficms of the more volatile
(kryptons, mehons ami iodises) fission profucts diffuse out of the
Mmmmwwmm“mm
Mnﬂcnﬂm. mwmomnmncmmdeﬁcum
resuit from mochanical or thexmel stresses, corrosion and oth
anluullnuuupo of maall smounts of the volatile fission
mmmnmqmlm Pission products also entsr
from the tramp woanium am the cladding surfaces, while activation
products are gemsxated in the rssctor coge.

Gagibous Tedwastes sre removed from the primary coolant to
mmuwtmmnp(nuhmmu:m
3-1)s .

- stasm—jet air sjectors

» wirbine gland seal system

. w Yeastor building ventilation systes

“w tusbine building veatiistion systés

- meshsaical veoutm g .

’ mummmnuunqm

L Tae Lpe s

" m«- m bn cxuun.d ag

"'m*""" QUM” m of the
mmm wﬁWw
; LA, Shekdous; XAl

o imh mwwmmm-mnm
n‘vq T L ww:& SRS ATICLy TanE 0T pr
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- Secondary coolant: Secondary coolant gases consist of the
gases vented from the steam generator blowdown flash tank
and from the steam~jet air ejector exhaust.

- Building ventilation: Gaseous wastes released from the
building ventilation system consist of the gases that are
volatilized when the primary coolant leaks into the reac-~
tor contaimeent buildimg, or into the auxiliary building
which contains the rad te tr equiy t. Gases
containing radicactive material are also released from
stean leakage into the turbine building.

Primary Coolant
The principal mechanismsg that affect the primary coolant ac-
tivity are the same as for the BWRs

~ fission product leakage to the coolant and fissioa pro-
duct generation in tramp uranium
- generation of the activation products in the core.

The primary coolant is continuously purified by the passing
of a side stream through filters and demineralizers in the reactor
coolant treatment systems (RCTS). Radiocactive gases stripped from
the primary coolant by degagsification are normally collected in
pressurized storage tanks and held for radicactive decay prior to
release to the enviromment. Alternative treatment methods include
charcoal delay, cryogenic destillation and cover gas recycle sys-
ten.

Due to leakage through valve stems and pump shaft seals some
coolant escapes into the contaimment and into the auxiliary build~
ings. A portion of the leakage evaporates, thus contributing tc
the gaseous source term, The amount of leakage entering the gasecus
phase is dependent upon the temperature and pressure at the point
where the leakage occurs, Most of the noble gases enter the gas
phase vwhereas iodine partitions into the gaseous and liquid
phases.

geco! Coolant

Leakage of primary coolant into the secondary ooolsat in the
steam generator is the only source of radiocactivity in- the secopd-
ary coolant system. Steam leakage from the secondary sygtems pro-
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vides significant inputs to the gaseous radwaste treatment sys-
tems, For the reactors considered in this evaluation a primary-
to-secondary leakage rate of 50 kg/day was assumed [4,5]. Sources
of radioactive wastes from the secondary system are the offgases
from the turbine condenser, vent gases Irom the turbine gland
seal and vent gases from the steam geperator blowdown. The rad-
waste effluents from PWRs are shown schematically in figure 3-2.

3.2.)., Gaseous Radwaste Treatment Processes

Gaseous Radwmste Treatment systems are designed to control,

e and i the s of radioactive material in gaseous
effluents from a nuclear power plant. The degree of treatment
should be based on a cost analysis balancing treatment require-
wants against the costs of alternative treatment processes.

Several treatment methods are used to reduce radioactivity
materials in gasecus effluents:

- holdwp of the wagte to permit radicactive decay

«~ reducing the sourcs of radioactivity entering the ef-
fluent oteam

- solectively removing radioactive materials prior to
discharge.

One of the methods used to reduce radiocactivity in gaseous
effluents i¢ to delay the releass of a gaseous stream to permit
the radiomwlides to decay to an scceptasble level. In this report
systems with holdup times ranging from 2 minutes to 90 days have
beeh considared [ 4,5]. Holaup pipes providing a 2-minute delay
are used for BWR gland sesl vent releases. The main condenser
off-gas holdup line for s BWR is designed for a 30-minute holdup.

The 30-mimute holdup line used in early BWR facilities pro-
vided Li€tle reduction of radivactive gaseous effluents with half-
livas excesding a' few minutes. 8imilarly, the PWR base case util~
izes & 7-day préssirizes holdup tank to delay primary system
gases. Ths praciivsl differents in delay times between the BWR
and PR vsses 19 the ramilt of the difference in the volumetric
flow Yetes. wowgn fTow Le appronimately 340 m*/h vhereas
e pﬁn&y wui‘-mwm Flow is approximately 0.17 n’/h
(s = o=t e

T 1n the m a-w-mﬂﬂl;’ ‘Pagsurized storsge tanks are’

|
t
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used to provide up to a 60-day delay for primary system gases.
Alternative treatment systems, i.e. cryogenic destillation, cover
gas recycle and charcoal systems, were used to provide longer de-
lay times and to reduce the volumetric requirements of holdup
tanks.

For BWR off-gas systems additiomal treatment processes are
necessary Lo increase holdup times from a few minutes to hours
or days. In evaluation of off-gases from the steam~jet air ejec-
tor a catalytic recombiner is used to decrease the BMR off-gas
volumetric flow rate from 340 -alh to 34 -th to reduce the size
of components used for subsequent treatment [4]. Treatment proc-
esses range fram charcoal adsorbers to large charcoal delay sys-
tems and cryogenic distillation systems to holdup the nmoble gases
and to provide almost complete removal of iodine. Charcoal delay
trains and cryogenic distillation units provide delay times up
to 90 days [4].

Another method used to reduce radiosctive gaseous releases
is to reduce gaseous leakage into a building atmosphers. In the
early BWR facilities (e.g. BWR Gas Case No. 1) the radioactive
msaterial released into the turbine iwilding ventilation air was
insignificant as compared with the total radiocactive gases re~
Jeased from the facility [4,5] Ir the BWR facilities employing
more ad d tr t sy {(e.g. BNR Case Mo, 5) the radio~
active materials present in the turbine building ventilation be~
came significant. The radiocactivity released into the turbine
uilding ventilation air can be reduced sither by treatment prior
to discharge or taking measures to reduce the radioactivity en-
tering the building atmosphere. The steam leakage and thus the
radiocactive gas leakage can be reduced by using more efficient
seals on valve stems in steam sexvica [4].

Treatment equipment with ths capability of sslectively re~
moving specific radiomiclides may aleo be used. Charcpal ad~
sorbers are effective for the removal of radiciodine frem air
streams. The charcoal adsorbers considsred in this report are
deep-bed units capable of reducing the iodins conosstrations by
a factor of 10 [4). Charcosl de-8y systems are largs chercoml .
beds which removs iodins and sslectively delay. ths flow of moble
gases. Their performance is depsndent upon: P




-17 -

- the flow rate
- the temperature
~ the poigtire content of the stream.

The performance is aleo influenced by the type, mass, and
physical characteristics of the charcoal used, the impurities in
the carrier gas, ths system pressure and the carrier gas velocity.

The length of time a nuclide is delayed increases with (1}
the amount of charcoal used, (2) decreasing temperature and humidity
of the charcoal bed, (3) decreasing carrier das flow race.

In the cases considered in this report the holdup times were
changed by

1) reducing gas flow rate by recambining the hydrogen with
the oxygen into weter

2) reducing the temperature and relative humidity of the
carxier gas.

In thig report charcoal delay systems provide nearly com-—
plete removal of iodine, & delay of 1 to 2 days for Kr and a delay
of 13 to 35 days for Xe [4].

A cryogenic distillation unit may be used to selectively re-
move radiomuclides. In a cryogenic system the waste gas stream
temperature is reduced to approximately -195°C with liquid nitro~-
gen. The Kr, Xe.and I are separated from the carrier gas by distil-
lation. Thess liguefied radiomiclides are stored for radicactive
decay prior to relaass. Catalytic recambiners are usad to reduce
process volumes and increase operating safety by forming water from
hydrogen and oxygen.

A summary of the variables for BWR and PWR gaseous radwaste
treatment Systems is presented in table 3~1 (BNR-7 cases) and
table 3~2 (PWR~5 cases). The flowsheets in figures 3-3 through
3=% show how the BNR ga ] tes are treated for
considered. The flowsheets in figures 3-10 through 3-18 show how
the PR gassous wastss are treated for nins cases congidered.

3:2.4, Pringipe] Parametors Used in the Source Term Calculation

It is necessary to0 obtain begic parameters whan calcwlating
the rsdicactive sturce terms expectsd from a nuclear power reactor.
7he peransters assiamed in this report are identical with those used

.
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in licensing evaluations of radicactive wasta treatment systems
in the U.S. [4,5]. The source term parameters are based on avail-
able operating reactor data, laboratory data and on field tast~
ing coabined with judjement as to the most practical application
of the avallable information. When necessary, theoretical con-
siderations and engineering judgement have bhesn applied. In gun-
aral parameters which provide realistic radiocactive socurce terms
based on state-of-the-art technology have been prasented {1,4,5).

The estimation of release ratas (pCi/s) of 10 isotopes of
noble gases and lodines in gasecus effluents for a 1000 Ms re-
actor - type BWR and PWR - is presented in table )-3. The values
are given for seven BWR Gaseous Radwaste Treatment cases and
nine PWR Gaseous Radwaste Treatment cases [4,5). The total anmual
costs of particular radwaste systems are also presented in the
table 3-3 [5]. These coats are stated in terms of sarly 1973
dollars, no attempt has been made to includs the effect of in~
f£lation.




a -1
Samary of varfables for BWR y o
Cane 1 Cama 2 Cane 3 Cano 4 Casa % Cags 6 Case T
3-min holdyp Catalytic recom~ Catalytic recom= Catalytiq recom- Catalytic recom- Catalytic racom- Catalytic recom—
YEMA filter, binar, Y0-min biner, 30-min binar, J0=min biner, Yo=min biner, l0-min biner, J0-min

I68-notor steck

holdup, charcoal

holdup, charcoal

adwarber, 100~ dalay system,
moter mtack 11-day Xa,
18-hr EKr

nhrkm. Primary steam, Clean ateam
2wmin hbldup, 2-ain holdup
100-moter stack  100-meter stack

1 atack 1 adsarbar

No lean stoam on

valven inchea
in <dia, and
larqer

holdup, charcoal
dolay system
11-day Xo,

18~hr Kr

Clean steam

Charcoal a

holdup, charcoal
delay system,
11-day Xe,

18~hr Kr, 100~
wmetor stachk

Clean steam

haldup, charcoal
dclay system,

Clean ateam an
valvas 2<1/2
inchaa in dia.
and larger,
internal recir=
culation, char-
coal adsarher

1
100-weter stack
100-moter stack

Clean steam on
valvas 2-1/2
inches in dia.
and larqar

holdup, eryogenic
diatillation
90=day holdup
tank

Clean stoam

Charcoal adsorber

Cloan stesm on
valves 2-1/2
tnches in dia,
and larger,
internal vecir-
culation, char-
coal adsaorber

a gassoun affluents relcased through roof ar huilding vent unless a stack is tndicated.

-EI-



Teble 3.3

ry of iables for PWR t
P:::::EI Caso 1 Case 2 Cass 3 case 4 Case 5 Case 6 Casc 1 Cage § Cato 9
Primary 1-day 45-day 45-day 60-day Catalytic Catalytic  45=day Cover gas  60-day
system holdup holdup fwoldup holduy recombiner, recomblnrr  holdup recycle holdugp
gases Pressur- pregsur - PrCSEUL= Pprossur= charcoal cryogenic prossur- Y0-day pPressur-
ized ized iged ized dealy ayatem, distilla- 1zad holdup 1zed
arorage atorage BLoroge Hstorage prespurized tion, Brarage pressur= rtorage
tanks, tanks, tanks, tanka, atorage S0-clay tanks, ized tanks,
UEPA HEPA ULCPA HCPA tanks -total holdup HEPA ntorage HEPA
filters filters filters filters holdup pressur~ tilters tanks filters
&0 daya Xe dzed 100-meter
31 daya Kr Rtorage atack
tanks
Sccondary
aystom
Yases
Condenser ¥o o Charecoal Charcoal  Charcoal Charcoal No Charcoal Charcoal
aix treat- treat= bo. r d b troat- adsorper adsorper
ejector ment ment ment 100«roter
stack
Stoam Vent to Vent thru Vent thru Vent thru Vent thru Vent to No Heat ex-  Vant thru
genorator atmoe- = i hlowdown charjer condenmer
blowiown phere (once- blowdawn  100-mater
tank through tank, ion stack
steam exchange
generator)
Contalin-
mnt
purge
Intsrnal o 4,000~ 20,000~ 20,000~ 20,000- 10,000~ 29,000~ 20,000=
cleanup treats ofm ohor= cin char=- ¢fm char- ofm charcoal ¢fm char- cfm char- cfm char-
mort coal coal coal adeorbsr €oal coal coal
adgsorher odsorber  adsurbor edsocber adsorber  adsorber
Purge Ho o Ho Charaaal Charcoal Charooal Charcoal Charcoal Charcaal
wont treat~- troat- troat- adsorber  adsorber adsorber adsorbar adsorbor  adsorber
went lont mont '
Auniliary No Ho lio Chargoal Charcoal Charcoal Charcoal Charcoal Charcoal
building treat~ treat~ *roat= adsorber adeorber adsorber adsorber adsorher adsorber
ventila= went went wont 100-ngter
tion stack
Turbise ¥o No No Claan o Yo %o Ho Charcoal
building  treat- troat~ troat- steam treatment troatment treatmant treatment adsorber
vantile- mant went mant on valves 100-mater
tion 2-1/2 stack
inches in
dia. and
larger

E ALl gamecu: fluents releassd

through roof or building vent unless & stack is indicated.
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Tablg 1.3
Radicomiclide release rates for 1000 Mo light water powar reactor, pCi/a

Boiling water reactor . Pravsurized wmter raactor

fcge

. 1 134 b38 v v vI vII 1 1 111 1w v v vIT vITI %
’7" 3.63 (9) 1.65 (9) 2.11(8) 2.010m) 2.11(R) 1.91(6) 9,66(%) *ILLN8) 3.23(5) 3, 13(G)  3.1248)  2.6145) 3,13(%) 3.1.\~105 2.61¢5)  3.13(%
K 442 {7) 201 (7)) 2,417} 2.01{7) 2.01(7) T.01()  1,06(7) 2.%5307F  2.93(7) 2,507 2,5%(7)  2.53(7) R.53(7) 2.53{7) 2.50(7)  1.53(7
“ 0.87 {9) €.07 (3) 1.511€) T.31(5) 1.77(A) 2.61(8) 2.48(8&) 1.83(85) 2.09(5) 2,09(%) 1,57{%) 2,09(5) 1.57(%) 2,09{5} 1.57(5) 2.09(%
- 1721200 1.12020)  1.2800) 1. 2040) L.2A(R) 18U 2,12(6) §.74(5)  5.7445)  5.7445) 5.74(3) 4.704%) 5,74(5) S.74(%) 4.70(5)  §,74(8
Alm 7S €7 1.75 (7)) G.08(6) B.09(E) B.09(8)  2.I2(6) 7.83(4) 1.7(7)  1,64(6) 1,.67(6) 9.4 (5} 3.B3(6) 5.23(5) 1.G7(6)  I.1I(5F 9.4 (5
IR 2,43 8) 24X {8) 4.44(8)  €,44(8) 4.44(8) >2,61(8) 2,.6)(4) 4.44(6) 7,05(5) 7.05(5) 7.05{(3) 1.83%¢%) 7.0%{3) 7,05(%) 1.57{5) 7,088
[+4) €79 (9) 1L (%) 1,31(9) 1.31{%) 1.31{9%) 1.31¢8) 4,00(7) 1.32(9)  7.05(7) 7.05(7) 6.36¢7) 1LY 6.26¢7) T.05(7) 1.02(7Y 6,2617

us 1911003 2.8T(10) 1.16(7) 1.30¢7) 1.1%47)  9.66(6) 1.15(7) 9.92t%) 92(%) 9.91(5) 9,32(3) 4,26(5) 9,.52(%) 6.26(5) 9.92(3
an 3.92 (3) 1.0 {4y Y.05(3) 7.08() 1.0 (1) 4.18(D) 1,1314)  B.6L{3) 141D 7,012} 1.31(3) 2.0%()) 1.15() 7,148
m A1 18) S M (4] N 92(4) 1. 92(4) 4,960 1.0244) 1.33(D) 1.8004) 4.96(3) 9,92(2) S5.74(2) 9. 14() .42} L7 (21 0,09( 3.7403

o N “? fad 20 ms 130 o 20 204 w2 1Y) s 254 400 m

Bheoe annval costs arn agplicable for 1200 e hWR or PWR radwaste system,
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4. ENVIRONMENTAL TRANSPORT MODEL

4.1. Introduction

Radioactivity materials such as aerosols, vapours or gases
released in gaseous effluents from a nuclear power plant become
dispersed in the surrounding air through variations in wind di-
rection and turbulence of the atmosphere. The average concentra-
tion of radioactive material in air will depend upon the amount
of release and the joint distribution of wind speed, wind direec-
tion and atmospheric stability for the site. Geographical fea-
tures including hills, valleys and large bodies of water greatly
influence the dispersion patterns around a site by affecting
wind directions and gtability conditions. Surface roughness, in-
cluding vegetation cover, also affects the degree of mixing [7].

Alrborne aerosols and vapours in the atmosphere are eventu-
ally reduced by deposition or by the scavenging action of precip-
itation. Noble gases are absorbed to some extent by precipitation
but most simply continue iv mix with the atmosphere. In all cases
the amount of radioactive material released will decrease by ra-
diocactive decay.

In practical application there is frequently a distinction
between local and regional dispersion. However, there is no gen-~
erally recognized definition of the local and the regional range.
Since the range concerned is dupendent on the properties of the
source and on the specific environmental conditions, any final
determination of the range limits would be problematical. There-
fore, the distinction between local and regional dispersion
should be established according to the practical applications.
Typical examples of local dispersion problems are environmental
impact studies of single sources and assessments of the critical
population group. More far-reaching environmental studiss in con-
nection with planning for area use on which the supsrimposed ef-
fects of a large number of sources are to be taken into consider-
ation, or analysis of the population dosas, are characteristic
problems of regional dispersion.

The local range would in general correspond to & short time
period after release before appreciable mixing or diffusion has
occurred; the physical limits of the cloud will be quite sharply
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dafinad. The cloud will have 2 limited size and steep concentra-
tion gradients. Consequently the effact of the release at near
downwind locations may be guite critically affected by minor
topographical features (i.e. buildings, hills and trees) by minor
fluctuations in msteorological variables (1.e. wind direction,
stability category, wind speed, atc.) and by release parameters
(i.e. finite size of a source and rate of relsase). In the local
range, the reguiremsents for the application of the dispersion
equations are generally fulfilled, and the diffusjon iz known
vith sufficient accuracy [7,8). As regards the regional disper-
sion as a cloud moves farther from the point of release, continual
diffusion will the tration gradients to decrease. At
greatar distances the cloud will be relatively insensitive to lo-
cal irxregularities, but will be affected by major topographical
features, gross changaes in the meteorological conditions, limi-
tation of vertical dispersion, and losses of pollutants due to
disposition to make use of the dispersion concept up to areas of
some hundred km aextension. The decreasing reliability of the dis-
persion cslculations for large/regional distances is caused by
shortcomings of the model rather than by the decreasing accuracy
of the diffusion parameters [7]. An essential fact is that the
requirement of homogeneous dispersion conditionsa is not fulfilled
in large regions since, on the one hand, systematic variations in
vind direction due to Coriolis forces have to be considered, and
on the other hand the meteorological conditions are subject to
change during transport times of several hours. Frequent shifts
of wind direction and changes in stability and wind speed may
causs the pluss t0 move to unforesesn areas.

The air transport model, presented in this report, simulates
the spresding of released radiomaclides into the environment via
atwosphere mechanisms, and uses a ona-dimensional version of the
noral equation to estimats vertical aiffusion of the radionu-
clides based on met logical variables assessed on a yearly
average busis [8,9,10,11), Lateral distrilution on an annual
avezage basis is assigned individually to each of 11 compass~
point sectors. Depletion of the airborne radionuclides by wet
and dry precipitation processes is considered. During the transit
of ra@ionucliles, depletion by radicactive decay is taken into
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account. The scheme of this model is shown in figure 4-1.

The air transport model, presented in this report, ias de-
signed to calculate the atmospheric radianuclide concentration
at a particular point to distances up to about 1000 km from the
nuclear power plant.

The general expression for calculation of the atmospheric
radionuclide concentration is the following (12,13]:

3

6
€, =0y x Ry X (5;-1 0.00+f M -Fy o) : (4-1)

c‘.‘1 = the atmospheric ration of i radionmuclides
at the location of interest; pCi/m>

e = release rate for miclide i; pCi/e

£ = the frequency of the occurrence of particular
stability comndisions A,B8,C,D,E, and P) percent

M = meteorological dispersion factor for the location
of interest for particular stability condition "s*
[pcim’ Yipciss)

‘P = the correction factor for depletion due to dry
and wet deposition for radionuclide "i" at the
location of interest for particular stability
condition “"s”

R, = the correction factor for depletion due to decay
for radionuclide "i" at the location of interest.

¥hen both sides of the equation are divided by 01, we obtaini

c 6
i
T, 5, ( ):1 0.0L £ "M cP, _}oR, (4~2)

where
s
Ty - a: = Pathway model convarsion factor relating the
quantity of radionuclide "i" released to its
concentration in the air at the location of
interest, | pCi/m?]/[pci/s].
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4.2. Meterorological Dispersion Factor

Tha derivation of the fundamental diffusion equation is based
on the statistical theory of turbulent diffusion by Taylor (8],
which has the advantage of mathematical simplicity, flexibility,
and easy applicability,

The concentration, x, of gas or aerosols at x,y,z from a
stationary case of continuous emission from elevated sources at
the level H, and on the assumption that [8,11]:

= the plume spread has a Gaussian distribution in both the
horisontal and vertical plans with standard deviation of
plume concentration distributions on the horizontal and
vertical of ay and Oge respectively, m

~ the mean wind spread affecting the plume is u, m/s
= the uniform emission of radionuclides is Q/pCi/s

~ the total reflection of the plume takes place at the
earth's surface (l.s. there is no deposition or reaction
at the surface)

is given by the following equation:
2

2., .
xix,y,2) = ,ﬁgﬁ axp (- %55] iexp[- %LLZ.LJ +
Y

-H
az
r 1 (s+H 2
+esz-7-‘7L_|}. (4-3)
z

This equation is valid where diffusion in the direction of
travel can be naglected, that is there is no diffusion in the x
direction. This may ba assumed 1f the release is continuous, or
if the duration of releass to or greater than the travel time
(x/u) from the mource to the location of interest, It should also
be noticed tha: the assuaption of a wind velocity being constant
throughout the layer of dispersion is not consistent with ex-~
perience [7]. ’

Purtheznors, a beight depsndence of the standard deviation
mist be expected. Heverthales#, measuremsnts in piumes have proved
the fact that the horjsontal concentration distributions in gen-
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eral have a nearly Gausgian distribution, while the vertical coa-
centration profile is apparently at least not much in contradic-
tion to the Gaussian distribution [7,8,11}. Consequently the
problem of evaluating the diffusion lies in an adequate. determi-~
nation of the standard Jeviation.

If the reactor is located on the ground level (2 = 0), then

o8 eplol 2 aplol w2 -
x(x,y) 7ayoa expj - % (ay) P "7 (q.) 3 (4-4)

The ground-level crosswind-integrated concentration is often of
interest. For a continwous elevated source this concentration 1is
obtained by integrating (4-4) with respect to y from (-= to +=)
which yields (4-5)

2.5 2,

x owl = (%) ;3; exp [— é (:11»)_1 . (4-5"
For a source that emits at a constant rate from hour to hour and
day to day estimates seasonal or annual average concentrations
can be made for any distance in any direction if stability wind
"rose® data are available for the period under comsideration. A
wind rose gives the frequency of occurrence for each wind direction
(usually from 12 to 16 points) and wind speed class (usually from
4 to 9 classes of wind speed).

I1f the wind directions are taken to n points and it is as-
suved that the wind direction within each sector is distributed
randomly over a period of a month, season or year, it can further
be assumed that the effluent is uniformly distributed in the hori-
zontal direction within the gector (2,3,8] . The appropriate eqgua-
tion for average concentration is then received through multipli-
cation of equation (4-5) by the frequency of wind directions in a
given sector and divided by the width of that sector at the dis~
tance of interest, which gives

. 2
= G0 LB o (-3 B (4-6)
qg
2

X
LTAS a, u(wa/n)

Dividing both sides by Q, this equation givess

. Xumas _ 2,0.5 L0l t g;_ ~
30 (4 . e
z‘
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sgastion (4-7) is the baaic equation used in these calculations.
In the equation cited sbove the following nomenclature is

usad:
Xpeag =
Q -
l' -
% "

the average alr concentration in a particular
sector of the compass during stability conditicn
8. If the compass rose is divided into n sectors,
each sectoxr is characterized by the sector angle
¢ and frequency value £, If n = 12, the sector
angle is 30°. The average air concentraticn is
usually expressed as picocurie per cubic meter;
pcim’.

the release rate of effluent intc the atmos-
phere ...., pCi/a.

;Lns
- average meteorological dispersion factor

in a particular sector of the compass during
stability condition s, [pCi/m’)/[pCi/s].

the statistical diffusion parameter representing
the standard deviation of vertical distribution
of pollutant material in the airborne effluent
plume during stability condition ¢ ....., m

The accurate description of o_ is given in point 4.2.1.

z
the mean wind speed for each wind direction
sector, m/s.

the frequency of the occurrence of wind direc-
tion for the compass sector being considered, %.

number of compass rose sectors considered, in this
report n = 12,

stack height or emission point above the surface, m.

distance downwind of source, m.

4.2.1. piffusion-Parameter - %

%y is ths statistical diffusion parameter representing the
standard deviation of vertical distribution of pollutant material
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in the airborne effluent plume - the diffusion parameter. This is
usually assumed to be a Gaussian distribution for relatively
short distances [2,3,8], but for long travel distances a stable
layer existinj abov: an unstable layer will have the effect of
restricting the vertical diffusion. The dispersion calculation
can be modified for this situation by considering the height of
the base of the stable layer L {mixing layer). At a height 2,15
a, above the plume centerline the concentration is one-tenth

the plume centerline concentration at the same distance.

When one-tenth the plume centerline concentration extends
to the stable layer, a height L, it is r ble to a that
the distribution starts being affected by the "1id", The follow-
ing method is suggested to take this situation [2,3,14,15] mto
account. Allow %, to increase with distance to a value of m
or 0,47 L. At this distance Xps the plume is assumed to have a
Gaussian distribution in the vertical direction. Assume that by
the time the plume travels twice this far 2":.' it has become
uniformly distributed between the surface of the earth and the
height L.

Establishment of the vertical diffusion variable o, is ac-
complished by two methods for rxelatively short travel distances.
g, was obtained by interpolation of the so-called "Pasquill”
curves given in references [8,11], while for longer distances
the methods developed at the Hational Reactox Testing Btation
{NRTS) are used [15] for three ranges of downwind distances.

= For distance x < x. ~ Gaussian Distribution

oz(x) is evaluated using the following expression [16],
log g (x) = aj + a; log(x) + a,[log(x)]? (4-9)

where a ! 31¢ and a, are parameters associated with each stability
classification, For each stability category, numerical values for
a,, a;, and a, were obtained by fitting the graphs in reference
[11] and 1isted below.
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Stability conditions a, a, a,
A 2.611617 2.021631 0.548155
B 2.044459 1.057002 0.0303405
c 1.786247 0.0918815 -0.00397974
D 1.484478 9.733034 ~0.0745961
E 1.329482 0.680872 =-0.105925
) 4 1.137662 0.655019 -0.121964

= For distance x, < x < 2x; = Medium Distribution between
Gausgian Distribution and Uniform Distribution

aztx) for this range is evaluated using the following expres-
sion [15]c

-xL)

0.465 L +

Q
[ ]

(0.335 L) (4-10)

o, = diffusion parameter, m.

L = the mixing height which can be derived from the
temperature gradient and which is dependent on thg
diffusion category, meters.

%X =a downwind distance beyond which vertical mixing
would be inhibited, This is alsc the downwind point
where the vertical distribution of the pollutant
loading may ba considered to commence changing from
Gaussian to uniform,

x = the downwind distance.

= Yor_the distances x > 351 = Uniform Distribution (where

the vertical distribution of pollutant load concentration may be
assumed to be uniform) {15].

9. 0.8 L (4-11)
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4.3. Depletion of Cloud by Deposition and Radicactive Decay

As a releasec cloud travels downwind, material will be re-
moved from it progressively by deposition of radionuclides on the
ground and by radioactive decay.

The general correction factor for the depletion of the cloud
may be estimated from the following equation:

Gi = Fi'Ri A (4-12)

G, = the general correction factor for depletion of cloud
for radionuclide "i® at the location of interest.

F. = the correction factor for depletion due to dry and
wet deposition for radionuclide "1" at the location
of interest.

R, = the correction factor for depletion due to radioac-
tive decay for radionuclide "i™ at the location of
interest.

4.3.1. Depletion of Cloud by Deposition

A b of prc other than natural atmospheric turbu-
lent diffusicn can be significant in the fate of radioactive ma~
terial emitted into the atmosphere [8,18]. One of these processes
is deposition, The mechanisms by which radioactive material will
deposit on surfaces vary depending on whether the cloud passage
is associated with precipitation. Dry deposition may result from
gravitational settling or impaction on surfaces deflecting turbu-
lent atmospheric flow. When precipitation ocours below the rain-
forming level, the radioactive substances are washed out by fall~
ing raindrops,

Then the correction factor for depletion due to deposition
of radionuclide "i® may be derived from the following equation:

N, £ .+ N f
Yi' Di °D wi “w (4=13)

where
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LI the correction factor for depletion due to deposition
of radiomuclide "i® at the location of interest.

Ilm = the correction factor for depletion due to dry deposi-
tion of radionuclide *1i* at the location of interest.

ID = gffective period of time in which dry deposition
process ls active, t.

N, = the correction factor for depletion due to wet deposi-
tion.

N . = deposition of radiomuclide "i{" at the location of
interest.

f' = effective period of time in which the wet deposition
process ig active, V.

4.3.1.1. Depletion of Cloud by Dry Deposition. With the ex-

ception of xemnon, krypton and other noble gases, and the possible
exception of iodine in true molecular form, the radicactive sub-
stances released from nuclear power plants would be in particu-
late form [6,19]. The physical process governing the deposition
of aerosols and vapours is variocusly complicated and only partly

d ood at p t, and it is impossible to give a precise
prediction of the quantitative effects of deposition on the vari-~
ation of radicnuclide concentration with the distance that the
cloud travels. With the exception of noble gases (krypton, xenon,
etc.), the radiocactive substances released from nuclear power
plants would deposite on the ground to some extent as the cloud
travels downwind, In the absence of rain, which would give rise
to washout of a proportion of the radiocactive subgtances, deposi-~
tion would occur by [6,8,20]:

= sadimentation of the larger particles in the area
closest t0 the reactor

=~ by processes of diffusion and impactirm of the
maller perticles

=~ by diffusion and chamical reaction of vapours at
all distances.

The depletion of radicactive substances in the plume due to
a dry deposition p during 4 ind travel is derived from
the relationship given by I. Van der Hoven [8] as sxpressed in




the following expressions:

- For distances X < x; (where the vertical distribution of
pollutant local concentration may be agsumed to be Gaussian)

v
Npyp{Xsuevgy) = exp ’\‘(':‘"’ =7

~
1 . h* |
——exp ' - dx
[ F

o Tar & 20, (4-140)

where

NDu(x,u,Vdi) = the correction factor for deplation due
to dry deposition of radionuclide "i* for
downwind distances less than x

L
Vay = the deposition velocity of radionuclide
"i", m/s the description of vd.l is given
in point 4.3.1.1.
u,h = as in equation (4-8).
O.1 = 1is given by equation (4-9) (Gaussian

Distribution).

- For distance x; < x < 2x, (vwhere the vertical distribution
of pollutant load concentration may be assumed to be midway be-

tween Gaussian and uniform)

Npagrt®etrVag) = NpyplxpuiVyyd *

)5 vay I
x exp -( Y exp | - ~Iy— | dx (4-15)
t u ! %11 L Za' J E

where

Nmn(x,u,v“) = the correction factor for depletion due
to dry deposition of radionuclide "i®
for downwind distances between xy and ZxL

Npjz(%p,s8sV34) = the correction factor for depletion due
to dry deposition of radiomuclide "i" for
downwind distance x, = expression (4~14})

Vqsrush = ap in the expression (4~14)

%11 = is given by the equation (4-10) (Mediate
Distribution).
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- Por distances x > 211_ (vhere the vertical distribution of
pollutant load concentration may be assuaed to be uniform)

Npgpzrixe9eVy) = Bpyppt2xp,u,Vg,) >
Fe v x r 2 .
2,5 ‘a4 1 ! h !
-{£)? == - d: 4-16
x exp i (,) s bx Oarir exp 2_6:__ B %1 i y
L ZI11

where

“nun""“"’ds’ = the correction factor for depletion due
to dry deposition of radionuclide "i”
for downwind distances greater than 2xL

"nnz‘z‘:,'“"'aﬂ' the correction factor for depletion due

to dry deposition of radionuclide "1™ for
downwind distance 2xL - expression (4-15)

vdi'“'h = ag in the expression (4-14)
9111 = is given by the equation (4-11) (Uniform
Disribution}).

4.3.1.1. Deposition Velocity. The deposition velocity of

windborne materizi varies with the size, shape and density of the
particle and with the chemical propoerties of the material of which
the particle is composed [6]. However, even if the size and com-
position of the particles could be predicted in advance, this would
not be sufficient to warrant more than a very approximate predic-
tion of the dsposition velocity since this has been found to vary
with wind velocity and turbulence, and also with the nature of the
surface upon which deposition occurs {6,19). Iodine, which is
specially considered in this report, presents exceptional Aiffi-
culties when one attempts to assign a representative value to the
deposition velocity, Some iodine would be released in molecular
form, apd a value of Vg = 2,5 cm/s has been found experimentally
for this form (6,19]. Bome iodine, initially in molecular form,
would become kttached to condensation nuclei, metal fumes and
other sulmicron particles, and in this form the deposition veloci-
ty might be sbout 0.1 cm/m or even lower {19]. The presence of
iodine in th¥s form would probably account for the deposition
velocitias of 0.1-0,5 cm/s determingd during the Windscale ac-
otdent in 1987 [21]. Purther information on deposition velocities
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is available from a series of fleld tests of fission product re-~
leases carried out in the U,.S.A. [22,23]. There were 9 experiments
in which fuel was melted and effluent released near ground level.
The cverall result for iodine was Vg = 0.2 cwm/s on gummed paper
samples and 1.5 cm/s on a smaller number of grass samples. The
measured deposition velocities for inversion and lapse conditions
were not significantly different from each other., These data amd
experiments showed that the deposition velocity of iodine varies
between about 0.1 cm/s and 3 cm/s depending on meteorological con-
ditions, and whether the surface is grass, anow, or carbon, and
on the physical and chemical form of the iodine, with most values
falling between 0.2 and 2 cm/8. In this report it is assumed that
the deposition velocity for the noble gases is 0 and for iodine
0.5 cm/B.

4.3.1.2, Depletion of Cloud by Wet Deposition. Depletion of
a fraction of the material from the cloud may occur due to wash-
out of particles or soluble vapours from any vertical section of
the plume by rain or snow falling through it.

The depleti.n of the plume downwind by a washout process is
accounted for by assuming that this process may be represented
by an exponential term of the form [8]

= -7, 2 -
Ba = exp(-A, G) (4-17)

where:

N.. = the correction factor for depletion due to wet
deposition of radionuclide “i" at the location
of interest

%,0 = as in eguation (4-8)

A, = the washout coefficient of radlonuclide *i", s™};

the description of A {s given in point 4.3,1.2,1.
4.3.1.2.1. Washout coefficient, The fraction which is washed

out in unit time is called the wash-out coefficient, A. The value
of A depends on the patticla.l.lz., the precipitation intensity

and the gize of drops, The difficulty in making a suitable choice
of value from the experimental or th tical information available
ig at least as great as in the case of V; for dry deposition [6,8].
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Predicted values of the washout coefficient A for iodine
9as range from 1075 to 107 57! in rainfall rates of 0.1 to 3
m/h [6]. The three measurements for iodine gas gave values
ranging from 3 x 1076 0 2 x 1077 571, i.e. one or two orders
of magnitude lower, This large difference is attributed to dif-
ferences in their respective reaction rates with water [24].
During snowfall, washout coefficlents were lower than in rain,
for inorganic iodine it was about § x m'“ s-l in powder snow
of 0.2 ma/h of rate {18].

Englemann [24 ) presents a survey of experimental results
for washout coefficient measured at Harwell, Washington and .
The values of A vary between 3 x 10'5 a-l at a rainfall rate
of 0.1 ma/h ta 107 g7} at 100 m/h.

These data and exper iments ghowed that the washout coef-
ficient of iodine varies between 10~ to 10'3/3 with most values
£alling between 10™° and 10™%/8; the highest values occurring
when the effluent gas has a high water content and atmospheric
conditions are ducive to densation.

Englemann {18,24] discusses scavenging by snow and water
scavenging of gases. He concludes that for particles of about
1l pm or iess in diameter, i.e, those of interest in reactor re-
leases, it lg generally agreed that washout by rain is insig-
nificant. In this report it is assumed that the washout coef-

ficient for the noble gases is always 0 and for iodine 2 x 10"4
-1
8 .

4.3.2. Depletion of Cloud by Radicactive Decay

When the source material is radicactive, correction factors
must be included to account for the depletion by radicactive de-
cay en route to the reactor., The depletion of concentrations for
radloactive decay of cthe radionuclides is determined by the ex-
preseion:

R, = exp(- %—-—;693 % ),

4 (4~18)

vhere:
R, = the correction factor for depletion due to rad- v~

active decay for radiomuclide "i" at the locat.on
of interest


http://locat.cn
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x,u = as in equation (4-8)

Ty ;= the radiocactive half-life of radionuclide "i", »s.

5
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A_Scheme of Air Transport Model
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Figure 4-1
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5. DOSE MODELS

In the event of the release of radioactive materials to the
atmosphere the radiation dose received by people and animalas can
be considered in two phases (8]; the initial or acute phase while
the airborne material is passing the receptor and the recovery
phase following the passage of the cloud.

The radiation dose in the initial phase will include the ex-
ternal radiation from the cloud passage, scme contributicn from
the materials deposited on the ground, body or otner surfaces,
and the radiation from any material inhaled during the cloud
pacsage.

The dose received in the latent phase will consist of ex-
ternal radiaticn from material deposited on the ground or other
surfaces and internal radiation from ingaestion of foodatuffs or
liquids that have become contaminated by the passage of the cloud.
Possibly an additional internal dose could be received during
this phase by inhalation of resuspended dust in the contaminated
area.

This report takes into account only the initial phase of
recovery radiation dose, i.e.

- the dose from submersion in air
- the dose from inhalation of air during the passage of
the cloud.

5.1. Individual Dose

The fundamental equation for calculation of the individual
radiation dose from submersion in air and inhalation air ia given
by the following equation:

Di-k,jln = Ql'Ti.Fifk:jvn {5-1)

where:

Di,k j,n = the individual dose rate to organ j individuals
rxs
in the group n from nuclide i, via pathway k,
at the location of interest mrem/year

01 = release rate for nuclide i, pCi/s; the de-
scription of 01 is given in point 3 of this
report.
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11 = pathway model conversion factor relating
quantity of radionuclide i released to its
concentration in the air at the location of
interest, pcith/pt.‘i/l; ~he description of
’l‘l is given in point 4 by equation (4-2) of
this report.

Pi,k,j,n = Dosimetry conversion factor (Dose Factor)
relating concentration of radionuclide 1 in
the air to resultant dose to n group of people
on organ j via pathway k, mrem/y per pcl/m3.

The dose factor is a mmber which can be used to calculate
tha radiation dose to 2 person {or organ) from external exposure
to a given concentration of radiomuclides in envirommental air
(Submersion Dose Pactor) and from the inhalation of radionuclides
(Inhalation Dose Factor).

5.1,1. Submersion Dose Factor

The Submersion Dose Factor (mrem/y per pci/n3) was calcu-
lated by multiplying the Hourly Submersion Dose Factor (mrem/h
per pc1/u3) by the occupancy factor (h/y) [2,3].

The occupancy factor

8ince the principal contributions to the external air sub-
mersion dose are from noble gases, the agsumption was made that
the air concentration of radionuclides was essentially the same
indoors as out of doors. Thus no shielding and occupancy factor
are appliad. Therofore 8784 hr/yr (24 hr/day x 30.5 days/month
» 12 months/year) is used for calculation of the submersion dose
factor,

The Bourly Suimersion Dose Factor

In this report the hourly Sulmersion Dose Factor from ex-
ternal exposure to air was derived on the assunption that the
amount of contaminated air was large smough to be considered as
an infinite volume relative to the range of the radiation emitted
{2,3,14]. Under this assumption the snergy emitted per gram of
air is equivalent to the energy absorbed per gram of air. Tha
dose factor mersly converts MeV per disintsgration per gram to
rem and corrects for the differsnces in energy aAbsorption between
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air and tissue,

It is important to notice that the concept of a semi-infinite
cloud is not valid unless the dimensions of the actual cloud ex-
ceed approximately 3-5 mean free paths of the radiation in air.
The mean free path of gamma rays is of the order of 100 meters,
and the dimensions of the cloud are the same order of aagnitude
at distances which vary from 1 to 100 kilometars depending upon
weather conditions [6]. At points nearer to the source of release,
the dimensions of the cloud would be much smaller than the mean
free path of gamma rays. Consequently the dimensions of the cloud
and distribution of activity within have to be taken into account
if a proper estimate is to be made of the y dose from the cloud.

The mean range of beta rays in air is roughly 1 to 10 meters
for beta energies of 0.5 to 2 MeV [6]. Since the dimensions of
the cloud will be greater than this at any appreciable distance
from the point of the release, and a human body would serve as a
nearly perfect absorber, the semi-infinite cloud formula can be
used with good accuracy to calculate the beta dose, The dose from
submersion in air is an external dose to either the ekin only or
both the skin and total body, depending upon the penetrating
power of the radionuclide emitted by the airborne radionuclides.
Only beta and gamma radiation, which would penetrate 7 m;/c:-2 of
tissue, were considered in calculating the skin dose. A gamma
radiation dose at 5 cm depth in tissue was used for calculating
the external dose to the total body (and for internal organs).

The 27 geometry was used for a person standing on the ground
surrounded by a very large semi-infinite hemisphere of contami-
nated gas for both beta and gamma radiation. The geometry follows
fraom the half-infinite volume for gamma radiation, For the beta
radiation with shorter ranges in air the physical arrangement ap-
proaches the infinite volume (47), but since the beta radiation
is of limited penetrating power, it will irradiate the skin from
one side only, not two sides as with the penetrating gamma radi-
ation.

The equation for calculating the hourly Submersion Dose Fac-
tor is given below {2,3],

(H.8.D.P.), = 8.87-1077 (EBi + !’1) (5~2)



whexe:

(H.S.D.P.)l = the Hourly Submersion Dose Pactor for nuclide
{1) in units mrem/hr per pC.l./h: based on a
half-infinite cloud geometry and corrected for
the fractional penetration of beta and gamma
radiations to the appropriate tissue depth
{7 = 1073 cm for skin and 5 om for total bady)

Eu = the effective beta energy per disintegration
of radionuclide (i) im unit MeV, at the ap-~
propriate depth in tisgue.

x“ = the effective gamma energy per disintegra-

tion of radionuclide (1) in unit MeV, at the
apprupriate depth in tiesue.

8.87 x 10”7 = the constant which takes into consideration
the density of air as well as the conversion
from MeV to rem.

In application of this equation, the Hourly Submersion Dose
Pactor is independent of body size. This followe from an assump-
tion that the presence of the person does not significantly per-
turbate the radiation field.

The value of the Submersion Dose Factor is presented in
Table 5~1 (for fiftesn isotopes of noble gases and iodines and
for two organs: total body and skin) (2,3].

5.1.2. Inhalation Doge Factor

The inhalation Dose Factor (mrem/y per pci/ma) was calculated
by multiplying the person’s breathing rate (malht), an occupancy
factor (hrs/year), and the Intake Dose Pactor (mrem/pCi intake),

Inhaiation rates

The ICRP (25] has defined the inhslation rate of Standard
Man as 20 l’/dny. This rate was adopted for the adult. Data on
inhalation rate versus age are limited {2,3]). values selected
for this report wers those derived by Fohner and Kaye [2,3 ] from
oxygen consumption, oxygen concentration in ambient air {(20.9%),
and oxygen content of exhaled air. The data of Rohner and Kaye
for male and female children were averaged to yleld rates of
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14 m3/day for the teenager (14 yrs old) and 7.3 m’/day for the
child (4 yrs old).

The occupancy factor

The occupancy factor was assumed tc be 24 hr/day = 30.5
days/month x 12 months/year (8784 hrs/yr), assuming that the
person spends the major portion of this time in the place where
he resides.

The intake dose factor

Inhaling radioactive materials can result in a radiation
dose to (1) lungs and upper respiratory tract from isotopes de-
posited in the passages, (2) gastrointestinal tract (Gl tract)
from isotopes originally deposited in the respiratory tract and
later removed by ciliary action and swallowed, (3) other organsg
in which the isotopes may be deposited after they are absorbed
into the bloodstream from either the lung or GI tract.

The radiation dose rate to each organ will depend upon the
physical and chemical characteristics of the radionuclides in the
cloud and the distribution and retention of these materials in
the body. ARlthough in many instances it is difficult to predict
the blological fate of the source material released fram a facili-
ty, radioicdine in most forms will be quickly absorbed from the
lungs into the blood stream and translocated to the thyroid. The
noble gases do not enter into the body metabolism but may be dis-
solved to some extent in body fluids or fat.

The mathematical relationship that governs the accumulation
of a radionuclide in an organ during a period of exposure i{s not
known exactly. The ICRP [25] and NCRP [26] have assumed that for
each isotope there 1s one or more critical organ having a charac-
teristic rate of accumulation and excretion. The radionuclides
are assumed to accumulate in the critical orxgan at a rate deter-
nined by the amount present in air, the rate of inhalation, the
rate of metabolic transfer to the critical organ, and the rate
at which the body eliminates the radionuclides. It is asmmed
that elimination is exponential, a constant fraction of the organ
burden being eliminated in unit time. Use of the exponential
model permits the concept of the "biological half-life” Ty 8,
factor which can be used conveniently, in conjunction with the
radicactive half~life T+ The overall rate at which the radio-

.
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activity owing to a radionuclide diminishes in the critical organ
can be expressed as the effective half-life T, which is expressed
by the following expression,

Tr Tb

T = T;T‘T; . (5-3})

The exponential model is undoubtedly an oversimplification but it
is used because of its convenience as well as its conservatism,
The intake Dose Factor can b= calculated from the egquations given
by the ICRP [25].

{1.D.F.) =

{1

o.oume T fa ) (5-4)

. o 20.693t

where:

{(1.D,FP.) = intake dose factor/mrem/pCi intake).

€ = effective abgorbed energy of the specific
nmiclide in the specific organ under consider-
ation, MeV

fa = the fraction of the inhaled material that
reached the organ under consideration.

T = the effective half-life of the nuclide in
the organ under conasideration/days.

t = length of time over which the dose is cal-
culated, days. For present application t was
1 year. ’

» = mass of the organ, gram.

Values of the parameters required for these equations were
taken from the ICRP [25) for the adult, Values of the parameters
for children apd teenagers for calculation of the radiation dose
to the thyroid from radiojodine were taken from the literature
[2] and are presented in table 5-2.

Effective decay energies were derived for children's organs
by utilizing the modal of the ICRP, whereby the miclide is con-
sidered to be concentrated in the center of a spherical oxrgan of
effective radius (x) {25]. The values of x were determined from
organ weights, using the assumptions that (x) was proportional
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to the cube root of the organ weight, and the proportionality
factor was the same as that for the corresponding adult organ.
Decay schemes chosen were those of Lederer et al. [27]. Average
beta energies were estimated from the graphs of E/Eo given by
Stack and Way {28]. Organ weights for thyroid and total body
were derived from the literature {2] listed in Table 5-3.

The calculated value of the Inhalation Dose Factor is
presented in Table 5-4 (for five isotopes of iodines, three
groups of people: child, teenager and adult, and two organs:
thyroid and total body). The Inhalation Dose Factor represents
the dose in the first year after intake.

5.2. Population Doses

The Population Dose (Dp) in man-rem/year to organ (j) of the
individuals in the group n from nuclide i, via pathway k, is de-
temined by multiplying the average individual dose to the same
organ j of the same group of pecople n from the same muclide i,
via the same pathway k, by the number of the population group n
located within the sector in question [29,30] and swming over
all subgroups of peopie im this sector, Mathematically this can
be expressed:

w
- - -3
PP ks T L Paked,n 10
where

D(P)).,k,j = Population Dose from release of radionuclide
i via pathway k to j organ within a given
sector, man-rem/year

Di,k,j,n = The average individual dose within a given
sector from radionuclide i via pathway k to
organ j of group 2 of the population,
mrem/year

"n = the number of people in n group of the ex-

posed population within a given sector.

Sulmersion population doses and inhalation population doses
were calculated from the above expressions.
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Table 5-1
Subwersion Dose Factors

(nrem/y per pci/m’)?)

Radionucl ide Skin Total bodyP’
ar-39°) 1.08 x 1073 2.9 = 10°¢
Ar-41 1.40 ~ 1072 9.65 « 1073
Kr-85m 2.78 = 1073 1.13 = 1073
xr-85%) 1.30 x 1073 1.91 = 1070
Xr~87 2.34 x 1072 1.13 « 1072
Kr-88 1.74 = 1072 1.3 = 1072
1-129 3.46 x 1070 9.5 x 1078
1-131 4.25 » 1073 2.7 =107}
1-132 2.34 = 1072 1.74 x 1072
1-133 7.65 « 1073 3.8 =102
1-135 1.74 = 1072 1.3 x 1072
Xe 131m 4.15 < 1074 2.42 = 107
Xe 133a 5.2 x107% 2.3 « 1074
Xe 133 6.0 x 1074 2.16 « 1074
Xe 135 .3 x 1073 1.85 x 1073

a) Applicable for all groups of people
b) Total body factors also apply to internal organs
¢) Including bremsstrahlung.
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Table 5-2

Values of Parameters Required for Calculation of Radiation Dose
to the Thyrcid from Inhalation of Radioiodine

Parameter 4 years 14 years Adult
fa 0.2 0.2 0.23
m (gram) 5 15 20
Tb (days) 13 30 138

The same for all groups of people
1129 - 5.86 x 10°

I 131 - 8.05
T, (days) I 132 - 9.58 x 1072
I 133 - 0.875
I 135 - 0.279
I 129 13 30 138
I 131 4.97 6.35 7.61
T (days) I 132 9,58 x 107% 9.58 x 104 9,58 x 102
I 133 0.820 0.850 0.869

1 135 0.273 0.276 Q.278
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Table 5-3

Organ Hass and Effective Radius
for Children and Teensgers

Children {4 yr) Teenagers {14 yr)
Organ Mass (gram) Radius Mass (gram) Radius
{cm) (cm)

Total body 16400 20 49000 27

Thyroid 5 2 15 2.7




Table 5-4

Inhalation Dose Factor
(mrem/y per pCl/m3)

Radio- Child Teen Adult
nuclide
T, body | Thyroid | T. body | Thyroid| T. boday Thyroid
-3 -3 -2 1
1129 5.58 x 10 4.86 [4.23 x 10 3.6 3.26 x 1072] 3,4 x 10
.2 -2 -2 1
1131 1.65 x 10 B.2 1.22 x 10 5.75 | 1.83 « 1072| 1,04x 10
I 132 1.52 « 1073 | o0.48 1,23 x 1077 0.33 1.2 x 1073{ 0.427
I 133 5.0 x1073] 2.98 |3.48 x 2073 1.97 |} 3.85 x 1073] 2,57
T 135 3.06 x 1073] 1.08 |2.28 x 1073 0.74 | 2.47 x 1073] o.98

- 99 -
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6. APPLICATIOR - EXAMPLE

The model of calculation submersion populatio doses ana in-
halation population doses presented in this report is used to
calcuylate these dosas for people located within 200~1000 km's
distance from a hypothetical nuclear power plant sited near the
geographical centre of Demsark during normal operation (3%}. The
scheme of this model is the following:

SOURCE TERM
MODEL

AIR
TRANSPORT
MODEL

SUBMERSION AND
INHALATION INDI-
VIDUAL DOSE MODEL

SUBMERSION AND
INHALATION POPU~-
LATION DOSE MODEL

6.1, Source Term Model -~ 9
In this example two cases are considered.
- Unit release rates of 15 isotopes of noble gases and iod-
ines.
=~ Actual releage rates for two types of Light Water Reactor
Plants (LWR): the Boiling Water Reactor (BWR) and the
Pressurized Water Reactor (PWR).
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6.1.1, Unit Releasa Rateg - 91 = 1 /s

In this example unit release rates (1 pCi/s) are considered
of 15 isotopes of noble gases and iodines which are listed below.

Radionuclide Halt Life
Ar-39 270 y
Ar-41 1.83 h
Kr-85n 4.4 h
Kr-85 10.76 y
Kr-87 7¢ m
Kr-88 2.8 h
1-129 1.ex10” y
1~131 8.05 d
1~132 2.3 h
I-133 21 h
1-135 6.7 h
Xe-131m 12 d
Xe-133m 2.3d
Xe-133 5.27 d
Xe-135 9.2 h

6.1.2. Actual Release Rates for FWR and BWR

The estimation of release rates of radioactive substances
(ten isotopes of noble gases and iodines) in gaseous effluents
for a 1000 MWe reactor, type BWR (for 7 BWR Gaseous Radwaste
Treatment Cases) or PWR (for 9 PWR Gaseous Radwaste Troatment
Cases), perhaps located in the middle of Denmark, is presented
below. An accurate description of these values is given in
point 3 of this report [4,5].



Release Rates for Phr pCi/s

Isotope 1 4 III v \'4 vI VI VIlX x

Kr 85m | 3.13(5) ) 3.13(5) | 3.13(5) | 3.13(5)| 2.61(5) | 3.13(5) | 3.13(5) | 2.61(5){ 3.13(5)
Kr 85 2,53(7) | 2.53(7) | 2.53(7) | 2.53(7){ 2.53(7) ] 2.53(7) { 2.53(7) | 2.51(7)| 2.53(7)
Xr 87 1.83(5) | 2.09(5) | 2.09(5) | 2.09(5) | 1.57(5) | 2.09(5) ]| 2.09(5) | 1.57(5)} 2.09(5)
Kr 88 5.74(5) | 5.74(5) | 5.74(5) | 5.74(5) | 4.70(5) | 5.74(5) | 5.74(5){ 4.70(5) | 5.74(5)
Xe 13lm} 1.17(7) | 1.64(6) | 1.67(6) | 9.4 (5)] 1.83(6) | 5.22(5) | 1.67(6)] 3.13(5)] 9.4 (5)
Xeo 133m| 4.44(6) | 7.05(5) | 7.05(5) | 7.05(5) | 1.57(5) | 7.05(S) | 7.05(S) | 1.57(5)| 7.05(5)
Xe 133 | 1.12(9) | 7.05{7) | 7.05(7) | 6.26(7) | 1.31(7) | 6.26(7) | 7.05(7) | 1.02(7)] 6.26(7)
Xe 135 9.92(S) | 9.92(5) | 9.92(S5) | 9.92(5} | 6.26(5) | 9.92(5) | 9.92(5) | 6.26(5) | 9.92(5)
13 3.13{4) | 8.61(3) | 1.42¢(3) [7.83(2) }1.31(3) | 2.09(3) | 1.46(2)] 1.15(3)] 7.31(2}
1 133 1.54(4) | 9.96(3) | 9.92(2) |5.7412) ] 9.14(2) | 9.14(2) | 1.7 (2)] 8.09t2) | 5.7+(2)

- 69 ~
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Release Rates for BWR pCi/s

Isotope I X I1I v v vI viI

BSm | 3.65(9) 3.65{9) ) 2.11(8)] 2.11(B} { 2.11(8) | 1.91(8) | 9.66(¢)
85 2,01(7)] 2.00(7) | 2.00(7)§ 2.01(7) } 2.01{7) | 2.00(7) § 1.96(7}
87 8.87(9)| 8.87(9} | 1.51(6)] 7.31(6) § 1.77(6) | 2.61(5) { 2.48(6)
Kr 88 1.12¢20] 1.12¢10) 1.28(8)| 1.28¢8) { 1.28¢8) | 2.87(5) | 3.13(6)
Xe 131mf 1.75(7)) 1.75(7) | 8.09(6)| 8.09(6) 1 8,09(6) | 2.22(6) | 7.83{4)
Xe 133m) 2.43(8)] 2.43(8) | 4.44(6)} 4.44(6) | 4.44(6) | 2.61(4) | 2.61L(40)
Xe 133 | 6.79(9)) 6,79(9) ] 1.31(9)] 1.31(9) J1.31(9) [1.31(8) { 6.00(7)
Xe 135 1.91(10{ 1.91{10% 1.20{7)] 1.10(7) { 1.15(7) | 9.66{(6) ] 1.15(M)
1131 3.92(5) | 1.02(4) | 7.05(3){ 7.05(3) 1 8.87(3) ]| 1.8 (3) | 4.18(2)
I 3133 2,24(6) | 5.74(4) | 3.92(4)| 3.92(4) ] 4.96(4) | L,02(4) { 1.33(})

BRA
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6.2, Air Transport Model - c,

In this example ip calculated the atmospheric radionuclide
concentration from 200 km up to 1000 Jm (250 km, 350 km, 450 knm,
550 Jm, 650 km, 750 km, 850 km, 950 km) dowrwind distances fram
a hypothetical nuclear power plant sited near the geographical
centre of Denmark to each of 12 compass-point sectors for unit
release rates of 15 radionuclides and actual release rates (BWR
and PWR).

The expressions for calculating the atmospheric radionuclide
concentration are given in section 4 (4-1, 4-7, 4-13, 4-14, 4-15,

4~16, 4-17, and 4-~18). The values of the parameters used in the

calculations are the following:

fs

= the frequency of the occurrence of particular
stability conditions A, B, C, D, E, and P. In this

example is used the values of fs which are cktained

by measurements along the Ris¢ tower in the period
from February lst, 1958, to December 3lst, 1967:
1.177%; 1.741%) 3.341%; 60.257%; 27.108%; 6.526%
correspondingly for the A, B, C, D, E, and F cat-
agories.

L = the mixing height, This calculation uses the val-
ues of L attributed to Klug [7,17] for West Germany
which are given below for A - 1500 m; B - 1500 m;
C~-1000m3 D - S00my E - 200 mg F ~ 196 m,
U = the mean wind speed for each wind direction sector;
the values of u in this calculation were obtained
by measursments along the Risg tower in the period
from Pebruary lst, 1956, to December 3lat, 1967,
and are prasented below.
wind
direction| © 1 2 3 4 S 6 7 8 9 |10 11
sectors
Uy m/s 7.718.018.,0] 8.7 8,0/ 6.9]6.4]5.9]4.9]8.3]8.81)8.2
f = the frequency of the occurrence of wind direction

for the compass sector being considered. The values
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of f were also obtained by measurements at the Rise
tower during the same period as u and fs and are
listed below: for 0 - 7.44; L -~ 10.84; 2 =~ 14%;

3 - 12.9%; 4 - 7,78; 5 ~ 6.00; 6 - 6.2%; 7 ~ 5.1%
8 - 4.1%; 9 - 7.4%; 10 - 9.4%; 11 - 9.1% [31]).

n = number of compass sectors considered; in this case
n =12,

h = stack height or emission point above the surface;
this calculation uses h = 0.

£ = the effective period of time in which the dry
deposition process is actives in this calculation
it is assumed that fD is equal to 56.5%.

fw = the effective period of time in which tha wet
deposition process is active; this example uses fw
for Demmark that is equal to 43.5% (percentage of
days with rain) [32].

= the deposition velocity of radionuclide i; in this
report it is assumed that noble gases and iodine
have depositlon velocities of 0 and 0.5 cm/s respec-
tively [(16].

dai

A = the washout coefficient of radionuclide i; in this
report it is assumed that the noble gases and iodine
have washout coefficlents of 0 and 2 x 10~% gec™!
respectively { 16].

6.3. Submersion and Inhalation Individual Dose Model

In this report the submersion and inhalation individual doses
are calculated at the following diatances: 250 km, 350 km, 450 km,
550 km, 650 km, 750 km, 850 km, and 950 km from & nuclear powsr
plant to each of 12 compass point sectors for unit release rates
of 15 radiomuclides (isotopes, noble gases, and iodines) and
actual release rates from 4 BWR or a PWR ({9 cases for a PWR and
7 cases for a BWR).

6.3.1. Submereion Individual Dore Model

The Submersion Individual Dose was only calculated for one
group of people baecause it is independent of body size. This fol-
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lows from an assumption that the presence of the person does not
significantly perturb the radiation field.

The Submersion Individual Dose Rate (S.1.0.}) is given by
the following equation:

‘5""’"1,3 - C('Pl,j (sub})
where:

(E'I'D‘)l.j = the submersion individual dose rate to
organ j individuals from nuclide 1 at
the location of inte.est, mrem/year.

C1 = the atmospheric concentration of radio-
nuclide { at the location of interest,
pcl/m’ (expression {4-1}).

Phj(sub) = the submersion dose factor relating con-
centration of radionuclide i in the air
to resultant dose to organ j individuals,
mrem/y per pCi/m3. The value of the sub-
mersion dose factor used in our calcula-
tion is presented in table 5-1.,

The calculation values of Submersion Individual Dose Rates,
mrem/year for 15 isotopes of noble gases and iodines (unit re-
lease) and actual releases from a PWR (9 cases) and a BWR (7
cases) at distances 250 km, 350 km, 450 km, 550 xm, 650 lm,

750 kg, 850 kum, and 950 km from hypothetical nuclear power
plants situated near the geographical centre of Denmark (Aarhus)
to each of 12 compass~point sectors are presented in Appendix A
(Unit Release), Appendix C (PWR Relsase), and Appendix D (BWR
Releass) .

§:3.2, Inhalation Individual Dose Model

The Inhalation Individual Domse Rate was calculated in this
report for three groups of people: children (age 4 years), teen-
agers (age 14 years), and adults (age > 18 years) to two organs
of the individual: thyroid and total body., The Inhalation Indi-
vidual Dose Rate (I.I.D.) is given by the following equation:
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(I'I'D')i,j,n = ciq,i,j,n(inh)

where :

(I'I'D')l,j,n = the inhalation individual dose rate to
organ j individuals in the group n from
nuclide i at the locatlon of interest, 5
mrem/year .

C = the atmospheric concentration of radio-~
nuclide i at the location of jinterest,
g:i/mj (expression {4-~1)}.

Fi'j'n(inh) = the inhalation dose factor relating to

radionuclide i in the air to resultant
dose to n group of people on organ Jj,
mrem/y per pC!./mJ. The value of inhala-
tion dose factors for three groups of
people to thyroid and total body are
listed in table 5-4.

The calculation values of Inhalation Individual Dose Rates,
mrem/year for 15 isotopes of noble gases and iodines (unit re-~
lease) and actual release from a PWR (9 cases) and a BWR (7
cases) at distances 250 km, 350 km, 450 km, 550 km, 650 km,

750 Jm, 850 km, and 950 km from hypothetical nuclear power
plants situated near the geographical centre of Denmark (Aarhus)
to each of 12 compass-point sectors are presented in Appendix A
{Unit Release), Appendix C (PWR Release), and Appendix D (BWR
Release).

6.4, Submersion and Inhalation Population Dose ¥odel

In thie report are estimated the submersion population dose
and inhalation individual dose at the foliowing range of dis-
tances: 200-300 km, J00-400 km, 400~500 km, 500-600 km, 600~-700
km, 700-800 km, 800~-900 km, 900-1000 km from a nuclear power plant
to each of 12 compass~point sectors (totalling 96 sector segments)
for unit release rates of 15 radionuclides (isotopes, noble gases,
and iodines} and actual release rates from a BWR or a PWR.
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6.4.1. Submersion Population Dose - (S.P.D.)

The Submersion Population Doses (S.P.D.) within the m sector
segunent in question are given by the following equation:

-3

(S'P'D')i,j,m - (s'x'D')i,j.m.Nm 10

where:

(S'P‘D’)l,j,n = the Submersion population doge from a
release of radionuclide i to organ j of
peuple within m sector segment in question,
man-rem/year.

(s'i'D')i,j,m = the average submersion individual dose
rate to organ j individuals from radio-
nuclide { within sector segment m in
question, mrem/year.

N = the number of people within m sector
segment in question, man.

The Submersion Population Dose (S.P.D.} within a given sec-
tor (whole) is given by the following equation:

8
(8.P.D)y y 0= L (82D 4 o

m=1

where s

(B.P.D.),"J'q = the submersion population dose from a
release of radionuclide { to organ jJ
of people for wind direction sector q
(In tha range of 200-1000 kn), man-rem/
year,

(S'P'D')l,j,n = the submersion population dose from a
release of radionuclide i to organ j
of people within each m segments of
wind-direction sectors q (8 segments
for one direction wind sector),
man-rem/year.
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The Submersion Population Dose (S.P.D.} for oae ring sector
to all wind direction sectors ias givean by the following equation:

12
5,P.D.), . _ = D, .
(5.P.D.Yy 4 g -21 (S.P.D.; 4 0
where:
(5.P.D.}; = the submersion population dose from a

irjez
releage of radiomuclide i to organ j

of people within z ring sector for all
wind direction sectors (12},
man-rem/year.

(S.l‘-'.D.)i'j = the sulmersion population dose from a
releass of radiomuclide i to organ j
of people within each m segment of ring
sectors q (12 segments for one ring

sector), man-rem/year.

The Submersion Population Dose for all ring sectors is given
by the following expression:

8
(s.P.D.), = El (s.P.D.}, j,2
’ 2= rdr

where:

(S‘P'D')i,j = the sulmersion population dose from
a release of radionuclide 1 to organ j
of people within all ring sectors (8),
man-rem/year.

(s.P.D.)"j’z- the sulmersion population dose from
released radionuclide i to organ j
of people within each ring sector 2
(8 ring sectors), man-rem/year,

The calculated values of Submersion Population Dose Rates,
man-rem/year, for 15 isotopes of noble gases and iodines (unit
release) and actual releases from FPWR (9 cases) and BWR (7
cases) for each of 95 (B x 12) sector segments, each of 12 wind
direction sectors, each of 8 ring sectors, and for all ring sec~
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tors arcund a hypothetical nuclear power plant eventually situ~
ated near the geoyraphical centre of Demmwark (Aarhus) are pre-
sented in Appendix P (Unit Release), Appendix C (PWR Releases),
and Appendix D {BWR Releases).

6.4.2. Inhalation Population Dose - (I.P.D.)
The Inhalation Population Doses (I.P.D.} within m gector

segments in question are given by the following equation:

~3

3
‘1"’-"-’1,3,. - n£1 (l.P.D.)i’j,n’ x 10

N
m n,A

where:

(I'P.D.)‘_'L- = the inhalation population dose from
a release of radionuclide i to organ j
of people within m sector segment in
question, man-rem/year.

(X.P.D.) = the average inhalation individual dose
rate to organ ) of group n of people
from a releas of radjonuclide i within
m sector segment in question, mrem/year;
the inhalation individual dose rate was
calculated for three groups of people:
child {(age 4), teenager (age 14), and
adult {age > 19).

i,3,m,n

“n,- = the number of n group of people within
m sector segment in question, man; in
this report is considered the following
groups of people: children (age 0-9);
teenasers {(age 10-19), and adults (age
> 19).

The Inhalation Population Doses for each wind direction sec-
tor, each ring sector and all ring sectors were calculated in tihe
same way as the Submersion Population Doses.

The calculation values of Inhalation Population Dose Rates,
man-rem/ysar, for 15 isotopes of noble gases and iodines (unit
release), and actual release from PWR (9 cases) and BWR (7 cases)
for each of 96 (8 -« 12) sector segments, each of 12 wind direction
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sectora, each of 8 ring sectors and for sll ring sectors around
hypothetical nuclear power plants located near the geographical
centre of Denmark {Aarhus) are presented in Apfondix B (Unit
Release), Appendix C (PWR Release), and Appendix D (BWR Releasa).

£.4.3. The Population Distribution around Hypothetical

Nuclear Power Plants located Nesr the Geographical Centre

of Demmark -~ Aarhus

The population was considered from 200 km to 1000 Ja around
a hypothetical nuclear power plant situated nesr the geographical
centre of Denmark, The araa arcund the plant wes divided intoc 96
{8 x 12) sector segmants and the population within these sector
segments was determined according to 1972 census figures [33) as
reporred by the United Mations. The population distribution by
sector segment and for three groups of people: children {age n=93),
teenagers (age 10-19), and adults {age > 19) are shown balow and
in figure 6-1.
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-
. Direct - -
Sector Age 200-300 km 300-400 km 400-500 km
Total 39300 177000 282000
0 0-9 6300 28300 45000
10-1% 6300 28300 45000
> 19 26700 121300 172000
Total 144000 198000 423000
1 0-9 23500 31600 67500
10-19 23500 31600 67500
> 19 47000 134800 288000
Total 236000 330000 211500
2 0-9 38000 53000 33800
10-19 38000 53000 33800
> 19 160000 224000 143900
Total 144000 132000 21150
3 0-9 23000 21000 3380
10~19 23000 21000 3380
> 19 38000 90000 14390
Total 338000 242000 2500000
4 0-9 54000 38700 400000
10-19 54000 3700 400000
> 19 220000 164600 1700000
Total 825000 2890000 4180000
5 0~9 132000 462000 665000
10-1% 132000 462000 665000
> 19 561000 1966000 2850000
Total 3250000 4550000 5290000
6 0-9 520000 730000 845000
10-19 520000 730000 845000
> 19 2210000 3090000 3600000
Total 650000 3030000 6750000
7 0~9 104000 485000 1080000
10-19 104000 485000 1080000
> 19 442000 2060000 4590000
Total 0 0 0
8 0-9 ] 0 0
10-19 0 0 0
> 19 0 0 0
Total 0 0 0
9 0~3 0 0 ]
10-19 0 0 0
> 19 0 0 0
Total [} 0 0
10 -9 0 0 0
10-19 0 0 0
219 0 0 0
Total 78500 220000 141000
0~9 12600 35000 22600
35000 22600
150000 5
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500-600 600-700 km 700-800 km 800-900 km 900-1000 km
346000 410000 540000 312000 198000
55400 65500 85000 50000 32000
55400 65500 85000 50000 32000
235200 279000 334000 212800 134000
516000 610030 355000 400000 623000
82500 97500 57000 64000 100000
82500 97500 57000 64000 100600
351000 415009 241000 272000 423000
1403959 76200 109000 498000 1507000
226000 12200 17500 79500 240000
226000 122¢0 17500 79500 240000
851959 51800 74000 339000 1027000
0 374000 1570000 2230000 1640000
0 60000 250000 356000 260000
0 60000 250000 356000 260000
[ 254000 1070000 1518000 112000¢
3050000 3600000 4720000 4700000 $250000
490000 575000 755000 750000 835000
490000 575000 755000 750000 835000
2070000 2450000 3210000 3200000 3500000
4000000 4140000 4340000 4700000 5960000
640000 660000 695000 750000 950000
640000 660000 695600 750000 950000
2720000 2820000 2950000 3200000 4060000
5840000 7640000 9850000 11000000 9920000
930000 1220000 1580000 1760000 159Q000
930000 1220000 1580000 1760000 1590000
3980000 4200000 - 6690000 7480000 6740000
8280000 10210000 9850000 5110000 5720000
1300000 1630000 1580000 820000 915000
1300000 1630000 1580000 820000 915000
5680000 6950000 6690000 3470000 3890000
0 1110000 10200000 15600000 12100000
[ 177000 1630000 2500000 1940000
0 177000 1630000 2500000 1940000
0 756000 6940000 10600000 8220000
0 0 7050000 6270000 1640000
0 0 1130000 1000000 260000
0 [ 1130000 1000000 260000
0 0 4790000 4270000 1120000
0 ] 510009 294000 410000
0 0 81500 47000 65500
0 0 81500 47000 65500
0 o 347000 200000 279000
259000 163000 1] 0 0
41500 26000 0 0 0
41500 26000 0 0 0
176000 111000 0 0 0
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6,5. Sensitivity Studies: Effects of Parameter Variations

Parameter variations were made and analysed to better under-

stand the mechanisms in the model of calculation. In a gencral

study such as tihis it is virtually impossible to take intec ac-
count all variations which might occur; however, sensitivity
studies were performed to evaluate the effccts of uncertaintics
in the parameters believed to be most significant in their ef-
fects uon the radiation potentially received by the populaticn.
A series of calculations was made to estimate the cffects nf
variations in meteorological conditions on individual doses.
Changes were acsumed in mixing layer depth, atmospheric stabil-
ity, deposition velocity, washout coefficient, and frequency of
precipitation.

6.5.1. Mixing Depth
In this report difforent versions of the depth ¢f the mix-
ing layer are:

a) at first are used the values of the depth of the mixing
layer {L) attributed to Kluy ;7,17] for West Germany
which are the fellowing for A = 1500 m; B -~ 1500 m;
C=-1000 m3 P - 500m; E ~ 200 mz; F - 196 m {base case).

b} in the second case it is assumed that the value of L
15 1.5 times higher :than in the base case (with the ex-
ception of value L for stability category F, because
the depth of tha mixing layer fcr this category nust be
less than 196 m in this calculation model). Tiiis gives
the following values: for A -~ 225(¢ m; B -« 2250 i3 C -
1500 m3; D -~ 750 m; E = 300 m; F ~ 196 m,

¢) in the third case it is assumed that the value of L
is 1.5 times lower than in the base case. The values
of L are the following: for A - 10. m3; B ~ 10950 m;
C-666mg D~333m; E=~ 133 m; F ~ 130 m.
Becausc aSKr .5 unaffected hy any depletion mechanism ~ other

than diffusion ~ this radionuc?tde was chosen for this text.
The results of the calrulations are presented in Appendix
E.
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6.5.,2, Stability Class

In this report three different versions <f stabil:ity class
are considered:

a) in the farst case (bage cuase) are used the values of
the frequency of the occurrence of a particular stabil-
ity class (fs) which were obtained by measurements
along the Ris¢ tower. The values of fs are the follow-
ing: for A ~ 1.,177%; B - 1.741%; C - 3.341%; D - h0,257-;
E ~ 27.10%; F = 6.57% [31].

b

in the second case it is assumed that the average day-
time stability classification could be approxumated bv
type C and the night-time classification by type D.
Then the vaiues of f¢ are the following: for A - N3y
B~ 0%; C - 50%8; N - 50%; E ~ 0%; F - 0%.

<

in the third case it is assumed that the average stabil-
ity classification during the whole time is D; then the
values of fs are the following: for A - 0%; B - 03%;

C - 0%; D - 100%; E - 0%; F - 0O%.

Because 85Kr is unaffected by any depletion process - other than

diffusion - this radionuclide was chosen for this test.

The results of the caiculation are presented in Appendix F.

€.5.3. Deposition Velocity

In this report five values of deposition velocity are taken
into account - Vg

- 0 cm/s

- 0,2 cm/s

~- 0.5 cm/s (base case)
-1 cm/s

- 2 cn/s

Todine~131 was chosen for this test. The results of the calculatio:
are presented in Appendix E.

6.5.4. Washout Coefficient

In this report five values of washout coefficient are con-
gidered -
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- 0 sec”?

- 107 sect
- -1

-5 1077 sec™' ipase case)
_ -

-2 107 sect

- 1077 sec™!

Iodin.~131 was chosen for this test, The resulta of the calcula-

tions are presented in Appendix E.

6.5,5. Rainfall Variations

In this report five values of tne percent frequemncy of

raintall - fw - were considered

- 0%

- 25%

- 43.5% (base case)
- 75%

- 100%

lodine-131 was chosen for this test. The results of the calcula-

tions are given in Appendix E.

7. SUMMARY

A nodel for estimation of the potential submersion and in-
halation radiation doses to people located within a distance of
1000 ke from a nuclear power plant during its normal operation
is presented in this report. The model was used to calculate
these doses for people living 200-1000 km from a hypothetical
nuclear facility situated near the geographical centre of Den-
mark. For this situaticn two cases of sources are considered:

- unit release of 15 isotopes of noble gases and iodines
(l1isted in6.1.,1) which constitute the major radiation
hazards in gaseous effluents,

- effluent releases from two types of 1000 MWe Light Water
Power Reactors: the Boiling Water Reactor (BWR) and the
Pressurized Water Reactor (PWR),

This report considers 16 conceptual gaseous radwaste treat-
ment systems covering the range of the state-of-the-art in treat-
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ment technology for BWR and PWR systems: 7 cases for BWR and 9
cases for PWR., Cagse No. 1 in each category is intended to provide
a basis for comparigon to demonstrate the effectiveness of sub-
sequent treatment systems. The succeeding cases are developed to
evaluate modifications in radwaste systems to reduce radioactive
emission.

Radionuclide releases from these facilities are estimated,
transport through the region is modelled, and the resulting con-
centrations are used to calculate supbmersion and inhalation doses
to 235 million inhabitants of the study area.

The results of the study based on selected radiation waste
treatment systems for PWR and BWR reactors show that the radia-
tion potentially received by the population from discharges of
radionuclides from these reactors represents only a small fraction
of the radiation received from natural background radiation. Table
7.1 presents a tabulation of the varjious sources of radioactivity
to which man is usually or occasionally exposged [34].

The total average annual whole body dose to the population
of the study area (mrem/capita) from natural .nd man-made sources
{(without doses from radiocactive effluents from the nuclear in-
dustry) is about 136-351 mrem/capita. The average annual whole
body dose to the population of the study area from nuclear ef-
fluents from PWR releases is about 2.0 x 107 - 2,0 x 1077
capita and BWR releases 1 x 10-6 -7 x 10-'l mrem/capita. The re-
sults of the study indicate that the radiation doses generally
received by people in this region as the result of the operation
of a hypotehtical nuclear power plant located in Demmark would
be a very amall addition to the unavoidable dose due to natural
background radiation, medical treatment, fallout from nuclear
weapons, and a variety of miscellaneous scurces of radiation.

In table 7.2 and table 7.3 are presented the average indi-
vidual dose rates for the whole region of study (mrem/year per
capati) for PWR releases and BWR releases regpectively for 9
PWR Gageous Treatment Systems and 7 BWR Gaseous Treatment Systems.

Average individual doses for particular wind directions for
all rings and for particular rings for all wind direction sectors
are liste@ 3. tables 7.4 and 7.5 respectively (for PWR case 7).

Parameter variations were made and analysed to better under-
stand the mechanimm in the model. Because of the large contribu~
tions from airborne radionuclides, uncertainties in meteorclogi-

mrem/
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cal parameters can have relatively large effects or radiation
potentially received by the population. A series of calculations
was made to estimate the effects of variations in meteorological
conditiorns on airborne radionuclide transport. Changes were as-
sumed in mixing layer depth (Pigure 7-1), atmospheric stability
(FPigure 7-2), frequency of precipitation (Figure 7-3), deposi-
tion velocities (Figure 7-4), and washout coefficients (Pigure
7-5). Extreme variations of any one parameter could affect doses
by a factor of ten or greater. However, variations of this type
are expected to be short-lived and would not affect the season~
average values used in the study.
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Table 7.1

Average annual whole body dose to population of study region
from various environmental sources, mrem

Annual dose

source mrem
Raturally occirring background
radiation 3 1060
rallout [341] 5
Nedical-dental sources of rldintton 134] 30-200
Miscellanecus man-mads sources
radiation (TV, Watch, dials, .te ) [34] 1
TOTAL 136-351

Potential radiation from 1000 MWe BWR
Wuclear Power Facility effluents (Eormal
operation)

121076 -7 x 10

-4

Potential radiation from 1000 MWe PMR
Wuclear Power Facility effluents {(Mormal
operation)

2x207 -2x 10

=5




P oo sl

Table 7,2

Average individual doses for PWR releass

(for all mectors and all rings)

mrem/year per capita

Case

Annual costs
ds)

Av. individual submersion
dose, mrem/y per capita

Av, individual inhalation
dose, mren/y per capita

($ th

skin Total body Thyroid | Total kody

1 68 5.02 x 1073 1,72 x 10”3 | 2.77 x 107¢| 5.02 = 10™?
2 S0 5.79 x 1076} 1.16 x 207% | 7.70 x 10”7} 1.29 x 107?
3 244 5.79 x 1076 2,16 = 1075 | 1.29 = 1077} 2.31 x 207}°
4 2 5.45 % 1076 2,03 » 1075 | 7.15 » 207%} 1.29 x 10710
[ 289 3.34 = 10°%] 2.66 » 1077 | 1.20 x 1077} 2.15 x 10710
6 245 5.40 x 1075 2.03 x 1075 | 1.84 x 2077} 3.32 x 10710
7 264 $.79 x 1076| 1,26 » 10™% | 1.4 = 1078} 2.52 » 1071}
s 400 3.24 x 107%] 2,19 x 1077 | 1.08 = 10”7} 1.89 x 10710
N 771 5.45 x 1076] 1.03 x 10”6 | 6.72 x 1074} 1.21 » 10710
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Table 7.4

{PWR case 7)
mrem/year par capita

Average individuals doses for particular wind directions for all rings

poses 1) 1 2 3 4 5 6 7 8 9 10 1n
average individual 2.3¢ § 1,62 ) 2.49) 1.6 } 2.27] 1.20) 2.33 ) 1,14} 7 8.73 | s.92 ) 2.27
wubmersion doge to | x 107%{x 1076 x 1079 x 2078 x 20~ x 2078 » 207 ¥ 20°6]x 10°7|x 1077|x 1077|x 1076
votal dody,

wren/year per capita

Average individual 2.05 | 3.06 | 4,04 ( 2,16 { 1.63 ] 1.67 | 2.76 | 1.24 | 3,08 { 5.6 | 1.14 | 4.7
sbalation dose o ] * 1077 |x 1078« 1079 x 2078 |x 107®) x 107Bx 107%)x 207B]x 2070}~ 107%)x 107%}x 207}

thyraid,
per capita

g,h,n‘. N

b
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Table 7.5

Average individual doses for particular rings
for all wind directions (PWR case 7)
mrem/year per capita

Average individual submersion

Average individual dose to thyreid

Ring dose to total body
mren/year per capita mram/year per capita
200- 300 km 3.77 = 1072 9.18 x 10711
300- 400 I 2.40 x 1077 4.67 = 1071
400~ 500 ka 1.75 x 10~° 2.76 x 10731
500~ 600 km 1.45 x 1077 1.9 x 10711
600~ 700 kn 1,13 x 10”° 1.18 = 1074
700- 800 km 9.47 x 10~7 8.35 x 10712
200- 900 kn 8.12 » 10710 5.87 x 1012
9001000 kn 7.36 x 10710 4.49 x 10712
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