VOLATILE FISSION PRODUCTS



SOME ASPECTS OF VOLATILE FISSION PRODUCT BEHAVIOUR AND
ASSOCIATED POPULATION DOSE IN ©POSTULATED ACCIDENTS

A Report ( Industrial Project )
Submitted to the School of Graduate Studies

in Partial Fulfilment of the Requirements

Master of ingineering

licMaster University

1978



.MASTER OF ENGINEERING (1978) McMASTER UNIVERSITY
(Engineering Physics) Hamilton, Ontario

TITLE: Some Aspects of Volatile Fission Product
Behaviour and Associated Population Dose in
Postulated Accidents
AUTHOR: Peter S.L. Yuen, B.Sc.(Hons) (Manitoba)
“M.Sc. (Manitoba)

SUPERVISOR: Mr. J. Sainsbury
Mr. R. Gadsby

NUMBER OF PAGES: viii, 39

i ]



ABSTRACT

In this report, models, equations, and methodology
useful in the analyses of removal of radioactive iodine in
the form of elemental iodine and methyl iodide from the
reactor containment by sprays and deposition after a postu-
lated Loss of Coolant and Loss of Emergency Core Coolant
(LOC/LOECC) accident are discussed.

Also discussed are applicable methodology useful in
the estimation of population dose as a result of the escape
of radiocactive iodine and noble gases out of the containment
after such a postulated accident. A computer program POPDOSE
“was written to estimate population dose based on this method-
ology.

Results of analyses and details of POPDOSE are not
important for the purposes of this report and are not included

here.
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emoval of lemental Todine and llethyl Todide from

the Contalinment Atmosnhere by 3Snrayvs and Jenosition

1 Introduction

In the safety analysis of reactors, accidents are

postulated some of which may lead to fuel failures and re-

e

lease of radioactive fission products to the atmosphere

M.
o
.

within the containment Among the various radioactive
fission products released the iodine isotopes are the most
biologically significant due to their abundance, volatility
and ability to concazntrate in a single organ (the thyroid).
Radioactive lodine may be released in different
chemical forms: 99 7% iz exnected to be a mixture of elemental

iodine and hypo-iodous acid with

] X

the remaining 1 ;i being

organic iodide., After relesase from the core the

nroducts will enter the containment building where sons of
the ilodins will be roemoved from thz atmosphere by water

i

sprays and some will deposit on surfaces.
This part of the report looks at models, equations,
and mathodology useful in analysing the removal of elemental

indince and organic methyl iodide by doped water sprays and

leposition.

o

Romoval of Tlemental Todine

e . Lt 2 L ~ g IS ~r - - 3 o e S e e a
Tlzmental iodine can b2 raenoved at an appreciable rate
e B -~ de A S o A AN A% e aaen M a  dbifs eeale T NS ey B
It should b2 notzd that this does not inply that the fission
£+ 57 E. - -
yroduets would then ho ralzased to the sxtarnal agv 1 .



by sprays and the natural process of deposition onto surfaces

inside the containment.

2.1 Removal by Spray

2 S Model of Spray Removal

Elemental iodine reacts with water and therefore may
be rapidly absorbed by sprays. The removal rate may be pre-
dicted from a model in which the spray is considered to be an
assemblage of noninteracting single drops (Reference 1). The

overall drop absorption process includes the following steps:

(a) mass transfer of elemental iodine across the gas filnm,
{b) equilibrium dissolution at the gas-liquid interface,
(c) diffusion into the drop,

(a) reaction within the liquid phase.

2.1.2 Removal Rate

The rate of change of iodine concentraticon in

building atmosphere dus to spray removal is,

FEEEP (1)
Simplifying,
o= ! (2)
where t = time (8)
q, = quantity of iodine initially released (g)
@ = quantity of iodins (g)

The soray removal rate constant, A_,, is related to
£ .

the spray flow rate and drop absorption efficiency & by

)]
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FHE
s~ TV (3)

= equilibrium partition coefficient
r

>
u

where

drop efficiency

< m =
u

= volume of contained gas (cm

F volumetric flow rate of spray (cmB/s)
The drop absorption efficiency, E, in equation 3

is given by (Reference 2) ,

E = 1-exp(-6kf,/d(H+k /k)) (4)
where kg = %v(2+0.6 Re SC )
= gas phase mass transfer coefficient
k = 27 D/3d
= liguid phase mass transfer coefficient
t, = drop exposure time (s)
H = equilibrium partitibn coefficient
d = diameter of a spray drop (cm)
D,,D, = diffusivity of iodine in gas and xiquid phaseas

R, = Reynolds number pvd/p , where p is density of air
stream, v is velocity of air stream, and g is
viscosity of air strean.

Sc¢ = Schmidt number, m/pD,
Az soon as the spray removal rate constant, \_, is
- e )

evaluated, the time, , required to reduce the iodine

/9,
concentration to any given decontamination factor, q/9, »
can be obtained by taking the natural logarithms of both sides

of equation 2, yielding

log (q/q )=-\ T (5)
g,(a/q, s “/a,



-log_(q/q )
or Tq/qo - e - 0 (6)

s » . 4
Thus, we have all the relevant equations to work with in

estimating the transient of the concentration of elemental

iodine released into the containment atmosphere after a

M.

postulated LOC/LOECC accident, assuming that spray i

[6))]

available continuously.

2l Removal by Deposition

242l Removal Rate Constant and Deposition Velocity

Elemental iodine is also removed by natural deposi-
tion in addition to removal by engineered safety systems. If
deposition is the only iodine removal mechanism,the rate is

given by :

_dq .
T A
or q/q, = e At (7)
where q/qo = fraction of initial iodine remaining
Xd = deposition removal rate constant
t = time after release of iodine

The deposition removal rate constant , Ay, is re-
lated to the area to volume ratio, A/V, of the containment

volume and an important parameter — deposition velocity

Vp, by
fen)
Ng * VgA/V (8)
where Vg = deposition velocity (em/s)
A = areg of surface avalluble for deposition
(cm™)
Postulated Loss of Joolant with Ziaultaneous Loss of
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V = gas volume of containment (cm

2:2:2 Model of Denosition of Iodine and Deposition Velocity

In estimating Vg, I shall adopt the model developed
by Knudson and Hilliard (Reference 3). It is a model in which
fission products are considered to be released into a well
mixed steam-air atmosphere in the containment volume and the
containment wall is covered with a thin flowing film of water.

In such a model the deposition velocity, V is practically

o !

>

equal to the gas phase mass transfer coefficient, kc, of iodine

through the gas boundary layer at the walls of the containment.
The gas phase mass transfer coefficient, kc, is a

function of the temperature difference, (Tb - T .), between

si

the bulk gas and the containment wall. The value of kc can

. ), which can be

be read off a graph of kc versus (Tb - T31

found in reference 4.
Thus, we can evaluate the removal rate constant, Ad y

if we know the details of the temperature difference (Tb - Tsi)'

In the case that such detail is not known, from & practical

£ . 2 o
standpoint, a lower bound of 1

F for the temperature difference
(Tb - Toi) can be assumad(Reference 5). A conservative
'

estimate of kC or V_can then be obtained.

g

g

3 Removal of Methyl Todide

Methyl iodide is removed only very slowly by natural
devosition and the removal through this channel can then be
nezlected. However,methyl iodide may be removed at a reasonable

rate by aqueous sprays doped with various reagents.
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The removal of methyl iodides by spray is achieved

de

&)
=0

s absorbed by syray

(@
,H'

through two channels. Mirst, the io

1

drops. Second, the spray will wet the containment wall, and

L S

the lodide is absorbad into the spray filam formed on the wall.

The overall removal rate constant AN is then given by

A = Awall film * Mdrop (9)
where Ayquzremoval rate constant by wall film absorption

Ad“m=removal rate constant by spray drops

3ince these two processes are quite independent of
sach other, =ach channel will be discussed separately.

i 1 Removal by Swnrav Drons

In the following discussion, I shall adopt the model
develop=2d by Schwendiman, Hasty, and Postma (Reference 2,4,6).
In this model, liquid dromns are formed due to the hreak up of
liquid sheet or jets. The Jy27 soon comes to its terminal
velocity so that the drop exposure time, t, can be approximated
by the height of the fall divided by the terminal velocity.
While a drop is falling, methyl iodide is absorbed into the
drop at a rate determined by the solubility and first order
reaction rats of methyl iodide in the falling drop. As methyl
iodide dissolves only slightly in and reacts slowly with water,
e reaction rate can only be achievad with the doping
of the snray with a suitable reagent at an appronriate

concentration. This is expected to help increase the

absorption rate of methyl iecdide into the drop. At the end



fall of the drop, the amount of methyl iodide absorbed

by a drop is given by, ,

where

Q
D

a

The removal rate constant A

z:a~|>(cz+['3n7r)(l"e)([J Q’an'”'z)) (10)

8w
n=l a + Bt
4 + Eg
374 B (10a)

mass of methyl iodide absorbed (g)

~

iffusivity of methyl iodide in liquid .drop (cmz/s)

joh

radius of drop (cm)

?o?c ggrauvon of solute in liquid at drop interface
g/cm”

drop exposure time (s)

rst order reaction rate constant within the drop

fraction of saturation

averacze solute conc. at the end of fall
equilibrium conc. neglecting reaction

drop is related to the

fraction of saturation, Z,, in equation 10 by

wnere

drop ~ \% (11)
-

F. = snray flow rate (cm”’/s)

s pray
H = methyl lodide partition coefficient

¥ L
Ed = fractional saturation achieved during single pass
V = volume of containment gas space (cmB)
Lem ] &
In order to =valuatve Ei' we have to solve the right



hand side of equation 10. Numerical values of equation 10 can
be obtained from reference 4 provided we input a and B .
Alternatively, a small program can be written to evaluate the
right hand side of equation 10. Once the right hand side of
equation lC is evaluated, Ed can be obtained with equation 10a,
and then XdrOp can bz evaluated with equation 11.

The partition coefficient of methyl iodide, H, in
equation 11, is given by (Reference 6) :

logH = 4.82 +122L (12)

where logH = logarithm to the base 10 of the partition coeffi-

cient H

T

absolute temperature in %k

The first order reaction rate constant, k%, depends on
both concentration of reagents in spray solution and temperature.
Usually, the so called second order reaction rate KO for
different reagents at 25 °¢ can be found in the literature,

o . > O
e.g. reference 6. The first order reaction rate, k, at 25 C

is thus given by
V1r - W
‘ N - I\OC
, : n g -1 -1
where Koz second order reaction rate (litre mole s )
C = concentration of reagent in spray solution

-1
(mole litre 7)

. . , 0 .
At temmeraturc other than 25 “C, k can be obtained by

|og _IS_?:. = _Eﬂ_ _1_.__.1_ (—]_’))
13
k1 G T, T
5 i < (0] Otr
where T, =temperature other than 25 "C ( K)



0
n = 25 °C
= t3 +3 anaro kecal a_l
q = activation snergy (kcal mole™ ™)
3 -1 o,.-1
G = universal gas constant (cal mole K™)
: _ -1 o.,-1
universal gas constant (cal mole K™)

The quantity E, is always found along with KO in the

literature.

Fa2 Removal by VWall Filn

After the spray is turned on, the containment will
soon be covered with a flowing film formed by the spray drops.
Methyl iodide can be absorbed into this wall film and thus
removed from the atmosphere. From a model discussed in
reference U, the rate of removal of methyl iodide by wall film
can be conservatively estimated as the following. The removal

rate constant, , 1s given by (reference 4)

Myall £ilm
-9 A
>\wclll TV (14)

wheare Q/C. . absorntion rate per unit area

g gas phase concentration

= surface area of wall film

]

volume of gas space.

E3
o
[

numnerical value of q/Cg is given by (reference 4)

VK
q/Cq = HVKD tanh (' &) (15)

where H = partition coefficient

=

= first order reaction rate constant

= diffusivity of methyl iodide in water

& O
i

thickness of wall film
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The film thickness, & , may be predicted from laminar

flow theory and is given by (reference 4) :

5= (3xLyv (16)
where ® = film thickness on vertical wall
v = kinematic viscosity of water film
I' = film flow rate per unit length of perimeter

= acceleration due to gravity

HA
Or, >‘wal fim =V kD tanh (\/-DR: 3)



Part TIT

POPULATION DOSAGE AS A RESULT OF RELEASE OF RADIQACTIVE

TODINE AND NOBLZT GASES FROM THE REACTOR CONTAINMENT AFTER

A SINGLE FATLURE

L Introduction

In a postulated reator accident, e.g. LOC/LOECC,
isotopes of the noble gases (Kryton and Xenon) and iodine are
by far the most abundant fission products released to the
containment atmOSphére. Following such an accident, the
pressure in the containment rises due to the entry of steam:é
hydrogen and gaseous fission products. Hence, there is a
potential for leakage of some fission products to the outside
environment.. This 'potential for leakage will continue for
many days unless the pressure is reduced by intentional
discharge through filters. Thus, although the bulk would
be contained, a small portion of these fission products
may find its way out of the containment through small leaks.
The effluent, after being released to the atmosphere outside

th

D

reactor, may be carried away from the reactor by the
wind and turbulence. As a result, a person who happens
to be in the path of the effluent will receive some radiation
dosage.

In this report, I shall discuss briefly applicable
models which describe the spread of the effluent undef

different meteorological conditions. With these models, I

* This is only true for singlzs unit CANDU COﬂtalﬂl“lug. for
multiple unit stationz, a vaccuum building is connected to
contalnment, resulting in subatmospheric containmsnt pressures
following accidents.

T%
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shall also outline the2 procedure in estimating the population
(collective) dosage received by the public. In particular,

I shall discuss the procedure for estimating the population
dosage duec to the intake of isotopes of iodine released, and
that due to external gamma irradiation by the radioactive
noble gases. In both cases, I have assumed that there is no
deposition and no settling of the resleased fission products
although radiocacitve decay will be taken into accout. Also,
I have assumed that the terrain complaxity in the path of the
effluent is uniform. With these assumptions, thes cstimates
made will probably be conservative in the sense that the
calculation will predict a larger dose than would be observed

in experiments.

5 Spread of Effluent

Once a radioactive gas or asrosol becomes air-borne
it travels and disperses 1in a manner governad by its own

physical propsrties and those of the ambient atmosphere into

- m o~ LVE 5 & AT = P PO
released. The effluent enters tha a

%
bz i ~n

tmosnaer:ez

e
)

which it
with a certain velocity and temperature which are gensrally
different from those of the ambient. The effluent motion
has a vertical componant because of the combined effect of
initial momentum and buoyancy (either positive or negative)
until these properties are dissipated. The vertical rise of

the efflucnt duc to this motion is called plume riss and has




causes random movament

gressivs latzral
mixing with air.

Ths

[N

ribs

o
[$)]

Mathema

spread of the

of the z2ffluent resulting in its pro-
and vertical dispersion and its dilution by
This process is called atmospheric diffusion.

effluent by these mechanisms

by a mathematical model.

cal Model

TLet us

effluent

.Y
¥

within the

X(X :Y:z:f) =

Q

vnare

X51¥01Z0

consider

the 1dealized case of a single

to the atmosphere. Because of

size will grow with travel time as

concentration of radioactivity

Qo

ex = Qa '
(2#? 0,0, T, P a? a2 a? e
X"y X y z
the quantity of the instantanesous source (Ci)

and
Tthe
7-axls

the co-ordinates of the source of release
el Y 421 S Sl < % . 38 L.
with the x-axis in the downwind direction,
y-axis in the crosswind direction and the
in the vertical direction

Ox1 Ty, = the standard deviations of the concentration
distributions JWDn‘ the three co-ordinate
directions at the centroid of the cloud at
tine &

U = mean wind speed (m/s)
IF the radiocactivity iz rzleazed continuously rathsr
than in a »nuff, to sun the contributions from the succession
o continum "ouirfs", we can intsgrat:z esquation 15 along the



x-axis when the wind speed

transformation relation:

diffusion can be neglected as compared with advective transport

(reference 7).

x(x,y,2) =

in equation 19, Q' is the rate of release of radioactivity.

Also, the co-ordinates of the source, (xo,yo,zo) are set

arbitrarity at

It 138

concentrations arising from elevated sources,
release from a stack.
origin of the co-ordinate system in equation 19.

assuming that the plume is reflected at the ground,

Zero.

ften im

xxy,2)= 5—

>
>
<
g
|

The ground level

the plume centre line is

4, yielding

x(x,0,0)=

then obtain the ground level concentration by

equation 20, yi

y "z

QI
u

portant to calculate ground level

We can do this by Tirst

[exp(

exp{-

%@ nt

exp {-
%

2

T2

Z}.

ot near

and assuming that downwind

case we get

_ye 2 ;
et 5 ol 20

effective stack height (see section 5.3 below)

concentration along a line below

obtained by letting y=0 in =quation

such as the

hifting the

(1

)

(20)

(21

)
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The time integral of the concentration (T.I.C.) of
radioactive material at a point is required for calculating
the related dose. In short term continuous release, a con-

servative T.I.C. is obtainad by renlacing Q' in equation 19

with tha total quantity of release 9 (reference 7), yvieldinsg,
2 2
T1.1.C. 1 1, Y 4
= — expi-z(—= +
Q - 2wiloy o, p{ 2(0'5 ?z)} (23)
A = (X,Y9Z)
Similarly, equations 21 and 22 respectively become,
2
Tubsls 1 L y2  _H
ol exp i—~zli— ¥ —%xl
Q Tlo o, { oy o2 }
]
= y(x,y,0) (24)
T.1.C | { Hz}
—= = exp >
Q 7rua'ya'z 20'2 . (25)
= \I/(X O O)

The left hand side of equation 23, 24, and 25, i.e.,

Q

T.I.C. per Ci of radioactivity released is defined as specific

exposure, ¥, and is an important quantity in estimating the
radiation dose per Ci of release received by a person at a

noint.

and Determination of e's

A}
(92}
=
(&)
o'
»
}_-
)
H
1
2
‘_l
(0]
2
]
o
(63}

B

the diffusion of the radiocactivity is highly

>
(6]
=)
0]

influenced by turbulence which in turn is determined by
atmosphere stability,we can expect the 'measure of spread of
the radioactivity' (o) to be a function of atmospheric

stability. Conversely, atmosnheric stablility can be iden

with the deopendonce of o's on downwind distance, Fasgulill



(reference 9) has developed a method for classifying
atmospheric stability. He grouped stability condition into

7 classes A - G, ranging from extremely unstzhle to extremely
stable. Smith-Hosker (reference 8), in parallel-to Pasquill,
also classified atmoshperic stability into classes A - G,

and give the dependece of oy and o, on stability classes

analytically as the following

o, (x) = C,x /(1+0.0001x) " : (26)
o, (x)= g(x) Fzg,x) @

b b
with g(x) = 01X 'S (1+ azx 2) : (28)
and F(z,,x) = £n {C1 31 (1 +(Ca'xd2).1} if z,>10 cm (29)
v Flz 0= La{cxMr+c,x%)} it z,<10 em (30)

In equations 26 - 30, the quantity Z ié roughness
length describing the terrain complexity of the land in the
path of the plume. The parameters Cq al, bys 8sy Dyy Cypy
dis ¢y, d, as a function of stability classes A - G are given
in Table 1, 2, and 3.

Other authors have published analytic and graphic
means of obtaining oy and o, for all the Pasquill stability
categories (reference 9, 10). However, the Smith/ Hosker
scheme 1s adopted in the present analysis.

The knowledge of the dependence of o, and o, anables

y
the prediction of the specific exposure ¢ which depends on



Parameters

TABLE 1

for =(x) in Zquations 28

Stability
Class

D
)
-~
F

) al

0.112
0.130

0.112
.. 0.098
 0.0609

| 0.0638

1.050
0.950

0.889

 0.8953

. 0.783

TABLE 2

0.920 .

g
5.38%x10"
' 6.52x10""
9052107
| 1.35%x1070

1.96x1077 | 0.
Edl.3 xlO_3 1 0.

FParameters for F(ZOJX) in Pquation 29 or 30

Roughness

length

boem

lem |

|

-

O
N

5.6 |

7.37 .

11.7

ffatahé 8 4

0.027
O.

-0.098

-0.095
-0.128

TABLE 3

7 b2

Parameters for q;(x) in Tquation 26

A

Stability |

Class

o 6 D " i ®

.11



o and o, ( section 5.1). Knowing ¢ we can then proceed with

the estimate of dose.

b % nffective Stack Heicght, H and Plume Rise
The effective stack height H in the expressions for X 1

and specific exposure Yy 1s obtained by adding the plume rise

to the physical stack height.

Bie 3w Plume Rise for Tall Stacks

n

Stacks that are at least twice the hesight of adjacent
solid structure are classified as tall stacks. For effluents
released from tall stacks, the plume rise, h, can be estimated

using the following equations according to weather stability.

(2) neutral stability (refersace 3)
_2/3 /3
h = 1.44D (w,/T) (x/D) -C (31)
where h = plume rise (m)
w = cxit velocity (m/s)

x = distance downwind (m)

U = wind speed (m/s)
D = internal stack diameter (m)
and C = 2D(1.5 - wo/ﬁ)

f'or this case, also use
h = 3(w_./u)D (3
0
The value of h to be adonted is the lower of the two

obtained from equation 31 and 32.



( raf

g SN k. 1 K 5
Condltions

Ferenc

(@]
{

The results

from equation 31 should be

compared with

the results from the following two equations:
1/4
h =4(Fm/S) (33)
or h =158 (F,/u) (34)
and the smallest value of h is used. In these equations Fm
and S are defined as
2 2
ﬁm' h%(D/Z)
8.7 x 10'” for class E stability
S ={1.75 x 1077 for class F stability
2.45 x lO3 for class G stability
54342 Plume Rise for Short Stacks
Stacks of height less than twice the height of adjacent

solid structures are classified

h for short stack are estimated
1 . - o i N
as the following (reference 8).
(a) w /u >5
We can use equation 31.

(b)

wo/ﬁ <1

We can equate h to zero

(c) 1

IA
DA ~
\
]
IA
n

First estimate an entrainment

BT 2.58 - 1.53(w0/ﬁ)
=0.3 - 0.05(w_/1)

(Sig
Q

as short stacks.

according to the

for conservative

Plume rise

wo/ﬁ ratio

estimates.

coefficient Z,. given by



Second, consider the release as tall stack release
for 100(1 - Et) percent of the time and a ground level release
100 Et percent of the time. Calculate the concentration for
ch case and then find the average,weighted with the fraction
of that time that each release occurs.

Of course, whenever we don't know the details leading

to the estimate of h, we can equate it to zero for a conserva-

o

)
) .

l_h

tive estimate (substituting into eguation 2!

\J\

5.4 Building Wake Iffect

Radioactive materials released through leaks in the
buildings or from short stacks will be mixed with the turbulent
wake created by the ambient air flow around the buildings. This
affect results in an air flow around the buildings. This effect
results in an increase in both_ayand.az . This building wake

effect can be taken account of by modifying ay and o, according

to (reference 11)

5, = (e2+carsm)” | (35)
s, = (o.+casm’? (35)
where A = total area of bullding contributing to the
building wake effect
C = building wake effect constant, usually 0.5

The estimate of ¥ and Y can then be done by replacing
o 's with 2's in all the appropriate equations.

With the swnread of effluent dealt with, we are in a
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oosltion to nroceed with the estimate
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. The activity can reach the thyroid

eventually by inhalation and ingestion by an individual.
The amount of intalte by an individual situated at a noint

on ths ground is proportional to the time integratsd con-

iodine and thus specific exposure (). Hencs,
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the dose received by the sgame individual is also proportional

c exposurz (), that is

D = kQy (37)
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PD = [Dix,y)plx,y) dA (38)
A
where PD = collective dose (man-rem/yr)
D(x,y) = dose received by an individual at the point
(x,y) (rem/yr)
v
p(x,y) = population density (1/km™)

A = area encircled by plume boundary (ka)

6.3 Defining the Plume Boundary

On examination of equations 21 and 22, we can see that
the activity concentration is continuously decreasing out to
an infinite distance in bofh the y and x directions. To deter-
mine the population dose, we must first determine the boundary
within which equation 38 to find population dose can apply.
We fherefore need to set arbitrary limits to the crosswind
(y) and downwind (x) dimensions of the plume shaped cloud.
The following are 3 possible methods of defining the plume
boundary (reference 16).

(a) Method 1: Constant Specific Exposure Boundary

By this method, the plume boundary is a locus such
that the specific exposure on each point on this locus has a
constant value. Normally, this is taken to be 1 % of that at
the station boundary on the centre-line. This is a closed

boundary.

(D) llethod 2: Constant Specific Exposure Ratio Boundary, (10 %)

By this method, the boundary is such that the specific
exposure at a point (x,y,0) is of a constant percent, (usually)

10 #), of that at its projection on the x-axis, i.e. w%x,y,o)



In the x-directions, the boundary is a straight line
perpendicular to the x-axis with the specific exposure at the
intersecting pnoint equal to a given per cent of that at the
station boundary on the centre-line. It is a boundary formed

- 3 1 3 7
|

1 . S, LPeS. o SOORE N, ooy xFa S S A P, O = i oy L
by two paraboloids in the y-directicn and closed by a straight

line in the x-direction.

(e) Method 3, Constant Angzle Boundary, (10 %)

By this method, the boundary is defined in the y-direc-
tion by two straight lines radiating from the reactor building

and with the x-axis as the angle bisector. Usually, the angle
o)

is 107,

The boundary in the x-direction is similar to that in
method 2.
N Correction for Radioactive Decay

The dose received by a person is proportional to the
time integrated concentration which in turn is proportional
to the activity present (see equation 37). Since the activity
of a given isotope decays with time, the effective dose a
nerson recelves from this isotope at distance x dovnmwind must

be corrected by a factor fd given by:

1]

fq exp(—)\dt)

exp(—)\dx/ﬁ) (39)



6.5 . Methodology for calculating Ponulation Dose

Having introduced all the necessary equations, I shall
list the steps to be involved as the following:
(1) Calculate the specific exposure ( kaﬂ) at the plume
centre-line at the station boundary (x =1 km) according to
equation 25 using appropriate values of Zyamd Ez obtained

with equations 35 and 36 for x=1 km. The effective stack

-

neight H in equation 25 is set to zero to obtain conservative
estimate.

sotonas

e

(2) Let the activity of the mixture of Iodine

permitted to be released be Qp The activity of a given isotope

i in this mixture is given by Q Qofi where Ql is the fraction
of isotope 1 in equilibrium in the mixture. ote that this fi

S

varies from station to station. Next, obtain from Table 4 the

dose conversion factor for a critical individual at the station
boundary on the nlume centre-line (x=1 km) contributed by the
ith isotone is then Q k ¢(l,0,0). The dose received by the

o
cal individual due to all the isotopes is then the sum of

Q
2]
H
ok
o

all the contributions. Egquate this sum to the limit of thyroid

dose set for a critical individual. Thus,

N
Q¥ (1,0,0).Z fiki = Doy (40)
Hencse, QO is obtained from ecquation 40 since every
quantity excent QO is known in that equation.
(3) e shall esstimate the population specific exposure.

sl

shall 1limit our attention to half the plume because of



symmetry about the centre-line of the plume. At a point on
the centre-line (x,0,0), we shall calculate Zy(x) and 2; {%)

according to equations 35,35,26, and 27. Calculate the specific

exposure W(x,0,0).
() Determine the y-coordinate for the plume boundary at

¥ in step 3 dependent on the method of defining the plume bound-

ary we have chosen (section 6.3).

(5) Increase y from 0 to Ay . Using equation 22, calculate
Y(x,Ay,0) A
(6) Compare Y(x,Ay,0) with (x=~AX,Ay,0) which has been

previously found. Do the same to (x,0,0) and y(x-4x,0,0).
The highest of these four values is chosen as the local maximum
‘PLM for the mesh with corners at (x,0,0), (x,AY,0), (x-A%,Ay,0)
and (x-Ax,0,0) and with are AzAy.

(7) The population density, p(x), is obtained from some
population density map. HNMultiply ¢iﬂ’ AxzAy, and p(x) to obtain
the 'differential' contribution by this mesh to the population

specific exposure per Ci of aectivity released.

until the y-coordinate for the plume-boundary determined in

- o]

step 4 is just exceeded. ‘The contributions from all squares
batween (xz-8x) and x are added to yield the contribution to
LR ol

nonulation specific exposure by the strip between (x-Ax) and

~r
2% #



(9) For each ith isotope, determine the correction factor

for radioactive decay f .. at x according to equation 39.
di =

Multiply the strip contribution to population specific exposure

obtined in step 38 by f to yield the decay corrected strip

di
contribution to population specific exposure for the ith isotope.

Add this decay c

]

rrected strip contribution to its respective
subtotal previously determined for the ith isotope.

(10) Stens 3 to 9 are repeated for x increased to (x+Ax)

”

and so on until the boundary set for x is reached. At this

noint, the decay corrscted total population specific exposure

(half-plunme) for each ith isotope is obtained.

e

(11) For each ith isotope, obtain from TABLE 4 the respective
dose conversion factor for an average individual. Multiply
this factor with the activity of the ith isotope released as

determined in step 2 and its respnective decay corrected popu-

lation specific exposure to obtain the population dose attri-
butive to the ith isotope.
{12) Add all the population dose attributive tc each isotope

to yield the total population dose (half-plume).
(13) Multiply the result obtained in Step 12 by two to obtain

the total ponulation dose.

7 Ponulation Dose due to Vhole-Body txternal Gamma-Irradiation
by HNoble Gases
7.l Doge received from a Toint Source

@ PR L, I e s A e PR R 2 & o
Oaleulations of the Gamna dose from an extended source



such as the cloud of radiocactive Noble Gases start with consi-

deration of the radiation received at the receptor from a

- ]

differential area or volume that can be regarded as a point

~

source. Taking attenuation of gamma photons by air into account,

the gamma dose rate, Y?ﬂ, to tissue at distances r from the

noint source is given by (refercnce 11)

(41)

1 0.040 p_qE{l+kur)exp(-pr)
2

4 r
/
where yD =dose rate (rem/s)
: ¥ s -1
total absorption coefficient for air (m )

=

o
n
O

total absorption coefficient for tissus (m )

=~ F
T

(- po )/
a’/Fa
q = radioactivity of point source (Ci)
E. = average gamma energy from decay (Mev)
r = distance between point source and receptor (m)

This dose rate is then integrated over the entire source
with account being taken of the geometry of the source, variation
in concentration, attenuation by interactions of the photons with
matter in the path betweon source and receptor,and scattering
of radiation from material outside the direct path to the receptor.

In the process of determining the gamma dose at a given
point on the ground, there are three approaches that we can
adont in order to have a conservative estimate of the gamma dose

rate, I shall outline each in the following section.

Dose from the Cloud




We shall consider a spherical cloud with a uniform
concentration of a gamma emitting isotope and a radius equal
to the range of the gamma photon. Such a cloud could be
considered an infinite cloud for a receptor at the centre
because any additional gamma-emitting material beyond the
cloud dimensions would not alter the flux of gamma photons
to the receptor. Integrating equation b1 yields the infinit

cloud gamma dose as (reference 11)

Ytz§x,y,0)

where wa(x’y’O)
y(x,y,0)

Ey '= average gamma ray energy (MeV)

infinite cloud gamma dose (rem)

specific exposure at point (x,y,0) (s/mB)

0f course, in reality, the cloud is not infinite and
the concentration of radioactivity needs not be constant for
a distance equal to the range of the gamma rate. An advan-
tage of this model is the simplicity of the equation and
it is ideal for programming. |

7.2.2  Pinite CGloud Dose

e

0.25 EYQ\[r(x,y,O) (42)

The gamma dose due to a finite cloud can bes obtained

by replacing q in equation 41 with (x,y,z,t)dV and inte-
grating throughout the entire cloud volume and through all
time. This integration will lead to (reference 11)

0.1616 p p E..Q (1, + kl,)
U

yD(x,y,0)=

(43)
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with | = 4(2;) ndl ff exp(—u.r) {exs] (r;:zgi]_exp[_(m_rz)_]}d &

I f f#exp(‘#r) _(m-r)’ o —(m+r)®
2" 4(21r)zl,4.2 { [ 2{:2—] exp[ » 32 ]}drdt

where m = distance between the receptor and the centre
of the cloud (m)
A 172 _
z = (zyzz) (m)

Q, k, are defined as before in

and .),D(x,y, 0), u, T Ey'
section 7.2.1.

The two integrals Il and I, can be read off Figures

2
1 and 2 which are reproduced from reference 11.

It is interesting to note that the ratio of finite
cloud dose to infinite cloud dose is given by

¥D(x,y,0) _ 0.1616 yuE\Q (I, + ki, ) / n

),D(x,y,O) 0.25 Q exp (—y/22 )/1ru2

203pp02(|+kl)
exp(—y2/2 Ey )

Thus ik
D (%,y,0) = f, D, (x,%0)
= 0.25 Eyow(x,y,O)f
with F = 0.25E f

Y
An important zraph of f versuz X for & of 0.7 MeV is
given on page 345 of reference 5. This

]

2V is the average gamma ray energy o:

44)

(45)

(46)
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most reactors.
Thus, to evaluate YD(x,y,O), we can first read off f
from the appropriate graph and then use equation 33 and then

equation 32.

7.2.3  WASH1400 Method

The third approach for finding the gamma dose at a

point (x,y,0) is given by (reference 15)

yD(%,y,0) = 0.25 EYQW(X, 0,0)F (49)
where YD(x,y,o), ﬁy, Q, ¥(x,0,0), are defined as usual.

The reduction factor F is given in TABLE 5.

This approaches assumes uniform dose along y-direction

and is useful only in the estimation of population gamma dose.

7+3 Methodology for Calculating Population Gamma Dose

The procedure of estimating the population gamma dose
is very similar to that in the case of iodine intake discussed
in section 3.5. ' The same steps can be followed. However; I
would like to point out some differences which must be noted.

First, ¥ (x,y,0) has to be corrected with a factor g(x)
dependent on the approach adopted. In the infinite cloud
approach, g(x)=1. In the finite cloud approach, g(x) has
to be read off figures 7.10, 7.11, and 7.14 in reference 11.
In the WASH1400 approach, g(x) is (y (x,0,0)/¥(x,y,0))F(x)
where F(x) is obtainable in TABLL 5.

Second, unlike in the case of lodine intake, whére the

dose conversion factor per Ci of activity differs for different



Correction Factor F for Finite Cloud Dose as listed in WASH-1400

TABLE 5

34

Correction Factor, F

0.1+0.13/(Z,/10)

0.24 +0.33 Zn(ZZ/3o)

1.0
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isotope, the dose conversion factor per Ci of activity depends

-—
™
FUI

only on the gamma ray energy given by 0.25
With these two differences in mind, the steps listed

in section 3.5 can be followed closedly.

8 A Brief Review of the program POPDOSE

The estimation of population dose due to iodine intake
and gamma irradiation is long winded, especially when the calcu-
lation has to be repeated for different boundaries and different
approaches of esfimatihg gamma doses. For this reason, I wrote
a progfam code named POPDOSE +to handle the computation. I
shall very briefly outline what this program can do as the
following:

(1) | At a distance X in the downwind direction, it determines
Zy and 2, according to equations 26,27,35, and 36 for our
choice of stability class and terrain complexity (uniform).

(2) It determines the centre line specific exposure, {(x,0,0)
according to equation 25 for our choice of effective stack
height H and average wind speed Q.

(3) It calculates the y co-ordinate of the plume boundary
for our choice of boundary.

(&) It calculates the correction factor fd at x due to
radioactive decay according to equation 39 for every isotope
present,

(5) It determines the population density p(x) in the strip

defined by (x-Ax) and X.



1

(6) Along the y-diresction, it calculates the specific
exposure Y for a point (x, nAy, 0) for our choice of Ay
according to equation 24,

(7) It compares Y (x, mAy, 0) with {Y(z- Az, m Ay, 0) and
determines the higher of the two. This gives the local

maximum of Y for the square with corners at (x, m Ay, 0),

Xy (m+l) A.Yv o)v ((x- A:’:)r (m+l) NA O)v and ((x- A:)v mAy, 0).

(8) It multiplies local maximum of ¢ determined in Step 7
by p(x) and then byA=z Ay to yield the differential contri-
bution to the population specific exposure.

(9) Step 6 to 8 is repeated for (x, (m+l) Ay, 0) and so
on until the plume boundary is reached.

(10) © It then sums up all the differential contributions to
population specific exposure to yield the strip contribution
between (x- Ax) and x.

(11) It determines the strip contribution according to the
WASH1400 approach as described in section 7.2.3 (only if
command is given that population gamma specific exposure

is to be determined with this approach).

(12) The strip contributions determined in Steps 10 and

11 are corrected for radiocactive decay for each isotope we

£
L

input by multiplying sach of the two results for strip

0]
o
(@)

contribution with the respective decay correction factor

Nal S T 54 A L 39 [ 3 AN ]
£, obtalned in Step 4.

2\ - P L T T ey . [P b} o Ao A %
(13) Sor each 1isotopes, 1t adds each of the two decay

—!—r'\

hutions obtained in Step 12

- &,
AT O A
Corrachy

praviously determined subtotal.
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(14) Step 1 to 13 are repeated until our choice of boundary
in the x-direction is reached, yielding the half plume total
population specific exposure (both approaches) for each isotope.

The program POPDOSE is not so successfil in the finite
cloud approach for population gamma specific exposure. The
reason is that the two integrals Il and I2 in equation 31
determining the ratio of finite cloud dose to infinite cloud
dose have to be manually read off the graph. Thus, POPDOSE
can be used only up to the point where the local maximum at
each mesh point is determined and the correction and summing
have to be performed manually.

The program POPDOSE is meant to be a starting point
for the possible develOpment of much more sophisticated code
in the future. There is plenty of room for improvement. To
name a few, a subroutine to determine the correction factor f
in the finite cloud approach by interpolation between values
available in figures 7.10 and 7.11 in reference 11 for Il and
I, curves in equations 44 and 45. Then, all three approaches
for gamma‘doses can be computerized. Also, the program can be
modified fo handle non-uniform terrain complexity, non uniform
pupulation density in the y-direction, deposition, change of
wind direction, etc. However, all these changes are beyond

the scops of the present project.
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