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A CAL METHQOD REAGTOR SITE EVALUA

FROM THE HAZARD-TO-PEOPLE VIEWPOINT

by
K. W, Downes and I, A, Singerl

INTRODUCTION

There may come a time when everyone will agree that reactors can never
release their inventory of fission products, If this happens, the choice
of a reactor site could be made independent of the surrounding population,
In & similar manner, an sbsolute gudarantee on the adequacy of a containment
vessel located below ground level or shielded properly would allow the choice
of & site to be independent of the surrounding population. A gusranteed
conteinment vegsel above ground would enable the site choice to be made
without considering people living beyond one or two kilomsters from the
reactor (Reference I Appendix I). Unti] the time is reached when reactors
cannot liberate their fission products, site selection will have to take
into account the possible effects, to the surrounding population, from a
r&8jnr releage,

The problem undertaken in this paper is the numerical rating of
possible reactor sites from the hazerd—to-people viewpnint, It is asgzumed
thut other considerations such as coolant and lend availability, nearness
to workers, and other economic factors have indicated & number of satisfactory
sites which are then to be rated sccording to a hazard criteria.

The approach used for the problem stated above 1s to assume that
the reactor runs for the life time of the fuel, and then all of the
fizslon products sre released as an ambient texperature, smell sized
cloud. No set sequence of events leading to this cloud 1s postulated
bescause such a sequence would be intimately tied to the exact details of
design, manufscture, and operation of the particular reactnr in question.
The justificetion of the choice of emitting 100% of the fission products
is by reference to the work of G, Parker (Reference II), vho got more than
504 of the fission products out of sample fuel elements by short time
burning. As will be shown later, the reting of sites is insensitive to
the choice of percentage releass. Also, there 1s no way to prove that
fission products, once liberated from the fuel, will not leave the site.

1, Brookhaven National Laboratory, Upton, New York, U, 8. A, }:j /()
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A second assumption in the analysis is that the population density
around the site can be spproximated as 2 power of the distence. The
Justification for this is that all the sites checked so far can
easily be fitted by a straight line on log-log psper. For sites with
very asymmetiric wind distributions, the population density should be
veighted by the wind direction probability., This would be the same as
calculating the release many times and taking the average of the effects.

The third assurmption is that no worning is given to the surrounding
populstion nor is anything done to reduce their exposure.

Using the ebove acsumptions, & Hezard Index is calculated besed on
the sum of the mid-lesthal dose times the nunber of people who would
receive this or & greater dose plus the sum of the number of people
who would be maede sick times their doses. In order to calculate such en
Index, the above sums are approximated in integrel form. Since no account
is tzken of ground contamination, this Hagurd Index is only indirectly
related to the potential 1isbility of a reactor accident.

MATHEMATICAL DERIVATION

A Sutton type equation (Reference IIX} for the dispersion of & cloud
from a continuous point source at the ground is used.

29 i )
D= - -
PN 2 2=n
ﬁCyCzu X Cz I
wheres
) - dosage (curies - sac/nB)
Q - totsl releass {curies = measured at
2 hrs.)
Cy - horizontal diffusion perexeter (meters n/Q)
n/2)
Cs - verticel diffusion parameter (metars
X - distance downwind (meters)
y - distence crosswind (meters)
z ~ distance vertical (meters)
n = index of turbulence (dimenaionloss)
u - mesn wind speed (zeters/sec)
let fl-
7CyCyu D
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ID - maximum distance of en isodose
line at the ground (z = 0) (nmeters)

Then at ground level:

1/2
1-(n/2) . 2-n
A (2) (3)

We assume that the population as a function of distsnce can be
written in the form:

§=ex (4)
§ - population density (people/meter?)
s - population density at 1 meter (peoplq/meterz‘y)
y = slope of population density (dimensionless)

Therefore, the number of people in an area dx dy is given by
d¥ (x,5) = « X’ dx dy (s)
aN (x) = 2y @ XY dx (58)

Substituting (3) into (Sa) and integrating produces:

A 1/2
yol- (n/2)i 2-n
N (D) = 26Cy |X 1n<§2> ax (6)
X
o
K (D)- number of people within an area
bounded by an isodose line. {people)

By letting X = X, exp (=t), the solution of equation (6) is:

1/2( -lr—mg)'*z-; -3/2

1/2
N (D) = aCy (v (2-n) [742-(11/2)] (7)
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The total hazard can now be estimated with the ald of equation
(7) and knowledge of the human dose response curve by the following
equation:

Hp = - Sh(D) ax¥ (p) (8)
Hy - total hazard (d4imensionless)
h (D) - human dose response funotion ( 1/people)

With the present state of knowledge, the dose response factor must
be estimated, It is hypothesized that this curve can be approximated by
& double step function with a linear trend in between. (It is sssumed that
below a doee Dy there is no short term humen effect. Above the mid=-lethal

dose, Dy, the effect is equal to Dp and betwesen Dg and Dp, the effect is
equal to the dose.) This reduces equation (8) to

Dg Dy Dp
~Hp = | hodN (D) + | DAN (D) +,( Dp d¥ (D)
/j (9)
B, Dy Dy
D - dose at site boundary, (curies - aec/ns)

h, must be zero to satisfy our assumption of no hazard below dose
Dp (Reference I Appendix (). It is only necessary to integrate to

Dp rather than D , since the effect on site is not considered pertinent.

Thus, Dy Dp
-Hy = f Dax (D) ‘f"r dN (D) (10)
Dy Dy
Equation (7) ia in the form \
N (Dy) = X D, 1
Thus dN (Dy) = K A Dy dp (11e)
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vheres

1/2
Ke ac, (n) / {

n

A=Yy e 2-(n/2)

2=-n

56

substituting (1la) into (10):

Let

¥ (B)

B =X

-4+

Dy

~A+)

Hz - "KDB

~ Dp N (Dp)

“Dp

N (B)

= number of people within an isndose

line that extends to the site boundary,

-A+l

=4 D, N (Dp)

A-

"'2%1' Dy N (Dp)

toa VS e
._29._‘!_] (2-n) Tnz-(n/zﬁ

{people)

(12)

(13)

(14a)

(14b)

(140)

(144)



Thus, the total hazard is simply

Hp= B + H, + H; « H (15)

One further correction could be made to the above analysis because
the mid-lethal dose was calculated only for a 180-day fuel life (Reference
IV, Section K.) To convert these numbers for different fuel lives, the
concept of effective powsr based on the Wigner Way approximation (Reference
V) for the fission product decasy was used.

Assuming that the dose to a person is mostly lung dosage &and that
this is roughly proportional to the integrsl of the dose rate from 2 to
50 hours after the sccident

| H g
T dt t o T2 47T 50
T 50 -1.2
Dose = A dt [ ((ew) T ar (16)
o 7
.8 .8 .8 .8
= AV (504 T) ={(2+7T) +50 =2 (17)
for all times T ) ) 50 hours . .
Dose = A' (50 + 1) = (27T (18)

expanding in a Taylor's series and keeping only the first two terms
glives

Dose = A'T's (1« %Q) - (1« 1;'6')) (19)
D A T2 (20)

Equation 20 normelized to 1 at T = 180 days gives.

P -
R = off - 80 Y.
P (T Zdayss) (21)

This equation is plotted on figure 2.
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SAMPLE CALCULATIONS

According to Reference I Appendix B, the following diffusion
parameters are typical for inversion conditionss

n = 0.5 ¢, = 0.05 "
u = 300 l/l.c cy = 0.40 n/z

In & eimilsar wmenner, Reference 1 Appendix D and Reference 1V,
are in agresment and give the following estimates:

Dy~ 100 (curies -soq/IB)
D= 400 (curies -sao/ms)
Q=0.8P (curies - mespured at 24 hours)

P = reactor thermal pover (watta)

These values have been substituted into equation (2) and are
plotted on Figure 1, The problem can then be clessified into three
regions (A, B and C).

REGIOK C

If the power of the reactor and the site radius is such that 1t
£3lls into this region, then Dg > DF and Dp > DB in equetion (10).

Therefore, the hazard associasted with both integrals have negative
values, Since there can be no negative hasard, the Hazard Index for
this region is sero.

XEGION B

If the power of the reactor and the site redius iz such that it
falls into this region, then Dp( Dy and Dp ) Dp In equation (10},

Therefore, the hazard aseociated with the second integral in this
equation becomes negetive and assumed to be zero by the logic given in
region A, The equation reduces to

Dg De -
Ry -/{ D dK (D) '6{ -~ KAD ab (22)
Dp B



- -u -
1 E-é[nn ~100 } (23)

1,75 /
-y s 15 . -3y7 1.3 -3/2
Hy L2 MT2 o 8.6826 x 20 8.488F Y e 1.7

- * 0.25 .
¥° 5 Y.oo 25
=100 + 8.438PB (24)

e = people per square kilomster at 1 kilometer
B - distence to site boundary (meters)

REGIOR A
If the pover of the reactor and the site radius is such that it

falls into this region, then Dg ( Dy and Dp ( Dg in equation (10)
and equation (15) reduces to ’

+ 0,25
- K |1- -(2)
p = ) (H"%? ) -, | (25)
vhere
L3
1.5
. -4=3y =3/2 -2
H'l "a 3,473 x10 (y « 1.75) [2.122 x 10 ?] (25a)
. =4=3y -3/2 (y « 1.75)
H, " e 3.473 x 10 (y+1.75) B (25b)

2
Equation (25a) is plotted on Figure 3 and equation (25b) is on Figure 4.

As a specific example on the use of the curves, let us consider the BNL
resctor operating at 20 MW. The average age of the fuel in the reactor
is about 180 days. Therefore from Figure 2, R = 1, From Figure 1, we
see that this reactor-site corbination lies in Region A and that the
meximum interaction distance for D = 100 is approximately 14 Km. Figure
5 shows the population distribution around the site for which
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y=0,93eand s’ =6
From Yigure 3 wve get ﬂi . Hs . B‘ - 7.2 x 103

From Figure 4 we get l2 = «50
Therefors, X *» 7.2 x 10% - S x 10' - 7.15 x 103
Multiplying by &' « 6 gives a Razard Index of approximately 4.3 x 108,

Another way of presenting the Hasard Index is to celoulate &n equivalent
uniform population density, From Figure 3 for y * O, P=20 MW, Ky + Hy ¢ B,
= 1.5 x 107,

3imilarly from Figure 4 for y = O, P = 20 My, By = 80,

"- o‘ 2
“2-:‘1;3-'-'" = 30 people/km
1.5 x 107 -80

Thus, the BNL reasctor-site corbination is the same as A ite wvith a
uniform population distribution of approximsteZy 30 people . As ean
be seen from the equations, this equivslent population density is a
function of the resactor power.

OBSERVATIONS

It should be remembered that the problem undertaken in this study 1is
to arrive at a Hazard order for various possible locutions for the same
reactor. This permits the use of many constants which, though not well
known, tend to cancel out of the analysis, In this category are the doses,
percentage release, reactor lifetime, ets, In each cesse, the only effeot
of & varistion of the ohosen number is to change the maximum radius of the
population curve. This curve is very insensitive to changes in this redius,
and hence the sbove conatants need not bs well known for the method to work.

While the example is shown for en inversion condition, it can be
gshown that Et for a lapse is very much smaller. Thus, any time wveighted

Hp will tend to be proportional to Hy for the inversion case, Therefore,
for the relative rating of sites, it is usually sufficlent to only calculate
the inversion case, An exception to this would be a site with a highly
variable day-night population distribution.

Due to the general nature of the vslues used in the analyeis, the
pumbers derived are only approximsts. In this respect, variations of &
few per oent smong different sites is not signifiocant.
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