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ABSTRACT.

The aftermath of a serious reactor 1lncident
could be radiological injury to the populace
living in the vicinity of the plant site.
Methods of estimatling and eliminating the
hazard are presented in this report. Also
glven 1s a calculation of the plant size
needed to reduce the expectation number of
deaths below any arbitrary figure.
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ACCIDENTAL DISPERSION OF REACTOR
POISONS AND THE CONTROLLED DISTANCE REQUIRED

INTRCDUCTION

As more nuclear reactors are constructed, and especlally if nuclear power
should become economical, the problem of locating the reactors will assume increasing
importance. An economlcal plant designed to produce energy 1s preferably leocated in or
near the market. Under some clrcumstances the installation of such a power reactor
could endanger the people living in the area around 1t. The hazard might in fact be
deemed 20 high that reactors mlight never be bullt in certain locatlons where electrical
power is needed; and operatlon of the nuclear reactors installed in ships and submarines
might, on the same basls, be forbldden when the craft approach populous seaports.

In determining the glze of the plant site for reactors, a formula* has been
suggested that relates power level to the dlstance between the reactor and the
inhablitants living closest teo the plant. According to this formula, a reactor operating
at & high power level requires a large controlled dlstance. It was possible %o locate
early reactors 1ln reglons where large tracts of land were avallable and where relatively
few people had to be displaced. Consequently, the cost of the tract was of relatively
small moment 1n the total plant cost concerned. But, if power reactors are to be
proposed for locatlion in regions of high population density, where the land is much more
valuable, the cost of the tract might well make the reactor uneconomical. The present
report attempts to show what practilcal factors besides power level are of importance in
chooging the location of a reactor plant slte and 1ts size. Much of it was done at the
suggestion of the Advisory Committee on Reactor Safequards.

SUMMARY

Twe types of hypothetlcal reactor cataastrophe are considered. In the filrst
of these, the "Bolling Accident,” it is assumed that a fraction of the radloactive
material in a reactor 1s released to the atmosphere at a steady rate over a period of
hours. In the second, the "Puff Accident,” it 1s assumed that the release of the
radicactive material takes place "instantaneously." Eilther type of accident can release
enough polson to endanger the populace. We use the followlng concepts as measures of
the hazard exlsting outside the controlled plant arsa: "Danger Distance," defined as
that distance beyond which the fission product cloud becomes go dilute that it cannot
cause death; "Probabllity of Death per Capita per Accident," which 1s a measure of the
hazard to any 1lndlvidual; and "Expectation Number of Deaths per Accident," which 1s a
statistical measure of the hazard to the entlire off-slte populace.

Three mechanisms for each type of catastrophe have been conaidered in our
evaluation of the magnitudes of the hazards. These are: direct irradiation from the
fisslon product clcud, inhalatlon of the air In the cloud, and raincut from the cloud
followed by 1rradiation from the ground. In thils report fallout 13 net conaidered, for
1t reguires that a very energetic explosion be assumed.

It 1s c¢oncluded that the slze of the plant should he set by the hazard of
lrradiation from the low-lylng poison cloud produced in the bolling accldent, because
this mechanlam is the most hazardous at short distances from the reactor. A formula 1is
proposed that permlts the calculation of the controlled area that should exlst around
any reactor,

Inverslon and average meteorology are analyzed in terms of thelr effect on
off-site hazard. If the expectation number of deaths is uséd as a criterion for
measuring hazard, average meteorology 1s sometimes more dangerous than inversion
meteorology. However, the low dispersion that 1s characteristic of inversion
conditicns can result in very great danger distances; e.g., there 1s a very small but
finite chance of death, for people situated at distances greater than 1000 miles fraom
the reactor site, by ralnout following the puff accident.

* Controlled distance, miles = O.BQ(Reactor Power in MW)O'5
-4 .




Reactors are not the only hazardous pleces of equlpment 1n the country. A
large tank of stored poiscnous gas, hydrogen sulflde or sulfur dloxide or chlorine,
for inatance, might be fully as hazardous an installation. The same theory, utilizing
the concepts of the probabllity of death and the expectatlon number of deaths, 1s
ugeful in estimating the hazard in the event the tank ruptures, releasing to the
atmosphere great quantlitles of gaseous poison. This problem 1s treated briefly at the
end of the report. It 1s estimated that the eacape of 1.4 million pounds of unlgnited
hydrogen sulfide over a perlod of half an hour 1s eguivalent in hazard to a 1000-MW
reactor that runs away and releases a cloud of fisslon products 1in which the decay heat
1s 2 MW.

BL Fremgpea

H. F. Ring [
Reactor Englneering Section
Wilmington, Delaware
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DISCUSSION

It is well to state at the outset that the locatlion and size of a reactor
area are always Pased on the postulated occurrence of reactor inecildents that have no
precedent and that one hopes will never happen. It is nevertheless true that large
amounta of radioactive polsons could be liberated, and that these polsons, if liberated,
could be transported by wind and water toward regions of habltation. In order to
reduce the concentration of the alrborne or waterborne polsons to a tolerable level, a
certain dispersion distance 1s needed between the reactor and the off-site Inhabitants,
and this distance depends 1n part on the amount of radiloactive matter liberated from
the reactor at the tlme of the postulated accident. Thisg dispersion dlstance is then
the radlus of the plant site - the controlled dilstance.

The present methods of preventing the liberation of large amounts of reactor
fission preoducts are not discussed In this report. It is assumed that continuing
effort in this sphere will further reduce the possibility of a release of radloactivity.

However, 1f one presumes that some fraction of the fission products, and
perhaps radiolsotopes, produced in the reactor could be liberated te the environment,
the preoblem 1s to place the evaluatlon of all reactor locations on an equal footing
insofar as hazard to the populace 1s concerned. In short, one would like to choose
and design reactor plant sites such that each 3lte presents about the same low hazard
to the people living nearby. The acceptable magnitude of thls hazard is for the time
belng open to argument, and we shall work without necessarlly setting the allowable
hazard. Any chogen magnltude of hazard can be 1lnserted in the formulation derived in
this report.

Quantitatively, the arbitrary hazard may be measured by the probable number
of people that would meet death in the unlikely event that the reactor experienced a
nuclear runaway or 1n some other way liberated a large fraction of its radicactive
polsons. In calculating the expectation number cof deaths, the concept of probabllity
of death 1s used. As defined hereiln, the expectatlon number of deaths 1n an incremental
area la the product of the probabllity of death per capita per reactor incildent and the
number of people living 1n that area. This product 1ls integrated over the whole area
in which the probabllity of death 1lg greater than zero.

It will be observed that the expectation number of deathe 18 an average
fipure for a large number of accidents, an implied state of affalirs that 1s intolerable,
of course. Yo one will meet death for most postulated acecidents, while in a few cases
a large number of people will be killled. The number of deaths per postulated accildent
cannot, in principle, be a relatively invarlant guantity such as the number of people
killed per year by lightning.

While the expectation number of deaths is a negative rating, 1t can be used
asg an arblbrary but reasonable concept 1n evaluating plant sites. It takes into account
the reactor power level, the population density out2ide the plant, the climatology of
the area, the susceptibility of man to death by radiations, the size of the plant
controlled area, and the dilspateh with which people can be evacuated from the path of
the poison cloud. It will be shown later that 1t would be possible to elimlnate the
danger 1f the populace downwind of the reactor could be moved out scon after the
occurrence of a serlous accldent, If 1t were ever to occur. It 1s not at all
unreasonable to state that no deaths whatever should result if the proper precautions
are taken.

Nevertheless, if one chooses to gay that the populace living in a sector
downwind of the scene of the Incldent willl not be moved out promptly, the calculated
expectation number of deaths will be a finite number. Thls number can he reduced as
much a8 one wilshes by increasing the silze of the controlled area arcund the reactor.

Therefore, i1f one chooses the allowable expectatlon number of deaths, the
controlled distance can be specified for any reactor in any location.

If large quantities of radloactive material are released to the atmosphere
in a reactor incident, people can be endangered by several mechanisms: breathing of
the alrborne poisons, radlation from the alrborne polsons surrounding the receptor,
and rainout of the ailrborne poisons followed by radiation from the ground. Ingestion
of fiszaslon products that have settled on the ground and in the water 1s not considered
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hereln, pecause 1t could certainly be controlled by a comparatively lelsurely
evacuatlon of the populace. The other three mechanisms are more dangerous becauge more
rapld action is necessary to obviate the hazard. However, the prevention of ingestion
of settled flasion products could be an expenslve operation.

In this report, these three mechanlsms have heen analyzed for two types of
acclident: sudden and gradual release of filsslon products from the reactor. It has
been determined that for distances of 0 to 10 miles around a reactor, the most dangerous
mechanism 1s radiation from the alrborne polsgons surrounding an unshielded person, a
result that has been pointed out previously by E. Teller and that is the basis of the
formula that has been suggested by calculating the controlled distance around a reactor.
It has been found, also, that for greater dlstances from a reactor one should conazider
the rainout mechanism as a possible hazard.

It is found that the controlled distance 13 usually larger when calculated
by the mechanism that involves radiation from the cloud than it 1s by the mechanism
that involves rainout. Thils occurs malnly because the probabllity of death 1is higher
in the cage of radiation from the cloud, for death by thls mechanlsm can occur 1f the
polson cloud merely sweeps by a receptor, wlthout the coincldent occurrence of raln
that 1s necessary feo cause death by the mechanlism of ralnout from the cloud.

Hence, the requlred controlled distance can be speclfled for most practlcal
cases by a proposed formula, which has been plotted 1n Flgure 7. The formula 1s
derived on the basls of radlation from the airborne poisons.

The regquired controlled distance depends primarily on the size of the
poatulated accldent; and the size of the accldent 1s measured convenlently by the
flsslon product decay heat in the polson cloud resulting from the accident. Numerically,
the size of the accldent is )

Size = pgat MW of fission product heat 1in the cloud

The symbols are explalned in the Nomenclature.

The reactor power in MW, p, 1s definite in any situation. But the fractlion
of the flsslon products liberated, f, 1s a guantity that has caused conslderable
argument, Figures from 0.01 to 0.5 have been guessed for this quantity, and there 18
no way to put down a definlte number, since no large accidents have occurred. Far
purposes of speclfylng the controlled distance, the writers choose

fat _
5 = 0.002

which is equivalent to saying that.f is 1n the range of 0.1 to 0.2. 1In other words, 1f
the reactor power 1s 1000 MW, then the writers estimate the size of a large accldent
as 2 MW of fisslon product decay heat in the polson cloud.

In addition to the zlze of the accldent, one muat know the population
density, N, in the reglon surrounding the reactor plant slte. Also, 1t 1s helpful to
know if the wind blows preferentially in certain directions, P(8), compared with the
average around the full arc of the horlzeon. And, flnally, some decislion must be made
concerning the allowable number of deaths per accldent. The wrlters choose x = 1 death
per acclildent. These parameters are grouped as follows:

N p{g) people
X mile? - death

If N and P(8) are larger 1n certaln directlons than in others, the controlled
distance 1s logically made larger in those directions. P(8) averages unlty around the
full arce of the horizon, while N may be anything.

Wilth these assumptlons, the reguired controlled distance might be shown 1in
tabular form on the following page.




FIGURES IN THE TABLE MEASURE
GONTROLLED DISTANCE IN MILES

6 Reactor power - MW 30 100 300 1000 2000
gegp e/mile?

10 0 0 0 0.88 3.64

30 0 0 0.3% 1.86 7.0

60O#* 0 0 0.63 2.85 11,3

100 0 0.20 0.89 3.87 15.0
300 0.0 0.4 1,76 7.7 -
1000 .21 0.95 3.70 16.0 -
3000 0.%2 1.90 7.1 -- --
10000 0.88 3.90 15.0 - -

* J. 8. Average

It 1as observed that 1f the statistlcal hazard to the populace 1s ta be
1 death per accldent for every silte, 1t 1s lmpractlcal to place high power reactors in
regions of high population density, where the cost of land is high.

It should be mentloned that the formula has been derlved more accurately than
is warranted by our present understanding of dlsperslion by the flckle atmosphere.
Moreover, the reader 1ls cautloned that a thecry lnvelving probabllities has limitations,
and the formula perhaps Implies an exactitude that does not exist 1n fact. Nevertheless,
1f 'the formula 1s used to compare varlous propoged sltes, 1t willl be useful. It does
involve a ratlonal approach to the locatlon problem 1n reactor siting.

One deduces from the formuls for expectation number of deaths, Egquation (59 P),
that a plant site with a number of small reactors should have a smaller controlled
digtance than a site with one large reactor, 1f the total plant power 1s fixed.
Quantitatively, the plant land area 1s about inversely proporticnal fte the number of
reactors, when the total plant power 1s constant and the reactors are placed in a group
near the center of the site.




DETAILS
RADIQACTIVITY AT THE AXIS OR CENTER OF THE CLOUD

Bolling Accldent

The beolling accldent 13 wvisualized as a gradual release of some fractlon of
the fission produets contained in the reactor by a seriles of events that cause
uncontrolled boiling of the liguild moderator. The fuel sheaths rupture and fisslon
products are released to the moderator, and from there they are liberated with the
vapor. It 1s postulated that the fission products are liberated from the reactor
building at a uniform rate of {/T particles per hour. Sutton's equation for the concen-
zration of partlcles in the atmgsphere from such a source located close to the ground

8 as follows: -

e 2
Concentration = — 22 exp |-X ZZ_ particles/'meter3 (1)
mc2yp2-nT c2p2-n
where
Q = total number of particles emitted
v = wind velocity, meters/hr
D = distance from the source, meters
T = time over whlch the particles are emitted, hr
C = dispersion coefficient, metersl
n = turbulence lndex
¥y = c¢rosawlind distance from the axils of the cloud, meters
z = vertical dlstance from the axis of the cloud, meters

In the above equation, it is assumed that the axls of the cloud lles along
the level ground.

Breathlng of the Cloud

The hazard attending the releage of the fisslon products in the reactor can
be estimated by letting Q in Equation (1) be the number of curles of radloactilvity
released.

If one assumes that 50% of the heat energy ln the cloud le due to P-particles,
that the average energy of the B-partlcles 1s 0.3 Mev, and the y-energy released in the
body is 20% as dangerous as the equivalent B-energy, § can be converted to more useful
units as followa:

18 Mev )
M sec

1 B 1 curie-sec|
0.3 Mev 3.7 x 1010 = J

QT = 3.37 x 108 pra curles of equivalent B's (2)

Q' = (pfa MW)(0.5)(1.2)(6.2% x 10

where p = reactor power level, MW
f = fraction of the reactor fission products rendered alrborne
a = afterheat fractlon of full power due to fisslon product decay

Then, for the present purpose Equation (1) can be written

8 P2 2
Concentration = 2.15 x 10" pfa exp ot e curies/’meter3 (3)
c2vypR-n7 -cep2-n

Note that the concentrationBin curies/meter3 is numerlcally the same as if 1t were
expressed in microcurles/om~.




By letting y and z be zero, one calculates the concentration at the axls of
the c¢loud. Averige dlsperslion conditions 1n the atmosphere are represented by Sutton

c = 0.19 metersl and n = 0.25. Inversion condltions are represented as:

¢ = 0,0% metexrs]‘/)1L and n = 0,5. Eguatilon (3) yields the followilng equations for the
concentration of fisslon products on the axls of the cloud formed by a gradual
liveration of the radloactivity.

Average Inverslon

Concentration 8f equivalent B, _ 9.02 pfa or 1300 pfa
microcuries/cm ~ ypl.T5p vpls+5p

(%) (5}

{(p in MW, v in miles/hr, D in miles, and T in hours})

In any reactor locatlon the wind veloclty, v, can take a wide range of
valueg, of course. If one chooses a low value to insert in Equations (%)} and (5), the
hazard will be as high as one chooses to make 1t. A reasonable way to look at the
hazard 1s to conslder first the probabllity of having any wind veloecity, v, or less.

Data obtalned at one plant alte in the U.S.A. for low level and high level
winds are plotted in Figure 1. From these data the following are taken:

TABLE 1
Probability that the Low level
wind veloeity will be wind veloeclty
v miles/hr, or less v miles/nr
0.85 1%.2
0.50 8.23
0.05 2.50

The quantity, a, the afterheat of flssion product decay 1s tabulated below
for a reactor that has been operating for & month or more.

TABLE IT
Time After Afterheat of
Shutdown Fission Produgts
1 hour 0.0160
6 0.0105
12 0.008
24 0,007
100 0.0046

From the above table one can choose & value of a, knowilng the wlnd velocity
and the distance of the receptor (thus getting the time of transport). For purposes
of explanation, a figure of 1/80 will be chosen, The guantity £ 1s unknown, and only
a guess ag to its value can be made; f will be taken as 1/2.

The wind veloclty probabillty data of Table I were used in the calculations.
These data are derived from a large number of measurements, and should be rellable for
average meteorological conditions. One would expect, however, that the data under-
estimate the probabillity of occurrence of low velocity winds durlng inversions.
Unfortunately, there is little quantitative information on the connection hetween
wind veloclity and disperslion parameters. At some later date 1t may be possible to
reduce thils gap in our knowledge. For the moment, we are forced to use Table I as
rEpresentative of both average and lnversilon meteorologlcal condltlona 1in the Unlted
States.
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In Equations (4) and (5) we have chosen two sets of values - average and
inversion - for the dispersion parameter, and we can let the wind velocity take the
three values of Table I for the three chosen values of the wind veloelty probabllity.
Qualitatively, the result of a strong correspondence between low wilnd veloclty and
Inversion conditions may he stated simply. If such a correspondence does exiat, then
Equation (5) underestimates the concentration of fission products on the axis of the
¢loud, for any given wind velocity probability.

In order to correlate the concentration of rission products in the atmosphere
with hazard, one should know first of all the probabllity of death with different
amounts of flssion products inhaled. Such data have been supplled by K. Z. Morgan of
ORNL 1in the form of a graph, Figure 2.

Note from Figure 2 that the lower threshold for death (probability is zero)

is 0.13 microcurie/’cm3 breathed for 2% hours at the average man's breathing rate of
2 x 107 cm3/24 nours, a total of 2.6 curles.

The “"danger distances,” or radii of the areas in which death could occeur, can
be calculated wilth the help of Eguations (4) and (5).

By multiplying the concentration by the average man's breathing rate and by
the time that he breathes the cloud, one obtalns the total intake, which for death is
2.6 curies, or more. From this equation, the danger distance based on the inhalation
mechanism is golved for below.

Average Inversion

0.571 0.667
. Danger Diatance in mlles ==FL§EL££§E] or [413 pfat

vT vT

(6) (7)

For Ilnstance, if p = 600 MW, £ = 1/2, a = 1/80, ¢t = 6 hours, v = B.23 miles/hr,
and T = 6 hours, the danger distance 1s computed to be 1.07 miles for average conditions
and 33.5 mlles for inversion conditions.

One may assoclate the hazard attending the inhalation of fission products not
with death, as has been done above, but with an arbitrary flgure that describes the
allowable emergency concentration in the alr if no long term physiologlcal damage 1s to
be done. K. Z. Morgan of ORNL sets this allowable emergency concentration as

10'6 microcurie/cm3 of ailr, and danger distances calculated with thls figure as a
basls are much greater than those noted above.
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Radiation from the Cloud

When the cloud of radloactive fission products surrounds the receptor, which
1s at the level of the ground, the y-rays - not the B-partlcles - are of Importance,
gince the f's have a short range in alr. So, as before, we assume that 50% of the heat
energy in the cloud 18 due to y-rays. Then @ in Fquation (1) can be converted to more
useful units as follows: *

Q' = (pfa MW)(0.5} [6.2% x 1018 _Mev ] [ 1 sec-cm” _g] I}}__meters] Ch

MW-sec 6 x 102 Mev hr 100 em
2
Q' = 5.2 x 108 pra Imeter” (8)

hr

Then combining Equations (1)} and (8), one calculates a "concentration" in
units of r/hr-meter. Call thls "concentration" 8, for the moment.

A receptor on the ground, surrounded by a cloud in whiech the "concentration"
of radioactlvity 1s S%*, 13 bombarded by y-rays from elements of volume 1n the shape of
hemispherical shells having a radius p and a thickness dp. The ¥y-rays from these
shells are attenuated by alr wlth a coeffleient, . Then the total bombardment rate
of the receptor 1s r/t, below:

2]
.-up
R fS g 2‘1Tp2dp = -2 poentgens/hr (9)
t bmp2 24
o]
1/t 18 about 330 meters for the average y-ray in the cloud. Therefore, comblning
Equations (1), (8}, and (9), one gets

10 2 2
- st o [ s o
¢2ype Ty cep=-T,
1/8

As before, by letting y and z be zero, substituting C = 0.19 meters and

n = 0.25 for average conditions, and C = 0.0k metersl/w and n = 0.5 for Iinverslon
condltions, and converting to length units of mliles from meters, equatlons are cbtalned
for the total exposure from the cloud recelved by a receptor on the axis of the cloud
formed by a gradual liberation of the radioactivity.

Average Inversion

. 2270 pfat . 324000 pfat

(11) (12)
(p in MW, v in miles/hr, D in miles, T and t in hours)

roentgena of vy

The probabllity of death from exposure to y-rays has been obtalned from
K. Z. Morgan of ORNL and plotted in Flgure 3. Note from this curve that the lower
thresheld for death 1a 1580 roentgens.

* 3 i1s assumed to be constant in a hemlsphere of radius 1/4.. This will hold for long
distances from the reactor. 8See Note at the end of the report.

*¥ It 18 convenlent 1in ghielding work and in this problem to use a rule-of-thumb
definition for the roentgen. The roentgen l1s hereln defined as a certailn gamma
energy per unit of surface on the receptor. Actually, the roentgen 1s defined
according to the amount of lenization produced by the radlation.
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A danger dlstance based on radiation from the cloud can be computed from
Egquations {11} and (12) by solving for D with r = 150 roentgens.

Average Inversion
0.571 0.6667
Danger Distance, miles = 13.1 pfat or gléﬁLEfEE
vT vT
(13) (1%)

For instance, if p = 600 MW, £ = 1/2, a = 1/80, t = € hours, v = 8.23 miles/hr,
and T = 6 hours, the danger distance 1s computed to be 3.01 miles for average conditions
and 100 miles for inversion conditions.

It 1s pertinent to mention here that the formula derived previously by
J. A. Wheeler for computing the controlled area of a plant site, was based on this

same mechanism of radlation from the cloud surrounding the receptor, although some of

the parameters chosen by Wheeler were different from those chosen here. That formula
ls

Controlled Distance = 0.32 vp miles (15)
Thus, for p = 600 MW, the controlled distance would be 7.8 miles.

Rainocut from the Cloud

-

Large amcunts of radicactivity could be deposited on the ground beneath a
radiocactlive cloud by heavy rains. It 1z assumed that some fraction, ¢, of the
particulate and gaseous fission products contained in an imaginary vertiecal tube of
unlt cross sectional area through the cloud 1s brought stralght down by the rain and
depoalted on the ground over the unit area, Part of this deposited radiocactivity, the
fraction, g, 13 near or on the surface of the ground, whille the rest percolates into
the earth. Also, the factor g could take into account the shlelding by structures and
the rough ground.

Therefore, on this framework of assumpticns, one integrates Equation (1) from
0 to » with respect to z, the vertical distance. Then the resulting formula 1s
multiplied by cg giving

2

Qcg = 2

Deposlt = exp 'E_%"_ particles/meters (16)
V7 cvp{2-n)/2p [c D ’n]

As before, it is assumed that 50% of the energy of the eloud is due to y-rays.
Then Q, expressed as the number of particles, 1s converted to more useful units as
follows:

18 Mev )

Q = (pfa MW)(0.50)(geom. factor)(6.25 x 10
MW-gec

[ 1 cmg—sec r 1 meters
6 x 10° Mev  hrjl100 cm
The (geom. factor) above is the fraction of the y-rays emanating from a unlt

area of ground that strikes a receptor of unit area said to be 1 meter off the ground.
This factor 1s computed as follows: .

2
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q vﬁhﬁi&"‘“‘—ﬂeceptor

i 12 the attemnuaticn in air
X and z are measured from the

P polint on the ground under the
receptor

Ground level

Element of area: 2mxdx
Plane socurce is a "cosine emitter”

-]

e P
(geom. factor) = o 2mxdx cos &
p

From the dlagram x2 + 22 - p2

where z 1s constant in this case

2xdx = 2pdp
and cos & = &
P

Then, if L = 0.003 meters™* and z = 1 meter (not important quantities)

[+]

Y
(geom. factor) = EZ f -—-é-e d{up) = 0.49
2 J (up)

Wz
Thus:
8 I'-meters2
Q' = 2.55 x 10~ pfa ~———===— (17)
hr

where p = reactor power level, MW

f = fraction of the reactor flssion products rendered alrborne

a = afterheat fraction of full power due to fission product decay

Now, r = (Deposit)(t), where t in hours 1s the time that a person remains at the scene
of the ralnout.

Then for the present purpose Equation (16} can be written:

8 2

1.4% x 10~ pfacgt -y :

r o= exp roentgens (18)
cvp(2-n) /27 [CEDE*“]

If one uses diffusion parameters for average and inversion conditions, and
converts units, the following equatlons are obtained for the rainout deposit under a
cloud formed by gradual emisslion of the radloactivity:

For average conditions:

2
_ 135 pfacgt _13.%y
I = -—V—D—O—.B-T-SE— exyp [ 56-:—87-5"] r'oentgens of Y (19)
- 14 -




For inversion conditlons:

2
_ 8790 pfacgt 155y
r o= —_;567755__ exp | - 55775 roentgens of vy (20)

(p In MW, t in hours, v in miles/hr, D in miles, and T in hours)

The product cg 13 later taken pessimistlcally as unity, bvut there 1ls very
1ittle lmowledge to draw from in making this choice. Along with the great uncertalnty
in £, the uncertainty in cg 1ls one of the least satisfactory aspects of the whole
rainout problem.

The danger distance on the basis of rainout from the cloud may be computed
by solving for D with y = 0 and r = 150 roentgens (the lower threshold for death).

Average Inveralon
1.14 1.23
Danger Distance, mlles = 4.9 pfacgt or 58.5 pfacgt
vT vT
(1) (22)

Por instance, if p = 600 MW, £ =1/2, 2 = 1/80, ¢g = 1, t = 6 hours
v = 8.23 miles/hr, and T = 6 hours, the danger diastance 1s computed to be 2.49 miles
for average conditions and 76 miles for inversion conditions.

Puff Accident

Raincout from the Cloud

The puff accldent 18 visualized as a sudden release of some fraction of the
fisslon products in the reactor - by a nuclear runaway, for instance. The increasling
rate of heat llberation suddenly ruptures the fuel elements and destroys their
geometry, releasing to the atmosphere filssion products in the form of nceble gases and
particulate matter. The size of the particles is of course very difficult to estimate,
a8 1s the fraction of the fission products liberated.

A further compllication arises in estimating how hlgh the cloud wlll rilse
initially, due to the great heat liberation. XEstimates of this height place the
figure at about 6000 feet for a reactor operating at 600 MW. On this basls, the
breathing hazard and radlation from the c¢loud are negligible 1in comparison with the
ralnout hazard. Therefore, In the case of the puff accldent, we will conflne our
attention to the ralnout mechanism.

Sutton’s equatlon for the concentration of particles in the atmosphere from
a source that 1lg located far above the ground 1s

2 2 2
Q X -y -2 3
Concentratlon = X —————| particles/meters 2
° n3/203p3(2-n) /2 P [CEDE-H ] P / (22)

Q = total number of parfiicles emitte
C = dispersion coeffilcient, metersh
D = dlstance from the source, meters
n = fturbulence index
x = dlstance from the center of the spherical cloud

meagured in the wind dlrection, meters
¥y = crosswind distance from the center of the cloud,

meters
z = vertleal distance from the center of the cloud,

meters
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As before, the problem of rainout is attacked by first integrating with
respect to the vertical dlstance. Since the cloud 1a elevated, in this case,
Equation (23) 1s integrated from -o to o wlth respect to z; and the result 1is
multiplied by cg to find the depasit

2 .2
Deposlt = -—gEEL*-exp . i A particles/hetere (24)
e 2D2 -n CEDE -1

Q has 1in Equation (2%) the same meaning as 1in Equatlon {16); thus Q is defined

by Equation (17). Also, xe + y2 = Rz. If we combine this knowledge, Eguation (24)
becomes

_8.13 x 107 pfacgt -R2
r o= 22 exp 6555:5— roentgens (25)

It should be noted that D in Eguations (23), (24), and (25} can be corrected
to account for any initlal explosion of the cloud. If the initlal slze of the cloud
can be astlmated, 1t 1s possible to solve for an apparent initial D from Equation (23);
then thls fictitlous diatance can be added to fthe actual distance traveled by the
cloud to get D in Eguation (25). For instance, in the case of a reactor operating at
600 MW, we estimate that this "virtual source distance" will be about 8 miles when
average dlspersion parameters are used in Equation (23), and a violent explosion 1s i
assumed. For the purposes of thls analysls, however, the virtual source distance will
ba neglected, on the assumption that a very minor explosion of the reactor liberates
the fission preducts.

One further qualification should bé mentioned. The workers at Los Alamos
are of the opinion that at hlgh altitudes the effect of shearing winds greatly i1ncreases
the lateral dlsper3ion; thus Eguation {25) gives & high value on thils account. Perhapsa
the conservativiam could be lessened 1f one knew the value of C that would account for
wind shear.

Many of the uncertaln gquantitative aspects of this problem could he
eliminated, at least In principle, with the help of Eguation {25}, by analyzing a
ralnout from the atom bomb tests. It 1s possible teo get from these tests a value for
the unknown group

feg
c?

by guessing that n will be perhaps 0.25 at high altitude. ¢ and n are so related
theoretically that an error 1n estimatling n 1s partially compensated for, when
Equation (25) 1s used, by a resultant error in C. Other errors are almost certain to
exceed the errors accumulated by making dispersion calculations. For instance, the
atom bomb is certain %o release particles of smaller size than the particles released
in & reactor runaway.

At present, the best that can be done 1s3 to substitute average and inversion
disperslon parameters In Equation (25), although 1t is difficult to Justify the use
of Inverslon dispersion parameters for high altitudes. The length units can, as before,
be converted to miles from meters. Then the following eguatlons are obtalned for
ground radioactlvity following a rainout of the puff cloud formed by a sudden emlssion
af the radiocactivity.

For average condltlons

460 pfacgt 13-BR~
n = é__.___d...g__ ex - et Troentgens of 26
p1.75 P [Do.875- & K (26)
For inversion conditilons ,
- 2
_ 781000 pfacgt 155R
r = exp -~ |—=—— roentgens of v 27
pL.50 P - 5075 g (27)

(p in MW, t in hours, D in miles, and R in miles)
- 16 -




A danger distance caun De computed from Equations (26) and (27) by solving for
D with r = 150 roentgens {the lower threshold for death) and R = O

Average Inverslon

Danger Distance, miles = (36.% pfacgt)o‘57l or (5200 pfacgt)0'667

(28) (29)

For instance, if p = 60C MW, f = 1/2, a = 1/80, ¢g = 1, and t = 6 hours, the
danger distance i computed to be 46 miles for average conditions and 2400 miles for
Inversion conditions.

The equations derived for the maximum values of the exposure (at the center
of the cloud) have been plotted in Filgure 4 with a uniform set of assumptions. The
values taken for the parameterg are az follows:

600 MW

0.5

0.0125

1

6 hours

8.25 miles/hr {average)

& hours

o} &center of rainout)

0 (axis of cloud)

verage dispersion parameters

(ke

W H N

a
g
t
v
T
R
¥
A

Note from Figure % that in point of magnitude of the possible hazard, the
railnout of the puff cloud i1s the most dangerous.

We note further that from the standpolint of danger dlstance, rainout from a
puff cloud 1s also the most dangerous mechanlism so far consldered. Furthermore, 1f ocne
postulates that any reactor can suddenly liberate a sizable fraction of 1ts radio-
activity, then all reactors operating at the same power level are equally hazardous,
again on the basis of danger distance, regardless of the c¢limatology and plant location.
This is also the implication of Wheeler's equation [Equation (15)] for the controlled
distance around & reactor.

If we are to differentiate rationally among various sites available for
reactor location, we cannot rely on danger distances or maxlimum possible hazards, since
these are, as Indicated above, functions mainly of reactor power. We need an
addltlonal boundary condition, and thls additional conditlion 1ls afforded by the concept
of' probabllity. In the next sectlon, we consider probabllitles as applied to the
hazard problem.

PROBABILITY OF GETTING A CERTAIN DOSAGE

Judging from Figure %4, one concludes that the breathing mechanism cannot
result 1n a hazard exceeding that of radiatlon from the cloud. Therefore, 1t will
suffice to analyze the three other lines on the chart from the viewpoint of probability.
First, the two ralnout cases and then the radlation case will he analyzed.

Bolillng nccldent - Rainout

In order for a receptor to be exposed, the cloud must first of all pass
directly over it. The chance that this will occur 1s shown as follows:
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Source

® Receptor

Cloud

Chance that the cloud will sweep over the receptor at D = E%%-P(e)

where P(6) 1s the relative probabllity that the wind, persistent in direction and
veloelty, wlll blow between the angles 6 and & + 46 as compared wlth unlty 1f all wind
directions were equally probable. Ordinarily, P(6) will vary from 0.5 to 3.0 for
low-level, winds, '

The chance that a railn willl occur whlle the cloud 1ls over the receptor 1s |
equal to the quotlent of the time apent by the cloud over the receptor and the time
between ralns. A rain, for this purpese, 1s consldered to be an incident that occurs
over any receptor with the freguency (1/7) hours-l, In general, T could be a function
of both wind veloeclty, v, and wind direction, 6.

Then

T

Chance that a rain will ocecur while the cloud 18 overhead = T

€

where € 1s some undetermined function of the persistence of the wind direction and

veloelty. It 1s assumed that € = 1 (persistent wind), which 1s equivalent to saying
that 1f the fission products are llberated over a period of 6 hours, then the cloud

will pass over certaln receptors for the same period of time.

But if the cloud should experience a rain before reaching %he receptor, it
seems llkely that a great fraction of the radloactivity contalned in the cloud will be
waghed out before the cloud passes over the receptor. This effect can be accounted for
in a very approximate way by multiplylng the chance that a raln willl occur over any
glven receptor by (l-a), where a is the fractlon of the time that any receptor
experlences rain. This formulation 18 good only Af the tlme between local and general
ralns 1s long compared with the time of passage of the cloud between the source and
receptor. o is ordinarily & small number; in mdst places in the U. S. 1t ls less than
O.1. Hence, the guantity (l-a) 1s close to unity; and 1% 18 not important in 1ts
effect on the probabllity of rainout.

Combining these chances, one finds the probability of rainout, P{c), at the
dlgtance D mlles from the receptor, 1f the cloud 1s defined to be y miles wide.

P(c) % LT (1<) p(e) (30)

Equations (19) and (20) may be solved for y. The y so obtained defines an
envelope within which the point radicactivity is everywhere (r/t) roentgens/hr, or
higher.

For average condltions
.5

0.875
y = D in T35 pfacgt (19a)
13.3 .xvpQ+ 8757
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For inversion conditions

0.5

o. '
y =D 75 1n 879C_pfacgt : (20a)
155 rvDp0O. 75T

Note that as r increases, y decreases; that 1s, 1f one chooses %o set a high
value of r, the cloud becomes narrow ~ hence the probability of rainout becomes small.

It 1s convenlent to define a new veloclty, v¥, which reduces y to O
[see Equations (19a) and (20a) at any chosen value of r, when p,f,a,c,g,t,D and T have
been fixed)]. Then,

Average Inversion
g* = I35 pfacgt . 8790 pfacgt
0. 8757 rDQ- 757
(31) (32)

Now we arrive at the problem of finding the integrated probability that any
receptor will get r, or more, roentgens exposure in the land area surrounding a reactor.

This probabllity is
][d?(c) P (v) (33)

where P(c), the probabllity of a railnout from a cloud, 1s defined by Equatlon (30) and
P(v) 1s the probabllity of the wind speed being v miles/hr or less.

In order to evaluate thls integral properly, 1f must be realized that P(c) is
a function of C (the dispersion coefficient - which may or may not be a function of v),
of v (the wind velocity), of T (the time between rains - which 1z almost certain to be
a function of v and 8), and of 6 {the direction of the recep%or). P(v), the probabillity
of experlencing a certain wind veloclty or less, is 0.0085 v¢ for low-level winds,
according to the data of Figure 1.

The data of climatology do not at present allow the integral to be evaluated
accurately. Therefore, we approximate the probability by choosing twc values of
C(average and inversion conditlons), and by choosing the average value. of T independent
of v, which 18 equivalent to saying that rain 1s equally probable no matter how hard
the wind blows. Then P({¢) is a function of only one variable v, and the integral of
Fquation (33) 1s approximately true. Hence we work as follows:

1 P(c)
Probability of railnout _ ![d?(c) ap({v) = P(c) dP{v) {=4)

of r roentgens or more ~
0]

Figure 1 allows one to perform the integration in Eguation (34) over the
whole range of P{v) from O to 1. But, alternately, it will be accurate to within
several per cent to evaluate Equation (3%} with the approximation

de{v) = 2(0.0085) v dv (35}
from v = 0 to v = v¥, Now, 1t 18 seen that the hlghest value v¥* can take is the wind

velocity, V, that will make P{v) = 1. Above that value of v¥*, the approximation made

(1.e., that P{v) = 0.0085v2) wlll not hold -~ for it is obvipus that P(v) cannot be
greater than unlty. Accordlngly, we can calculate the probabllity of a rainout of r
roentgens or more for average conditions by substituting Equations (30}, (19a}, (31),
and (35) in Equation (34); and the following 1s obtained:
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Probability of rainout =[(2_L(0.0085) TV*E(L-OQH@] fl(l_) (;m ﬁ) > d(_‘i_) (36)

of r roentgens or more (13.3) (%) -n0- 125 v v

Q
where v* 18 defined by Eguatlon (31), sublJeet to the limitation above, and

1 0.5
»*

f [L] [m V__] a [% - L0.5) . g, 513 (37)
v v v 21.5
7

where I' signifiles the gamma function.

The same procedure is8 followed in deriving a similar expression for inveraion .
conditions.

The resultling equations give the probabllity of a rainout that will exXpose
any receptor at a distance of D miles te r roentgens, or higher, following a gradual
emlsslon of fission products from the reactor

For average condltlons

2
Probabllity of rainout _ 69{1-a) P(9) |pfacgt (38)
of r reoentgensg or mere mpl.875, T
For 1nversion condltions
2
Probability of rainout _ 825(1<) P(8) |pfacgt (39)
of r roentgens or more B ol T5¢ P

(p in MW, t in hours, T in hours, 7 1n hours, D in miles, and r in roentgens)

Puff Accldent - Rainout

The chance that a apherlcal cloud of radius R, formed by a sudden emisslon of
radloactivity, will sweep over a receptor at a distance D 18 found by a method analogous
to that used in the case of the long ecloud, formed by gradual emission of the radio-
activity.

PLAN VIEW
Scurce Q< D —3» 0 Receptor
R
Chance that the cloud will ~ _2R P(6)
sweep over the receptor at D oD

The chance that a rain will occour while the cloud 1s directly over the
receptor is

2R 7w

——

vt U

Thus, by the same reasoning used to get Eguation (30)

2
ple) ¥ B (14} p(8) (40)
2vTD .

In thils case of the spherical cloud and circular ralnout envelape, R2 can be
obtained from hquations (26) and (27) as

- 20 -




s

For average conditions

1.75
g2 - D117 |3, 5460 pfacgt {26a}
177 rpt 75
For 1nversion conditlions
1.50
R2 _ D 1n 781000 pfacgt (27a)
24000 rpl-50

It is convenlent, as before, to define for later work a new exposure, r¥,
as follows:

Average Inversion
¥ = 5460 pfacgt or 781000 pfacgt
nl.-75 pl-50C
(41) (42)

In this case of the spherical puff cloud {which is the result of a sudden
emlsslon of the fission products), we make the same approxlmatlons as for the case of
the long cloud (which 18 the result of gradual emlssion of the fission products) and
work as follows:

1
Probability of rainout
of r roentgens or more P(c) dp(v) (43)

dP(v) for high lavel winds 1s found from Figure 1 to be:

P(v) = 0.003 v° (4%)

il

dP({v) = (2)(0.C03} v dv {44a)

Combining Equatlons (40), (43), ang (#4a), and integrating from v = O to
v =V, we obtaln

v
Probability of rainout _ RE(l-a} P(8) (2)(0.003) v éav _ 0.003 Rgv(lq%l_gﬁql (45)
of r roentgens or more - 291D - ™

0
V 18 the extrapolated values of the wind velocity, in miles/hr, that makes P(v) = 1.

Hence, from Eyuation (44), V = 18.2 miles/hr. RZ iz obtailned from Equations (25a) and (27a).

Then the followlng equations are obtained for the probability of a rainout
that will expose any receptor at a distance of T mlles to r roentgens, or higher,
following a sudden emisslon of flssion products from the reactor

For average condlitions

Probability of rainous _ 3,08 x 107 (1-a) 0275 »(6) 1n 5460 pfacgt (46)
of r roentgens or more T i rpl.75

For inverslion conditlons
Probabllity of railnout _ 2.15 x 107°(1a) p°*5° p(s) 1, 781000 pfacet (57)
of r roentgens or more . i rpl.50

{p In MW, T 1n hours, t in hours, D in miles, and r in roentgens)
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Boiling Accldent - Radiation from the Cloud iy

As 1n the case of the rainout, the chance that'a cloud willl pass over and
arounrd a receptor is

P{c) = % P(8)

The width of the cloud y 1s obtained from Eguationa (10) and (11) with
£z =0 (receptor on the ground) as

0.875 0.5
v = D13 : [:m ":*} (10a)
% = 2270 pfat
wnere v —;SIT?EE—- (48}

for average condltlons.

For 1nversion conditlons, the coeffleclents 13.3 and 2270 are altered to 155
and 329000 resgpectively, and the powers of D from 0.875 and 1.75 to 0.75 and 1.5
respectlvely.

Then the probabllity of exposure to r roentgens or higher 1is found by a
caleulation similar to that described by Equation (3#%.
1

Probablility of exposure _
of r roentgens or more -/‘ P(c) ar(v) (34a)

Equatlon (35) gilves dP(v) in the aboveoequation, and the integration is
similar to that shown in Equations (36) and (37). Then for average conditlons

Probability of exposure _ {2)(0.0085)(0.213) P(8) yas2 = 1.273 x 104 y#uZ P(8) (49)

of r roentgens or more (m){13.3) p@.125 DR.125%

where v¥¥ 1s defined by Equation {48) and cannot exceed 10.6 milesa/hr for reasons
outlined earlier (see Eguation 35).

For Ainverslon condiltions

2
Frobabllity of exposure _ =5 v
of r roentgens or more 1.06% x 10 50.25 P(8) (50)
where v¥* = M {51)

rDl-5p
and v*¥* cannot exceed 10.6 miles/hr, no matter what values of the parameters are chosen.
{p in MW, T and % in hours, D 1in miles, and r in roentgens)

Now 1t will be obvious upon Inspecting Equations (36) and (49)}#% that, unless
T <T, which 1s highly unlikely in the temperate zone, the ralnout probability is less
than the radiation probability. Both of these equations apply to the bolling aceident.
Therefore, from this point on we can confine our attention to the following two cases
(see Figure 4):

* When Equation (36) = Eguation (49): 1.75 2
r = (1-0) D" P(cg)"T

9-6
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1 Puff Aceident - ralnout
2} Boillng Accldent - radiation from the cloud

In the next section, the concept of the probabllity of death will be used to
find the expectation number of deaths by these two mechanlsms when average climatology
is assumed.

EXPECTATION NUMBER OF DEATHS FOLLOWING A REACTOR INCIDENT, AND THE CONTROLLED DISTANCE

Puff Accldent - Ralnout

Should a large amount of radicactive fisslon products be suddenly liberated
to the atmosphere, the inhabltants living 1in the surroundings would be subjected to a
low probabllity of death. According to our definition and approximatilons, thls
probability, P(d), is as follows:

P(d) = [[[P(r) dP(c)] dP(v) (52)

P(r) is the chance that a person will die if exposed to r roentgens of y-rays
emitted by fisslon products deposited on the ground by a ralnout. Thils relation has
been supplied to us by K. Z. Morgan of ORNL, and 1t is plotted in Figure 3. dP(v) has
been defined for hlgh level winds in Equation (44a). dP(c¢) is found as a function of
r from Equatlions (40) and (26a) for average climatology as follows:

aP(c) = ERdR_(‘l—CI-) P(e) (403_)
2v1D
2RdR = - 0275 ar (26Db)
77T v
Then vk 0
- _ (laal_DO'TS P{8) P(r) dr
P{d) Of[!; 077 ver ] (0.006) vdv (53)

Note that the lower Iimit on the integration inside the brackets corresponds to the
condition that P{c) = 0, Such a condition comes about by letflng R = 0 1n nation
(26a); and for R to be zero, r must be r*. v* has been found from Equation (44) to be
18.2 miles/hr. The integration inside the brackets, with sign changed and limits
reversed N .

T

[ eeer

r

o
1s given In Flgure 5 as a function of r*. The graph i3 plotted for values of r¥* less

than 105 roentgena. If r¥ should be greater +than 105, the integral has the value

5.50 + 1n —Ix
10°

since P(r) 1s very close to unlty (a person will surely meet death) for such high
values of vy-exposure.

Then, the following equations are obtained for the probability of death by
ralinout per caplta per reactor incldent that suddenly releases filsslon products to
the atmosphere.

For average conditions

r¥
Probability _ 3.08 x 10~ "{1-a) p°*75 p(8) P(r)dr (54)
of death T T
where: ¥ = M 0 ()4‘1)

D1.75
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For 1nverslon condltilons .
I'l*

Probability _ 2.15 x 10~°(1.a) p°:5° p(s) P(r)dr (55)
of death T T
where: p* = 781000 pracegt {42)

pi-50

(p in YW, t in hours, D in miles, and T in hours)

Perhaps the only absolute rating that can be placed on a reactor plant site
183 the numbher of deaths to be expected 1f the reactor should fail with the liberation
of some fractlon of 1ts fisslon products. Whlle thls is a negative rating, and the
actual number of deaths per reactor incldent cannot in princlple be & relatively
invariant quantity (such as the number of people killed by lightning per year)} it is a
useful concept, It takes 1into account the fredquency of rainfall, the population
density outside the plant site, the reactor power level, the prevalling wind directlon,
the suaceptibllity of man to InJury by exposure to radlations, and the gize of the
plant site. The use of the concept demands, however, thai one assume that people
remain in a polluted area for some arbltrary perlod of time.

In truth, it is entirely concelvable that the danger of death could be
eliminated by arranging to evacuate the populace soon after a rainout occurs, 1f 1t
cccurs at all. For instance, 1f people 1live 10 mlles from a reactor operating at
600 MW, one can estimate how sgon they must be evacuated after a ralnout from a puff
accldent in order to eliminate the chance of death. Eguatlon (26) 1s useful for this
rurpoge. From 1t we obtaln

ol 75
= ——>~ ____ hours, with R = O (center of ralnout)
RUE0 pface
Now with r = 150 roentgens ([lower threshold for death)
D = 10 mlles
p = 600 MW
feg = 1/2 {very pesaimistic)
a = 0.02 {sege Table II)

t, the time a pergon can remalin at the scene of the rainout before he 1s in
danger of loging his life, 1s found to be 0.26 hour.

- Tt 1g perhaps more reasonable to guess that feg = C.1, or even lower, so that
t = 1.3 hours, or more.

Since the average wind veloclty at high altitude 1s about 16 miles/hr it
would probably take an additional 10/16 hour for the cloud to reach a settlement
10 miles from the reactor. A warnlng 1la certainly possible. Hence, it 1s not
unreasonable to state that no deaths whatever should result if certain precautions
were taken, even in the eveni of a reacter disaster that has no precedent.

Nevertheless, if one chooses to gay that people wlll remaln at the scene of
a ralnout for say € hours {or some such arbiltrary figure set by the authorities for
the purpose only of rating varilous plant sites), one can calculate the expectation
number of deaths as follows:

l. Divide up the area surrounding the reactor into small segments on polar
coordinates, each at a diatance D miles from the reactor and at angle € from the north.

2. Note the number of people living 1n each one of these segments. Call
this number Ny.

3. Determine from the climatology of the plant site how frequently heavy
rains occur. Arbiltrarily, a heavy rain is one over 0.5 in. ¢Call this frequency (1/7)

hours“l.
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4, Determine from the climatology of the plant site the relative probability
that the wind will blow toward each of the segments of area. Call this relatilve
probability P(8) (the average segment has P(6) = 1). :

5. Estimate a, the afterheat due to filsgion product decay, for each
gegment from Table II. (a may be deduced if one knows the average wind veloclty at
high altitudes and the distance from the reactor of each segment.)

6. Arbitrarily, set fegt at 3 hours (feg = 1/2, t = 6 hours).

T. Calculate the number of deaths per reactor lncldent to be expected in each
segment of area on the asgumption of average climatology, as follows:

I'*
-4 0.75
Deaths in _ . pla) = 3,08 x 107 Nq(1-a) D (&) P(r)dar (56)
Segment 1 ~ i - pm
r
0
(Ni in persons, D in miles, and T in hours)
The value of the integral above is found from Flgure 5 with
* o= 5460 pa(fegt) (41)

pl-75
(p in MW, D in miles)

8. Sum the expectation deaths in each segment of area, arriving at the
flgure for the expectatlon number of deaths.

The above calculation 1s general for an area 1n which the population denslty
is highly varlant. If the population is assumed to be more uniformly distributed in
the surroundings, one can caleculate the controlled distance in a similar manner by
arbltrarily choosing the allowable number of deaths and using average dispersion
parameters.

D2 ¥
Expectation Deaths = y _(2n)(3.08 x 10" ) N(1) P(6) fDl‘Ts[ _P_(ngz] dap (57)
T r
Dl 0
where D, = danger distance by Egquation (28} miles
Dl = controlled distance miles
r* = upper limlt of exposure from Equation (41) roentgens

The controlled distance has been solved for in the above equatlon, and the
results have been plotted in Figure 6. With this graph, one enters on the ordinate and
abscissa wlth the lmown parameters to find the controlled distance. Or if a controlled
distance 13 known, the allowable power level, for lnstance, may be found. The basis
for Figure 6 1s the mechanism of railnout from a cloud formed by & puff accident.

Note that for large accidents, the existence of a controlled zone 1s of small help.

Bolling Accident - Radiation from the Cloud

In thls sectlon direct radlatlion from the low-lying polson cloud 1s
consldered as a mechanism that can result in a number of deaths.

This mechanlam 1s the one that 1s found to set the controlled dlstance for
most practical cases, In order to find this controlled distance for any number of
probable deaths per accldent, it 1s necessary to write an eguatlon for the number of
deatha in terms of the controlled distance, D,. In general, the expectatlon number of
deaths per accident, X, 1s written as followa:

A8 o @
X = fff[ NDADP {r) [agic)] dr [ég%)—] dvas (58)
Q

o 0 D1
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Enuation(58215written with the assumptlon that the atmospheric dispersion
parameters are fixed (average values), and the only meteorological variable is the wind
velocity, v. The wind velocity is assumed to be independent of the dispersion
parameters and angle, 9. In the reglon of low wind velocitlies, which are most important
in this problem, the wind veloclty probability 1s found to be of the form

P{v)} = Kv? (see Filgure 1)
By this formula, the upper limit on the wind velocity is V = K“O'S, for then P(v) =1,
It will be suffilclently accurate to use this upper limit on v when integrating
Equatlon(58)},since high wind velocitles do not contribute much to the integral.

Then

9E(v) _ 2Kv

ov

If N 18 independent of distance, D, integration with respect to & may be
carried out lmmedlately to obtain the number of deaths, x¥*, in the sector AS8 radians

wilde.
x* = N(A8) f[[ DADP (r) [-ai(-‘il} dr [ap 2 av (59)
. Or v
o 0 Dl

P(r) 1s defined in Figure 3.

P(c) = EyPDG = the chance that the cloud willl sweep over the receptor at the
dlstance D, whlch Eg greater than the controlled distance Dl'

0.5
cloud width _ p°-&75 [m G ] (10a)
5

y’:
2 13.3 vrpleT

In Equation (1Ca), average dilspersion parameters have been used, and the same applies to
G, which 1is

G = EEZQEEEEE-roentgens - mile32‘75/hr (48a)
Then
-0.5
0.875
op{e) _ D" R6) |, G (60)
dr 26.6xDr vrDl. 75

In order to integrate Equation(59),it Wwill be convenient to define new
variables as follows:

v = 8
r = Z
G _

yrpr- 75
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Then

av Ap aD aD
=y = 0 =
5 55 38| |° 0 %
9(v, r, D) _ |3 3 ¥ f_ |, , 3|_3b_ &.(.—G_)LF/'T 1
a(s, z, u) dz dz Oz dz du T ‘v ull;T
v 3 | o o @
Bu au au au

Equation (59) may be rewrliten as follows:

X* = N{a8)(2K) P(6) f P{r)dr ff p°+875avap

(26.6) () {1n u)o -5
. N(a6)(2K) P(9) P(r' ° 5 v L he )1‘/7 dvdu
(26.6)(n) rvu (ln u)o- T ‘v wll/7
_ N{(&j(s8)(2K) P(9) G15/14 f P(r dr dvdu
(7)(26.6) (w) r29/14 vi/L4y29/ (10 1)0.5

The new limits of lntegration are deduced from the following dlagram, in

which the coordinates are v, u, and r. The integration 18 carried out over the
shaded volume.

—
) "/rél Z U= __ (11
- / v VrDy L. 75 (1ine)
/ v = V {plane)
\ apy = 8 (curved
\ Dll.75 surface)
\ -~
N\
\
N\
" ' r = r (point)}
T |
u =1 (plane)
G G
o @ DyjleTour ur @ Dp,l.-Tour
X = f f / f{v,u,r)dvdudr - f f [ f{v,u,r)dvdudr
o 1l 0 o 1 v

- 27 -




The next Integratlon 13 with respect to v, and the followlng is obtalned:

where

o - e EK) ple) o P (59 1)
(13)(7)(26.6) (m)

ur o

( G )13/1“ s du P(I‘ P(r)dr
Dy1-75 u3(1n u)0-5 u3(ln u)O 5 3

o 1 ur u

+ vt 2/14 du P j rldr
u29/1% (1n u)0.5 r29/1%

o 1
The next integration 1s with respect to u, and one notes that

[+4]

du = /0 G.5 _fm
[ um3(1n 55 —J;:erf (2 1In «) -—E (61)

g
5 .
[——-———-————~u3(ln o ﬁerf {2 In 0) (62)
T 1 s
du - Akw 15 o
fu29/14(1n u)0.5 15 erf (14 1n ) (63)

1
Thus, the integrated form of Eguation (59) becomes

where

(13)(7)(26.6)(n) =] _a® [ P(r)dr
3

(1%)(4)(N)(a8)(2K) P(5) 13113/8
» ur 0.5
'f;‘fﬁ'—%ﬁg f erf ('2 in E) ) P—(%?E
1
ur O
g15/14 15 1 02 P(pddr _  67.9y*

_T37§§ erf (EE-ln ) ;é@%iﬁ'— ﬁf&gjg_gfas- (59 1)
0
— G GK°:? (64)

- D11.75vr D11-75r

This cannot be integrated analytically any further since P(r) is an
empirical function. The Integrals have been evaluated by graphical means.

It

erf {=) = 1,
In
erf (0} = 0.

In order for

will be observed that if Dy = O (no controlled distance) U = =,
and the first two terms cancel leaving only the third term.

the region where U = 1, the second and third terms are both zero, since
If u = 1, then

0.5
_ GK
r = 511?7? (64a)

the firat term to hold, r must be greater than 150 reentgens, for thls is
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the lower threshold for death {see Flgure 3)}. Therefore, the second and third terms
drop out and the first terms holds 1if

.5 0.5
GK 1.75 aK
150 X n ah 64n
50 < D;1.75 °r B > 150 (6%e)

K from Flgure 1 1s 00,0085 hre/'mile2 for a typical site. Then

D1 -

(The region where only the first term is needed) (64b)

One additional fact from Equation (59 I)may be deduced. If the quantity
X%/A0 is not to be a funetlon of 8, that 1g, 1f the dilstribution of deaths with angle
is constant, then D, must be a function of P{(2). The controlled distance should be

greater at angles where P(6} 1s high. That 1is, the plant should have a larger buffer
zone 1n the dilrectlon that the wind blows more often.

If x*/A6 1s conatant, for the above reason, then ¥ can represent the total
expectatlon number of deaths per accldent when A8 = 2. EQpation(SQ I)then becomes
2 2 2 g

x 5060 [pfat] f P(r)dr _ 5060 [pf'at] ferf (2 1 5)0’5 P(r)dr
P>

N P(8) D1l2/% T r3  Dp113/8 T

o ur ¢
15/14 0.5
+ 47.8 [E%EE] / ere (_3 1n a) et (59 )
0

where

1]
./ﬂ Pgr%dr = 4.5 % 10'6 roaf.-ntgens'2 from Figure 3
T

o
[vs)
P(r)dr _ 1.71 x 107 roentgens_l5/1u from Figure 3
r29/14
0
T 18 defined in Eguation 6&4.

Equation (59 P)has been plotted in Figure 7 with pfat/T on the ordinate. This
1s the size of the accldent measured by the flsslon product decay heat in the whole
eloud In MW. On the abscissa is N P(G%/&, the number of people per square mile times
the wind direction probability divided by the expectatlon number of deaths per accident.
Lines of constant controlled distance then connect the slze of the accldent with the
number of deaths.

Equation(59 I) 1s general in that 1t need not be used only for caleculating the
number of deatha; it may also be used to find the number of people who will receilve
r reentgens, or more, Tollowlng an accldent. For lnstance, suppese a plant has zero
controlled distance and an acceldent cccurs that puts up a c¢loud of 2 MW, It is-
required to find the number of people who will receive one roentgen, or more, if the
population density 1s N = 15 people per square mille., The metecrology of the area 1is
such that K = 0.01.

Since Dy = 0, U = w, and only the third term remains in Equation (59 I). P(r) is ©
fromr =0tor =1. P{r) is 1l fromr =1 to r = w. G = 4540, since pfat/T = 2.0 MW.
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67.9x* _ _[1Bw _15/14 15/28 dr
(A8)N B(0) 15G K frgg/lq (59 1%)
1
[T 05)_ (0.01)" "% 450y M [ﬁ] [li]
(88) P(8) 15 (67.9) ST S S

= 240 people per radilan

Hence, a total of 1500 people in the surroundings will receive 1 roentgen or
more by direct radlatlon from the cloud.

ACCIDENTAL RELEASE OF OTHER POISONOUS GASES

Equation (59 I)may be used to calculate the hazard to people living near any
stored or released polsonous gases, For instance, 1f a large amount of HQS were to be

released over a period of hours, the number of people who would be likely to breathe
any glven concentration of this gas, or more, can be calculated with Eguation (59 I.)

In thils case 1t wlll be necessary to redefine . A convenlent set of unita
for the concentratlon of poisonous gas would be: parts per million by volume, and r
would be the concentration in parts per million.

The atmospherlc dilspersion equatlon, with average dlspersion parameters,

becomes
2
~113.3 ¥
P D0.875
r = —————uﬁi-—-e ppm at ground level
1330vTDH" 12
R
1330 T
r = concentration of gas in the atmosphere, ppm by volume
P = amount of gas released, cublc feet measured at the
conditions of the amblent atmoaphere
T = time, hours over which the gas 1s released
v = wind velocity, mlles per hour
D = distance, miles downwind of the point of release
¥y = crosswind distance in miles from the axis of the cloud

In order to illugtrate the calculation of hazards due t0 the release of
gases, the following problem 1s mentioned:

An industrlal concern 1is requlred to bulld a scrubber to remove hydrogen
sulfide from a large flow of waste air. The concentratlon of the gas in the scrubbed
alr has an important bgaring on the size of the scrubbling tower., The flow of alr has
been flxed at 1.5 x 10% cublc feet per hour. Therefore, the problem 1s to determine
the permissible average rate of release of hydrogen sulflde, and from this the
concentration of the gag in the scrubbed air 1s eaglily computed, The atack is
consldered to be at ground level, for all practical purposes.

The concern in question 1s situated in an area in which the population
density 1s 10,000 people per sgquare mile, and it 1s impractical to maintain a
controlled zone around the plant. It 1s judged that relations with the townspeople
wlll be satisfactory if, on the average, 10 people can detect hydrogen sulfide in the
atmosphere while the tower 1s in operation. The lower limit For detection of hydrogen
sulfide 1s 1 ppm by volume. The meteorology of the region 1s such that X is

0.01 hre/mileZ.
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The fact that the hydrogen sulfide 1s released to the atmosphere of the town

diluted with 1.5 x 106 cublc feet per hour of air 1s of small help, for the wind
passing over the plant makes this flow insignificant. One can consider the polseon
being released as a pure gas, and this 1s to be diluted by dispersion in the wind, as
far as the populace 1s concerned. Done 1n this fashion, the calculation 1is only
slightly conservatlve. :

In this case the controlled dilstance is zero. Therefore, u is infinity, and
only the third term 1n Equation{59 I)is retalned.

67.9x*  _ fHEm (15/28,15/14 P(r)dr
(A8 )N P(9) 15 @ reg}li (59 I*)
o]

A8 is 27, since the whole are on the azimuth is considered.
N is 10,000.

P(6) is 1, since the whole arc on the azimuth 1s considered.
X* 1s 10,

K is 0.01.

G 18 to be determined.

P(r) 1s zero in the range of r from 0 to 1.

P{(r) 18 1 in the range of r from 1 to infinity.

[+.5] [+4]
P!r;dr _ dr _ 14
r29/1 229/1% ~ 1§
o 1
Hence, O i3 found to be 0.156 = P/1330 T. ©P/T ia then 208 cubic feet per hour

of pure hydrogen sulflde. The concentration of hydrogen sulfide 1n the alr from the
tower 1z 133 ppm by volume.

Thus, we note that the atmosphere dilutes the polson from the tower by a

factor of 138, and 1t 18 perfectly reasonable to neglect the 1.5 x lO6 cubic feet
per hour of alr flowlng from the tower.

The hazard due to the possible release of a large quantity of polscnous
hydrogen sulfide is treated in the same fashion as the hazard due to release of radlo-
activity. For this caleulation, P(r) vs, r defines the probablllity of death when gas
is inhaled. 1In this case, P(r) = 0.5 (see Filgure 3) when r = 600 ppm and the
inhalation time is 0.5 hr. Wifh such a functlon, Equation(59 I)is evaluated to obtaln

a graph similar to Figure 7. On this baslsg, if 15 x 106 ft3 of HES (1.4 x 106 1b) 1s

released over a perlod of C.5 hr, the hazard is equivalent to 'a 2-MW accldent (reactor
power = 1000 MW) in point of the expectatlon number of deaths, when the controlled
distance 1s zero. The expectation number of deaths in both these accidents is N/B,
about 10 1n the average locatlon In the U. S.
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NOMENCLATURE

disperslon coefficlent in the atmosphere, metersn/?
distance from the reactor, meteras, or miles where so stated
population density, people/hileQ

number of people llving in a small area 1, bounded by D and D + AD and o
and 8 + A6

probabllity that a person will die iIf he breathes b microcurles of airborne
fisslon preducts

probability that exposure will occur from the fisslon product cloud for a
receptor located at distance D. from the reactor and at a distance of either
R or y from the cenver of the rainout or from the center of the cloud

probability of death per capita per reactor incldent
probablility that a person will dile 1f exposed to r roentgens of ¥y's
probabllity that the wind veloclty will be less than v

relative probabllity that the wind direction willl be between 8 and 8 + de,
P(0) 1s the probability of the wind's blowing in a given direction divided by
the probabllity if there were an egual chance of blowing in any direection

total number of particles liberated to the atmosphere, where they are dispersed
distance from the center of the puff cloud, meters, or mlles where so stated
time over whlch the flssion products are liberated to the atmosphere, hours

afterheat fraction of full reactor power level due to the decay of fission
products - P and <y heata are included

the total radicactivity inhaled by & receptor over the period of time t,
mlcrocuries

fraction of the airborne fission products that is brought down from the cloud
by falling rain

fraction of the reactor fission products that is rendered airborne by the
reactor incident

fraction of the filsslon product v radigactivity that remaing on or near the
surface of the ground

turbulence index for dispersion in the atmosphere

reactor power level, MW

the <y exposure received by the receptor over a period of time t, roentgens
the upper 1limit of integration, having the same definition as r

time that the receptor (a living creature} is bombarded by vy-rays or breathes
radicactivity at the locatlon of the rainout or fission product cloud, hours

wind veloecity, meters/hr, or miles/nr where so stated

wind veloelty defined by Equations (31) and (322)

wind velocity defined by Eguations (48) and {51)

extrapolated upper limit of the wind veloecity, miles/hr, at which P(v) = 1,
when P{v) is of the form, (K}(ve), for low values of v

distance downwind from the center of the puff cloud, meters, or miles where
80 stated

distance crosswind from the axis of the long cloud or crosswind from the
center of the puff cloud, meters, or miles where 80 stated

vertical distance from the axls of the long cloud or from the center of the
puff c¢loud, meters, or mlles where 30 stated

fraction of the time that any spot in the vicinity of the reactor experlences
rainfall

azimuthal angle, radlans measured clockwlse from north - after the method of
the mariners (It 1s applied to both wind direction and location of the
receptor with respect to the source.)

time between railn incldents at the locatlon of the reactor, hours (For
instance, 1f 93 rains occur every year on the average, T = 94 hours.)

expected number of deaths per reactor incldent

- 32




FIGURE 1
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FIGURE 2.
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FIGURE
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FIGURE 4
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FIGURE 5
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FIGURE 6
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FIGURE 7
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NOTE: Concerning the derivaticn of Equation (59 I).

It has been assumed that the cloud 1s wlde, s0 that the exXposure recelved by
a receptor is proportlonal to the concentratlon of fission products in the atmosphere.
This approximation is valild for long distances from the scene of the accident. Close
to the polnt of release appreclahle derivations from thls approximation may occur.
Qualitatively, the plcture looks about as follows in the crosswind direction for polnts
close to the scene of the accildent.

13.3y )
Constant xe (50'875 (Approximation)

Actual Computed Exposure

Exposure of Receptor

Crosswind Dlstance - y

Receptors on the axis of the cleud recelve leaz than the approximated
exposure, whlle receptors further from the axls may recelve more.

The expectatlion number of deaths has been calculated for several specific
cases hy the more accurate calculation., It was found that the dangerous cloud is
wider and shorter than the approximation used in this report would indicate. However,
the expectation number of deaths 18 not appreciably different when calculated by the
two methods.

In view of the fact that the more accurate calculation cannot be expressed
as a general formula, the writers have preferred to use the approximation. One obtalns,
then, a general formula, Egquation (59 I), which may be used for calculating the
breathing hazard for both radiocactive and polsonous gases, in additlon to getting a
falrly good estimate of the radiation from the cloud.
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