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A RISK ANALYSIS OF THE OMEGA WEST REACTOR

by

Harry J. Otway, Morris E. Battat, Ronald K. Lohrding,
Robert D. Tumer, and Richard L. Cubitt

ABSTRACT

A method for estimating the risk from reactor installztions is presented
and applied to the Nmega West Reactor, an B-MWth research reactor at Los
Alamos, New Mexico.

The method, which considers both accident probabilities and various
wind and weather conditions, estimates individual risk as a function of
direction and distance from the reactor and estimates the total detriment to
the community as the consequence of reactor accidents.

The somatic risk due to thyroid carcinoma from '*'] uptake, the somatic
risks of leukemia and other neoplasms from whole-body irradiation, the
genetic risk, and nonspecific life-shoriening were considered. The individual
somatic risk at the nearest habitation was found to be 5 x 107'%yr, and the
total detriment to the community was 4.5 x 107 deaths per year of reactor

operation.

Statistical treatment of reactor operating history and test data to obtain
reliability estimates is outlined. The resuits of this study are compared with
those from analysis of a 3200-MWth pressurized water reactor.

1. Introduction

This werk, an attempt to quantify the risk to the
Los Alamns community fromn operation of the Omega
West Reactor (OWR), was prompted by a proposal to
increase the reactor operating power from 5 to 8 MWth.
The OWR is a tank-type research reactor operated by the
Los Alamos Scientific Laboratory (LASL) at Los Alamos,
New Mexico. A more detailed description is given in
Appendix A.

Risk, as used here, is the probability of an individ-
ual’s meeting a certain fate from a particular cause.
Specifically it could be one’s probability of meeting Geath
from a reactor accident and would involve the probability
of the accident occurring, the probability of radioactive
material being carried to one’s locaiion, and his prob-
ability of dying after receiving the radiation dose. The
specific risks considered here are the somatic risk of death
(both early and late) fror thyroid carcinoma (from '[)
and leukemia and other carcinomas due to whole-body
irradiation, the genetic risk, and the risk of nonspecific
life-shortening. The method of assessment is a refinemant
and extension of that described in Refs. 1 and 2.

II. The M:thod

A. Discussion. The method determines individual
risk as a function of distance and direction from tlie
reactor. The risk is the sum of the biological risks from
each possible accident weighted by the respective accident
probabilities. Identifying each accident sequence is diffi-
culi; some predictable accidents may he overlooked and
some interactions of systems are unpredictable. However,
one can estimate an upper risk limit by analyzing all
recognizable accidents and assuming that accident con-
sequence (fission-product release) is a continuous func-
tion of accident probability, i.e., an infinite number of
accidents. Thus, discrete sets of identifiable and unidenti-
fiable accidents can be conservatively approximated by an
infinite number of accidents forming a continuous spec-
trum. The curve of fission product release vs accident
probability based upon a set of recognizable accidents is
not a true random sample, but neither is it biased, so this
approximation appears reasonable. This curve (Fig. 1) is
related to the probability density function of fission-
product release and may be called an “accident chain.”
The accident chiaiii is actually a line bounding the
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Fig 1.
A typical accident chain.

envelope of accidents; there are also accidents that fall
below the line.

As the fission-product release increases, one would
expect accident probability to decrease, with the curve
asymptotically approaching the limiting value of 100%
release at very low probability. Assumption of a contin-
uous accident spectrum is conservative—one or two
accidents outside the envelope would not be significant
agditional risk when added to the integrated area of the
envelope. Note that the 90% confidence level shown in
Fig. 1 is not a confidence level for all accidenis within the
envelope, but, rather, only for those accidents that
describe the envelope border. For most accidents within
the envelope, the 90% confidence limit also falls within
the envelope.

B. Determination of Accident Chains. The accident
chain mzay be generated by assessing the probability of a
primary system failing in conjunction with the failure of
any combination of other systems during the time interval
(before or after the primary system failure) in which they
would be needed. The fissicn-product release value for the
accident situation assumed constitutes one point on the
accident chain. This procedure may be repeated for
different combinations of system failures to produce
additional points and does not restrict one to considera-
tion of spontanecus failure of a primary system as the
initiating event. For example, loss of elecirical power or
an operator error might initiate failure of the reactor
cooling system. One need only assess the probability that
power failure or operator error will cause failure of ihe
cooling system in the manner postulated, ther use this
probability to generate a point on the loss-of-coolant
accident chain.

This point-generation procedure may be written as

n n ,
Pa=Ppier, B e, [L-F (D] (1)

where

P, = yearly probability of postulated accident,
P =yearly probability of primary system failure,
(T) probability of the n'P safeguard system’s
failing to start or spontaneously failing
during the time (7) when its failure would
affect the accident outcome,

11U11={l,2 .,N},llnlz=$ .

index set of safeguard systems that fail, and

.
131

I, = index set of safeguard systems that do not fail.
Because system reliabilities for a specified interval
are high (at least 0.99), Eq. (1) may be approximated by

PPy Bi(7) . @

By finding the 90% upper limits for Pp and the P; (7)’s in
the accident chain and substituting these values into Eq.
{2), one can plot an approximate 90% confidence curve.
The procedure used to find the 90% upper limits is
explained in Appendix B.

C. Radiation Dose vs Accident Probability. Radia-
tion doses received as a function of distance from a
postulated fission-product release for various weather
conditions can be calculated by established methods.
Details of weather conditions and fission-product disper-
sion calculations are summarized in Appendix C. Given
the release-probability relaticnship determined by the
method of Sec. B above, one can form a series of dose vs
probability curves for various Pasquill weather conditions
and distances from the reactor through knowledge of the
dose-distance-weathes relationship for each fission-
product release value. This calculation will be made for
both the whole-body dose, which is mostly due to
irradiation frcm ground-deposited iodine isotopes, and for
the thyroid dose due to internal irradiation from iodines
deposited in the gland; evacuation of personnel was not
considered. This calculation is

Di(ps) = C(p) di(s) 3)

where
Dy(p.s) = dose (thyroid or whole-body) :n rads, a
fuaction of probability (p), distance from
the reactor (s), and the it? Pasquill weath-
er condition,

C{p) =release in curies, "' biological equivalent
plus associated fission products as a func-
tion of probability (p), and

di(s) =dose in rads per curie of 'l equivalent
plus associated products released at dis-
tance s under the it Pasquill weather
condition.



D. Individual Mortality Risk vs Accident Probabil-
ity. Once the rclationships of radiation dose vs probability
for various Pasquill conditions have been determined for
the distances of interest, the relationships correlating
mortality risk and dose (see Sec. 1V-B) may be used to
obtain mortality risk as a function of accident probability
for several distances. The method is not restricted to use
of the linear risk-dose assumption employed here:

Mj(p.s) = Di(p.s) m(p) . C)
where

M;(p.s) = mortality risk (thyroid or whole-body) for
the ith Pasquill condition,

D;(p,s) = defined by Eq. (3), and
m(p)

= mortality risk perrad of radiation (thy-
roid or whole-body).

E. Individual Risk. The total risk to a person at a
specific distance and angle from the reactor may be found
by integrating the mortality risk of Eq. (4) over all
accident probabilities, then multiplying by the probability
density’ function of the wind direction and Pasquill
weather conditions, and summing over all Pasquill condi-
tions. The value thus derived permits one to determine
the risk on the basis of local weather conditions or to
determine a necessary exclusion area.

N i
ROD=D | [MEok|®6 . ©)
where

R(8,s) =individual mortality risk per year at dis-
tancz s and angle 8 (thyroid or whole-
body),

M(p.s) = defined by Eq. (4),

f{(8) = probability density function for wind di-
rection @ under the ith Pasquill condition,
and

G:

1

= probability of the it" Pasquill condition’s
occurring.

These equations effectively determine the risk as a
function of distance, for each Pasquill condition, with the
wind assumed to be blowing always in the same direction
at the most pessimistic speed. The angular distribution of
wind direction for each Pasquill condition is then con-
sidered to determine the angular distribution of risk. The
risk at every location (8 ,s), for each Pasquill condition is
then added, each risk being weighted by its percentage of
occurrence.

One could also consider the distributions of wind
speed, humidity, and temperature, but they probably
would not appreciably affect the risk estimate.

F. Tota! Population Risk. The tota! risk of deaths
per year to the populatiun around the reactor site may be
found by integrating the individual risk times the popula-
tion density over distance and angle from the reactor.
This is a discrete function because the population does
not occur as a continuumn, rather each person is a discrete
point. The distance summation limits are from the ex-
clusion boundary out to the point where the population
stops; the angle summation limits are clearly from O to
360°.

360 oo
T= Z R@.5)HOs) )
6=0 =0
where
T = total risk to the population in deaths per
year,

R(8,s) = defined in Eq. (5), and

H(8,s) = number of people at angle 8 and distance s
from the reactor.

II. Estimation of Failure Rates

A. Discussion. After one has defined a representa-
tive subset of accidents from an assumed accident
continuum, the main difficulty is in finding the failure
probability of each link of the accident chain. The failure
rate for each link must be estimated and transformed to
probability using Eq. (B-5) of Appendix B.

Of several ways to estimate failures, the least
rigorous is to have someone familiar with the system
estimate its failure rate. At best this is a poor method, so
when using it we always recorded an exiremely pessimis-
tic estimate. Thus, if the study were to be biased, it would
be toward higher risk.

Another method is to search the literature to find
experimentally determined failure rates. Two obvious
problems in this type of estimate are that the component
may be similar but not identical to the component of
interest, and that the failure rate may have been deter-
mined in an environment different from that in which the
component of interest operates.

B. Estimation from Reactor Data. A third, mathe-
matically pleasing, method of estimating failure rates is to
use data from the operating history of the reactor of
interest o. similar reactors. This is easy if we assume that
the failures are distributed cs a Poisson process with
gamma-distributed waiting time to failure and indepen-
dent exponentially distributed inter-arrival times. These
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assuimptions are valid if it can be assumed that mainten-
ance and repair result in no wear-out effect.

The problem of accurately estimating failure rates
hinges on obtaining enough operating history of a system
and its components. If a component does no¢ fail in 15 yr
of opuration, can we accurately estimate its failure rate?
Probably not, but we can certainly put an upper bound
on the failure rate and state what confidence we piace on
that bourd. Take, for example, the electric motor that
operates the primary spray system of the OWR. This
spray system has been tested 130 times without failure.
We can cozipute the upper confidence linit for its failure
rate using Eg. (B4) of Appendix B. Using the equation to
compute a 90% confidence interval, we have

4.61

P 0<v<m

=090 ,

P {0<v<1.75x 10'2] =090 ,

where v is the failure rate for the electric motor. This
equation implies that, taking one chance in 1T of being
wrong, the failure rate of the electric motor is not greater
than 1.75 x 10%/demand. Similarly, for a 99.9% confi-
dence interva!, we have

P [O<v<5.2x 10'2] =0.999

Discussed in Appendix D, Sec. 3,is an OWR flapper
valve that has been tested 500 times withoui a failure.
Using this information, we can compute a 20% confidence
interval of

P {O Lr<4.6]1x 10'3] =0.90
and a 99.9% confidence interval of
P [O <r<1.36x !0"] =0.999

If we could not find an acceptable failure-rate estimate
for a component with no observed failures, we conserva-
tively used the 99.9% upper confidence limit. This
estimate has some nice properties. Ii estimates the failure
rate of the component in its working envircnment
(although admittedly not in an accident environment) and
is forced to be conservative by use of a 99.9% confidence
level as the estimated average failure rate.

The method for estimating failure rates when at
least one failure occurs is explained in Eq. (B-5) of
Appendix B. Take, for example, the three flow blockage
accidents that have occurred in 500 reactor-years (see
Appendix E, Sec. 4(b)). The exact estimate of the failure
rate is 1 — &P, where § = failures/years cbserved
= 6.0 x 1073/yr. Therefore, the failure rate is ! —¢¥=
598 x 1073, This shows that using ¥ (Eq. (B-3) of
Appendix B) to estimate the failure rate is a good
approximation for a process observed for 500 yr. Using
the above information, we can now compute an upper
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confidence limit on the failure rate, using Eq. (B4) of
Appendix B.

iV. Risk

A. The Concept of Risk.* We now attempt to give
an appreciation for numerical values of risk by considar-
ing the values of some that are commonly accepted.
Because the reactor risk discussed here is due 1o reacior
accidents, comparison with other accident risks is helpful.
Tzble 1 shows selected U.S. accident figures from !1966.
People are not equally exposed to ail these hazards and,
indeed, some are not exposed to some hazards at all, but
many of these accidents are common in our society, so
the risks they provide are representative of the “average”
risk to the “average” person.

Accidents providing hazards on the order of 1073
per person per year are uncommon. When a risk approach-
es this level, immediate action is taken to reduce the
hazard. This level of risk is unacceptable to everyone.

At an accident level of 107 per person per year,
people spend money, especially public money, to cortrol
the cause. Money is spent for traffic signs and control,
and poiice and fire departments are maintained with pub-
lic funds. Safety slogans popularized for accidents in this
category show an element of fear; e.g., “The life you save
may be your own.”

Risks at the level of 10 per person per year are
still considered by society. Mothers warn their children
about most of these hazards (playing with fire, drowning,
firearms, poisons), and some people accept a degree of
inconvenience, sucl as not traveling by air, to avoid them.

TABLE}

SOME U.S. ACCIDENTAL DEATH STATISTICS
FOR 1966 (Ref. 3)

Total Probability of
Accident Deaths Death/Person/Yr
Motor vehicle 53,041 27x 10"
Falls 20,066 1.0x10"
Fire and explosion 8,084 40x10°
Drowning 5,687 28x10°
Firearms 2,558 13x10°
Poisoning (solids and 2,283 1.1x10°
liquids)
Cataclysm 155 8.0x10"
Lightning 110 5.5x 107

*This section is based in part upon private communication from
R. R. Brownlee of LASL.



Safety slogans for these risks have a piecautionary ring:
“Never swim alone,” “Never point a gun at ancther per-
son,” “Keep medicines out of children’s reach.”

Accidents with a probability of about 1075 per per-
son per year are not of great concern to the average
person. He may be aware of them, but iie feels they will
never happen to him. Phrases associated with these occur-
rences have an element of resignation: “Lightning never
strikes twice,” “An act of God.”

Another factor affecting this analysis is that risk
assessment seems to be influenced by the number of
people dying in an accident and by the amount of accom-
panying property damage. An automobile accident that
kills 10 people on the east coast is considered newsworthy
in California-10 people killed in 10 separate accidents are
.ot. The Alaska earthquake of 1964 killed 117 people
and caused property damage of about $311 million. The
largest commercial airplane crashes (one airpiane) kil!
about 100 people and cause property damage of $5 to
100 mi'lion. Reaction to these figures may be compared
with that to accidents in which people almost always die
singly, such as suffocation, which causes about 1300
deaths each year in the USA.

The intent of this discussion was to point out that
there is a general lack of concern about accidents having
mortality risks of less than 107%/yr. This will provide a
comparison for evaluation of the results of the OWR risk
analysis. A more detailed discussion of accident risks is
presented in Refs. | z2nd 2.

B. The Risks Considered. To avoid underestimating
risks, we assumed that the consequences of irradiation are
linear with dose, that there are no threshold or rate
effects, and that there is no repair of radiation damage.
We do not suggest that these conditions represent
reality—only that they provide an upper limit of risk. It is
auite clear that threshold, rate, and repair effects do exist
and make the actual risks lower than those suggested here.
Numerical vaiues of the probability of death per unit dose
and the sources of these estimates follow.

1. Whole-Body Somatic Risk. The risks included in
whole-body somatic risk are death from leukemia and
from carcinomas other than of the thyroid. For doses up
to 150 rad, a linear relationship of 20 x 107 per person
per rad has been used as the probability of death from
each of these.!'* For higher doses, the response is based
upon the acute effects of radiation.’

2. Thyroid Carcinorna. Assuming that the product
of morbidity and mortality is roughly constant for all
ages,!** the chance of death from internal 3l irradiation
of the thyroid has been taken as 1 x 107% per person per
rad.

3. Nonspecific Life-Shortening. After radiation ex-
posure of animal populations, increased mortality is r.oted
which is not associated with any single disease but seems

as though the animals had undergone accelerated physio-
logical aging. Studies on animal groups (znostly mice and
rats)®"'2 show varied results. Some have not shown this
effect at all, while others®*? show life-span reductions
ranging from 0.5 to 7.8% per 100 rad. The average result
seems to be about 2 to 3% iife-span reduction per 100-rad
dose. A study of American radiologists®® indicated a value
of 4 to 5% per 100 rad, but the dosimetry was uncertain.
Studies of British radiologists and the Japanese bomb
survivors!*'15 have been inconclusive. An estimated 7%
life-span reduction per 100 rad is used herc as an
approximate upper limit of risk. This may aiso be
expressed as a mortality probability of 760 x 107 per
person per rad.

4. Genetic Risk. In predicting genetic risk, the term
“genetic death ” is used. A genetic death may be defined
as the eventual extinction of a gene lineage. This might
occur through ths reduced fertility or sterility of someone
carrying the gene or through stillbirth, abortion, or early
embryonic or pre-reproductive death. The term is some-
what misleading in that a genetic death may not represent
a somatic death; a genetic death (sterility, for example)
may not have an associated corpse. Therefore, calculation
of radiation-induced mutation frequency is meaningful
only in comparison with natural mutation frequency,
discussed below.

{a) Radiation-Induced Muzations. Most radiation
mutation data come from studies with mice!®?! that
provide a value of 1077 mutations per gene per rad per
germ cell. Japanese human data® support this figure,
which may also be expressed as 4000 x 10™® mutations
per rad per person. The International Commission on
Radiological Protection (ICRP)?® suggests 2 higher value
of 7200 x 107 genetic deaths per rad which is used here
as an upper limit. About 2.5% of these mutations would
be expected in the first generation.®

(b} Natural Mutations. A reasonable estimate of
natural mutation frequency of the causal genes is about
five mutations per million genes per generation.?"2S

With 20,000 genes per man, this yields 0.1 mutation
per germ cell in each generation, or 200,000 x 107
natural mutations per person per generation. To preserve
genetic equilibrium, the number of genetic deaths must
equal the number of mutations; therefore, this figure also
represents the natural rate of genetic death per person per
generation.

V. Results

The results of applying the method to the OWR are
outlined. Details of the calculations are given in the
appendixes.

A. Fission-Product Release vs Probability. The
source term for this risk assessment is th: releasa-prob-
ability envelope shown in Fig. 2. The accidents considered



are itemized in detzil in Appendix E, and details of the
reliability Jata appear in Appendix D. There are five
general sources of sysiem and component reliability data:

. Component reliability measurements.

. Reactor operating history.

. Specific system test data,

. Largely intuitive assessment of reliability.
. Calculated reliabilities (e.g., fault tree).

A Wy -

We hzve used ail these although 4 and 5 overlap
somewhat. The statistical treatment used to obtain confi-
dence levels and failure probabilities from OWR operating
history and test data is detailed in Appendix B.

Note that our source term {Fig. 2) is almost
identical to that for a 1000-MWe pressurizcd water
reactor with coniainment and atmospheric spray and
cooling systems. 2

B. Risk vs Distance. Rick vs distance results for
different Pasquill weather conditions are shown in Figs. 3
through 5. These curves are the results of the calculations
described by the integral portion of Eq. (5)-that is,
before the probability of occurrence of the various
Pasquill conditions has been inciuded. Dose calculations
are explained in Appendix C.

Local meteorology is important in considering the
OWR which is located in the bottom of a long, narrow
canyon. The local metecrology (see Appendix F) as given
by Eq. (5) is applied 10 Figs. 3 through 5 to produce Fig.
6. This figure shows lines of constant somatic mortality
risk (thyroid carcinoma, leukemia, and other carcinomas)
superimposed upon 2 schematic plan of Los Alamos. The
warehouse immediately northwest of OWR is the nearest
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uncontrolled structure. An aerial view of the area is
shown in Fig. 7. The highest individual somatic risk to the
population is about 5 x 107'%yr which, relative to the
values of Sec. IV, is negligible. The risk added by the
OWR would increase the chance of accidental death for
an “‘average” person with “average” accident exposure by
0.0001%. The nonspecific life-shortening at the point of
highest individual risk may be expressed as 25 sec per year
of continuous exposure.

C. The Total Risk. The tota! risk, based upon a
30-yr reactor lifetime can be expressed as a detriment
over all generations of 1.35 x 1072 death. This figure is
conservative because it also contains genetic deaths and
the equivalent cf nonspecific life-shortening. The total
risks {30-yr reactor operation) are:

Somatic (acute and late) 5.0 x 1078
Nonspecific Life-Shortening I.2x 1073

Genetic
First Generation 3 x10
Subsequent Generations 1.2x 107
Total ~ 14x 1072

Based on 30 years of reactor operation, ihe total

risk figure in the table above could also be expressed as
4.5 x 107 deaths per year. For comparison, a community
this size (~ 13,000)* would have about 2600 natural
genetic deaths per generation, assuming natural mutation
rates and genetic equilibrium. Alsc, on the basis of
naticnal accident statistics, there shculd be about 270
accidental deaths here in a 30-yr period.

V1. Conclusions

Our estimates of risk are pessimistic. The accident
probability and fission-product release calculations were
made conservatively, and the upper risk limit was esti-
mated by assuming a continuous accident spectrum, i.e.,
an infinite number of discrete accidents. Further pessi-
mism was introduced through usc of linear cornisequence
vs dose relationships, neglecting dose rate, biological
repair, and threshold mechanisms. Note that the risk
based upon the 90% upper confidence limit of the
release-probability curve (see Figs. 3 through 5) is not
appreciably greater than the nominal value. Previous
work"'? showed that risk is not particularly sensitive to
accident probability.

It is interesting that our accident source term
(fission-product release vs accident probability curve, Fig.
2) is almost the same as that found in Refs. 1 and 2 fora
10060-MWe (3200-MWth) pressurized water reactor (PWR)
and that the integrated source terms are almost identical.
A couple of inferences could be made from this. One is
that the source terms for most thermal reactors as
presently designed and sited might te quite similar. A
second is that this similarity may give a very crude
measure of the effectiveness of some of the PWR
safeguards. Namely, the PWR containment and
atmospheric cooling and spray systems may account for
an effective power reduction from 3200 to 8 MWth, a
factor of 400. This statemeit must be viewed with
extreme caution becausz there are many other basic
differences in design between a PWR and a tank-type
research reactor. For a given design, this approach might
enable evaluaticn of specific safeguard systems in terms of
equivalent power reduction. Another conclusion is that
methods like this seein to be consistent in their assess-
ment of reactor risk and provide the sort of numerical
result that one would expect.

Finally, from this study, it appears that the indef-
inite operation of the Omega West Reactor at a power of
8 MWth presents no undue risk to the community of Los
Alamos.

*This figure represents the population of Los Alamos County, ex-
clussive of the suburb of White Rock, who would be at risk.
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Notes on the Method. Two objections to analyses
such as this are the difficulty in identification of all
accidents and accident processes, and the problem of
finding good reliability data for reactor systems and
components.

First, we feel that a risk estimate based upon a
continuous zccident spectrum overestimates the risk that
would be added by accidents that were overlooked or by
interconnected faults. The sampie of accidents used to
establish thiv continuum included all those that could be
identified and, while it is not a randem sample, neither is
it a biased sample.

Second, although accurate reliability data are
scarce, it is not difficult to obtain conservative upper
limits on failure rates from operating hictory and test
data. The results show that risk levels based on these data
are not even marginally high und, indeed, risk levels are
not particularly sensitive to accident probabilities. This
implies that conservative reliability estimates may be
sufficient for risk analyses, so that precise reliability data
are not necessary.
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APPENDIX A

THE OMEGA WEST REACTOR*

1. Introduction

The Omega West Reactor (OWR) is a thermal, heter-
ogeneous, tank-type research reactor operated by the Los
Alamos Scientific Laboratory (LASL). It provides sample
irradiations, a source for external neutron and gemma-ray
beam experiments, and facilities for irradiation of instru-
mented capsules.

The OWR was originally operated at a power level
of 5.0 MW. In 1967, after 9 yr of operation, the power
level was increased to 8.0 MW. The OWR normally oper-
ates on a 24-h/day, 5-day/week schedule.

2. Keactor Description
The OWR uses an assembly of matenal testing re-

actor (MTR)-type fuel elements supported inside a stain-
less steel tank. The core support structure and grid piate

*This appendix is based on LA4192, *1969 Status Report on the
Omega West Reactor, with Revised Safety Analysis” (July 15,

1969).
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are aluminum. Light water circulated downward through
the core at 3500 gal/min serves as moderator and coolant.
The reactor is controlled by eight blade-type poison rods.
The reactor tank is covered with a stainless steel lid that
supports the control-rod drive mechanisms and aisc con-
tains two large hatches for access to the core. An irregu-
larly octagonal biological shield of heavy concrete sur-
rounds the tank and thermal column. Experimental ports
open on al! shicid faces; a large thermal-column door
opens on the east side. Instrumentation ports are in a
recess at the bottom of the south face and extend under-
neath the core.
Figure A-1 is a cutaway view of the reactor.

(a) Reactor Core. The reactor core is a 4 by 9 array
of fuel elements and experiment or sample elements sup-
ported vertically in the aluminum grid plate. Eight bor-
ated stainless steel control blades move in slots between
fuel elements. A beryllium reflector is on the west face of
the core, and a Jead gamma shield on the east face; the
north and south faces are water reflected.

(1) Fuel Elements. The metal fuel elements are of
the type developed originally for the MTR. Each contains



Fig A4-1
Cutaway view of OWR.
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18 curved fuel plates, 60 mils thick, mounted 117 mils four spent elements are replaced with new elements every
apart in heavy aluminum side plates. Each fuel plate is a 6 weeks to compensate for burnup. New elements are
sheet of vranium-aluminum alloy sandwiched and hot- mntroduced at the ends of the core and shifted to progress
rolled between two 20-mil-thick sheets of pure aluminum. toward the center during subsequent reloadings. This pat-
The 5U-bearing section of the elements is 24 in. long. A tern tends to flatten the flux distribution.

cylindrical end box welded to each end of the element

positions it in the grid plate and permits water flow (3) Control Rods. The reactor is controlied by
between fuel plates. Each fuel element contains 220 gof  eight independently movable stainless steel control rod
By, blades, containing 1.2 wt% natural boron. The rods move

in slots between fuel elements and are located in the core

{2) Core Loading. The typical fuel loading is a 4 by array as shown in Fig. A-2. Stainless steel extension rods

9 array containing 31 fuel elements and five positions for attached to the top of the control rods extend upward
use as experimental and irradiation facilities. Figure A-2 through bearing holes in the two support bridges across

shows this loading arrangement. the reactor tank (Fig. A-1). Just above the upper bridge,

The fue! elements each initwally contain 220 g of the extension rods become discontinuous through an arm-
B5U; however, the elements in a given core loading range ature and electromagnet assembly. In case of a scram or
from O to 33% in burnup, with the core containing an power failure, the magnetic coupling releases the rods
average of ~ 5.9 kg of residual #U. In a normal cycle, which fall under gravity to the down position. Above the
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magnet assembly, the rods pass through chevron seals in
the reactor tank lid. Just above the lid, they are coupled
through a rack and pinion to the drive mechanism, con-
sisting of a reduction gear box and drive motor. Motor
controls are interlocked so that oniy cne rod can be raised
at 2 time. The control rods are routinely replaced after
90,000 MW h of operation, although this exposure does
not adversely affect their mechaniczl properties.

{b) Reactor Tank. The OWR reactor tank is a stain-
less steel cylinder, 8 ft in diameter and about 24 ft high
with 1/4-in.-thick walls and 3/8-in.-thick bottom plate.
The lid is bolted to the top flange of the tank and sealed
with an O-ring. The lid contains two 28.5-in.-diam hatches
for access to the interior. Heavy glass viewing windows in
the hatches allow observation of the core and tank inte-
rior during reactor operation. The tank contains the fol-
lowing penetrations.

(1) Coolant Inlet and Outlet Coolant Lines. The
12-in.-diam coolant inlet line enters the reactor founda-
tion ~ 6 ft below the tank bottom and extends upward
through the concrete shield to the tank inlei 49 in. above
core centerline. Water flow through the core is downward
through the fuel elements into the base structure and out
the 12-in.-diam exit pipe through the tank bottom. From
there, the exit line passes up along the reactor tank, inside
the concrete shield, to 49 in. above core centerline before
making a U bend and going back below floor level into
the large delay line. At the top of the U bend in the exit
pipe, a short 12-in.-diam pipe reenters the reactor tank
through a “flapper” valve. A more complete discussion of
this system is given in Sec. 4(a)(2) below.

(2) Five Beam Ports. Five 6-in.-diam horizontal
beam ports enter the reactor tank at the core centerline.

(3) Two Horizontal Through Ports. The 6-in.-diam
through ports pass alongside the core within a few inches
of the west face and exiend through the shielding at each
end,

{4) Inclined Port. The inclined port is a 4-in.-diam
tube that angles 30° from the horizontal down to just
above the core centerline.

(5) Instrument Ports. Five 4-in.-diam instrument
ports extend through the tank wali to positions under the
core. These ports house ion chambers.

{6) Tank Drain Line. The l-in-diam stainless stee!
drain line enters 15% in. above the tank bottom, bends
90°, and extends to 1 in. above the botiom where it
terminates in a gate valve,

(7) Thermal Column. The 6-ft-diam stainless steel
thermal-column liner is welded into the reactor tank at
floor level and extends into the tank to a position ad-
jacent to the core. An aluminum head is bolted to the

liner flange; a stainless stee! O-ring between the head and
flange serves as a watertight seal.

{c) Reactor Shielding. Biological shielding above
the reactor is provided by the 17 ft of water above the
fuel. A heavy-concrete shield surrounds the tank and
thermal column. This shield is S ft thick to a height of 11
ft above the reactor room floor and is at least 3 ft thick
above that.

3. Reactor Control and Instrumentation

(a) Reactivity. Maximum allowable excess reac-
tivity for the OWR is 13%. Present operational require-
ments call for an available excess reactivity of 8%, utilized
as follows.

Equilibrium xenon 3.5
Xenen override 0.7
Fuel burnup 2.8
Samarium and stable fission

products 0.3
Temperature coefficient 0.2
Experiments 05

TOTAL 8.0%

The eight boron-stainless control blades serve as
both safety and shim rods, with the four center rods being
used as regulating rods at a slower speed for automatic
control.

The control-rod drive speeds give reactivity inser-
tion rates compatible with both safety and operational
requirements. The available reactivity insertion rates are:

Average
manual 4.5 x 107 AK/K sec,
automatic 1.6 x 1075
Maximum
manual 1.2 x 1072 AK/K sec,
automatic 27x10°5

The automatic rates are for the four center rods
moved as a gang; the manual rates are for movement of
one rod at a time.

The instrumentation and safety systems are simple
and reliable. For reactor startup, check lists are used
instead of chains of permissive interiocks, thereby elimin-
ating much complication without significantly affecting
safety. Only one type of atuomatic safety action, the full
scram, is provided; no automatic setbacks, rundowns, or
reverses are used. All scram channels are independent, and
only one signal is required to initiate a scram.

(1) Safety System. Current to the rod-lifting mag-

nets is supplied by a fail-safe electronic current source.
The magnet-current control chassis is an electronic trip
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and cuts off the dc supply to the magnets upon loss of the
150-V scram-bus voltage. A superimposed ac component
helps reduce the rod breakaway time. Scrams are triggered
by breaking the scram-bus line with relays. The safety
circuit response time averages 63 msec from the input of a
scram impluse to the instant the rods break away from
the magnets.

Any of the following conditions will initiate a re-
actor scram.

High power level, channel 1
High power level, channel 2
High power level, channel 3
Short period

Loss of coolant flow

Loss of pump power

High coolant exit temperature
Fail-safe voltage scrams (2)
Experiment scrams (as needed)
Manual scram

{2) Neutron Instrumentation. Six neutron monitor-
ing channels provide the necessary level and period cover-
age from startup to operating power. These channels are
as follows.

Log Count-Rate Channel. This channel provides low-
level coverage during core loading and reactor startup.
Range coverage for the count-rate channel is from
about 0.1 W to 8kW.

Log N-Period Channel. This is a conventional log level
and period channel providing coverage from the 8-W to
24-MW level. Overlap between this channel and the log
count-rate channel is at least three decades.

Power-Level Safety Channels. These three linear level
channels provide power-level indication in the power
range and input to three power-level scram circuits.

Integrator Channel. This channel provides an audible
signal, proportional to reactor power, for routine oper-
ation at the design power level.

Differential Level Channel. This channel provides a
suppressed magnified level signal, and its principal use
is to detect small reactivity charnges.

Automatic Power-Level Contro! The automatic con-
trol system uses the output of one of the linear chan-
nels and holds the reactor power constant. The system
is a discontinuous, or on-off, type of servo control and
is used only at ~cnstant power levels. A “servo-fault”
circuit removes the system from servo control and
prevents rod withdrawal if the error signal calls for too
large an increase in power level.

(3) Annunciator System. A host of annunciators
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provides visual and audible alarms of off-standard operat-
ing conditions and those that may be approaching poten-
tially dangerous limits.

(4) Electrical Power System. The OWR site is ser-
viced by an overhead 13.2-kV electric power line. Power
from this line is divided into a 750-kVA regular service
and a 100-kVA special service for reactor and experiment
instrumentation. In case of a power failurz, an emergency
gasoline-powered generator is available to power essential
equipment, such as radiation monitors and public address
system. It does not power the OWR main circulating
pump. The generator is a three-phase, 110/208-V, 25-kW,
31kVA set that must be manually started and trans-
ferred.

4. Reactor Cooling System

The reactor is cooled by demineralized light water
circulated downward through the core at 3500 gal/min.
Figure A-3 shows the principal reactor cooling system.
After it leaves the core, the cooling water passes through a
delay line, a surge tank, a pump, and a cooling tower
before being returned to the reactor tank. Water purity is
maintained by bypassing a small stream through a de-
ionizer and filter system. Two auxiliary pumps provide
emergency flows to prevent freezing in case of loss of the
main pump in winter and for cleanup in case of radio-
active contamination of the water system.

(a) Primary Cooling Loop. (1) Main Circulating
Pump. The 3500-gal/min flow through the primary loop is
produced by a double-suction, stainless steel, 8-in. pump
driven by a 100-hp electric motor and provides thc neces-
sary core cooling, plus a margin of safety against boiling
in the core. The main flow from the pump to the 8-MW
cooling tower and from the tower back to the reactor is
through 10- and 12-in.-diam stainless steel piping. A
servo-operated butterfly valve in a 10-in. bypass lin
around the tower heat exchangers allows the reacto: inlet
cooling water to be kept at a constant temperature, usual-
ly 40°C. From the heat exchangers, the water returns to
the reactor tank through an underground, 1Z-in. stainless
steel pipe. An orifice plate in this line provides a flow
signai to the control room from a pneumatic differential-
pressure transducer.

(2) Flapper Valve. Water flow through the core is
downward through the fuel elements into the base struc-
ture and out the 12-in.-diam exit pipe through the bottom
of the tank. From there, the exit line passes upward
alongside the reactor tank, inside the concrete shield, to
49 in. above the core centerline before making a U bend
and going back below floor level into the large delay line.
At the top of the U bend in the exit pipe, a short 12-in.
pipe reenters the reactor tank. This entrance is covered by
a flapper valve. During normal cooling flow, the flapper
valve is kept ciosed by the pressure drop across the core;
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when flow is lost, the valve opens under its own weight.
The flapper valve serves two functions: it provides a
path for convective cooling to help remove afterheat and
to allow for operation at power levels up to 400 W, and
it serves as an antisiphon device to prevent draining of
water from the reactor tank to below the level of the
flapper valve in case of a major break in the water lines.

(3] Delay Line. The return cooling-water line from
the reactor to the surge tank contains a 104-ftlong en-
larged section of 30-in.-diam stainless steel pipe which
serv:s as a delay line or holdup tank. The resulting delay
of -~ 1 min allows the !N activity to decay to a safe level
before the water enters the surge tark. The top of the
delay line is at least & ft underground.

{4) Surge Tank. From the delay line, the cooling
water enters an aboveground surge tank, 19 ft high and 5
ft in diam, with a total capacity of 2800 gal. Water enters
at the bottom through a standpipe that extends 17 ft into
the tank. This standpipe fixes the water level in the
reactor tank, when the pump is off and the hatches are
open, at a few inches below the top of the hatch open-
ings. The surge tank serves several additional purposes: it
is an expansion volume to alitw for water temperature
changes, it provides the suction head for the main circu-
lating pump, and it is a degassing surface for the water.

The water level in the surge tank is normally 1¢ to
18 ft. In the top of the tank is a two-way valve that allows
the air space above the water to be vented to the atmos-
phere or the air exhaust stack. The tank is usually verted
directly to the atmosphere because the quantities of H,,

0,, and radioactive gases evolved are small (less than 0.2
ft*>/h). In case fuelelement rupture or experiment failure
releases radioactivity into the cooling water, the vent
valve can be switched to the stack line from the control
panel. A radioiodine filter trap is installed in the stack line
just downstream from the two-way valve before the line
enters the main air exhaust system to the stack.

(b) Emergency Core Spray Systems. Because the
OWR reactor tank has penetrations through its walls, a
rupture or leak in one of these penetrations, resulting
from a failure or accident, could lead to loss of coolant.
To provide enough cooling water in the form of spray to
prevent core melting, two spray systems are installed in
the reactor tank. These independent systems are designed
for maximum reliability of operation and practicable re-
dundancy.

{1) Emergency Core Spray System No. 1. This
system utilizes the city water supply from the 8-in. fire
water main system and will deliver up to 100 gal/min flow
through a spray nozzle manifold assembly installed direct-
ly above the reactor core. Heat transfer analyses indicate
that the spray system flow capability is an order of
magnitude greater than necessary to prevent melting
damage to fuel-element cladding. Operation of this sysiem
is manual and on the decision of the operating crew.
Figures A4 and A-5 show the routing and valve layout.
Function of this system is checked each week by an
indirect procedure. The reactor coolant water backflow is
verified by successively operating the isolation valves be-
tween the backflow preventer and the reactor. Then the
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fire-main water flow up to the reactor isolation valve
assembly is checked, thus verifying the total nnobstructed
flow path. The spray system shutoff valve arrangement is
shown in Fig. A-5.
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(2) Emergency Core Spray System No. 2. This
system has a secure source ¢f pure reactor-system water,
is not dependent on the reactor tank lid structure for
support, is fully automatic, and is checked in a direct
functional test each week. The system utilizes a 3-hp,
electrically driven centrifugal pump to deliver cooling
spray to the core at about 18 gal/min. The pump draws
water from the 1-in. drain line at the botiom of the 38-in.
delay line and delivers it through two, 15-degree, solid
cone, 1/24in. spray nozzles mounted in a recess in the
tank wall below the lid. A flow meter in the discharge line
measures the flow rate. Because the capacity of the 30-in.
delay line is about 3700 gal, there is ample water to
maintain the spray at 18 gal/min for zbout 3% h. The
angle and direction of the two nozzles were set for opti-
mal spray ccverage on the core during full-scale mock-up
tests. Fig. A-6 shows the location of the spray nozzles in
the reactor tank. This spray system is automatically
actuated by liquid-level sensors that measure the water
level in the reactor tank and provide audible and visual
annunciator alarms at the reactor console.
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Fig. A-6.
Emergency core-spray aystem No. 2, showing
locations of detay-line reservoir and spray noz:zles in
recess below tank lid.



5. Site and Facilities

(a) Site. (1) Location. The OWR site, officially
designated TA-2, is commonly known as Omega Site, It is
in Los Alamos County in northern New Mexico, approxi-
mately 24 miles northwest of Santa Fe (zsee Fig. A-7).
Developments within Los Alaos County include Los
Alamos townsite, Barranca Mesa and White Rock residen-
tial areas, and the LASI. technical areas. The location of
TA-2 with respect to these is shown in Fig. A-8 along with
the local area populations.

(2} Geography. Los Alamos County is situated on
the Pajarito Piateau, a regicr: 5 to 6 miles wide and
~ 7300 ft above sea level, between the 10,500-ft- ich
Jemez Mountains to the west and the 5500-ft-high Rio
Grande Valley to the east. The plateau is cut by muny
deep canyons running generally eastward from the moun-
tains to the river. The OWR site is in the bottom of such a
canyon, known as Los Alamos Canyoa.

Figure A-9 is a map of the lower part of Los Alamos
Canyon. The distance from TA-2 to State Road 4 at the
lower end of the canyon is 4 miles. This part of the
canyon is unoccupied; fences with locked gates cross the
canyon 1.2 and 2.7 miles below the reactor site. The
entire canyon from above the reactor site to State Road 4
i< under the control of tlie AEC. A profile of Los Alamos
Canyon at TA-2 is shown in Fig. A-10. At this point, the
canyon is approximately 1350 ft wide at the top, and 350
ft deep. The sides are exceedingly rough and rocky and
are partially covered by pine trees, particularly the south

side. The bottom of the canyon is also wooded and fairly
flat for a width of 200 ft. Through this area passes a small
stream, normally dry except for short periods during
spring runoff and surnmer thunderstorms.

The region immediately surrounding the reactor sjte
is shown in Fig. A-1]. Approximateiy one-third mile up
the canyon west of TA-Z is TA41 (W Site), a LASL
technical area used by weapons engineering groups. The
roain access roid to TA-2 approaches the site from the
west along the canyon floor, passing just south of TA41.
This road ends at TA-2, although a trail passable fo
four-wheel-drive vehicles continues down the canyon to
State Road 4.

(b} Reactor Building and Other Facilities, The main
building at the OWR Site is a two-story structure of
concrete blocks and wood. The OWR is located in a room
55 by 45 by 24 ft high at the west end of this building.
The building walls, except the east one, are of 8-in.
concrete building blocks. The east wall is one side of a
S-ft-thick earth fill contained in concrete; the other parts
of the building are shielded by this fill. Neither the
building nor the reactor itself affords any containment of
the reactor system above the maximum design pressure of
the tank lid.

Other buildings include one for general storage and
another for storage of slightly radioactive equipment.
Another houses the main circulating pump, auxiliary
pumps, and two mixed-bed deionizers.

Other facilities include storage for highly radiative
material and underground storage tanks for liquid waste.
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Fig. A-7.
Los Alamos and vicinity.
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APPENDIX B

PROBABILITY AND STATISTICS

1. Probability of an Accident

For accident chain calculations, we assume that the
probability of an individual component’s failing is either
independent or completely dependent. If failure of com-
porent A is completely dependent upon component B,
then when B fails the P{A fails | B fails} = 1.

All ccmponents, say C, D, E, and F, of a system
must fail for the accideni to occur. Thus if we use the
notation P{C] to mean the probability of C failing, we
can write the chain of accident 1 as

P[1] = P[C] P[DIC} P[EIC,D} P[FC, D, E]
However, the above assumption of independence gives

P[1] = P[C] P[D] P[E] P[F] (B-1)

In some cases a component, say B, is made up of
two or more subcumponents, say B, and B,, failure of
either of which causes B to fail. In this case the probabil-
ity of B failing is

P[B] =PiB,! +P[B,] - P[B,] P[B;]

These probabilities were computed as explained in
the next section when we saw k failures in a period of
time, T. However, when we saw no failures during time T,
we used the 90% upper confidence limit (Eq. (3) in text)
as a conservative estimate for the failure rate.

The 90% upper confidence limit was computed for
each individual link of the probability chain, and the pso-
duct was then taken to give a conservative 90% upper
confidence limit for each accident. Take, for example, Eq.
(B-1); the upper confidence limit was computed for ¥{C],
P[D], P[E], and P[F], and these values were multiplied
together to give the 20% upper confidence limit for P{1].

2. Estimation of Failure Rates

The assumption of a Poisson process with gamma-
distributed waiting times and independent exponentially
distributed inter-arrival times was used in estimation of
the failure saies. The Poisson process assumes that the
failures in 2 period of unit duration occur randomly at a
mean rate, v, per unit time. Thus, the main requirement
to satisfy the above assumption is that the failvres occur
randomly in time at a constant rate. We assume that the
reactor componeats are maintained and repaired as neces-
sary and thus have negligible wear-out affect. This satisfies
the assumptions of the Poisson process.

Let W, be the waiting time unitl the nth event in a
series of events occurring in the interval O to o in accord
with a Poisson process at a mean time to failure, v. Then
W, is distributed as a gamma random variable with param-
eters n and v; i.e., B!

vty t)n-l
fy (1) = e ﬁ—_)]—)— t>0 (B-2)
=0 t<0

If we made the transformation Y = 2 v W, , we have

__] in-l evt/2
M (n-1) !
=90 t<9 ,

t>0

fy (O

which is a chi-square distribution with 2n degrees of free-
dom. Therefore we can use the chi-square tables to find
the 1 - & confidence interval B2 where

I -a= P[Xa/z <Y< g, (2n)] ,
= p[x;ﬂ () <20 W, <X o) (2n)] :

=p[_X_ZZL2 <r< Xl;a_(.z_“)-l
2W 2

n wn J

The difficulty with this confidence interval is that
W, is the waiting time until the nth event occurs but
usuzlly the data are in the forin of the number of failures,
n, that occur in a fixed time, T. To place a confidence
interval on » using this information, EpsteinB? suggests
using

=1-a.(B3)

2 2
Xa/2 (2n) Xi-a/2 (2n+2)
<
P { 2T PSToT

[

This is very advantageous in putting an upper con-
fidence limit on v when no failures have been observed in
time T and the lower 1 - a confidence interval is

Plo< <x}"’(2) =
osv T =]l-a

Generally, we used only the upper confidence limits
for all failure rates. The general formula used when n

2]



failures are observed in time T is

2
& (20+2)
Plocvs~2—|=1-a

7T (B4)

Alsc, the a level was generally chosen equal to 0.10.

We have shown that a confidence interval can be
placed upon v, the mean time to failure, when the esti-
mate v =n/T. However, we want a faiiure rate value that
is the probability of a failure for a fixed period of time.
From Eq. (B-1), we see that the distribution of the wait-
ing time to the first failure is

fw, x)=r"" x>0
=0 x<0 ,

which is the exponential distribution. Thus the probabil-
ity of a failure in a given period of time, cr the failure
rate, is

t
Q)= fve-"x dx=1-e"

0
Fort>100,Q()=v» .

(B-5)

One can also find a failure rate for the upper confidence
limit by using Eq. (B-5) where

_ X} o (2n+2)
YETOT
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APPENDIX C

DISPERSION AND DOSE CALCULATIONS

1. Introduction

The calcu! ted doses and risk estimates presented
here are based on the operating conditions, meteorology,
and accident analysis peculiar to the Omega West Reactor
(OWR). The calculational procedure was, briefly, as fol-
lows. Atmospheric dispersion and ground deposition
factors for a given meteorological condition were com-
puted for several downwind distances. These factors were
used to compute thyroid and whqle-body doses for a
“unit” source release to the atmosphere. The computed
dose at a selected down-wind distance. together with the
data on atmospheric release vs accident probability per
year (Fig. 2 in text), were then combined to yield an
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integrated dose which, in turn, was converted to an indi-
vidual mortality risk figure. These were repeated for other
downwind distances, and the individual mortality risks vs
distance were plotted. The entire cycle was then repeated
for other meteorological conditions of interest. Because
all exposure points were always assumed to be downwind
from the source point, the risk estimates were modified to
represent the available wind and weather distribution data
at the reactor site. Finally, the “weather-corrected” risk
estimates were used to infer lines of constant individual
mertality risk on . map of the surrounding townsite (Fig.
6in text).



2. Fission-Product Inventory

Many compilations of the fission-product inventory
from 2*U thermal fission have been published,C! includ-
ing the summation studies of Perkins and KingC2 and a
later revision by Perkins.C3 Perkins’ summation was fur-
ther updated by Koebberling et al.,C4 who also incorpor-
ated their data in a computer code, the Lockheed Fission
Product Inventory Code (FPIC). Fission-product inven-
tories for the CWR were computed using the FPIC-U/Pu
code,CS an expanded version of the FPIC code capable of
computing inventories appropriate to 2°Pu fast fission.
While the plutorium data were being added to the FPIC
library, some changes were made, including the addition
of oy,

For the OWR risk analysis, fission-product inven-
tories were computed for a reactor operating cyclically
over a 48-week period at 8 MW. Forty-eight operating
cycles were assumed, each consisting of a 2-day shutdown
followed by S-day operation at 8 MW. The assumed
48-week operating period does not take into account the
OWR refueling schedule, by which four spent elements
are replaced with new ciements every 6 weeks. Further,
the inventory per fuel element was assumed equal to the
total inventory divided by the 31 fuel e¢lements in the
core. Results of these computations for the nuclides of
interest are shown in Table C-I as arc the thyroid dose
conversion factors (rads/curie inhaled) for the iodine
isotopes.C6

TABLE C-I

FISSION-PRODUCT INVENTORY AT ZERO
SHUTDOWN TIME
(Curies/fuel element = total curies/31 fuel elements.)

Curies/Fuel Rads/Curie
Nuclide  Curies/8 MW Element Inhaled
Bmg, 3353x 104 1.14x 16°
) €3 8.99 x 10* 290x10°
87Kr 1.72x 10% 5.55x 10°
8Ky 243x 10° 7.84x 10°
131 1.65x 10% 5.32x 103 1.48 x 10°¢
132] 2.55x 10° 8.23x10° 5.35x 10*
133y 451 x10° 1.45 x 10* 40 x 10°
1341 5.40 x 10° 1.74 x 10* 2.5 x 10*
1351 4.22x 10° 1.36 x 10* 1.24 x 10°
BiMye  1.32x10° 4.26x 10
pimy,.  908x10° 293 x 10?
133%e 3.50x 10° 1.13x 104
nBsmye.  127x10° 4.10x 10°
135 e 4.36x 10° i.41 x 104
138y 3.80 x 10° 1.23x 10*

3. Assumptions Made in the Calculations

The assumptions made in computing the doses and
mortality risks are as follows.

(a) Meteorological conditions

(1) Cross canyon (N and § of reactor). Pasquill
Type C with 5 m/sec wind speed.

(2) Down canyon (E of reactor). Pasquill Type F
with 1 m/sec wind speed.

(3) Up canyon (W of reactor). Fasquill Type C with
1 m/sec wind speed.

These conditions are the same as those used in the 1969
status report on the OWRC7 except that we used a cross-
canyon wind speed of §, rather than 10, m/sec.

(b) The radioactive leak is a continuous, ground-level,
point source with a short release period.

(c) lodine deposition velocity of 1 cm/sec. Radioactive
cloud source strength corrected for ground deposition.

(d) For thyroid inhalation dose and whole-body dose
from the radioactive cloud, fission-product decay was
neglected. Doses were computed for exposure during en-
tire period oi cloud passage.

(e) Whole-body dose from ground deposition of iodines is
for infinite exposure with radioactive decay taken into
account, and exposure point 1 m above ground.

(f) If F is the core fraction assumed to have melted,
(1.0x F) of the total Xe-Kr inventory is released to the
atmosphere.

(g) If F is the core fraction assumed to have melted,
(0.5 x F) of the total iodine inventory is released to the
reactor tank. If the core is covered by water, the release
to the atmosphere 5 (0.05x F=0.5x0.1 xF). If fuel
melting occurs after drainage of the reactor tank, the re-
lease to the atmosphere is (0.25xF=0.5x0.5xF).
Finally, if the iodines are released to the atmosphere
through the stack filters, an additional attenuation of
0.01 (99% filter efficiency) is assumed.

4. Dose Calcaiations

For the dose calculations, the release of all iodines
and noble gases from one fuel element was chosen as the
“unit” source. In computing the doses from a postulated
accident, the release fractions appropriate to the core
fraction melted and the circutmstances of the reiease (see
() and (g) above) were applied to the normalized *“‘per
element” values. It was convenient to introduce two
quantities, K, and F, defined as follows:
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K, = dilution factor = 1/(nG oy, 0,) sec/m?® |
where
i = averege wind speed (m/sec) ,

oy, 0, =standard deviation of the plume distribution in
the y and z directions (m}.

F4 = depletion factor (due to ground deposition) for
the radioactive cloud = Q',/Q’, ,

where

Q' = effective depleted source term,
Q', = original source term.

The dilution and depletion factors, at szlected downwind
distances, for the three meteorological conditions of iri-
terest (see preceding section) are shown in Table C-II. The

dilution factors are from Hilsmeier and Gifford L8 the
depletion factors are based on the work of
Chamberlain.C?

Using K, and Fy, the thyroid dose can be com-
puted as follows.

Dt =(1/mu 0, 0,) Fq R(Z Q, B,) rads
=K, Fs R(Z Q, B,) rads ,
where
R = breathing rate = 3.47 x 10™* m?/sec,
Q,, = curies of n'? iodine nuclide released,
B,, = rads/curie of n'M iodine nuclide inhaled.

In the equation above, K, Q, is the concentration time
integral for the nM jodine naclide. Using this forwla and

TABLE C-1I

DILUTION FACTORS (K, ) VS DOWNWIND DISTANCES (X) FOR
SELECTED STABILITY CATEGORIES
(Depletion factors F, at a deposition velocity of 1 cm/sec,
applicable te iodine isotopes, are given in parentheses.)

Dilution Factor (Sec/m?)
Downwind
Distance (m) Type C, 5 m/Sec Type E, 1 m/Sec Type F, 1 m/Sec

100 80x10™* 21x107 50x1072
(9.1x10") (60x107") (5.2x10")

200 20x 107 53x107° 12x1072
(9.1x107") (5.1x10") (40x107")

400 60x10° 14x107° 33x10°
(9.0x10™") (42x10™") (26x10™")

800 1.5x10°% 45x10™ 93x10™
(89x10™") (28x107") (1.8x10")

1000 10x30°% 3ix10™ 70x10°*
(88x107") (27x10") (15x107")

2000 28x10° 1.0x 107 22x107*
(8.7x10™") (22x10") (90x107%)

3500 90x 107" 38x10° 9.5x107*
(86x10™") (1.7x10") (55x107)

5060 52x1077 25x107° 6.0x 1075
(85x10") (1.3x10™") (38x107)

10000 1.8x1077 90x107°¢ 26x107°
(8.2x 10™") (74x107%) (14x107%)
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the data shown in Tables C-1 and C-Il, one can calcu-
late the thyroid doses, shown in Table C-IV.

Because of the various possible iodine release frac-
tions, the radioactive cloud doses were computed separ-
ately for the noble gases and for the iodines. The
integrated dose due to the passage of a semi-infinite radio-
active cloudC? is given by

D, =0.25 (p,/p) E,, ¥ rads

where
(po/p) = correction factor for air at other than
standard conditions = 1.2 at 7000-ft alti-
tude.
Ey  =average gamma energy (MeV) released per
disintegration

¥ = concentration time integral (Ci-sec/m?)

For the problem at hand, the contributions to the cloud
dosage can be written as follows:

D, (Xe + Kr) = 0.3 K, (Ci-MeV/dis)xesg, rads

D, (iodines) = 0.3 K, F4 (Ci-MeV/dis);ogines rads
Using the data given in 1aole C-II and the values of Ci-
MeV/dis given in Table C-III, the cloud dosages were

computed; the results for the Xe + Kr and iodine contri-
butions are tabulated in Table C-IV.

It then remains to compute the gamma doses from
the radioactive iodines deposited on the ground. For the
assumed 0.01-m/sec deposition velocity, one can write

Deposition rate (Ci/m? ) =
(0.01 m/sec) x (¢ Ci—sec/m®) ,

where ¢ is the concentration time integral. Assuming in-
finite plane source geometry, the gamma dose rate contri-
bution from the it? iodine nuclide (D} ,) was obtained for
a detector point 1m above ground. The dose rate for in-
finite exposure, taking radioactive decay into account,
can be showa to be (Df,,t/N), where Al is the appropriate
disintegration constant. The total dose, obtained by
summing the latter expression over the iodine nuclides,
can also be corrected to account for the firite nature of
the source; this was done, and the results are shown in
Table C-1V.

5. Calculation of Individual Mortality Risks

The data in Table C-IV can now be used to obtain
curves of individual mortality risk vs downwind distance
{from the reactor) for each of three directions of interest,
cross canyon, up canyon, and down canyon. Using the
curve of atmospheric release vs accident probability per
year (Fig. 2), we scaled the doses in Table C-IV (in a
specified direction) appropriately to account for the re-
lease conditions associated with each postulated accident.

TABLE C-III

DATA USED IN DETERMINATION OF EFFECTIVE GAMMA-RAY SOURCE STRENGTH
FOR WHOLE-BODY DOSE CALCULATIONS, BASED ON RELEASE FRACTION
OF 1.0 FOR ALL NUCLIDES

Gamma MeV Curies Released/

Nuclide Half-Life Per Dis Fuel Element Ci-MeV/Dis
Emy, 19H 0.041 1.14x 10° 4.67x 190
Bsmrp 44H 0.2 290x 103 5.80 x 102
87Ky 76. M 14 5.55x 10° 7.77x10°
8Ky 28H 2.0 7.84x 10° 1.57x106*
131) 8.1D 04 532x10° 2.13x10°
132§ 2.3H 2.0 8.23x 10° 1.65 x 10*
1331 206 H 0.55 1.45 x 10* 7.98 .. 10°
1341 53. M 1.3 1.74 x 10* 2.26 x 10*
1359 6.7H 15 1.36 x 10* 2.04x 10*
1Bimy, 12. D 0.163 4.26x 10 6.94
13smye 23D 0.233 293 x10% €.83x1G
133%e 53D 0.081 1.13x 10* 9.15 x 10°
B3smye 16. M 052 4.10x 10° 2.13x10°
135 Xe 9.1H 0.25 1.41x 10* 3.53x10°
128 e 17. M 1.0 1.23x 10* 1.23x 10*
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TABLE CIV

THYROID AND WHOLE-BODY GAMMA-RAY DOSES, IN RADS PER FUEL-ELEMENT
INVENTORY RELEASED, BASED ON RELEASE FRACTION OF 1.0 FOR ALL NUCLIDES
(GMA XE + KR) and (GMA IODINE} are doses from radioactive cloud.
GMA DEPOS) is dose from ground deposition of iodine.

Downwind Distance

Dose (Rads)/Fuel-Element Inventory Released

Type E, | M/Sec Type F, 1 M/Sec

(meters) Type C, 5 M/Sec
1G0 CTHYROIDD 4,10E+03
CGMA XE+KRD 1.03E+01
CGMR 10DINED 1.52E+01
CGMA DEPOS) 1. 186402
200 {THYROID) 1.C3E+03
CGMA XE+KR) 2.38
CGMR I0DINED 3.80
CGMR DEPOS) 3. 24E+01
400 (THYROID) 3.04E+02
CGMR XE+KRD 7. TSE-O1
C(GMA IODINED 1.13
CGMR DEPOS) 1.06E+G1
80C C(THYROID> 7.32E+01
COMA XE+KR) 1.94E-O1
MR I0DINED 2. 7°9E-01
CGMA DEPCS) 2.80
1000 CTHYROIDD 4. 26E+01
CGMAR HE+KRD 1. 29€~-01
CC¥A JODINED 1.84E-01
C(GMA DEPO%)Y 1.87
2000 C(THYROIDD 1, 3TE+O1
C(GMA XE+KR)D 3.62E-02
<(GMA 10DINED 5. 09%€-02
CGMA DEPOS) 3. 426-01
3500 (THYROIDD 4.36
C(GMA XE+KR2 1.16E-02
CGMA [0DINE> 1.62E-02
C(GMA DEPOS) 1.7SE-01
5000 (THYRCID) 2.30
(GMA XE+KR) 6. ME-O3
<GMA I0DINED 9.23E-03
<GMA DEPOS) 1.01E-01
10000 (THYROIDD 8.326-01
C(GMA XE+KR)D 2.32e-03
CGMR I0DINED 3.08E-03
C(GMA DEPOS) 3. 3GE-02

7.10E+04 1.47€+05
2. T1E+02 6. 46E+02
2.63E+02 5.43E+02
1.60E+03 2. T70E+03
1.52E+04 2. 70E+04
6.84E+01 1.535E+02
S.64E+01 1.00E+02
4.38E+02 6. 78E+02
3.32E+03 4.84E+03
1.81E+01 4, 26E+01
1.23E+C1 1. 7T9E+01
1.03E+02 1.43E+02
7.10E+02 9.44E+02
S.81 1.20E+01
2.63 3.50

2.48E+01 3. 16GE+01
4. 72E+02 S.92E+02
4.00 9.04

1.75 2.19

1. 70E+01 2.04E+01
1.24E+02 1.126+02
1.29 2.84

4.59€-01 4, 13E-01
4.68 4.12

3.64E+01 2. 94E+01
4. NE-O1 1.23

1.35€-0’ 1.09E-0t
1.42 1.14

1.83E+01 1.29E+01
3.23&-01 7. TSE-O1
S.75€-02 4, 76E-02
7.22E-01 5.02E-01
3.76 2.06

1.16E-01 3. 36E-01
1.39€-02 7.60E-03
1.51E-01 8. 16E-02

The discussion in Sec. 2 above shows that, whereas the
Xe-Kr dose contribution is directly proportional to the
core fraction melted, the iodine contribution depends on
which of three release modes was responsible for the re-
lease. Dose rates were converted to individual mortality
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risks as suggested by Otway.C10 For radiation-induced
thyroid carcinoma, we assumed a mortality risk of
1 x 107 per person per rad, For whole-body rad.ation, we
assumed a risk estimate of 30 x 107 per person per rad
up to 150 rad. Above 150 rad, the risk was based upon



encainie U L b

the response to acute whole-body irradiation. Results of
these calculations for the cross-canyon case at distances of
10%. 10%, and 10* m are shown in Figs. C-1 through C-3.
Co:responding curves for the up- and down-canyon cases
were also plotted. The individual mortality risk at a given
distance was obtained by integrating the curve in ques-
tion. Results of these integrations are shown in Figs. 3
through 5 in the body of the report. The method used to
account for local meteorology and to infer lines of con-
stant mortality risk (Fig. 6) is given in Appendix F.
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APPENDIX D

SUMMARY OF RELIABILITY DATA

The failure rates for critical components and sys-
tems used in this analysis were derived from reliability
measurements and estimates found in the literature and
from statistical treatment of both OWR system test data
and OWR (and other reactor) operating histories. Refer-
ences D1 through D4 were used as background for the
foliowing discussion of reliability estimates for important
elements.

1. Msin Coolant Line Failure

Measured failure-rate data for primary system pip-
ing are scarce, but there are many calculated and intuitive
estimates in the literature. Values of 2x1¢G3 to
3 x 1078/yr have been reportedP5:D€ for large-scale rup-
ture of primar; coolant systems in various types of reac-
tors. Otway,D7 on the basis of a literature search, used
1073/yr as a pessimistic estimate for catastrophic fajlure
of the primary coolant system of a pressurized water re-
actor (PWR). Green and BourneDP3 estimated the reliabil-
ity of hydraulic hoses and pressure vessels to be about a
factor of ten higher for low-stress than for high-stress
(pressure) applications. The OWR primary piging is sched-
ule 10 {or greater) stainless steel which at 53°C maximum
operating temperature would have an allowable working
pressure (AWP) of about 350 psig. The AWP is based
upen one-quarter of ultimate strength, so the pressure
corresponding to ultimate strength would be about 1400
psig, whereas the maximum operating pressure in the
OWR is 28 psig. Further, most of the OWR primary sys-
tem is underground and not exposed to mechanical
damage. Because of this and the very low operating pres-
sure we have conservatively used Sx 107S/yr as the
probability of catastrophic rupture of the primary coolant
system.

2. Instrument Port Failure

Although the five 4-in.-diam instrument ports that
penetrate the reactor tank are considerably smaller than
the main coolant line, their location below the reactor
core warraats consideration of their possible role in loss-
of-coolant accidents. Because of their close proximity to
the core, these ports are exposed to high neutron and
gamma fluxes; also, their location precludes inspection
and testing once they are installed. For gas<cooled reac-
tors, Cave and HolmesP® have proposed values for the
prabability of sudden and severe failure of steel pressure
parts. Where there is no reinspection nor retesting, they
give 2 failuie probability of 10™* in 30 yr of service for
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parts exposed to neutron irradiation; for uniiradiated
components, the figure is a factor of 10 smaller. Note that
the instrument ports are exposed only to the static pres-
sure from the water ‘n the tank. For this study, we have
used a failure rate of 5 x 107%/yr for the instrument ports,
i.e., a factor of 10 higher than that assumed for the main
coolant line.

3. Antisiphorn System Failure

The main component of the antisiphon loop in the
OWR is the “flapper” valve (see Appendix A). During
normal cooling flow, this valve is closed; on loss of flow it
falls open under its own weight. One method used to
estimate the failure rate for this valve was based on OWR
test data. The flapper valve in its present configuration
has operated for approximately 13 yr without failure.
During normal reactor operations the main coolant pump
is turned off approximately once a week. If the flapper
valve should fail to close on startup of the pump, the core
coolant flow would be drastically reduced and the mal-
function would be indicated by annunciator signals at the
reactor console. Using a value of no failure in 500 obser-
vations, we estimate failure probabilities of
4.6 x 107%/demand {90% upper confidence limit) and
1.4 x 107%/demand (99.9% upper confidence limit).

Reliability may also be estimated by considering the
valve as a component that is in continuous service and
assigring it a failure rate. Failure rates quotedP3 for
various valve types (ball, butterfly, check, and control
valves) range from 3 to 8 failures/10° h, or 9.03 to
0.C7/yr. Because of the importance of this valve, we have
used the conservative value of 7 x 107%/yr.

4. Emergency Core Spray System No. 1

This system uses city water from the fire water
main. Decision to actuate this system is made by the oper-
ating crew and involves manipilation of two valves. The
system is checked sach week by 2 indirect functional
test procedure. In assizi:ing a fzilure probability, we used
the following individual component probabilities.

107%/demand
10"?/demand
1073/operation

Fire water main system
Valve failure rate
Operator error

Using the methods described ir Appendix B, we com-
puted the failure probability to be 2.1 x 10"*/demand.



5. Emergency Core Spray System Ne. 2

T 's system uses reactor-system water and employs
an electrically driven pump to deliver cooling spray to the
core. Therefore, the reliability depends only on the suc-
cess or failure of the electric motor starter circuit. Prob-
ability of the electric motor’s failing once started, was
selected as 5 x 1073fyr,P1, ['3. D4 and the probability of
startup failure was conservatively taken as 10 times the
yearly failure rate, giving 5 x 107%/demand.

An alternate method was aiso used to estimate the
spray system’s reliability on ihe basis of OWR operating
data. This system is routinely checked each week, and no
failures have been observed in 130 checkouts. On the
basis of Appendix B, the failure probabilities were com-
puted as 1.8 x 107%/demand (90% upper confidence limit)
and 5.2 x 107*/demand (99.9% upper cenfidence limit).
The latter value, which compares with those in the litera-
ture, was used in the accident calculations.

6. Control Rods and Scram Systems

The control rods and reactor scram systems have
not failed to respond to shutdown demand in the past 13
yr of OWR operation. An estimated 3200 scram demands
have been initiated without failures. According to Appen-
dix B, the failure probability is 7.2 x 107%/demand (90%
upper confidence limit) and 2.2 x 107%/demand (99.9%
upper confidence Limit).

7. Cladding Defects in Fuel Elements

HarrisonP?9 reports that in the first 11 yr of opera-
tion, the Materials Testing Reactor (MTR} successfully
used over 2000 MTR-type fuel-element assemblies. How-
ever, on three separate occasions, mechanical deficiencies
in the assemblies were responsible for 164 to 184 *fail-
ures.” On only one of these occasions, when 142 failures
were caused oy a seemingly iv'nor change in assembly
design, did the cladding rupture or any fissile materiai or
fission products escape from the fuel plates. The other
failures were caused by undetected errors during assembly
fabrication. EaganP10 has reported multiple failures of
cladding on MTR-type fuel elements over a 2-yr period.

During this period, three different companies manufac-
tured the reactor fuel, but only that from one manufac-
turer failed. Before this 2-yr period, the reactor had
operated for 9 yr without any cladding failure. In light of
these experiences, it seemed reasonable to assign a clad-
ding failure probability based on tks OWR experience of
no cladding failures during 13 yr of operation. Using these
data, one arrives at 0.2 to 0.5/yr for the 90% and 99.9%
upper coniidence limits, respectively. A value of 0.5/yr
was chosen for this study.
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APPENDIX E

SUMMARY OF ACCIDENTS CONSIDERED

1. Introduction

Estimation of numerical reliability values for re-
actor systems and components is important in probabilis-
tic reactor risk analysis. The reliability data are used to
obtain overall probabilities for postulated accidents. The
accident probabilities, together with their associated con-
sequences, are the input to the risk calculation, Here, we
will examine several accidents, compute their probabil-
ities, and give release estimates. For those accidents which
do result in a fission-product release, the computed prob-
abilities and release figures provide the input data for the
dispersion and dose calculations discussed in Appendix C.

Accidents which could result in fission-product re-
!=ase to the atmosphere may be categorized as reactivity
accidents, loss of coolant, loss of cooling flow, ang fuel
element cladding failures. In the analysis of these acci-
dents, the engineered safeguards and safety systems incor-
porated in the Omega West Reactor (OWR) design are
important considerations. These safety features include an
antisiphon loop, a free convection loop, two emergency
core spray systems, control-rod design compatible with
both safety and operationai requitements, and safety
system instrumentation (see Appendix A). The fission-
product releases quoted in this appendix are in terms of
curies of ' released. However, in performing the disper-
sion and dose calculations, due account is taken of the
other icdine isotopes and the Xe-Kr {ission products.

2. Reactivity Accidents

The reactivity accidents chosen for this study have
been discussed by Williams et al. in the 1969 status report
on the OWR.E! 50 only brief descriptions of selected
accidents are given here. These include control-rod break-
age, startup accidents, accidents at power, and core load-
ing accidents. Williams and co-workers also considered
accidental reactivity addiiions due to manual withdrawal
of the control rods and replacement of air with water (or
graphute) in the experimental ports, but concluded that
these did not pose any safety problems. In fact, from
results of SPERT cxperiments for OWR-iike cores,
Williams and co-workers concluded that only a core load-
ing accident could result in fission-product release. For
the OWR, the SPERT results indicat«d that periods short-
er than 4 to 5 msec would be required to produce fuel
melting.

{ay Control Rod Breakzge. A rcactivity excursion
could sesult if one of the controi rods broke accidentally
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and the absorber section moved from a region of higher to
a region of lower wozih. The maximum step increase in
reactivity due to a rod break, from a 10-kW initial power
level, is estimated as 1% in A k/k, corresponding to a
22-msec period. Considering SPERT data, the excursion
would be selflimiting with maximum fuel temperatures
of 150°C, and no fission products would be released.

(b) Startup Accidents. A possible consequence of
an operator error, or contro}-rod drive failure, or both is
the sequential or simultaneous withdrawal of the control
rods. During startup, and for an initial power level of 0.8
W (apparent source level), the following values were calcu-
lated. For sequential withdrawal at maximum speed, the
ramp rate is 0.16 $/sec and the minimum period is 63
msec. In case of simultaneous withdrawal of ail eight
contrel rods, the maximum reactivity insertion rate would
be 0.8 $/sec with a minimum pericd of 21 msec. These
minimum values are larger than the 4- (0 5-msec periods
required for fuel melting, The probability of a reactivity
fault at startup, due to either equipment failure or opera-
tor error, is of the order of 107 per year.E2

(c) Accidents During Power Operation. In the
OWR, an automatic control system is used to hold the
reactor power constant at any preset level from 10 kW to
design power. This is accomplished by a servo system that
drives the four central control rods and is so designed that
the maximum reactivity rate for the four rods moving
together is about 0.004 $/sec. Results of tests that simu-
lated the reactor response to a continuous rod withdrawal
by the seivo system showed a two-decade increase in
power level over 130 sec, with a final reactor period
longer than 10 sec. Because of the slow response, suffi-
cient time is available for operator action or for one of
the scram channels to terminate the power rise before
reactor damage can occur. Reactor faulting at power has
been estimated as 1072 per year.E2

(d) Core Loading Accident. The core loading acci-
dent discussed by Williams et al.E! was the dropping of a
fuel element in a just-critical core. They estimated that
this would result ir (1) a ramp reactivity-insertion rate of
10 $/sec, (2) a minimum period of 4.7 msec, (3) melting
of about 2% of the total fuel plate area, and (4) escape to
the atmosphere of less than 0.01% of the iodines. They
also stated that such an accident could only result from
multiple mis:.kes and accidental deviations from carefully
controlled procedures.

For a core loading accident to occur, a fuel loading
operation must have preceded the reactor startup; denote



this probability by P, . If the reactor is in operation for
6240 h/yr (120 h/wk) and we assume that the refueling
operations require a total of 100 h/yr, P; is (100/6240)
or 1.6 x 107%/yr. We will also conservatively assume that
only two procedural errors are required to initiate such an
accident. The probability of ary given instruction’s being
executed improperly, or being omitted, is given by
OtwayE2 as 1073 to 107 per instruction. Using 1073, the
overall accident probability is 1.6 x 1078/yr; the release
(0.01% of the iodines) is 16.5 Ci of *' and accompany-
ing fission products. Note that the OWR has a fuel ele-
ment hold-down grid to prevent inadvertent lifting of any
fuel element from the matrix. This grid is unlocked and
lifted aside during core loading.

3. Loss-of-Coolant Accidents

The severity of a loss-of-coolant accident is pri-
marily a function of the iime (after shutdown) required
for the coolant level to drop below the core. The time to
drain the tank depends, in turn, on whether the reactor
tank lid is open or closed. During normal operation, it is
closed, but loss of integrity of any one of its various
penetrations (including two access hatches) would
amount to its being open. Williams et al.E! present data
which show that fuel melting will occur only if the tank is
drained below the level of the core less than 30 min after
shutdown without corrective rieasures being taken. Loss-
of-coolant accidents considered here are a main coclant
line rupture and an instrument port rupture (see Appen-
dix A). Appendix D contains a discussion of the reliability
data used in the following analysis.

(a) Main Coolant Line Rupture. The most severe
loss-of-coolant accident is postulated to be a guillotine
break of the main coolant line, with the reactor top open
and all the engineered safeguard systems failed. The sys-
tems of interest for this accident chain are the antisiphon
loop (flapper valve) and emergency core-spray system No.
1. In case of a muin line break, emergency core-spray
system No. 2 is not taken as a sequence in the accident
chain because its source of water is the delay line which is
part of the primary loop. Failure rates used in arriving at
the overall accident probability are shown in Table E-L
Also shown are the corresponding figures for the case
wiiii the tank top closed and the 90% upper confidence
limits.

The consequences of these accidents, in terms ~f
fission-product release, are difficult to assess. With the
tank top open, the extent of fuel meltirg is an extremely
seusitive function of the time required io drain the tank.
The fraciion (approximately 2/3) of the core assumed to
have meited is extremely pessimistic, but it seemed that
that fraction would comfortably accommodate any possi-

ble mechanism that would drain the tank in a very few -

minutes. The figure of five fuel assemblies melted with
the tank top closed reflects the longer time needed to
drain the tank. The "] release to the atmosphere was

based on the inventory calculations in Appendix C;a 50%
iodine release from thc melt and a 50% plate-out are
included in the figures shown in Table E-1.

(b) Instrument Port Rupture. The OWR tank con-
tains a number of penetrations that could either fail or
rupture during an accident. In contrast ¢o the rupture of a
large-diameter (10 or 12 in.) main coolant line, a break in
one of these penetrations would probably create an effec-
tive drainage aperture about 4 in. in diameter.E! Taking
an instrument port break as a typical example, the time to
drain the tank below core level is estimated as 6 min if the
reactor tank top is open. With the t0|i) closed, the drainage
time would be considerably longer.E

Given an instrument port rupture, the engineered
safeguards to be considered are the two emergency core-
spray systems. Assuming the reactor tank top to be open,
the sequences in the accident chain are as follows:

(1) Probability of an instrument port rupture,
5 x 107%yr.

(2) Reactor tank top open, 1072/yr.

(3) Core-spray system No. 1 failure, 2.1 x 1073/
demand.

(4) Core-spray system No. 2 failure, 5.2 x 1072/
demand.

Thus, the accident probability for an instrument post
rupture (tank top open) is 5.5 x 107%yr. The conse-
quence of such an accident is estimated to be a meltiag of
10% (three fuel assemblies) of the core. Using a 50%
iodine release from the melt and 50% plate-out, this
corresponds to an "' release of 4 x 103 Ci. The value
used by Williams et al.E! for a similar case was
2.7 x 103 Ci of ™! released. With the reactor tank top
closed, the accident probability is 5.5 x 1073/yr and the
assumed '3[ release is 6.7 x 102 Ci, corresponding to
meltdown of half a fuel assembly.

4. Loss of Cooling Flow

This group of accidents inclades those that do not
involve rupture of the coolant piping. Failure of the
primary coolant pump and loss of flow through the indi-
vidual fuel elements have been analyzed as the most
probable accidents in this category.

(a) Loss of Main Coclant Pump. The power level at
which the OWR operates and the automatic convective
loop incofporated in its design protect the core in case of
main coolant pump failure. Even without the automatic
convective loop, the flow passages between the upper
tank and the plenum below the core aid in setting up a
natural convective path. The efficacy of the automatic
convective loop has been demonstrated by experimental
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TABLE E-I

ACCIDENT PROBABILITIES AND '*'] RELEASES FOR LOSS-OF-COOLANT ACCIDENTS
(Figures in parentheses are ©0% upper confidence limits.)

Tank Top Open
Failure Rates
Main-Line Rupture 5 x10°
19x10%)
Flapper Valve 7 x10?
25x10")
Vessel Top 1 x10°
(39x10?%)
Core-spray No. | 2.1x10°
8.2x107)
Overall Accident
Probability 73x 10"
(05x10°%)
Fission-Product Release
Fuel Assemblies Melted 20
13} Release 27x10*

tests which showed that the maximum fuel surface tem-
perature attained under this circumstance was about
100°C.

(b) Fuel-Element Flow Blockage. Experience with
reactors employing Materials Testing Reactor (MTR) fuel
assemblies has shown that flow blockage from foreign
material entrained in the coolant is a possibility. In fact, it
has been estimated that about 80% of all reactors have
had foreign objects in their coolant systems at one time or
another.E3 In 500 reactor-years of operating history, flow
blockage accidents (with some fission-product release)
have occurred in at least three reactors of the same
general type as the OWR.E!

The above information implies that the probubility
of a blockage is (3/500) or 0.006/yr. Assuming that the
number of fuel assemblies blocked is represented by a
binomial distribution, the probability of X uel assemblies
being blocked is

P(X) = ﬁ—'T)' pX(-pNX

where
N = total number (31) of fuel assemblies,
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Tank Top Closed Units

S x lO:: Per year
(19x107)

7 x10° Per year
(25x10™")

99x 10" Per year
(9. x10")

2.1x107 Per demand
(8.2x107)

73x107 Per year

5 Per accident
6.7x10° Curies

F = probability that a fuel asseinbly is blocked,
X = the number of fuel assemblies biocked.

Thus
P0)=1.0-0006=(1 -p) .,

from which p = 1.94 x 107°. With this information, one
can solve for P(X) as follows.

P(1) = 5.98 x 10 blockage/yr,
P(2)= 1.74 x 1075,
P(3)=3.26x 107,
P(d)=443x 107"

Blockage involving more than three fuel elements was not
congidered for this analysis.

If fuel melting occurs becasse of flow blockage, the
magnitude of the iodine release depends on whether the
discharge is directly to the atmosphere or through the
stack filters. Venting through the filters requires that the
reactor operator switch a vent valve. Either operator error
or valve failure causes the sequence to fail. Assuming



1073/demand operatoy error and 2.5 x 1072/demand valve
failure (estimated from OWR test experience), the com-
bined failure sate is 2.6 x 107?/demand. Hence, the prob-
ability of direct release to the atmosphere is 0.026
P(X)/yr. Conversely, the probability of venting through
the stack filters is (1 — 0.026) P(X}/yr.

For the fuel blockage accidents we assume, first,
blockage of 1, 2, or 3 fuel assemblies resulting in melting
of 1/4, 1, or 3 fuel assemblies, and, second, a 50% iodine
release from the melt to the water and a 10% iodine
release from the water to the atmosphere. For venting
through the stack filters, we applied a reduction factor of
10? to the iodine release, based on a 99% filter efficiency.
1t is also convenient to define

AP(X) = accident probability associated with block-
age of X fuel assemblies,

AR(X) = " release corresponding to AP(X).

With the above assumptions and d:finitions, the values of
APR(X) and AR(X for direct release to the atmosphere are

AR(1)=6.7x10 Ci ™Y
AR(2)=2.7x 102 Ci ™}
AR{3)=8.0x 10? Ci ?!|.

AP(1)=1.6x 10%/yr
AP(2)=45x10"7/yr
AP(3)=8.4210""Yyr

For wventing through the stack filters, the corresponding
figures are

AR(1)=6.7x10"' Ci ¥
AR(2)=2.7x 107" Ci ¥
AR(3)=8.0x107'Ci Yy

AP(1) =58 x 107¥yr
AP(2) = 1.7x 10%/yr
AP(3)=3.1 x 107%yr

5. Defective Fuel Element Cladding

For this accident, the cladding failure rate was
taken as 0.5/yr. As in Sec. 4(b) above, a vaiue of
0.026/demand was assumed for the operator error plus
valve failure sequence, and direct release to the aimos-
phere was assumed. The accident probability is thus
1.3 x 107%/yr. The rclease mechanism postulated for this
accident was a cladding failure due to faulty fabricaiion
or corrosion. Fission products considered werz Xe, Kr,
and, because of their high volatility, the iodine isctopes.
If we assume that a cladding failure will expose 0.01% of
the surface area c{ a fuel assembly (equivalent to the area
of a 1/2-in.-radius circle) and that 0.0i% of the iodine
inventory per fuel assembly is rcieased, the ' release is
2.7 x 1072Ci. This figure is based on a 50% release from
the melt to the water and a 10% reiease from the water to
the atmosphere.
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APPENDIX F

LCGCAL METEOROLOGY

The location of the Omega West Reactor at the
bottom of a long, deep canyon presents some unique
problems in evaiuating the risk to the surrounding popula-
tion in case of fission-product release. For example, if
inversion conditions exist in the canyon, the resulting
suppression of vertical air movement will inhibit escape of
effluent to the adjacent mesa tops. Thus, the canyon
meteorology will determine the dispersion of an effluent
cloud. On the oiher hand, if effluent is transported to the
mesa top, the conditions at that level will govern its
dispersion. Given a noninversion condition in the canyon,
Stopinski¥' ! has suggested that effluent transport to the

mesa top would require a northerly or southerly wind on
the mesa and a wind of 180 + 60° (or 0% 60°) at the
reactor site. Note that the canyon runs east-west and that
most of the residential areas are north and west of the
reactor site. To provide data for the OWR safety analysis,
Stopinskif I studied the meteorology in the vicinity of
the OWR. Data taker from March 15 to July 31, 1968,
were tabulated, and those observations were selected
which showed (1) a southerly wind component on the
mesa, (2) winds of 180 + 60° at the reactor site, and (3)
an isothermal or positive lapse rate from the floor of the
canyon to its rim. Of a total of 2710 data points, 100, or
3.7%, met these criteria.
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We used Stopinski’s data o infer the probability of
a noninversion condition in the caiyon, where

P[Dose North] =

P[Noninversion] P[Wing to North]
P[Wind to North] + P[Wind to South]

From the wind-rose data given in Table IX of the OWR
status report,F2 we infer that the probabilities of mesa
winds in the 180 % 60° and 0 £ 60° directions are 0.395
and 0.180, respectively. Using these figures, we obtain

P[Noninversicn] = (0.037/6.395)(0.395 + 0.120) = 0.054.

Taking the reactor location a3 1 reference point, and again
using the wind-rose data, one can compute the probability
(P, of the mesa winds blowing into a given sector. These
computations indicate that P, for the cross-canyon sectors

(0+75° 120+75°) is 0.688 and P, for the up- and
down-canyon directions (90 £ 15°, 180 £ 15°) is 0.121.
The probability of & calm period is 0.191. Defining
P[sector] as the probability of fission-product transport
to a given sector on the mesa, it follows that

P{sector] = (P,/0.688) (C.054).

The values computed for Psector] can be applied, as
scale factors, to the appropriate individual mortality risk
vs downwind distance curve (Fig. 3 in text) to obtain the
distances corresponding to specified risk numbers. Results
of this procedure are shown in Table F-1.

These data, together with results of similar calcu-
lations for the up- and down-canyor: cases, can be graph-
ically displayed by constructing lines of constant mortal-
ity risk on a schematic plan of the surrounding area (see
Fig. 6 in the body of this report).
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TABLE F-
CROSS-CANYON RISK PER SECTOR
Sector Angle Mortality Risk vs Distance (m)
©°=N) P[sector] 10% fyr 107"%Yyr 107" yr 107%yr

105 to 150° 0.0057 210 690 2300 9000
150 to 195° 0.0057 210 690 2300 9006
195 to 255° 0.0068 230 750 2600 10000
285 to 330° 0.0052 200 650 2200 8500
330t0015° 0.0163 350 1180 4200 18500
015 to 075° 00144 345 1150 4150 18400



