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CHAPTER 13

Reactor Safety Design and Safety Analysis
prepared by

Dr. Victor G. Snell

Summary:

The chapter covers safety design and safety analysis of nuclear reactors. Topics include concepts
of risk, probability tools and techniques, safety criteria, design basis accidents, risk assessment,
safety analysis, safety-system design, general safety policy and principles, and future trends. It
makes heavy use of case studies of actual accidents both in the text and in the exercises.
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1 Introduction
The purpose of this chapter is to describe the safety characteristics of nuclear reactors and how
their safety performance is predicted and verified.

1.1 Overview
Figure 1 summarizes the chapter concepts and their logical relationship. We describe each box
in turn.

Section 0 (this section) defines risk. The type of risk depends on the activity. Most people want
their activities and surroundings to be “safe”. However, this is a meaningless ideal, and impos-
sible to achieve in absolute terms, because every activity imposes some risk. Fortunately, risk
can be quantified. Then society can set acceptable levels of risk in a reasonably objective
manner.

The risk from nuclear reactors comes from accidental release of radioactive material. Most of
the radioactive material is in the reactor fuel. Therefore, one can postulate accidents which
might allow radioactivity to escape and then design systems (called mitigating systems or safety
systems) to prevent or control such accidents. These design basis accidents1 (DBA) are covered
in Section 2. As well, much knowledge about the risk from nuclear reactors comes from actual
experience in both small research and large power reactors. Case histories of the most impor-
tant events which influenced the development of nuclear power reactor safety are covered in
Section 3. Lessons learned from these were extracted in the form of specific deterministic
requirements, which described the accidents that had to be designed for and the assumptions
used in showing the safety systems were effective. These accidents also became design basis
accidents.

This approach limits risk, but does not lend itself to quantifying risk because the deterministic
requirements and the design basis accidents were chosen “conservatively”, i.e., to be worse
than what would happen in reality, and with little regard to frequency. In addition, descriptions
of these accidents were not complete. A parallel approach is to start off by setting numerical
risk targets for the plant as a whole (safety goals). Possible accidents are identified and classi-
fied using a frequency-based approach. This probabilistic approach is covered in Section 4. It
leads to another list of accidents which overlaps with, but is different from, the list of design
basis accidents.

1 We bow to common practice in using this term. The term was not used in Canada until recently, but has been
used for a long time in the United States. It originally implied that as long as the plant was designed to withstand
“design basis” accidents, all would be well. The accidents at Three Mile Island and Chernobyl showed the weakness
of this concept. At Fukushima, the design basis was wrong (and was known to be – see [IAEA, 2011] p. 75). This
means that design basis accidents do not define a strong boundary between possible and “incredible”. “Beyond
design basis” accidents are now of much interest—indeed, although infrequent, they are the only ones which
could have significant consequences.
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than a nuclear power plant. For a nuclear power plant, the hazard of most interest is the
release of radioactive material in accidents. Unlike a coal plant, an inadvertent rise in power in
a nuclear plant (if it is not stopped) can both drive the release of radioactive material out of the
fuel and rapidly cause damage to the reactor and its containment structure.

We “accept” hazards of technologies when they have a benefit which is perceived to offset the
risk. Sometimes this decision is made on an individual basis: you may go sky-diving (an activity
so objectively risky that you cannot get insurance coverage for it) because you believe that the
unique thrill is worth the risk. You accept the hazards of electrical shock and fires for the
convenience of using electric lights and appliances. Nothing that we do on a day-to-day basis is
as risky as hurtling down a narrow strip of levelled ground at 100 km/h in a thin metal container
containing 60 litres of explosive liquid towards someone else in a similar device, using a painted
strip as a guide to avoid collision. Yet almost all people believe the benefits of driving are worth
the risk.

Sometimes the decision is made on a societal basis: if you live in a city, you cannot easily choose
to accept or reject risks such as being hit by a car (even if you choose not to drive one), breath-
ing polluted air, or getting mugged. Activities which pose an involuntary risk are often regulated
by law. In our three examples, the respective regulatory devices would be traffic laws, emission
controls, and the criminal laws.

The benefits of nuclear power include production of clean electricity. In Ontario, over half the
electricity comes from nuclear power; in countries such as France, as much as 80%. Other
benefits of nuclear technology are medical and industrial applications, insect control, environ-
mental protection, and scientific research. Canada is the source of much of the world’s produc-
tion of medical isotopes, largely originating from the NRU reactor at Chalk River.

This chapter is concerned with risk to humans. Many technologies also pose risk to other living
organisms. For nuclear technology, in general, if radiation risk to humans is acceptable, the risk
to other living things will also be acceptable because they are less susceptible to radiation (e.g.,
they do not live as long (and therefore do not develop cancer as easily) or are inherently more
resistant to radiation damage (e.g., insects)). Radioactive elements and compounds can be
concentrated as they move up the food chain, and therefore these pathways must be modelled
to provide a scientific basis to show that humans are limiting this risk.

Safety can be thought of as the complement to risk; however, usually it is risk that is quantified,
and we shall focus on risk in this Chapter.

Because risk cannot be eliminated, it must ideally be optimized. This means a cost/benefit
analysis, although such an analysis often looks only at the risk of a technology, without factoring
in benefits. At a risk optimum, the additional resources used to provide additional risk reduc-
tion would come at a disproportionate cost, and any resources removed from risk reduction
would cause a disproportionate increase in risk. This situation is shown in Figure 2. This opti-
mum is never achieved in practice. This is partly because the risk from nuclear power is per-
ceived to be greater than that of other technologies, even if the numerical risk is the same, due
to social factors such as unfamiliarity with the technology and its association with atomic
weapons and cancer. Hence, regulation of nuclear power often includes a penalty on the
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allowed risk, called risk aversion. Such a topic is beyond the scope of this Chapter; see [Slovic,
1987] or [Siddall, 1981] for examples. However, we still need an objective means of quantifying
risk in terms of frequency and consequences. We start with the latter—what are the conse-
quences of a nuclear accident?

Figure 2 Risk optimization

1.4 Hazards from a Nuclear Power Plant
Most of this chapter covers radiological hazards. However, we will start by systematically listing
possible hazards to make sure not to miss one. A hazard in a broad sense can be physical,
chemical, biological, or radiological.

Nuclear power plants do not pose a physical hazard due to the nuclear process—there is no risk
of off-site injury due to a nuclear explosion (the explosion at Chernobyl was a steam explosion
and that at Fukushima a hydrogen one—both with far less energy than a nuclear explosion
would have generated).

A simple explanation for this is the following: an atomic (or nuclear) bomb works by making a
mass of fissile material supercritical and holding it together long enough to reach very large
energies. The hard part is holding it together, which requires three things:

1. banging two sub-critical masses together very fast, so that the supercritical mass formed
does not disintegrate due to heating as the pieces approach each other, and

2. ensuring that the source of neutrons that initiates the explosion is located at the centre
and is triggered at the right time, and

3. using pure fissile material—U235 or Pu239—so that the mass goes critical on fast neu-
trons. Fast neutrons have very short lifetimes. The basic time unit that bomb designers
use is a “shake”, or 10-8 seconds. It takes only about 50 chain-reaction generations of
neutrons to produce enormous nuclear energies in the few shakes before the mass
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1.6.1 Linear Hypothesis

As discussed in Chapter 15, the linear hypothesis is used to extrapolate the observed effects on
human populations exposed to high doses of radiation (as in Japanese atomic bomb survivors)
to low doses. For large doses in the stochastic range, the linear hypothesis states that [ICRP,
1990]:

100 person-Sv will produce about 5 fatal cancers in the exposed (general) population.

Sample Problem

Rank the magnitude of the following risks to a group of people (express the answers numerically
and explain your reasoning):

a. A collective dose of 1000 person-Sv given to 1,000,000 people

b. A collective dose of 1000 person-Sv given to 100,000 people

c. A collective dose of 1000 person-Sv given to 100 people

d. A collective dose of 1000 person-Sv given to 5000 people.

Answer:

According to the linear hypothesis, a collective dose of 1000 person-Sv should result in 50 fatal
cancers. However, one must be careful of the range of applicability. For each case in turn:

a) The average dose is 0.001 Sv, which is so small that there is no evidence that the linear
hypothesis applies. Incidentally, this is also less than the annual dose in North America
from natural background radiation.

b) The average dose is 0.01 Sv, and therefore the linear hypothesis is likely inapplicable.
c) The average dose is 10 Sv, which would cause prompt injury or death, and therefore the

linear hypothesis is inapplicable.
d) The average dose is 0.2 Sv, and therefore the linear hypothesis may be used and would

predict 50 fatal cancers over time in the exposed population.

1.6.2 Hormesis

The difficulty with the linear hypothesis is that the effects of radiation on humans at low doses
(below 0.1 Sv) are so small (or even beneficial—the hormesis hypothesis) that the models are
very difficult to validate. At the moment, for better or worse, the linear hypothesis is used
internationally as the basis for setting regulations for radiation protection. However, the
Fukushima accident has led to a rethinking of overly conservative regulations because there is a
real risk in evacuating people unnecessarily, which may be greater in some cases than the risk of
radiation exposure. Moreover, ICRP has taken great pains to distinguish a priori theoretical risks
from a posteriori predictions of “real” health effects resulting from low radiation doses to many
people; see, e.g., [Gonzales, 2013], from which the following is quoted: “Following exposure to
low radiation doses below about 100 mSv, an increase of cancer has not been convincingly or
consistently observed in epidemiological or experimental studies and will probably never be
observed because of overwhelming statistical and biasing factors.”
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2. Deterministic safety analysis - i.e., assess a prescribed list of failures which are selected
based on past experience and judgement. Sometimes these are called “design basis ac-
cidents”, as discussed in Section Error! Reference source not found.. Each accident se-
quence is chosen to be severe enough that the consequences of a “real” accident should
be less; this means that only a subset of possible accidents is analyzed. For example, the
Emergency Core Cooling (ECC) system is sized to provide enough flow to refill the core
after a break in the heat-transport system that is up to twice the flow area of the largest
pipe and on a time scale that prevents excessive fuel damage. The consequences of
these stylized accidents are predicted and compared against analysis limits. Such analy-
sis limits can be loosely based on frequency.

3. Probabilistic safety analysis - i.e., assess the frequency and consequences of failures,3. Probabilistic safety analysis - i.e., assess the frequency and consequences of failures,
optimizing to deal with the high-risk contributors. PSAs therefore proceed using the fol-
lowing methodology:

a. define risk-based criteria,
b. generate a set of accidents to consider,
c. predict the frequency and consequences of each event,
d. show that the criteria are met.

Much of the rest of this Chapter covers these three methods.

1.9 Problems
1. International bodies set limits for the dose an individual should receive from all man-
made sources. A number of issues exist behind this framework. Discuss the following four
questions and draw reasoned conclusions:

a. How should exposure from radiation used for medical purposes be controlled
(i.e., what factors should determine whether or not, and how much, radiation
should be used)?

b. Should large power reactors have the same dose limits as small research reactors
such as the McMaster Nuclear Reactor (which also produces medical isotopes)?
Why?

c. You are a safety expert and have been asked to approve a smoke detector. As-
sume that the smoke detectors give a whole-body dose [USNRC, 2001] of 10-5

mSv per year to each of the 35,000,000 people in Canada. What would your de-
cision be, and why? What factors would you look at in normal operation of the
detector? What is the most severe accidental exposure that can happen with a
smoke detector, and how would you assess its acceptability on a risk basis?

d. What dose would you accept for voluntary lifesaving (i.e., your colleague is
trapped in a very high radiation field and you are asked to go in and save him)?
Give reasons.

2. A nuclear designer is trying to optimize his design. He knows of an accident with a
frequency of 10-7 per year which leads to a contained core melt and causes the following
effects:
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a. Permanent damage to the plant (i.e., cannot be recovered)
b. Evacuation of nearby people (5,000) for three days
c. No prompt fatalities
d. A collective dose to the closest population of 100 Sv.

He can reduce the frequency (but not the consequences) of this accident by a factor of ten by
putting in an extra heat-removal system costing M$10 in capital costs and an extra $100,000 per
year in maintenance and operating costs. How would you make this decision in a quantitative
way? Hint: Consider expressing all accident consequences in terms of dollars. Then calculate
the total average annual costs in each scenario. Some organizations assign a cost per Sv of
dose—find out typical values. This problem will take you some time.

3. A massive spontaneous failure (i.e., due to a material flaw, not as a result of a core melt)
in an LWR pressure vessel would simultaneously breach all the physical barriers which prevent
radioactive material from escaping: the fuel, the primary-coolant pressure boundary, and the
containment. Research and describe the approach taken by LWR designers to show that this is
“incredible”. Does this issue apply in any way to CANDU?

4. A nuclear regulator is considering a high-level safety goal for new nuclear power plants
in Canada. He proposes two requirements:

a. The risk to an individual close to the nuclear power plant of dying immediately
from an accident must be less than 10-6 per year.

b. The risk to an individual close to the nuclear power plant of getting cancer from
an accident must be less than 10-5 per year.

Two nuclear power plants apply for a licence. Each has done an accident analysis, and the
results are as follows:

1. For plant 1, no significant releases occur for any accident above a frequency of
10-7 per year. However, there is a core melt at that frequency which fails con-
tainment and gives a dose of 10 Sv to each individual in the nearby population.

2. For plant 2, two accidents are the major contributors to risk. One causes severe
fuel damage, but prevents core melt. It occurs at a frequency of 10-4 per year
and gives a dose of 0.25 Sv to a number of individuals in the nearby population.
The other is a core melt, but it is contained—it occurs at a frequency of 10-6 per
year and gives a dose of 1 Sv to a number of individuals in the nearby population.

Determine numerically whether these plants meet either or both safety goals or neither one.
Hint: consider converting average dose to risk.

2 Design Basis Accidents
In Section 1.8, the concept of stylized accidents (design basis accidents) that could be used in
designing parts of the plant was introduced. This section shows how to go about defining these.

More specifically, design basis accidents are the set of accidents for which the designer makes
explicit provision (defence), while remembering that more severe or peculiar accidents can
occur and ensuring that his/her design has some capability to deal with them.
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Unfortunately, there is no way of identifying possible accidents beforehand (in any large-scale
engineering field) that is guaranteed to be complete. The history of any technology is replete
with unpleasant surprises, especially at the beginning—just think of the Hindenburg disaster,
the Flixborough cyclohexane explosion [Venart, 2004], and of course the Titanic. Technolo-
gies—if we are fortunate—have their accidents early on, when the scale is small and the lessons
learned can be applied to commercial applications.

The best way to obtain a “nearly complete” list of accidents, apart from experience, is to use
more than one technique. In the next few subsections, we describe several such techniques.

2.1 Top-Down Approach
One technique is called the “top-down” approach, which starts by specifying an undesired
outcome and then asks what the direct and immediate causes of that outcome could be. Then
one looks at each cause in turn and asks what are its direct and immediate causes, and so on.
After a few such cycles, one has generated a list of accidents, from which design basis accidents
can be selected.

For a power reactor, the top event could be taken as “unwanted movement of radioactive
materials”. Because most radioactive materials are in the fuel, the coolant, the moderator, or
the spent-fuel bay, we then ask how in each of these cases they could become mobile, i.e.,
airborne or waterborne. Radioactive material could be released from the fuel by overheating or
mechanical damage; from the coolant and moderator, by pipe breaks or overheating (which
later then releases the liquid or steam through relief valves); and from the spent-fuel bay, also
by overheating. Fuel overheating in the core (power-cooling mismatch) can be caused by loss of
heat removal from the coolant (loss of heat sink), loss of the coolant itself, coolant flow impair-
ment, or a loss of reactor reactivity control which causes the power to rise.

Figure 5 illustrates the event-generation sequence graphically. Events in ovals represent possi-
ble end-points of the chain, where further detailed decomposition would not add much more
information, i.e., the ovals are potential design basis accidents. Once we have reached this
reasonable level of resolution, we can sort the events into design basis accidents and beyond
design basis accidents (BDBAs), using expected likelihood, and possibly consequences, as
criteria. Note that the figure is both highly simplified and incomplete, with a number of unde-
veloped branches.
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Figure 5 Simplified top-down approach
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2.2 Bottom-Up Approach
Another approach is to look at each component of the nuclear power plant and ask what is the
consequence if this component fails. If systems exist which are supposed to protect the reactor
against such a failure, what are they, and what happens if they also fail? Eventually, if the power
plant is well designed, one gets to a very low frequency and draws the boundary between
design basis and beyond design basis accidents again. This is called a “bottom-up approach”.
Another term is FMEA, which stands for “failure modes and effects analysis”, although this
approach tends to be more limited because it stops after the first failure.

Sample Problem: Do a bottom-up analysis of the feed-water system in a nuclear power plant.
(The reader is assumed to be familiar with CANDU design—if not, please consult the earlier
Chapters in this book.)

Answer: The feed-water system can fail in a number of ways: power to the pumps may fail, or a
feed-water line may break, or the feed-water valve(s) may inadvertently close. Taking each
feed-water system component in turn and assuming that it fails, we then identify the systems
which are there to protect against such failures—e.g., the auxiliary feed-water system, the
shutdown cooling system, and the emergency water system (these are described in Section 5).
We then look at the failure of each of these mitigating systems. From these results, using
judgment to determine frequencies, we can select likely candidates for DBAs, shown in ovals in
Figure 6. The un-terminated arrows represent further development of the diagram.

Figure 6 Simplified bottom-up example

A combination of the top-down and the bottom-up methods will give a large number of acci-
dents which cover most possible events. However, the treatment of frequency is not very
precise.
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2.3 Probabilistic Safety Analysis
Probabilistic safety analysis (PSA) is a rigorous tool for identifying accidents and assigning
frequencies to them. PSA uses a top-down approach to generate the failure frequencies of
operating systems and the failure probabilities of safety systems (fault trees). It then combines
failure of each operating system with successive failures of the required safety systems to obtain
a long list of accidents and their frequencies (event trees). One can also select design basis
accidents from this list if they have not already been picked up by other techniques. This topic
is covered in more detail in Section 4.

2.4 Experience
Design basis accidents may also be added because of experience.

For example, Canadian practice requires that each design basis accident be analyzed assuming
complete failure of one shutdown system, no matter how low the frequency. The reason goes
back to 1952, when the core of the NRX research reactor in Chalk River, Ontario, was damaged
in an accident ([Lewis, 1953] [Hurst, 1953]) in which the power increased and the shutdown
system was impaired. One of the causes was a complex control/shutdown system design; the
shut-off rods were hydraulically driven, and their performance was sensitive to dirt in the
system. The accident resulted in a large subsequent emphasis on shutdown-system reliability,
testability, and robustness, to the extent that, even though the shutdown systems in CANDU
bear no resemblance to those in NRX (lessons having since been learned about shutdown-
system design), the CANDU reactor had to be designed to survive an accident even if the
shutdown system failed. Although one could show that the most severe accident without
shutdown (a large LOCA) would not release enough energy to break containment, the designers
decided (eventually) to add another, fully independent shutdown system, so that even if one
shutdown system failed completely, the other could be credited.

The accident at Fukushima in 2011 [JNTI, 2011] is a recent example of a poor choice of the
parameters for a design basis accident. Although the plant had a Design Basis Flood level, it was
clearly inadequate, and since the accident, all operating plants have had to change their provi-
sions for both Design Basis Floods and Beyond Design Basis Floods. We shall cover key historical
events in more detail in Section 3.

2.5 Canadian Approach to DBAs
We do not have space to cover the entire historical development of the Canadian approach to
DBAs. See [Snell, 1978] for an overview. Instead, we shall describe the basis for selection of
DBAs for currently operating CANDUs and planned future plants.

2.5.1 Siting guide

In 1972, D. G. Hurst and F. C. Boyd of the Atomic Energy Control Board (AECB) — the name at
the time of the nuclear regulator (now CNSC) — laid the ground rules for the deterministic
licensing guidelines under which all large operating CANDU plants up to but excluding Darling-
ton have been licensed [Hurst, 1972]. The spectrum of possible design basis accidents was
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collapsed into two broad categories: single failures, or the failure of any one process system in
the plant, and dual failures, a much less likely event defined as a single failure coupled with the
unavailability of either a shutdown system, or containment, or the emergency core cooling
system: these constituting the so-called special safety systems. For each category, a frequency
and a consequence limit was chosen that had to be satisfied. In addition, to deal with the siting
of a reactor (Pickering A) next to a major population centre (Toronto), population dose limits
were defined for each category of accident.

The limits were as follows (sometimes this is called the Siting Guide):

Table 1 Single / dual failure limits

Accident Maximum Fre-
quency

Individual Dose Limit Population Dose
Limit

Single Failure 1 per 3 years 0.005 Sv
0.03 Sv thyroid

102 Sv
102 Sv thyroid

Dual Failure 1 per 3000 years 0.25 Sv
2.5 Sv thyroid

104 Sv
104 Sv thyroid

For example, loss of reactivity control, loss of Class IV power, and a loss-of-coolant accident are
all single failures; loss of coolant plus failure of the ECC, or loss of coolant with failure of the
containment isolation dampers to close, are dual failures. In this framework, both single and
dual failures are design basis accidents.

Safety-system demand unavailability can be inferred from the frequency limits in this table:
because a dual failure is a single failure plus unavailability of a safety system and must occur no
more often than one in 3000 years, each safety system must fail no more often than 1 in 1000
times, and therefore the demand unavailability is 0.001.

This approach had a number of deficiencies, such as lumping events with widely differing
frequencies into the same class—e.g., a large pipe break or a loss-of-coolant accident (LOCA)
and loss of off-site power both fell into the single-failure category. Combinations of higher-
frequency events were also not addressed.

2.5.2 Consultative Document C-6

To address some of the deficiencies in the single-dual failure methodology for design-basis
accidents, the AECB issued document C-6 in June 1980 [AECB, 1980]. This retained the concept
of classes of events, five in this case. As with the Siting Guide, the classes roughly grouped
events based on frequency, but the assignment of events to classes was done by AECB staff
based on their beliefs about the likelihood of the event. Design basis accidents included, for
example:

Class 1: failure of reactivity or pressure control; failure of normal electrical power; loss of feed-
water flow; loss of service-water flow; loss of instrument air; and a number of other events that
one might expect to occur occasionally.
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Figure 9 ZED-2 cutaway
[AECL, 2011]
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Figure 10 ZED-2 top view
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3 Experience
Current power reactor safety design has been powerfully influenced by accidents that hap-
pened during the development of the technology. In this Section, we describe a few of them—
space constraints do not permit an exhaustive study.

Real accidents almost never follow the simple assumptions in design basis safety analysis. Most
real accidents tend to be very complex, have more than one contributing factor, have a high
component of human error and extraordinary human recovery, and often leave one wondering,
“How did all these things happen together?”

The answer is, of course, that if they didn’t happen together, there would be no accident. It is a
poorly designed nuclear power plant where a single failure or error causes a catastrophic
accident. Most accidents are the end-point of a chain of events, prevention of any one of which
would have stopped the accident from happening. We will discuss this later in Section 5.1
(Defence-in-depth).

Figure 11 Learning and forgetting

The fact that such chains have occurred provides powerful lessons learned for future designs
and current operation.

In general, when any new technology is introduced, its characteristics are not fully known, and
there is an early peak in the accident rate. As people learn from mistakes in design and opera-
tion, the accident rate declines, as shown in Figure 11. See also [Ott, 1981] for a more detailed
discussion. The decline does not, however, account for organizational forgetting, and if nothing
is done to preserve corporate or industrial memory, the rate will start to rise again. One of the
purposes of case studies is to ensure that past mistakes are not repeated.

What you are expected to obtain from this section is the ability to dissect an accident. What
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practice, as we shall see from the case studies, to have an additional means of shutdown always
poised, even during shutdown.

You may want to think about whether it is safer to refuel a reactor while it is critical or during a
shutdown.

3.1.1 SL-1

3.1.1.1 Description

This summary uses material from [USAEC, 1962], [USAEC, 1962a], [USAEC, 1962b], [Stacy, 2000],
and [Thompson, 1965].

The SL-1 (Stationary Low Power Reactor No. 1) was a natural-recirculation pressurized boiling-
water military reactor with a thermal power of 3 MW. It was located at the Atomic Energy
Commission National Reactor Testing Station in Idaho Falls, Idaho. Figure 12 shows a cutaway of
the reactor vessel. At the time of the accident, on January 3, 1961, there were 40 fuel assem-
blies and 5 control rods in the core.

3.1.1.2 The event

Three operators were engaged in reassembling one of the control-rod drive mechanisms while
the reactor was shut down. Part of the assembly process required raising the shaft of the rod a
limited amount by hand. This was done by unclamping the rod and raising it; the rod was then
re-clamped, and the only remaining task was to unclamp and lower the rod. For some unknown
reason, the rod was instead raised rapidly, making the reactor super-prompt critical. The
pressure vessel jumped up nine feet, with the chain reaction being compensated for (probably)
initially by the negative feedback due to heating of the fuel and moderator and then by the
melting and vaporization of the fuel itself.

Two operators were standing on the lid at the moment of the accident. One was thrown to one
side as the vessel rose. The other was impaled on a shield plug ejected from the top of the
reactor and was carried up to the roof of the reactor room, where he remained suspended. The
third man was killed by radiation and flying debris. Table 4 gives a chronology of the events.
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Figure 12 SL-1 cutaway
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shutdown system could stop it in time.

Many lessons were learned from SL-1; here we summarize the major ones concerning reactivity
control:

1. It should be impossible for a reactor to be made critical by withdrawing the single most
effective rod. Conversely, it should always be possible to shut down a reactor with the
single most effective rod stuck in its outermost position. This so-called “single-rod rule”
has been followed ever since in safe reactor design.

2. It should not be possible to withdraw a high-worth rod quickly. It is still unknown why
the operator withdrew the rod. In any case, the lesson is that if a reactor requires high-
worth rods, there must be mechanical means to prevent their rapid withdrawal.

3. In a reactor where large amounts of reactivity can be added in short times, there must
be inherently fast negative reactivity feedback, for example from fuel temperature, so
that the transient is stopped short of reactor damage. This lesson was later applied in
commercial light-water reactors.

Note that the total worth of reactivity devices in CANDU is quite low because on-power refuel-
ling means that the movable control devices do not have to compensate for burnup. Moreover,
the dispersed CANDU core enables the reactivity worth to be spread among many individual
reactivity devices.

3.1.2 NRX

3.1.2.1 Description

This summary uses material from [Lewis, 1953], [Hurst, 1953], [Larson, 1961], and [Cross, 1980].

NRX was Canada’s first large research
reactor, built in 1947 with a thermal power
of 30MW. The moderator was heavy water
contained in a cylindrical calandria. Cool-
ing was once-through, light-water, taken
from and returning to the Ottawa River.
Passing through the calandria were vertical
tubes open to the air at top and bottom.
Each fuel rod, made from metallic uranium
sheathed in aluminum, had its own cooling
jacket (Figure 13); each rod, with its cooling
jacket, was located in one of the vertical
tubes (Figure 14). A stream of air passed
between each fuel rod and its calandria
tube. Twelve boron shut-off rods passed through 12 of these tubes. Start-up was achieved by
removing half these rods, after which the reactor was controlled by varying moderator level.

The shut-off rods could be raised by compressed air and were then held up by an electromag-
net. They could be driven back in using high-pressure air, although they would fall more slowly

Figure 13 NRX fuel cross section
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under gravity if released.

Figure 14 NRX elevation

The 12 rods were divided into six groups, or banks, of rods, ranging from one to four rods per
bank. Normally a “safeguard bank” was held in reserve: that is, bank 1 containing four rods was



38 The Essential CANDU

©UNENE, all rights reserved. For educational use only, no assumed liability. Reactor Safety Design and Safety Analysis – October 2015

the first to be removed during a start-up and was designed to overcome any reactivity added if
the reactor should go inadvertently critical on removal of any of the remaining banks of rods.
Removal of the safeguard bank was prohibited by limit switches on each rod unless all other
rods were down; however, the switches had been giving trouble and had been disabled.

To ensure fast start-up after a shutdown (and avoid xenon poison-out), it was possible to drive
up the first four rods, worth 30 mk, in a few seconds.

There were four pushbuttons on the control panel. Pushbutton 4 charged air to the heads of
the shut-off rods; release of this air drove the rods down. Pushbutton 3 temporarily increased
the current in the electromagnet and ensured that the rods were properly seated. Pushbutton
1 raised the safeguard bank, and Pushbutton 2 raised the remaining banks in automatic se-
quence. Normal operation was to press Pushbutton 3 along with 4, 1, and 2. If 3 was not
pressed with 4, air might leak from the head system; if 3 was not pressed with 1 and 2, the shut-
off rods might not be drawn fully home, and the safety circuits would prevent start-up from
proceeding.

The void reactivity was positive and large; that is, removal of all the light-water coolant would
result in an increase in reactivity of 25 mk.

3.1.2.2 The event

At the time of the accident, the reactivity of certain fuel rods was being measured at low power.
The cooling to these rods was reduced, and one was being cooled only by air.

The following sequence of events is taken from [Cross, 1980]:

“The accident occurred during a start-up procedure. Just as the first group of shut-off
rods was about to be removed, an operator in the basement of the building (who had
nothing to do with the start-up) mistakenly turned some air-valves which caused several
shut-off rods to rise. This was immediately shown by the indicator lights in the control
room. The reactor supervisor phoned the operator to stop and went down to the base-
ment himself to make sure that the valves were properly reset. When this was done the
rods should have gone down into the reactor. In fact, they went down only partway, but
far enough that the lights in the control room indicated that they were down.”

This failure to reinsert is not explained in any of the published reports. Cross continues:

“The supervisor in the basement phoned the control room and told his assistant to press
two numbered buttons. He gave the wrong number for one of the buttons, and when it
was pressed, instead of resetting the air pressure as was intended, it raised four more
shut-off rods. If the first group of shut-off rods had been down, as their lights indicated
they were, raising four rods was a reasonable thing to do, so the mistake was not recog-
nized.”

Specifically, the supervisor asked the assistant to press buttons 4 and 1. This would charge the
air to the heads and raises the safeguard bank. He had meant to say 4 and 3, which charges the
air to the heads and seats the rods. However, because button 3 was not pressed, the air to the
heads brought up by button 4 leaked away, and the safeguard bank (which appeared to have
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been up already) was raised. The supervisor realized his mistake, but the assistant in the
control room had to leave the phone to use both hands to push the two buttons.

From [Cross, 1980]:

“It was soon apparent from instruments in the control room that the reactor was above
critical and the power level was rising. This was surprising, but not alarming, since the
reactor could easily be turned off by dropping the shut-off rods just raised. However,
when after 20 seconds, the button was pressed to do this, only one of the four rods ac-
tually went down. The power level continued to climb and, after some discussion in the
control room, it was decided to dump the moderator into a storage tank. Within less
than 30 seconds, the power-level metres were back on scale and the power dropped
rapidly to zero.”

The removal of the safeguard bank made the reactor supercritical by about 6 mk and started a
power rise to about 100 kW. The lone shut-off rod started to fall in at this point, but the power
kept rising to about 17 MW. Boiling then occurred in some of the temporarily cooled rods,
expelling the light water and increasing the reactivity by another 2.5 mk. Power continued to
rise to 60–90 MW, when it was stopped by dumping the moderator.

The power surge melted a number of fuel rods and caused a number of calandria tubes to fail.
Eventually, in a major operation, the reactor calandria was removed and buried; the building
was decontaminated, and the reactor was replaced.

3.1.2.3 Lessons learned
1. Some negative reactivity should always be held in reserve (safeguard bank). Before a

reactor is made critical, the safeguard bank is removed and poised, so that if anything goes
wrong, it can be quickly reinserted. In CANDU, both shutdown systems 1 and 2 are poised
before the reactor is allowed to go critical using the control devices.

2. The shut-off rods must be of a simple design. After NRX, designers mistrusted shut-off rods
as a safety shutdown mechanism; hence, NPD and Douglas Point used moderator dump as
their emergency shutdown system and had no safety rods. Pickering had a few safety rods
which acted in conjunction with the moderator dump. Only by the time of Bruce A were
shut-off rods restored as a primary shutdown mechanism. They were, of course, very dif-
ferent from those in NRX: they consisted of a rod on a cable, which was wound around a
pulley and held in place by an electromagnetic clutch. On a shutdown signal, current to the
clutch was cut off, and a spring assisted the rod to drop by gravity. It was, and is, a simple
and reliable design with large clearances.

3. The control and shutdown systems should be separated and independent, with the latter
devices being used only for shutdown and held outside the reactor during critical operation.

4. An accident, even with a shutdown failure, should not be a public-health disaster. This
meant that either the reactor containment had to withstand the energy released, or (much
later on) two shutdown systems would have to be provided so that failure to shut down af-
ter an accident would be a very low-probability event.
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drop to zero neutron power occurred and lasted for four to five minutes. The operator, instead
of aborting the test, then attempted to recover power, but because of xenon decay, had to raise
the control rods so that most of them were out of the core. In the end, the reactor never
reached the planned initial power level.

Key: 1: graphite reactor core; 2: fuel channel; 3: in-core instrumentation tube; 4: feedwater
pipe; 5: steam separator drum; 6: downcomer; 7: intake header; 8: main circulating pump; 9:
bypass; 10: high-pressure header; 11: stop valve; 12: distribution group header; 13: steam
header; 14: steam dump valve; 15: accident localization system; 16: ECCS water reserve tank;
17: pressure controller; 18: turbogenerator; 19: condenser; 20: moisture separator/reheater;
21: condensate pump; 22: preheater; 23: deaerator; 24: emergency electric feedwater pump;
25: electric feedwater pump; 26: mixing preheater; 27: condensate collecting tank; 28: moisture
separator/reheater condensate pump; 29: level controller; 30: ECCS hydraulic accumulator; 31:
ECCS pump; 32: ECCS header; 33: ECCS fast-acting valve; 34: leak limiter.

Figure 15 RBMK schematic diagram



42 The Essential CANDU

©UNENE, all rights reserved. For educational use only, no assumed liability. Reactor Safety Design and Safety Analysis – October 2015

In the immediate aftermath of the accident, the Soviets [USSR, 1986] placed much blame on the
operators for not following test procedures and performing the test in an unauthorized reactor
configuration. The initial cause of the power rise was stated to be the increase in void reactivity
as coolant boiling increased following pump trip. It was implied that because most of the dual
control/safety rods were withdrawn, the reactor trip was ineffective in stopping the power rise.
Later analysis ([Chan, 1987] and [INSAG, 1992]) indicated that a major cause of the accident was
the unexpected behaviour of the shut-off rods, which actually caused an increase in reactor
power rather than shutting the reactor down. This surprising design aspect requires more
detailed explanation. The absorber rods have graphite displacers or followers attached to their
lower ends which are designed to increase the absorber reactivity worth. As they are inserted,
the absorber rods move into the high-flux region in the centre of the core, which was previously
occupied by the graphite, so that the absorber-rod effectiveness is enhanced (see Figure 17). If
no graphite were present, the rod would displace water—also an absorber—in which case the
change in reactivity with insertion would not be as great.

However, during the accident, most of the absorbers were well removed from the core, which
was an abnormal configuration. The flux was peaked at the top and bottom, where most of the
reactor power was being generated. Therefore, when absorber insertion first started, the water
in the high-flux region at the bottom of the core was first displaced by the graphite follower,
leading to a reactivity increase. Therefore, operating the plant in an abnormal condition re-
sulted in an unusually large hold-up of void reactivity, which combined with a deficient shut-
down-system design, led to the large power excursion and the resulting core damage. [INSAG,
1992] indicates that this deficiency was known by designers before the event.

The power rise failed a number of fuel channels; the resulting steam release blew off the top
cover and severed the remaining fuel channels, effectively exposing the core to the environ-
ment and by-passing the containment.

The core damage rendered it subcritical, although to make sure this was the case, the Soviets
used helicopters to dump boron into the open reactor structure. The graphite moderator, when
exposed to air and heated by the fuel fragments, began to burn and did so for several days until
it was smothered by a combination of sand dropped onto the core pit and liquid nitrogen
pumped in from underneath. The core melted and flowed into the rooms below the reactor
vault, although this was not realized until some years afterwards, when the reactor cavity was
inspected remotely and found to be empty. A temporary cover (the sarcophagus) was rapidly
built over the damaged structure to prevent radioactive material from escaping and is currently
being replaced by a more permanent cover.
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Figure 16 RBMK reactor
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In terms of health effects ([UNSCEAR,
2000], [UNSCEAR, 2008]), 28 prompt
deaths occurred among the reactor
operators and the firefighters called
in to extinguish fires on the turbine-
hall roof, arising from the ejected
fuel. Some increase in leukemia has
been observed among the members
of the clean-up crew. Among the
public, approximately 6,000 excess
thyroid cancers have been observed
in children, almost all of which are
curable. No other cancers have been
observed at statistically significant
levels in the population.

3.1.3.3 Lessons learned
1. The effectiveness of shutdown

systems should never be impaired
by the operating state of the reac-
tor. The shutdown systems
should be fast enough and inde-
pendent enough to overcome any power
transient, even from an abnormal operat-
ing state.

2. The concept of “safety culture” was used to address inadequacies in the processes of
design, operations, and regulation in the USSR, which contributed to the accident. We shall
cover this in Section 8. Briefly [INSAG, 1991], “Safety culture is that assembly of characteris-
tics and attitudes in organizations and individuals which establishes that, as an overriding
priority, nuclear plant safety issues receive the attention warranted by their significance.”

3. Some discussion took place about the role of the containment (Figure 18). It is possible that
a complete containment envelope as used in Western PWRs and CANDUs, even if not de-
signed for a reactor runaway, would have mitigated the release of radioactive material, but
this has not been demonstrated. At the very least, one can conclude that the upper con-
finement design basis (rupture of two channels) was not robust in terms of defence-in-
depth.

Figure 17 Reverse shutdown in RBMK
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Figure 18 RBMK building cross section

3.2 Loss of Cooling / Heat Removal
Shutting down a power reactor does not eliminate the hazard; the decay heat in the fuel, if not
removed, will eventually cause the fuel to melt. We now look at two such events: Three Mile
Island and Fukushima Dai-ichi.

3.2.1 Three Mile Island

This summary uses material from [Kemeny, 1979], [Yaremy, 1979], [Rogovin, 1980], and [Brooks,
1980].

3.2.1.1 Description

The Three Mile Island reactor was a conventional pressurized-water reactor; a flow-sheet is
shown in Figure 19. The reactor core is inside a large pressure vessel; unlike most CANDUs and
BWRs, the coolant is highly sub-cooled and kept so by a pressurizer connected to the pressure
vessel. A pressure relief valve on top of the pressurizer provides overpressure protection for the
reactor coolant system (RCS).
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Figure 19 TMI schematic

3.2.2 The event

On March 28, 1979, a maintenance error resulted in loss of feed water to the steam generators
when the reactor was on power. Because there was no heat sink for the primary coolant, the
coolant pressure began to rise, and the pressurizer relief valve opened to limit the pressure, as
it was supposed to do, following which the reactor tripped (shut down automatically). As the
pressure fell, the emergency core cooling system activated to make up for lost water, again as
designed. The pressurizer relief valve should have re-closed, but did not. This led to a small and
continuing loss of coolant through the open valve, which went unrecognized for hours. The
result was that the loss of inventory uncovered the core, leading to a partial core melt, hydro-
gen production from oxidation of the fuel sheaths at very high temperatures, a hydrogen burn
inside containment, and a partial melt-through of the pressure-vessel wall at the bottom.
However, the wall remained intact. Finally, the failed valve was recognized and then isolated by
closing a blocking valve, the main pumps were turned back on to re-pressurize the system, and
high-pressure make-up water was added to refill it. Figure 20 shows the end state of the core
[Smithsonian, 2004].
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running far behind the event), as well as provision of diagnostic aids to the operators.
2. The prescriptive approach to reactor safety in the United States, which was based on

regulatory-driven lists of design basis accidents, had focused attention on too narrow a
range of accidents, not just because it omitted severe accidents, but also because it fo-
cused on bounding design basis accidents and treated superficially the supposedly less-
severe DBAs such as a small LOCA.

3. PSA became far more important and more widely used to define and therefore prevent
possible severe accidents.

4. Sharing of prior experience with other plants was poor. TMI led to the establishment of
the Institute of Nuclear Power Operations (INPO) for industry-wide cooperation in op-
erations and training.

3.2.3 Fukushima Dai-ichi

Much of this material is taken from official reports or presentations by the Japanese Govern-
ment [Japan, 2011], the Tokyo Electric Power Company (TEPCO) [TEPCO, 2011a], the Japan
Nuclear and Industrial Safety Agency (NISA) [NISA, 2011], the International Atomic Energy
Agency (IAEA) [IAEA, 2011], and the United States Nuclear Regulatory Commission (USNRC)
[USNRC, 2011]. Vast amounts of detailed material exist on this event—it is probably the most
photographed accident in history—and many details are still unclear or unknown, e.g., the exact
state of the cores in Units 1, 2, and 3 and the containment status.

3.2.3.1 Description

There are six nuclear power reactors at the Fukushima I (Dai-Ichi) site. All are boiling-water
reactors (BWRs). There are four more BWR reactors nearby at Fukushima II (Dai-Ini). Figure 21
(from [USNRC, 2011]) shows the overall station layout of Fukushima Dai-Ichi.

Mark 1 type BWRs have an “inverted light-bulb” containment (the drywell) connected to a
toroidal suppression pool or chamber (the wetwell), as can be seen in Figure 22. The purpose
of the suppression pool is to condense any steam released inside the containment in an acci-
dent, such as a loss-of-coolant accident, and also to act as a temporary or permanent heat sink
for decay power in case the main heat-removal mechanisms are unavailable. If the suppression
chamber (S/C) is to act as a long-term heat sink, it must be cooled by an external circuit, e.g., for
Unit 1 (which we shall use as the example), the isolation condenser.
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Figure 21 Fukushima Dai-ichi before earthquake

The containment vessel is surrounded by a reactor building, which, among other things, con-
tains and supports the elevated spent-fuel pool. The reactor building is not designed to with-
stand significant pressure.

The IAEA [IAEA, 2011] notes that:

“In Unit 1, the Isolation Condenser (IC) is designed to operate through gravity driven
natural circulation of coolant from the reactor pressure vessel (RPV) through a heat ex-
changer immersed in a large tank of water in the reactor building at an elevation above
the core. The Unit 1 IC was designed to have a decay heat-removal capacity of about
eight hours. A valve must be manipulated to bring the IC into service.”
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3.2.3.2 The event

At 14:46 on Friday, March 11, 2011, a magnitude 9 earthquake took place off the eastern coast
of Japan. The earthquake occurred at a depth of 24 km and initiated a tsunami which was
estimated to be 14 m high when it hit Fukushima approximately 40 minutes later, followed by
multiple additional waves. The measured on-site accelerations due to the earthquake were
greater than the design basis for Fukushima I, but less than the design basis for Fukushima II.
Although the earthquake caused significant on-site damage and loss of all off-site electrical
power, in both stations, all operating units were automatically shut down, and the emergency
diesel generators started and functioned until the tsunami hit.

The design basis tsunami for Fukushima I was O.P. (base level) +5.7m; the actual height was O.P.
+14–15 metres. Figure 23 shows a cross section of the station and the flood level.

Figure 22 BWR Mark 1 containment
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The current state and location of the core and the integrity of the reactor vessel and the pri-
mary containment are not known with certainty, although damage to both is expected.

A further issue was the condition of the fuel in the spent-fuel pools. Normally, the decay heat
generated by the fuel bundles in the pools is removed by active systems, which of course were
lost when all AC power was lost. In the absence of heat removal, or if water is lost due to
leakage, heating of the spent fuel is slower than heating of the core, but if not addressed, will
eventually lead to uncovering of the fuel and fuel damage. In Fukushima, the spent-fuel bays
are located high in the reactor building to facilitate transfer of fuel assemblies from the core.
Spent-fuel cooling was made more difficult by the elevation (and inaccessibility) of the spent-
fuel bays, and concerns were voiced about their structural integrity following the earthquake.
In the early phases after the accident, water was added manually to the bays (initially from
helicopters and later from cranes); stable cooling has since been restored to all pools. Inspec-
tion of the bays shows debris from the damaged reactor buildings; TEPCO has stated, “Most
spent fuels estimated to be undamaged” based on the radioactive contents of the pool water
and remote inspection. As of December 2013, fuel in the Unit 4 pool is now being removed.

Fukushima II was not flooded nearly as severely as Fukushima I and successfully achieved cold
shutdown of all units.

The safety goal is to achieve cold stable shutdown, with temperatures below 100°C and any
releases of radioactive materials from containment under control.

The injection of sea-water, while presumably stopping further core melting, led to a large
accumulation of highly radioactive water in the basement of the buildings because cooling was
essentially “once-through”. Some of this water intermittently leaked to the sea and to ground.
Once-through cooling was later converted to closed-loop cooling and continuously decontami-
nated using on-line filtration. In addition, to prevent further release of airborne radioactive
material from debris or leakage to ground or sea from rain, the reactor buildings are being
covered by weatherproof covers.

Finally the large amounts of highly contaminated water on site have to be treated and securely
stored.

3.2.3.3 Lessons learned

Although it is still early after the accident to formulate complete lessons learned, it seems
reasonable that they will include the following issues:

1. Ensure completeness of design basis accidents, especially external events, and in par-
ticular those with a cliff-edge effect like flooding (dramatic worsening of consequences
for a small change in the severity of the event).

2. Ensure that resources are available in the long term after a severe event to control, cool,
and maintain: for example, portable generators with pre-designed hookups to key
equipment, flexible hoses that can be run to sources of water.

3. Ensure prolonged core cooling in the absence of off-site power and failure of on-site die-
sel generators.

4. Ensure prolonged spent-fuel bay cooling or make-up and monitoring after a prolonged
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loss of power.
5. Prevent loss of monitoring (e.g., design the station emergency batteries to last for a sig-

nificant length of time, protect them against external events, and provide recharging ca-
pability). Maintain on-site and off-site communications.

5. Provide facilities on site to deal with physical destruction and high radiation fields (e.g.,
bulldozers to clear debris).

6. Review lessons learned about institutional behaviour, e.g., the role of the regulator. See
Chapter 16 for a case study.

7. Examine the impact on accident evolution of having multiple units at one site.

3.3 Problems
1. Browns Ferry Fire, 1975:

a. Locate (as a minimum) the following source material (try the USNRC web site):
Fire at Browns Ferry Nuclear Plant; Tennessee Valley Authority; March 22, 1975 -
Final Report of Preliminary Investigating Committee, May 7, 1975.

b. Assess the Browns Ferry fire in terms of threats to the ability to control, cool,
contain, and monitor.

c. Indicate lessons learned. Describe how you derived these lessons learned. Do
not just copy official lessons learned.

d. Comment on the robustness of the design and indicate whether design or oper-
ating changes should have been considered (and why).

2. Tokai-Mura, 1999:
a. Locate (as a minimum) the following material: International Atomic Energy

Agency, Report on the Preliminary Fact Finding Mission Following the Accident at
the Nuclear Fuel Processing Facility in Tokaimura, Japan; IAEA report, 1999.

b. Assess the accident in terms of threats to the ability to control, cool, contain, and
monitor.

c. Indicate lessons learned. Describe how you derived these lessons learned. Do
not just copy official lessons learned.

d. Comment on the robustness of the facility design and operation, and indicate
whether design or operating changes should have been considered (and why).
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211 deaths per 100,000 people. Therefore, the average person’s risk of dying from cancer is 2.1
× 10-3 per year (or about 16% over a 75-year lifetime). Recall from Chapter 1 that 100 person-Sv
will produce about five fatal cancers in the exposed population, or a risk of 5 × 10-2 fatal cancers
per Sv. Therefore, using the linear dose-effect hypothesis, 211 cancer deaths per 100,000
people would be induced by a collective dose D calculated as follows:

D(Sv) × 5 × 10-2 (cancers / Sv) = 211 cancer fatalities, (4)

which means that D = 4220 Sv, or an average individual dose of 42 mSv. However, the linear
dose-effect hypothesis is not applicable to such low doses. Regardless, if we divide by 100 again,
then the maximum time-averaged individual dose from accidents should be less than 0.4 mSv
per year, averaged over a group of people, or about 25% of natural background radiation in
Toronto (1.6 mSv / year). The paradox with this safety goal is that it would make nuclear power
safer than natural background radiation.

This is not as useful a safety goal as the previous one because it does not tell us anything about
the frequency distribution of accidents. However, it can likewise be validated by summing all
the events in a PSA which cause a release of radioactive material.

At a more basic level, summing low doses over large numbers of people is incorrect, and a
safety goal derived this way is fundamentally flawed.

4.1.3 Safety goals in Canada

The CNSC has recently published safety goals, for new reactors built in Canada. The rationale is
similar to our sample case. Specifically, CNSC states [CNSC, 2008]:

“A limit is placed on the societal risks posed by nuclear power plant operation. For this
purpose, the following two qualitative safety goals have been established:
1. Individual members of the public are provided a level of protection from the conse-
quences of nuclear power plant operation such that there is no significant additional risk
to the life and health of individuals; and
2. Societal risks to life and health from nuclear power plant operation are comparable to
or less than the risks of generating electricity by viable competing technologies, and
should not significantly add to other societal risks.”

These are developed into design goals:

1. “Core Damage Frequency: The sum of frequencies of all event sequences that can lead
to significant core degradation is less than 10-5 per reactor year

2. Low Release Frequency: The sum of frequencies of all event sequences that can lead to a
release to the environment of more than 1015 Becquerel of iodine-131 is less than 10-5

per reactor year. A greater release may require temporary evacuation of the local popu-
lation.

3. High Release Frequency: The sum of frequencies of all event sequences that can lead to
a release to the environment of more than 1014 Becquerel of cesium-137 is less than 10-6

per reactor year. A greater release may require long term relocation of the local popula-
tion.”
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A1 = LBLOCA probability = 10-2 / year
A2 = LBLOCA probability = 10-3 / year
A3 = LBLOCA probability = 10-4 / year
A4 = LBLOCA probability = 10-5 / year
A5 = LBLOCA probability = 10-6 / year
A6 = LBLOCA probability = 10-7 / year

If A1 were true, then:

P(B|A1) = (1 – 10-2)14800 = 2.5 × 10-65.

Because we can assume that each reactor-year of experience is independent, the probability of
each reactor-year without a LBLOCA is 1 – 10-2, and P(B|A1) is just the intersection of 14,800
events.

Likewise, we find that:

P(B|A2) = (1-10-3)14800 = 3.7 × 10-7

P(B|A3) = (1-10-4)14800 = 0.2276
P(B|A4) = (1-10-5)14800 = 0.8624
P(B|A5) = (1-10-6)14800 = 0.9853
P(B|A6) = (1-10-7)14800 = 0.9985

If we knew P(A1),...,P(A6), we could calculate P(An|B), or the probability that our statement An is
actually true. But we don’t know. Instead, we can make an assumption, called an a priori
probability: let’s just assume that P(An) = 1/N = 1/6, which is the case labelled “uniform prior” in
Table 5, i.e., that each hypothesis is equally likely. Then, using Bayes’ theorem, we find that
P(A1|B) = 8.14 × 10-66 , i.e., A1 is not very likely. From Table 5, we see that A2 is more likely than
A1, but that A4 to A6 are even more likely. If we use these results to postulate a more likely
series of P(An), labelled “non-uniform prior” in the table, we can see that P(An|B) is further
adjusted, and we can conclude that the LLOCA frequency is significantly less than 10-3. The
practical application of this is in assigning a reasonable upper limit to a frequency in a probabil-
istic safety analysis, when no such events have actually occurred and all we have is the number
of reactor-years of experience.

Note that one of the criticisms of Bayes’ Theorem when used this way is that the answer
depends on the appropriateness of the initial hypotheses. If few data are available and you put
in strange hypotheses, you get back strange answers. Note also that if no events have occurred,
Bayes’ Theorem does not give information about the lower limit of the frequency.










