Chapter 2 - Design Basis Accidents

Introduction

This chapter shows how accidents in nuclear power pdaiatglentified and classified. The
purpose is to describe the methodology, so the exampglékiatrative and not complete.

Accident Identification

First - a disclaimer. In Chapter 1, we pointed out thattéerm Design Basis Accidents is not a
very good term nor a very good concept. Notwithstanding used by most countries in the
world. We shall therefore use it, but in the followsense: Design Basis Accidents are the set of
accidents for which the designer makes explicit provigiteience), while remembering that more
severe or peculiar accidents can occur, and ensuringish@gsign has some capability to deal
with them. Design Basis Accidents are often definetth@se which the regulatory body requires
you to analyze - but that just shifts the respongitoiitmaking sure the list is reasonable from the
designer/operator (where it belofjg® the regulator. The Canadian regulator (CNSC - Canadi
Nuclear Safety Commission) has traditionally had thheays: their regulatory documents gave
long lists of Design Basis Accidents for CANDUSs butrthequire the designer to do a systematic
review and add back in any they have missed. This isaanwging to accommodate non-
CANDU designs.

We start by stating baldly that there is no way onidgng possible accidents beforehand that is
guaranteed to be complete. The history of any technado@gplete with unpleasant surprises,
especially at the beginning - just think of the Hindenluisgster, the Flixborough cyclohexane
explosion, and of course the Titanic. Technologiesveifare fortunate - have their accidents
early on, when the scale is small and lessons ldarae be applied to the commercial application
as it becomes widely used. Although this chapter givesrgkewmethodologies for identifying
accidents ‘from scratch’, the influence of the eadgidents in research reactors has been
profound in setting the safety approach of modern powetaesa We will cover this experience

in a later chapter. The best way to get a ‘nearlypet®’ list of accidents is to use more than one
technique. We shall cover some of these techniques@taaview level in this chapter.

%0One of the fundamental principles of nuclear safetlyas the designer (or operator, once
the plant is committed) is responsible for nucleartgafaot the regulator. The regulator sets the
overall safety requirements and does an audit - i.e.jq@®the safety goals and ensures there are
checks and balances to the designer’s ideas. If tmssssteange to you, think of flying in an
aeroplane. Whom do you want to be directly responsiblgdur safetyat that instant the pilot,
the aircraft designers, or the bureaucrats who makekb&?
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Recall from Chapter 1 that there are really threesvedylesigning against accidents -
deterministic, probabilistic and standards- or rule-bashkd.first two seek to identify lists of
accidents which the designer must:

. first, try to prevent;
. second, provide protection against (to stop their prograsd
. third, provide mitigation for (to reduce their effedtthey occur).

Deterministic analysis is based largely on experieand,basically says to the designer,
“Regardless of whether you think this accident is likelyot, youshall provide
protection/mitigation for it, and here are the assumgtimu will use”. Probabilistic analysis says
“Develop fault trees and event trees to find out a lasgef possible accidents in a systematic
way; select those above a certain frequency; and prpvatection/mitigation for them”. The
standards-based approach says “If you design this comporgse rules, and maintain it
properly, you don’t have to worry about it failing”. A®woted, the last approach is most
commonly used in designing pressure vessels. Very feworedesigns can withstand the sudden
rupture of a pressure vesséh a light-water reactor, the sudden massive failfitaereactor
pressure vessel would almost instantly destroy alldrarto release of radioactivity - the fuel, the
primary coolant system, and the containment (whiclotsdesigned to withstand the force of a
pressure vessel rocket propelled by the discharging cooldmjefore earnest efforts are made
to prove, based on a combination of experience andsegtyisticated mechanical analysis, that
the failure frequency of a pressure vessel is sometddsthan 10per year. Some analyses claim
it is as low as 1®per year. Such a low number for a single evaninotbe derived directly or by
extrapolation from experience and therefore shouldé@ed with some skepticism. One can best
say that the frequency is “low enough”.

Indeed, pressure-vessel integrity became a huge issueimribduction of a Westinghouse-type
PWR - Sizewell B - into Great Britain, which untien had designed and operated gas-cooled
reactors (plus one vertical pressure-tube, heavy-wabtelerated reactor at Winfrith). Part of the
difficulty is that unlike thin-walled pipes, pressure vessalve such a thick wall that they may not
‘leak before break’. That is, a growing defect in a pilenermally lead to observable leakage
before the pipe fails catastrophically. In a pressusselehis may not occur, as the crack may
grow to critical lengthbefore it penetrates the wall, so great emphasis lmeustaced on quality

®One of the authors (Snell) was asked a few years agavieaw the safety of a
moderately-sized (500 MW(th)) Russian district heatingtoeatt was a pressure-vessel design,
and to cater for vessel failure, the designers surroumgegessel with another pressure vessel -
the ‘guard’ vessel. For large electricity-producing powecters, this is prohibitively expensive.

‘At which an unstable fast fracture occurs.
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of manufacture and ultrasonic in-service inspection.

Finally we have used the terms “prevention”, “protectiand “mitigation”. We will add a fourth

- *accommodation”. These terms are one manifestatiadhe ‘defence-in-depth’ concept, which
states simply that plant safety should not depend onomelyphysical barrier or system. Its origin
is military, containing the idea that a single linesofdiers should not be the only barrier between
you and defeat. For example: say your regulator requiresoyioalude a large Loss of Coolant
Accident (LOCA) as a Design Basis Accident. You providé&anergency Core Cooling (ECC)
system whichmitigatesthe accident once it
has occurred, by pouring water into the
heat transport system fast enough to re-
cover, and keep covered, the reactor fuel.
Have you done your job? Not according to
defence-in-depth. You should have first
tried topreventthe accident (e.g., by
designing to high quality standards and
installing leak detection - since, as stated
earlier, pipes can be designed and
manufactured so that they leak (in most
cases) before an impending rupture, and if
you detect a leak you could shut down and
depressurize the plant before the pipe
broke). Still not enough - you could have
provided, at least for small breaks, some _
protection which couldstop a small LOCA One Model of Defence-in-depth

from - say - a stuck-open relief valve, by

providing piping and valves to return the ..

discharge to the heat transport system. A:rll%ure 2.1

you should also have provided soaommodatioin case ECC is not effective - e.g., in
CANDU, by surrounding the fuel channels by a moderatacwdan remove decay heat - and in
all reactors, by a containment building which prevéimsrelease of radioactivity (Figure 2.1). We
shall return to defence-in-depth in Chapter 9.

Accommodation

Mitigation

Example
Consider a simple example. We have just invented a @gmology - called an automobile.
What could go wrong?

Well, we could start by saying that the main thing wehwo avoid was death or injury to the
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human occupant. This is called the “top” event. We rawnk lat all the ways which could be the
immediatecause of this top event. Here are a few:

. the sudden deceleration of the human occupant caused tgrth@npacting a heavy
object

. fire in the car

. carbon monoxide in the car

Think of some others. Remember they have to be inateedauses.

Now we take each of these events and once again askhehenmediate causes could be. For
the first one:

. collision of the car with an object resulting inlsibn of the passenger with the car
. ejection of the passenger from the car resulting lirsiom of the passenger with the
ground

Again we take each one in turn and ask what the immechaiges are, eventually working our
way down to basic failures (e.g., failure of the heatHligthile driving at night). Once we have
reached a reasonable level of resolution, we sor\hlats into design basis and non-design basis,
using likelihood, and possibly consequences, as critesiaofision with another vehicle is the
design basis for the seat belts; but there is no plattidesign provision to protect you if you

drive the car into a lake (except for old Volkswagenscivivere reputed to float).

This is called the “top-down” approach. Figure 2.2 showditsisfew steps for a nuclear reactor
using this approach.

Another approach is to look at each component of tharmhask: What is the consequence if
this component fails? If there are systems whichsapposed to protect the car (or you) against
such a failure, what are they, and what happens ifdlseyfail? Eventually, if the car is well-
designed, one gets to a very low frequency and draws thelhoy between design basis and
non-design basis again. For example, if there is aitedle brake line, can the car stop? Yes if
the emergency brake is activated and works; if nottleacar be put into low gear, etc. Typically
one ends up with a lot of redundancy on braking systems ltgidedulic cylinders, hand brake
using mechanical linkage), reflecting their higher failate, but not on steering systems.

This is called the “bottom-up” approach. Another terfAMEA, standing for “Failure Modes and
Effects Analysis”, although that tends to be moretéchi stopping after the first failure..
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Nuclear reactor application

The same approach is taken in trying to get a reasolistlaié nuclear reactor accidents. In the
“top down” approach, the top event could be taken as “uradlanbvement of radioactive
materials”. Since most radioactive materials ateeeiin the fuel, the coolant, the moderator, or
the spent fuel bay, we can then ask how in each sétbases they could become mobile - i.e.,
airborne or waterborfieRadioactive material could be released from the fueMarheating or
mechanical damage; from the coolant and moderator pleytjpeaks or overheating (released
through relief valves); from the spent fuel bay, alg@werheating. Fuel overheating in the core
(power-cooling mismatch) can be caused by a loss ofree®val from the coolant (loss of heat
sink), a loss of the coolant itself, coolant flowpmrment, or a loss of reactor reactivity control
causing the power to rise. And so on. Figure 2.2 illustthgvent generation sequence
graphically. It should be noted that although the tritiwembh is not developed therein,
moderator tritium can pose a significant hazard to waerkethe plant.

A combination of the top-down and the bottom-up methatigme a large number of accidents
which, if the developer of the trees is knowledgeabtaiathe design, cover most possible
events.

We mentioned that Probabilistic Safety Analysis (P84 rigorous tool for identifying accidents
and assigning frequencies to them. PSA uses a bottom-upaappoogenerate failure frequencies
of operating systems and failure probabilities of sasgsgems; it then combines failure of each

9One could also consider a loss of shielding accidentrenthe radioactive material stays
in place but the shielding around it is lost or inadequedgosing people near it to “shine” from
gamma rays or neutrons. Inadvertent criticality could e cause of loss of shielding even if the
fuel is undamaged. Another could be loading radioactive rabtem a reactor into an
unshielded flask designed for rehearsing such a task buttoatiyafor doing it - this has
happened at Ontario Hydro. For nuclear reactors, losBi@lfling poses occupational risks but
the public risk is determined by airborne or waterboaakoactivity.
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operating system with successive failures of the reqemézty systems, to get a large list of
accidents and their frequencies. One can then selsgbDBasis Accidents from this list using
the criteria mentioned.

Finally some Design Basis Accidents are added just becdinsstory, even if they would be very
low frequency. Canadian practice requires that each atdedeanalyzed assuming complete
failure of one shutdown system, no matter how lowfilaguency. The reason goes back to 1952,
when the core of the NRX research reactor in ChalkrROntario, was damaged in an accident.
We shall discuss this accident later on, but one ofdlises was a complex shutdown system
design; the rods were hydraulically driven and were semsa dirt in the system. The accident
resulted in an inordinate subsequent emphasis on shutdstemsieliability, testability and
robustness, to the extent that, even though the shutslgstems in CANDU bear no resemblance
to NRX (lessons having been learned about shutdowmsykteign), the CANDU reactor had to
be designed to survive an accident even if the shutdostemsyailed. Although one could show
that the most severe accident without shutdown (largéA)Qvould not release enough energy
to break containment, the analysis was speculativéhendesigners decided (eventually) to add
another, fully independent shutdown system.

By contrast, Light Water Reactor (LWR) Design Basisidents include the combination of a
frequent event with unavailability of their shutdownteys - so-called Anticipated Transient
Without Scrarfi(ATWS). Such a sequence can be ‘stopped’ even withduitd®wvn system
because of large inherent negative reactivity feedlmdiy operator action if the accident is
slow enough, or by use of another process system. TighsWater Reactors generally have one
shutdown system, whereas CANDUSs have two. However §\tRnot generally include rarer
accidents with assumed loss of a shutdown system Dekign Basis - e.g., steam-line break

“There is an apocryphal story of the derivation ofwled “scram”, which means shutting
down the reactor quickly. The world’s first reactor astesl of uranium and graphite in a “pile”
in a squash court at the University of Chicago. A siogletrol rod was suspended by a rope and
a pulley over the core, the idea being that in casedier started to rise out of control,
someone - doubtless a graduate student - would run andrseaeetthat was fastened to the
wall, and cut the rope. He was called the Safety CbRiwvd Axe Man (SCRAM), the world’s
first shutdown system.
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plus failure to shutdownConversely, the design basis for the containmestesyin LWRS is

more stringent than for CANDU - regardless of the t@agdesign, a prescribed fraction of the
core radioactive inventory is assumed to be releas@teicontainment and the pressure is held at
design pressure for 24 hours. For CANDU, an accident-depecalentation is permitted, the
most severe of which serves as the basis for conéaat design.

A complete list of Design Basis Accidents includes exkhazards - meaning earthquakes, fires,
tornadoes, tsunami, floods, etc. The magnitude and freqoéticy hazard are site-dependent.
The unique nature of these hazards is that they cant aftae than one system at the same time.

Design Basis Accidents also include man-made hazardsjrtetnal (operator error, sabotage)
and external (explosions from nearby industrial orgpamntation facilities, and terrorism). The last
has been given much prominence following the attackdem York and Washington in
September 2000 by terrorists in aeroplanes. Defining shi@ild be the “design basis” in such
cases is not easy.

Evolution of Canadian Safety Philosophy - Early Beginnings

Having got a list of possible design basis accidentsyamehave to decide what to do with them.
Which are ‘credible’ and which are not? What limipgply to each one? What confidence must we
have that the limits are met? These are not simplstigne to answer, and the answers have
evolved over any years. As an illustrative exampletraee the historical development of
Canadian safety philosophy. Other countries have diffexpproaches, shaped by their own
history and the peculiarities of their dominant reacksign.

Canada’s approach to accidents starts, as mentionédheiaccident to the NRX research
reactor, in 195% This spurred an early interest in both the frequefi@gcidents, and the nature
of protective systems, particularly their separatiomfithe process systems which normally
control the station.

'Some recent PWR designs have a second shutdown mechauslition of boron to the
coolant - but it is slow and may be manually operatemvll B, however, has a fairly powerful
redundant shutdown mechanism (the Emergency BoratioarBysatutomatically triggered,
consisting of four large tanks of boron solution, cote@¢o the RCS upstream and downstream
of the main RCS pumps
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These ideas (a review papsummarizes them) were enunciated in 1959 by Ernest Sjdtalt
with the Reactor Research and Development Divisidbhaik River Nuclear Laboratories
(CRNL). He took as a safety goal that the risk fromearcpower should be five times lower
than the risk from coal power, which was then theraditive in Ontario for future electricity
generation. He compared the two power sources on tisediggompt fatalities, including the
front-end fuel cycle for both. From this he derivecaeét for a remotely-sited nuclear power
station of 0.2 deaths/year on average. This risk waatféhat time to come mainly from the
catastrophic accident, as described in the U.S. WASH-@l@r#. Assuming these results applied
equally to a Canadian reactor, he produced a set of maxavent frequencies and safety system
unavailabilities to be used as design targets, as fallows

LOSS OF COOLANT One in 50 years

LOSS OF POWER CONTROL One in 16 to one in 160 years, dependjn
on severity

SHUTDOWN SYSTEM One in 500 tries

UNAVAILABILITY

In simple terms, a catastrophic accident such as pasiutatVASH-740 could only occur if a
process system failed (e.g., pipe break or loss of posveral) andthe shutdown system failed
andthe containment was absent or ineffective. Onedcesilimate the frequency of the
catastrophe by multiplying the initiating event frequelbggafety system unavailabilities (e.qg.,
initial failure frequency of 1 per 50 years times shutdoystesn unavailability of 1 in 500 tries,
for a combined failure frequency of one in 25,000 reactarsyeNow this is only possible if the
systems are sufficiently independent, or in modern teriogy, if there are no major cross-links
between the initiating event and the mitigating systEms philosophy of separation (logically

9This was a study by the U.S. to look at the public headhsequences of a massive un-
contained reactor accident. Because of the extrernenpsisns (energetic release of about half
the reactor fission products to atmosphere, no congait)nt predicted large numbers of
casualties and has often been used as evidence of tigertaf nuclear power. However the
assumptions were extreme - even the Chernobyl didaestiezero offsite prompt deaths - so the
work was misleading. The analogy is the worst case baglgwimming pool disaster - there is
enough water in the pool to drown hundreds of people - saws us is the lack of a credible
mechanism for delivery of the right amount of watee&ah person.
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and physically) between process and safety systentsekasone of the hallmarks of CANDU
design from then until today. It was achieved by prudengdgsactice, and until the mid-1980s
was hard to verify in a systematic manner. Fault“remnt-sequence analysis in a PSA is now one
of the tools used to verify that this required religagpis achieved.

A similar approach to Siddall was followed in a paper in #196G. C. Laurence who was then
director of the Reactor Research and Developmenti@ivese CRNL, and who later became
President of the Atomic Energy Control Board (AECBE huclear regulatory agency of Canada
at the time. He took assafety goal10? deaths per year from nuclear power plant accidents, a
factor of 10 lower than Siddall's, with the justificatithat this was far better than in other
industries. With remotely-sited plants, which were ttrenonly locations being considered, a
disastrous accident would cause fewer than 1000 early deattise frequency of such disasters
must be held to less than one per 100,000 years. Such &mdadt occur if we had a
simultaneous failure dll of the following: one of the normal process systésush as the

reactor power control system), plus one of the protestystems (emergency core codling
shutdown) plus containment. From this he derived theviallg design targets:

Process failures One in 10 years
Protective System Unavailability One in 100 demands
Containment System Unavailability One in 100 demands

The frequency of process failures seems rather undemandingxample no utility would
tolerate a plant with a predicted large LOCA frequenayr& every 10 years. The numbers
should be looked at minimal requirements for public safedyrisk estimates. There is no point
setting targets if they can’'t be shown to be met. Thasiumbers were choskange enough to
be demonstrable individually by experience or testing in aefv years of reactor operation
Similarly if the target wasot met, one would know early.

"The author (vgs) views ECC as a mitigating system rakiaa a protective system -
unlike shutdown, it cannot stop an accident but can prévieat progressing. However when
summarizing history, we stick to the terms used by tbeears.
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These ideas were applied in the design of Canada’s firgirdration power reactor - the

Nuclear Power Demonstration (NPD) Reactor. Its 1961 tdaz@eport used higher

unavailability for shutdown, and did not credit containthéhalso assessed the dose to the public
from less severe accidents than disasters, usinggae-6f-merit a “once-in-a-lifetime”
emergency dose. For lodine-131, for example, this was 0.26ri§inally, 25 rad).

The Safety Report for the 200 MWe Douglas Point nuclestoe, in 1962, was perhaps the
fullest flowering of the overall risk-based approach. $afety goal, proposed by the designers,
was that the risk of death to any member of the pbkliess than 10per year, a factor of 10

less than that for NPD. The target risk for injury weleen to be 10 times larger, in the same ratio
as experienced in other industries. The breakdown by fneguweas similar to that for NPD, with
some allowance for the lower frequency of large pipakselncluded in this risk evaluation was

a quantification of the effects of a major accidentl@operating staff. The Safety Report
consisted of a systematic listing of all identifiableents, an evaluation of their frequency, and a
calculation of their consequences in terms of dose.nAgaparation was assumed to be achieved
by careful design practicéNote in addition the increasing requirement for nuakerrjust to be
safer than coal, but to be orders of magnitude safés.\Wids partly due to the fact that it was a
new technology and the “increased safety” seemed adite\and partly to cover uncertainties.
However this did result in an erosion of the ratiofi@aieoptimizing safety across industries.

The Single/Dual Failure Approach

In 1967, F. C. Boyd of the AECB laid the ground rules ford&gerministic licensing guidelines,
under which all large operating CANDU plants up to Darlingtave been licensed. They showed

"The NPD containment was a “pressure-relief’ contairira¢he initial blast of steam from
a LOCA was released outside containment, then a dooldvbe triggered to fall shut under
gravity and close containment. This was felt to befwal because the low rating of fuel in NPD
meant that any fuel failures would take some time toldp\ater the pipe break.

ILater use of PSA showed that the separation of coatwkhutdown systems was
excellent, but some dependencies - notably on sharesirsy/such as electrical power and
process water - still existed.
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evidence of their risk-based origins, but collapsed thetspa of possible accidents into two
broad categoriesingle failures or the failure of any one process system in thet;pdemidual
failures, a much less likely event defined as a single failutgled with the unavailability of
either the shutdown systemr containmentpr the emergency core cooling system - the so-
calledspecial safety systemd his single failure, by the way, is an assursgstenfailure, and is
not related to the same term used originally for Liglatt& Reactors, and now internationally, to
describe a random single component failure additiondleanitiating event). For each category,
a frequency and consequence target was chosen that desigdéo demonstrate were met. In
addition, to deal with the siting of a reactor (Pickgrk) next to a major population centre
(Toronto),populationdose limits were defined for each category of accidemt whole body
doses, these were:

INDIVIDUAL POPULATION
Single Failure 0.005 Sv 10Sv
Dual Failure 0.25 Sv 1 Sv

with additional limits for thyroid dose. These limitere chosen as follows, based on the
knowledge at the time:

. The single failure individual dose was consistent witbrnational annual
limits for normal operation.

. The dual failure individual dose was the threshold of nfasde cell damage at
the microscopic level.

. The 16 person-Sv would cause a negligible («l%) increase imtnaber of
cancer deaths relative to those from other causes.

. The 10 person-Sv would cause a number of leukaemia cases cofeparab

the normal incidence for one year.

The single/dual failure guidelines were finalized in 1972 bgDHurst and F. C. Boyd of the
AECB®. They were similar to Boyd's 1967 guidelines, with two Elyifications:

. The status of the containment system was changddrdsadf containment
subsystems (such as failure to isolate ventilation desppeuld now be
included as part of the full accident matrix, as oppose@dhtainment being
treated monolithically as available or unavailable.
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. If the designer provided two capable independent shutdowensyshe
would not be required to postulate a total loss of shutdmapability.

The guidelines were as follows:

TABLE 2.1 - DOSE/FREQUENCY GUIDELINES

ACCIDENT MAXIMUM FREQUENCY INDIVIDUAL POPULATION
DOSE LIMIT DOSE LIMIT
Single 1 per 3 years 0.005 Sv 1%V
Failure 0.03 Sv thyroid. 10Sv thyroid
Dual 1 per 3000 years 0.25 Sv a3V
Failure 2.5 Sv thyroid 10Sv thyroid

The dual failure frequency was too small to be observedtt}i. The inference that the dual
failure frequency was less than the rates above aamethe observed single failure frequency
after a few years of operation, and the safety systeatability demonstrated through continual
in-service testing of the safety systems. Multipl@atof such numbers could be done only after
one was reasonably sure that no significant croks-tiemained between the initiating event and
the safety system. Note the risk aversion implied apanth the frequency x consequence of dual
failures being about an order of magnitude less tharfdhaingle failures.

Although the single-dual failure approach was a movemeay éom the early risk-based days, it

still retained some risk roots (event classes and laose based on frequency). We can plot the
upper bound of the implied risk in Figure 2.3.

Probabilistic Safety Assessment

As a safety design tool, the single/dual failure approace gdasis for design of the four special
safety systems (assuming there were two shutdown sg)steat had several deficiencies:

13
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1. It did not provide a way of treating multiple processifas, even if these could be
more probable than single or dual failures, or could theced by a single common
cause. This is particularly true of failures of safefymort systems, such as electric
power, instrument air, etc. As well, there was no wigutting into perspective
any events which were beyond the original design lodsize plant, but for which
the regulatory body wanted to know the consequences (eagc@ent occurring
at power with the main airlock doors inadvertently tgfen).

2. In terms of assessing design changes, it did not fexctealistic frequencies, so
that a small power excursion, a large loss-of-cootamd, multiple low-frequency
failures were all treated on an equivalent footing.

By the same token, because events were analyzedomisieivativé assumptions
on plant performance, safety analysis could give a adsig picture to the
operator of the expected plant response to an accident.

3. Safety system failures, while explicitly identifieddeemalyzed, were treated
simplistically, particularly for safety systems, sushcantainment and emergency
core cooling, which had redundant components and subsystaofswere highly
reliable.

4. There was no framework for looking at long term equipmaiatbility, once the
initial phase of the accident was over.

For these reasons, a probabilistically-based desiggweavas undertaken starting with the
Bruce-A plant, and later extended to all subsequent CANBMédsshall cover this methodology
later.

“"We will hear this term many times. “Conservativeans that the systems assumptions
and/or models and/or input data are chosen so as to gegsanistic answer (over-predict
consequences). It is not an unalloyed ‘good thing’. Why?
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Consultative Document C-6

To address some of the deficiencies in the single-dilalkfanethodologybut still in the design-
basis accident approaghhe AECBissued document C-6 in June 198his retained the
concept of several classes of events, five in @& cbut with important differences:

1. Although the classes represented decreasing event frggassignment of events to the
classes was doreepriori by AECB staff, based on their belief as to the illced of the
event. This was done with a conservative bias, abah analysis done in the framework
of C-6 could give a distorted picture of safety. Also Isigrsng events to a class, the
document removed from the designer some of his incesitiver to show that an event
was indeed less frequent, or to make changes to decheasequency. Indeed, the list of
events is highly design-specific, and might not be skraiplied to future plants - a
significant limitation as new generations of CANDUre/deing developed.

2. Because of the sensitivity to appearing to increasentiximum “permissible” dose, the
AECB set the maximum dose for the most infrequent eba8s25 Sv whole body: in
other words, eventgssfrequent than the traditional dual failure were not gatzed in
terms of increased allowable doses.

3. Since each event was required to meet a given dose whe no need to sum to get a
risk estimate. The limits were as follows:

'AECB underwent a name change to CNSC with the passabe biuclear Safety &
Control Act. We shall use the names which were obriethe time of reference.
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DOSE/FREQUENCY LIMITS FROM AECB DOCUMENT C-6

REFERENCE DOSE LIMIT, Sv
EVENT CLASS WHOLE BODY THYROID
1 0.0005 0.005
2 0.005 0.05
3 0.03 0.3
4 0.1 1
5 0.25 2.5

Examples of events in each class are:

Class 1: failure of reactivity or pressure controlufalof normal electrical power,
loss of feedwater flow, loss of service water fldogs of instrument air,
and a number of other events that one might expeatdor @ccasionally.

Class 2: feeder pipe failure, pressure tube failure, chfiomeblockage, pump seal
failure, and other events that would not be expected@¢daranore than
once (if that) in a plant lifetime.

Class 3: large LOCA, earthquakes and other events thear@rand could damage
the fuel or portions of the plant.

Class 4: dual failures: Class 1 events + unavailability special safety system

Class 5: dual failures: Class 2 or 3 events + unavailabilia special safety system,

e.g., LOCA plus ECC impairment

In short, C-6 can best be viewed as a deterministicoappr despite its growth from two to five
classes. Recognizing that itnet a risk curve, we can plot it on the same scale asilgée-dual
failure criterion to see how they compare, in Figure €-6.was revisét{C-6 Rev. 1) and issued
for public comment. The framework is similar to C-6 R@vbut an Appendix acknowledges that
events can be reclassified based on strong probatdigfuments. At this point it is unlikely that
C-6 will be developed further.
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Recent Developments

For the last few years, AECL has been developing theaAced CANDU Reactor, or ACR™,

As the nuclear industry has become more internatamdhinore competitive, the CNSC has
understood the need to align its requirements, espeacalhefv build, more closely with
international ones - albeit the latter tend to otftee predominant international experience, which
is LWR. The CNSC have therefore been developing togl-sign requirements, which will
replace C-6, and more closely reflects IAEA standardsekample there is more emphasis on
severe accidents and less on rigid separation of safdtprocess systems. The rep@mbow

entitled “Design of New Nuclear Power Plants”, RD-33Atib evolving as these words are
written, and there will be a more definitive picturehe next year. It is likely that Darlington will
be the last and only plant licensed in Canada accordiyg.

Other Countries

We have not even scratched the surface of what othentries use. Almost all take a partly or
fully deterministic approach to safety analysis for plepose of licensing. The influence of risk in
the development of this deterministic approach varieglwi The approach in the U.S., until
recently, was almost entirely deterministic - spéugyin great detail not only how the safety
analysis was to be done, but also how the design waes done. At the other end of the
spectrum, Argentina’s approach to licensing (and origitlaly of the United Kingdom) was
almost entirely risk-based. Recently most countrie® Imaoved towards the ‘centre’, combining
both deterministic and probabilistic approaches. Fomgiathe U.S. has placed more emphasis
on ‘risk-informed’ regulation, tempering its deterministites with probabilistic considerations
(the term ‘risk-informed’ is used to distinguish the decidrom being purely ‘risk-based’). The
U.K. on the other hand, had to develop more specifis folethe licensing of Sizewell B, and
has published (and revised) a set of several hundred daftgsment Principles, to supplement
its risk-based licensing

Other Designs

To make things more complex, the requirements and thgndessis accidents cannot be
developed in the abstract - they depend on the reactgndewl its use. It is often argued that
the allowable risk from a nuclear (or any) instatlatshould be related to its benefit. So one might
demand greater safety for, say, a small reactor prodadieny tens of MW for district heating,
than for a large one producing a GW of electricity. Bhawif the small reactor produces
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radioisotopes for medical diagnosis and treatment? Whatimilar small reactor was located in
uninhabited areas of northern Canada and used to provid® pmwnilitary installations? What if
it was on a military submarine? On a civilian icelier?

We will cover this topic ofafety goalsn Chapter 6.

Similarly for design basis accidents: rupture of any lagsant pipe is a good design basis for
the emergency core cooling system, and almost all poeeaetors adopt it. But what about
rupture of a pressure vessel? We stated that it wouldrpelifecult (expensive) to design a
containment to withstand such a rupture and the resuligglles. So Light Water Reactor
designers try to show that such a rupture is incredidleYger year). The same is true for other
pressure vessels within a CANDU containment buildingh siscthe pressurizer or (in some
cases) the steam generators. By the same token,smaflyeactors are pool reactors, with either
no coolant piping, or very low pressure piping. Does it nshese to design for rupture of the
pool? If not, what should the designer do to prevent it?
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Exercises
1. A laboratory experiment (this is in the 1940s) is sebugpetermine the critical mass of

enriched uranium. Two hemispheres &fnetal are supported in an unshielded facility.
A screwdriver is used to slowly push one hemisphere rctosthe other, while a neutron

Critical Experiment

§ § § § neutrons, gamma rays

- e _
Sérewdriy R M‘ ’m R
Supgor upplort

Nr
neutrons, gamma rays

Figure 2.5 Critical Experiment

detector measures the increase in neutron flux asagi@pach each other (Figure 2.5).
Develop a safety approach using the concept of designauasitents as follows:

a. Use both ‘top down’ and ‘bottom up’ approaches to dafiset of accidents.
Specifically: What is the “top event’ that is to be@led? What could cause the
accidents?

b. How fast do they occur (i.e. what physical processrdetes the time-scale)?
What inherently limits the consequences (why don’t geua nuclear bomb)?

C. Compare the nature of the hazard to the scientidighat to the public?

d. How could the consequence of an accident be preventaitigated:

I Without any further equipment - i.e., just after it lo@surred?
. With equipment installed beforehand?
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2. Consider a small reactor for urban district heatinghasvn in Figure 2.6. It is intended to
be located in urban areas in buildings such as hospitalsiersities. Salient safety-
related characteristics are:

pool reactor, natural circulation, atmospheric pressure

double-walled pool (350,000 litres) with a purification sys{emall pump and ion

exchange resins, outside the pool)

10 MW(th) output

forced-flow secondary side, heat exchanger immersie ipool

tertiary heat exchanger connected to heating grid3why

negative reactivity feedback from fuel temperature lax@aemperature, coolant

void (e.g., an increase in coolant temperature decrédasesactivity)

g. active reactor control devices (rods) with limitsrate (a few mk/hour, compared
to say, CANDU, which can go up to several mk/minute)waacth (no rod in
excess of a couple of mk).

h. low fuel temperatures, such that there are no e®fi products in the fuel

I. two shutdown systems - one active (drops the contd) and one passive (rods
within the core which are thermally activated: thes@ber material inside the rods,
normally above the core, melts and fall into theeamn high temperature)

J- a confinement boundary (not shown in the figure) cogethe pool top, but the
building is conventional

k. no Emergency Core Cooling System (why?)

l. a licensed operator it required to be in the control room. Any upset sounds an

alarm which notifies a local attendant (who can shetreactor down, but not

restart it). Licensed operators can remotely moniterreactor but not control it.

o

~o oo

Develop a set of design basis accidents for this redttis important that you shohowyou did
this, not whether you get the same answer as AEClLtlaag is not really enough information
given in the exercise to get the “right” answer - yar thinking process that counts). If you are
getting design basis accidents which seem inconsisignaw urban location, how could they be
made impossible?
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Figure 2.6
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3.

b)

Consider a low-energy research reactor used to deeefumdamental physics
parameters. It consists of a vertical cylindricaMye&ater tank in which are suspended
fuel assemblies (Figures 2.7 and 2.8). Salient safetyedetdtaracteristics are (I have
simplified a bit):

pool reactor, natural circulation, atmospheric pressure

nominal zero energy (a few watts), no engineeredresabval systems

low fuel temperatures, very little fission productsha fuel

fuel rods suspended from hangars, can be arranged maougiffetent lattice pitches and
geometries. Fuel rods are stored beside the pool.

capability to use fuel with a large range of enrichnfeat not highly irradiated fuel)
provision for insertion of a few channels consgtot fuel inside a pressure tube
containing electrically-heated coolant at high presaacehigh temperature, inside a
calandria tube (but still nominally ~zero nuclear power)

control via moderator level (pump-up and drain), pump-up spagdd by pump
capacity

manual start-up and shutdown

three redundant dump valves open to trigger a heavy-watey darhigh neutron power
or high log-rate

no emergency core cooling system, no containmentw&r provides shielding of
operators when the reactor is critical.

Develop a set of design basis accidents for thigoedt is important that you sholow
you did this, not whether you get the same answer ad Alit(there is not really
enough information given in the exercise to get thghtfianswer - it’s your thinking
process that counts). Start from a large list developed asleast twoof the techniques
discussed in this Chapter and then suggest which accidentgould consider too rare to
design against, and why. Provide details - e.g., it i€notgh to say “increase in power”
- list all the ways this could occur.

If you wanted to reduce the risk from this reactoséoon your list of design basis
accidents and a judgement about probability), what des@mgels would you do first?

What elements of defence in depth are present idéisign? What are missing?
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Figure 2.7 ZED-2 Top View
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Figure 2.8
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