Chapter 2 - Design Basis Acadents

| ntroduction

This chapter shows how accidents in nuclear power plants are identified and classified. The
purpose is to describe the methodology, so the examples are illustrative and not complete.

Acadent |dentification

First - adisclamer. In Chapter 1, we pointed ou that the term Design Basis Acddentsisnat a
very goodterm nor avery good concept. Notwithstanding, it is used by most courtriesin the
world. We shall therefore use it, but in the foll owing sense: Design Basis Acddents are the set of
acddents for which the designer makes explicit provision (defence), whil e remembering that
more severe or pealliar acadents can occur, and ensuring that his design has ssme caability to
ded with them. Design Basis Acddents are often defined as those which the regulatory body
requires you to analyze - but that just shifts the resporsibility of making sure the list is reasonable
from the designer (where it belongs®) to the regulator. The Canadian regulator (CNSC - Canadian
Nuclea Safety Commisson) hasit both ways:. their regulatory documents give long lists of
Design Basis Acddents but then require the designer to doa systematic review and add badk in
any they have missd..

We start by stating baldly that there is noway of identifying possble actdents beforehand that is
guaranteal to be complete. The history of any tedindogy is replete with ungeasant surprises,
espedaly at the beginning - just think o the Hindenburg disaster, the Flixborough cyclohexane
explosion,and d course the Titanic. Tedndogies - if they are fortunate - have their acadents
ealy on,whenthe scdeis snall andlesnsleaned can be gplied to the mmmercial
applicaionasit becomes widely used. Although this chapter gives svera methoddogies for
identifying acadents ‘fr om scratch’, the influence of the ealy acadents in reseach reacors has
been profoundin setting the safety approach of modern power reacors. We will cover this
experiencein alater chapter. The best way to get a‘nealy complete’ list of acadentsisto use
more than ore technique. We shall cover some of these techniques at an overview level in this
chapter.

%0One of the fundamental principles of nuclea safety is that the designer (or operator, once
the plant is built) isresporsible for nuclea safety - not the regulator. The regulator sets the
overall safety requirements and dces an audit - i.e., provides the safety goals and ensures there
are dnedks and balances to the designer’ sidess. If this ssams grange to you, think of flying in an
agoplane. Whom do you want to be diredly resporsible for your safety at that instant - the pil ot,
the arcraft designers, or the bureaucrats who make the rules?
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Recdl from Chapter 1 that there aeredly threeways of designing against acadents - standards-
or rule-based, deterministic, and probabili stic. The last two seek to identify lists of acddents
which the designer must:

. first, try to prevent;
. sewond, povide protedion against (to stop their progress; and
. third, provide mitigation for (to reducetheir effedsif they occur).

Deterministic analysisis based largely on experience, and tesicdly says to the designer,
“Regardlessof whether you think thisacadent is likely or not, you shall provide
protedior/mitigation for it, and here ae the assumptions you will use”. Probabili stic analysis
says “Develop fault trees and event treesto find ou alargelist of posgble acedentsin a
systematic way; seled those dowve a cetain frequency; and provide protedior/mitigation for
them”. The standards-based approach says “If you design this comporent to these rules, and
maintain it properly, you dorit have to worry abou it failing”. Aswe noted, the last approadis
most commonly used in designing pressure vessls. Very few reador designs can withstand the
sudden rupture of a presaure vessl®. In alight-water reador, the sudden massve fail ure of the
reador presaure vessel would aimost instantly destroy all barriersto release of radioadivity - the
fuel, the primary codant system, and the containment (which is not designed to withstand the
forceof apresaure vessl rocket propell ed by the discharging coolant). Therefore eanest eff orts
are made to prove, based ona cmbination d experience and very sophisticaed mecdanicd
analysis, that the fail ure frequency of a pressure vessl is ssmething lessthan 10° per yea. Some
analyses claim it is aslow as 108 per yea. Such alow number for asingle event cannd be
derived dredly or by extrapalation from experience and therefore shoud be viewed with some
skepticism. One can best say that the frequency is “low enough”.

Indead, presaure-vess integrity becane ahuge isauein theintroduction d aWestinghouse-type
PWR - Sizewell B - into Grea Britain, which urtil then had designed and operated gas-cooled
readors (plus one verticd heavy-water-moderated presaure-tube reacdor at Winfrith). Part of the
difficulty isthat unlike thin-walled pipes, presaure vessls have such athick wall that they may
not ‘leak before bre&k’. That is, agrowing defed in apipe will normally lead to olservable
leckage before the pipe fail s catastrophicdly. In apresaure vessl this may nat occur, asthe aadk
may grow to critica length® before it penetrates the wall, so grea emphasis must be placeal on

®One of the authors (Snell) was asked afew yeas ago to review the safety of a
moderately-sized (500MW(th)) Rusgan dstrict heding reador. It was a presaure-vessl design,
andto cder for vessd fail ure, the designers surrounced the vessl with another presaure vess -
the ‘guard’ vessl. For large dedricity-producing power readors, thisis prohibiti vely expensive.

At which an urstable fast fradure occurs.
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quality of manufadure and Utrasonic inspedion.

Finally we have used the terms “prevention”, “protedion” and “mitigation”. We will add afourth
- “accommodation”. These terms are one manifestation d the ‘ defence-in-depth’ concept, which
states smply that plant safety shoud na depend on oty one physicd barrier or system. Itsorigin
ismilitary, containing the ideathat asingle line of soldiers sioud nad be the only barrier between
you and defea. For example: say your regulator requires you to include alarge Lossof Coolant
Acddent (LOCA) as aDesign Basis Accident. You provide an Emergency Core Codling (ECC)
system which miti gates the accdent onceit
has occurred by pouring water into the hea
transport system fast enough to re-cover,
and keep covered, the reacor fuel. Have
you dore your job? Not acmrding to
defence-in-depth. You shoud have first
tried to prevent the acedent (e.g., by
designing to high quality standards and
installing le&k detedion - since, as gated
edlier, pipes can be designed and
manufadured to le& (in most cases)
before an impending rupture, if you deted
ale& you could shut down and
depresaurize the plant before the pipe
broke). Still not enough - you could have
provided, at least for small bre&ks, some )
protedion, which could stop a small One Model of Defence-in-depth
LOCA from - say - astuck-open reli ef
valve, by providing piping and valves to
return the discharge to the hea transport
system. And you shoud aso have provided some accomnodaionin case ECCisnat effedive -
e.g., in CANDU, by surroundng the fuel channels by a moderator which can remove decgy hed -
andin al reacors, by a mntainment buil ding which prevents the release of radioadivity (Figure
2.1). We shall return to defence-in-depth in Chapter 9.

Accommodation

Mitigation

Figure 2.1

Example
Consider asimple example. We have just invented a new techndogy - cdled an automobil e.
What could go wrong?

Well, we aould start by saying that the main thing we wish to avoid was deah or injury to the
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human occupant. Thisis cdled the “top” event. We now look at all the ways which could be the
immediate cause of thistop event. Here ae afew:

. the sudden decderation d the human occupant caused by impading a heavy objed

. fireinthe ca

. cabonmonaxidein the ca

Think of some others. Remember they have to be immediate caises.

Now wetake eab of these events and orce ajain ask what the immediate causes could be. For
thefirst one:

. collision d the ca with an olged resulting in collision d the passenger with the ca
. gedion d the passenger from the ca resulting in colli sion d the passenger with the
ground

Again we take eat orein turn and ask what the immediate caises are, eventually working our
way down to basic fail ures (e.g., fail ure of the headlights whil e driving at night). Oncewe have
reated areasonable level of resolution, we sort the events into design basis and norrdesign
basis, using likelihood,and pcsbly consequences, as criteria. So colli ssonwith ancther vehicle
isthe design basis for the sea belts; but thereis no particular design provisionto proted youif
you divethe ca into alake (except for old Volkswagens, which were reputed to float).

Thisis cdled the “top-down” approach. Figure 2.2 shows the first few steps for anuclea reador
using this approad.

Anather approad isto look at ead comporent of the ca and ask: What is the mnsequenceif
this comporent fail S? If there ae systems which are suppcsed to proted the ca (or you) against
such afailure, what are they, and what happensif they also fail ? Eventualy, if the ca iswell -
designed, ore getsto avery low frequency and draws the boundxry between design basis and
nondesign basis again. For example, if thereisaled in the brake line, can the ca stop? Yesif
the emergency brake is adivated and works; if not, can the ca be put into low gea, etc.
Typicdly one ends up with alot of redundancy on kraking systems (dual hydraulic cylinders,
hand lrake using mechanicd linkage), refleding their higher fail ure rate, but not on steeing
systems.

Thisis cdled the “battom-up’ approach. Anather term is FMEA, standing for “Fail ure Modes
and Effeds Analysis’, although that tends to be more limited, stoppng after the first fail ure..
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Nuclear reactor application

The same gproad istaken in trying to get areasonable list of nuclea reador acddents. In the

“top dawvn” approad, the top event could be taken as *“ unwanted movement of radioadive

materials’. Since most radioadive materials are ather in the fuel, the molant, the moderator, or

the spent fuel bay, we can then ask how in ead of these caes they could become mohile-i.e.,
airborne or waterborne”. Radioadive material could be released from the fuel by overheaing or
medchanicd damage; from the aodlant and moderator, by pipe bress or overheding (released

through reli ef valves); from the spent fuel bay, aso by overheaing. Fuel overheating in the core
(power-cooling mismatch) can be caused by a loss of heat removal from the coolant (loss of heat
sink), a loss of the coolant itself, coolant flow impairment, or a loss of reactor reactivity control
causing the power to rise. And so on. Figure 2.2 illustrates the event generation sequence
graphically. It should be noted that although the tritium branch is not developed therein,
moderator tritium can pose a significant hazard to workers in the plant.

A combination d the top-down and the bottom-up methods will give alarge number of acadents
which, if the developer of the treesis knowledgeale &ou the design, cover most possble
events.

We mentioned that Probabili stic Safety Analysis (PSA) isarigoroustod for identifying
acdadents and assgning frequencies to them. PSA uses a bottom-up approad to generate failure
frequencies of operating systems and fail ure probabiliti es of safety systems; it then combines
failure of ead operating system with successve fail ures of the required safety systems, to get a
large list of acadents and their frequencies. One can then seled Design Basis Acddents from this
list using the aiteriamentioned.

Finally some Design Basis Acddents are alded just because of history, even if they would be

9One muld also consider alossof shielding acddent, where the radioadive material stays
in placebut the shielding aroundit islost or inadequate, exposing people nea it to “shine” from
gammarays or neutrons. Inadvertent criti cdity could be one cause of lossof shielding even if the
fuel isundamaged. Ancother could be loading radioadive material from areador into an
unshielded flask designed for reheasing such atask but not adually for doing it - this has
happened at Ontario Hydro. For nuclea readors, lossof shielding pases occupational risks but
the pullic risk is determined by airborne or waterborne radioadivity.
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very low frequency. Canadian pradicerequires that ead acadent be analyzed assuming
complete fail ure of one shutdown system, nomatter how low the frequency. The reason goes
badk to 1952 when the wre of the NRX reseach reador in Chak River, Ontario, was damaged
in an acadent. We shall discussthisacaddent later on, bu one of the caises was a cmplex
shutdown system design; the rods were hydrauli cdly driven and were sensitive to dirt in the
system. The acedent resulted in an inordinate enphasis on shutdown system reli abilit y,
testabilit y and robustness to the extent that, even though the shutdown systemsin CANDU bea
no resemblanceto NRX (lessons having been leaned abou shutdown system design), the reador
had to be designed to survive an acdadent even if the shutdown system fail ed. Although ore could
show that an acadent without shutdown would na relesse enough energy to bregk containment,
the analysiswas peaulative and the designers dedded (eventually) to add ancther, fully
independent shutdown system.

By contrast, Light Water Reador (LWR) Design Basis Acddentsinclude the cmmbination d a
frequent event with uravail ability of their shutdown system - so-cdled Anticipated Transient
Withou Scram® (ATWS). Such asequence can be ‘stopped’ even withou a shutdown system
becaise of large inherent negative readivity feedbadk, or by operator adionif the acedent is
slow enough, a by use of anather process ystem. Thus Light Water Readors generally have one
shutdown system, whereas CANDUS s have two'. However LWRs do nd generally include rarer
acddents with assumed lossof a shutdown system in the Design Basis - e.g., steam-line bre&k
plus fail ure to shutdown. Conversely, the design basis for the containment system in LWRsis
more stringent than for CANDU - regardlessof the reador design, a prescribed fradion d the
core radioadive inventory is assumed to be released inside containment and the presaureis held
at design presaure for 24 hous. For CANDU, an acadent-dependent cdculation is permitted, the
most severe of which serves as the basis for containment design.

“There is an apocryphal story of the derivation d the word “scram”, which means hutting
down the reador quickly. The world’ sfirst reador consisted of uranium and graphitein a “pile”
in asquash court at the University of Chicago. A single cntrol rod was suspended by arope and
apulley over the are, theideabeing that in case the power started to rise out of control,
someone - doultlessa graduate student - would run and seize the ae that was fastened to the
wall, and cut the rope. He was cdl ed the Safety Control Rod Axe Man (SCRAM), theworld's
first shutdown system.

'Some recent PWR designs have asecond shutdown mechanism - addition o boronto the
coolant - but it is dow and may be manually operated.
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A complete list of Design Basis Acddents includes external hazards - meaning eathquakes,
fires, tornadoes, tsunami, floods, etc. The magnitude and frequency of the hazard are site-
dependent. The unique nature of these hazardsis that they can affed more than ore system at the
same time.

Design Basis Acddents a so include man-made hazards, bath internal (operator error, sabotage)
and external (explosions from neaby industria or transportation fadliti es, and terrorism). The
last has been given much prominencefoll owing the d@tadks on New York and Washingtonin
September 2000 ly terrorists in agoplanes. Defining what shoud be the “design basis’ in such
casesisnot essy.

Evolution of Canadian Safety Philosophy - Early Beginnings

Having got alist of possble design basis acdadents, we now have to dedde what to dowith them.
Which are ‘credible’ and which are not? What limits apply to ead ore? What confidence must
we have that the limits are met? These ae not simple questions to answer, and the answers have
evolved ower any yeas. As anill ustrative example, we tracethe historica development of
Canadian safety philosophy. Other courtries have diff erent approaches, shaped by their own
history and the peauli ariti es of their dominant reac¢or design.

Canada’s approach to accidents starts, as mentioned, with the accident to the NRX research
reactor, in 195%. This urred an ealy interest in bah the frequency of acddents, and the

nature of protedive systems, particularly their separation from the process ystems which

normally control the station.

These ideas (areview paper® summarizes them) were enurciated in 1959 ly Ernest Siddall %, then
with the Reador Reseach and Development Division at Chalk River Nuclea Laboratories
(CRNL). Hetook as a safety goal that the risk from nuclea power shoud be five times lower
than the risk from coal power, which was then the dternative in Ontario for future dedricity
generation. He compared the two power sources on the basis of prompt fataliti es, including the
front-end fuel cycle for bath. From this he derived atarget for aremotely-sited nuwclea power
station d 0.2 ceahs/yea on average. Thisrisk was felt at that time to come mainly from the
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caastrophic acedent, as described in the U.S. WASH-740report®. Assuming these results
applied equall y to a Canadian readcor, he produced a set of maximum event frequencies and
safety system unavail abiliti es to be used as design targets, as foll ows:

LOSSOF COOLANT Onein 50 years

LOSSOF POWER CONTROL Onein 16to onein 160 years, depending
on severity

SHUTDOWN SYSTEM Onein 500tries

UNAVAILABILITY

In simpleterms, a cdastrophic acédent such as postulated in WASH-740could only occur if a
process ystem failed (e.g., pipe bre& or lossof power control) andthe shutdown system fail ed
andthe containment was absent or ineffedive. One @uld estimate the frequency of the
caastrophe by multi plying the initi ating event frequency by safety system unavail abiliti es (e.g.,
initial failure frequency of 1 per 50 yeastimes utdown system unavail ability of 1 in 500tries,
for a combined fail ure frequency of onein 25,000reador yeas). Now thisisonly passbleif the
systems are sufficiently independent, or in modern terminalogy, if there ae no major crosslinks
between the initi ating event and the mitigating system. This phil osophy of separation (logicdly
and plysicdly) between processand safety systems has been ore of the hallmarks of CANDU
design from then urtil today. Until about twenty yeas ago, it was achieved by prudent design
pradice andwas hard to verify in a systematic manner. Fault-tredevent-sequence analysisin a
PSA isnow one of the todls used to verify that this required reliability is achieved.

A simil ar approach to Siddall was followed in apaper in 1961 ly G. C. Laurence’, who was then

9Thiswas a study by the U.S. to look at the pubic hedth consequences of amassve un-
contained reacdor acadent. Because of the extreme aumptions (energetic release of abou half
the reacor fisson products to atmosphere, no containment) it predicted |arge numbers of
casualties and hes often been used as evidence of the ‘danger’ of nuclea power. However the
asumptions were extreme - even the Chernobyl disaster had zero off site prompt deahs - so the
work was misleading. The analogy isthe worst case swimming pod disaster - thereis enough
water in the pod to drown hundeds of people - what saves usisthe ladk of a aedible
medchanism for delivery of the right amourt of water to ead person.
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diredor of the Reador Reseach and Development Division at CRNL, and who later becane
President of the Atomic Energy Control Board (AECB), the regulatory agency of Canada & the
time. Hetook as asafety god 10? deahs per yea from nuclea power plant acddents, afador of
10 lower than Siddall's, with the justification that this was far better than in ather industries. With
remotely-sited plants, which were then the only locations being considered, a disastrous acadent
would cause fewer than 1000ealy deahs, so the frequency of such dsasters must be held to less
than ore per 100,000yeas. Such adisaster could occur if we had a smultaneous fail ure of all of
the foll owing: one of the normal process ystems (such as the reador power control system), plus
one of the protedive systems (emergency core aaling” or shutdown) plus containment. From
this he derived the foll owing design targets:

Processfailures Onein 10 years
Protedive System Unavail abili ty Onein 100demands
Containment System Unavail ability Onein 100demands

The frequency of processfail ures ams rather undemanding - for example no uility would
tolerate aplant with a predicted large LOCA frequency of one every 10 yeas. The numbers
shoud be looked at minimal requirements for pulic safety, nat risk estimates. Thereisno pant
setting targets if they can’'t be shown to be met. Thus the numbers were dhosen large enough to
be demonstrableindividually by experienceor testingin afew years of reactor operation.
Similarly if the target was not met, ore would know ealy.

Theseideas were gplied in the design of Canadas first demonstration paver reador - the
Nuclea Power Demonstration (NPD) Reador. Its 1961 Hazards Report used higher
unavail ability for shutdown, and dd na credit containment'. It also assessed the dose to the

"The author (vgs) views ECC as a mitigating system rather than a protedive system -
unlike shutdown, it canna stop an acadent but can prevent it from progressng. However when
summarizing history, we stick to the terms used by the pionees.

'The NPD containment was a “pressure-relief” containment - the initial blast of steam
from a LOCA was released ouside mntainment, then adoa would be triggered to fall shut
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puldic from less gvere acedents than dsasters, using as afigure-of-merit a “once-in-a-lifetime”
emergency dose. For lodine-131,for example, thiswas 0.25Sv (originaly, 25rad).

The Safety Report for the 200MWe Douglas Point nuclea reador, in 1962 was perhaps the

full est flowering of the overal risk-based approad. The safety goal, propased by the designers,
was that therisk of deah to any member of the puldic be lessthan 10° per yea, afador of 10
lessthan that for NPD. Thetarget risk for injury was taken to be 10 timeslarger, in the sameratio
as experienced in aher industries. The brekdown by frequency was smilar to that for NPD,
with some dl owancefor the lower frequency of large pipe bre&s. Included in thisrisk
evaluation was a quantificaion d the dfeds of amajor acadent on the operating staff. The
Safety Report consisted of a systematic listing of all i dentifiable events, an evauation d their
frequency, and a cdculation d their consequences in terms of dose. Again, separation was
asumed to be adieved by careful design pradice. Note in addition the increasing regquirement
for nuclea nat just to be safer than coal, but to be orders of magnitude safer. This was partly due
to the fad that it was a new techndogy and the “increased safety” seaned achievable, and partly
to cover uncertainties. However this did result in an erosion d the rationale for optimizing safety
aqossindustries.

The Single/Dual Failure Approach

In 1967,F. C. Boyd o the AECB laid the groundrules for the deterministic licensing guideli nes,
under which al | arge operating CANDU plants up to Darlington have been licensed. They
showed evidenceof their risk-based origins, bu coll apsed the spedrum of possble acedents into
two broad caegories. single failures, or the fail ure of any one process ystem in the plant; and
dual failures, amuch lesslikely event defined as asingle fail ure couped with the unavail abilit y
of either the shutdown system, or containment, or the emergency core @aling system - the so-
cdled spedal safety systems. (This snglefallure, by the way, is an assumed system failure, andis
nat related to the same term used for Light Water Readorsto describe arandom single
comporent failure alditional to the initiating event). For ead class afrequency and consequence

under gravity and close mntainment. Thiswas felt to be pradicd becaise the low rating of fuel
in NPD meant that any fuel fail ures would take sometimeto develop after the pipe brek.

ILater use of PSA showed that the separation o control and shutdown systems was
excdlent, bu some dependencies - notably on shared systems such as eledricd power and
processwater - till existed.
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target was chosen that designers had to demonstrate were met. In addition, to ded with the siting
of areacdor (Pickering A) next to amajor popuation centre (Toronto), popuation dose limits
were defined for ead classof acadent. For whole body doses, these were:

INDIVIDUAL POPULATION
Single Failure 0.005Sv 10° Sv
Dual Failure 0.25Sv 10* Sv

with additional limitsfor thyroid dcse. These limits were dhosen as foll ows, based onthe
knowledge & the time:

. The single fail ure individual dose was consistent with international annuel
limits for normal operation.

. The dual failure individual dose was the threshold of observable cdl damage
at the microscopic level.

. The 107 person-Sv would cause anegligible («%) increase in the number of
cance deahsrelative to those from other causes.
. The 10° person-Sv would cause anumber of leukaemia caes comparable to

the normal incidencefor one yea.

The single-dual failure guidelineswerefinalized in 1972 ly D. G. Hurst and F. C. Boyd dof the
AECB®. They were simil ar to Boyd’s 1967 guideli nes, with two key clarificaions:

. The status of the containment system was changed. Fail ures of containment
subsystems (such as fail ure to isolate ventil ation dampers) would now be
included as part of the full acadent matrix, as oppased to containment being
treaded mondithicdly as avail able or unavail able.

. If the designer provided two capable independent shutdown systems, he
would na be required to pcstulate atotal lossof shutdown capability.

The guidelines were afoll ows:
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TABLE 2.1- DOSE/FREQUENCY GUIDELINES

ACCIDENT MAXIMUM FREQUENCY INDIVIDUAL POPULATION
DOSE LIMIT DOSE LIMIT

Single 1 per 3yeas 0.005Sv 107 Sv

Failure 0.03Sv thyroid. 107 Sv thyroid

Dual 1 per 3000yeas 0.25Sv 10* Sv

Failure 2.5Sv thyroid 10* Sv thyroid

The dual failure frequency was too small to be observed dredly. The inferencethat the dual

fail ure frequency was lessthan the rates above cane from the observed single fail ure frequency
after afew yeas of operation, and the safety system avail abilit y demonstrated through continual
in-servicetesting of the safety systems. Multiplicaion d such numbers could be dore only after
one was reasonably sure that no significant crosslinks remained between the initi ating event and
the safety system. Note the risk aversionimplied above, with the frequency x consequence of
dual failures being abou an arder of magnitude lessthan that for single fail ures.

Although the single-dual fail ure goproach was a movement away from the ealy risk-based days,
it still retained some risk roots (event classes and dcse limits based onfrequency). We can plot
the upper bound @ theimplied risk in Figure 2.3.

Probabili stic Safety Assesanent

As asafety design todl, the single/dual fail ure goproach gave abasisfor design o the four spedal
safety systems (asuming there were two shutdown systems), bu had severa deficiencies:

1. It did na provide away of treding multiple processfail ures, even if these wuld
be more probable than single or dual failures, or could beinduced by asingle
common cause. Thisis particularly true of fail ures of safety suppat systems, such
as eledric power, instrument air, etc. Aswell, there was no way of putting into
perspedive aty events which were beyondthe original design basis of the plant,
but for which the regulatory body wanted to know the cnsequences.
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2. In terms of assesgng design changes, it did na fador in redistic frequencies, so
that asmall power excursion, alarge lossof-coadant, and multi ple low-frequency
failures were dl treaged onan equivalent footing.

By the same token, because events were analyzed with conservative assumptions
on dant performance, safety analysis could give amislealing picture to the
operator of the expeded plant response to an acadent.

3. Safety system fail ures, while explicitly identified and analyzed, were treaed
smplisticaly, particularly for safety systems, such as containment and emergency
core maling, which had redundant comporents and subsystems which were
highly reliable.

4, There was no framework for looking at long term equipment reli ability, oncethe
initial phase of the acedent was over.

For these reasons, a probabili sticdl y-based design review was undertaken starting with the
Bruce-A plant, and later extended to all subsequent CANDUs. We shall cover this methoddogy
later.

“"We will hea thisterm many times. “Conservative” means that the systems assumptions
and/or models and/or inpu data ae dhosen so asto give apessmistic answer (over-predict
consequences). It isnat an urell oyed ‘goodthing’ . Why?
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Consultative Document C-6

To address ®me of the deficienciesin the single-dual fail ure methoddogy, but still i n the
design-basis accdent approach, the AECB' issued dacument C-6 in June 1980. This retained
the concept of severa classs of events, five in this case, bu with important diff erences:

1. Although the dasses represented deaeasing event frequency, assgnment of eventsto the
classeswasdorea priori by AECB staff, based ontheir belief asto the likelihood d the
event. Thiswas dore with a conservative bias, so that an analysis dore in the framework
of C-6 could give adistorted picture of safety. Also by assgning eventsto a dass the
document removed from the designer some of hisincentive ather to show that an event
was indeed lessfrequent, or to make dhanges to deaease the frequency. Indeed, the li st of
eventsis highly design-spedfic, and might not be sensibly applied to future plants - a
significant limitation as new generations of CANDU are being developed.

2. Because of the sengitivity to appeaing to increase the maximum “permissble” dose, the
AECB set the maximum dose for the most infrequent classat 0.25Sv whaole body: in
other words, events lessfrequent than the traditional dual fail ure were not recognized in
terms of increased all owable doses.

3. Since eab event was required to med agiven dose, there was no reed to sum to get a
risk estimate. The limits were & foll ows:

'AECB underwent a name change to CNSC with the passage of the Nuclea Safety &
Control Act. We shall use the names which were mrred at the time of reference
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DOSE/FREQUENCY LIMITSFROM AECB DOCUMENT C-6

1

2
3
4
5

EVENT CLASS

REFERENCE DOSE LIMIT, Sv

WHOLE BODY THYROID
0.0005 0.005
0.005 0.05

0.03 0.3

0.1 1

0.25 2.5

Examples of eventsin ead classare:

Class1:

Class2:

Class3:

Class4:
Classbh:

failure of readivity or presaure cntrol, fail ure of normal eledrica power,
lossof feedwater flow, lossof servicewater flow, lossof instrument air,
and anumber of other events that one might exped to accur occasionaly.
feeder pipe fail ure, presaure tube fail ure, channel flow blockage, pump
sed fallure, and aher events that would na be expeded to occur more
than orce (if that) in aplant lifetime.

large LOCA, eathquakes and aher events that are rare and could damage
the fuel or portions of the plant.

dual falures: Class1 events + unavail ability of aspedal safety system
dual failures: Class2 or 3 events + unavail ability of a spedal safety
system, e.g., LOCA plus ECC impairment

In short, C-6 can best be viewed as a deterministic goproadh, despite its growth from two to five
classes. Reaognizing that it isnot arisk curve, we can plot it onthe same scde & the single-dual
failure aiterionto seehow they compare, in Figure 2.4.C-6 has recently been revised® (C-6 Rev.
1) andisaued for puldic comment. The framework is smilar to C-6 Rev. 0, bu an Appendix
adknowledges that events can be redassfied based onstrong probabili stic aguments.
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Recent Developments

For the last few yeas, AECL has been developing the Advanced CANDU Reador, or ACR™,
Asthe nuclea industry has beaome more international and more wmpetitive, the CNSC has
understoodthe need to align its requirements, espeaally for new build, more dosely with
international ones - albeit the latter tend to refled the predominant international experience,
which is LWR. The CNSC have therefore been developing a Design Requirements Document
(DRD), which will replaceC-6, and more dosely refleds IAEA standards. For example thereis
more anphasis on severe acedents and lessonrigid separation d safety and process ystems.
The DRD is gill evolving as these words are written, and there will be amore definitive picture
for the next UNENE safety course.

Other Countries

We have not even scratched the surfaceof what other courtries use. Almost al take apartly or
fully deterministic goproad to safety analysis for the purpose of licensing. The influence of risk
in the development of this deterministic goproach varieswidely. The gproadh in the U.S., urtil
recantly, was amost entirely deterministic - spedfying in grea detail not only how the safety
analysiswas to be dore, but also haw the design wasto be dore. At the other end o the
spedrum, Argentina s approad to licensing (and aiginaly that of the United Kingdom) was
amost entirely risk-based. Recently most courtries have moved towards the ‘ centre’, combining
both deterministic and probabili stic goproadhes. For example the U.S. has placel more enphasis
on ‘risk-informed’ regulation, tempering its deterministic rules with probabili stic considerations
(the term ‘risk-informed’ is used to distinguish the dedsion from being purely ‘risk-based’). The
U.K. onthe other hand, had to develop more spedfic rules for the licensing of Sizewell B, and
has puldished a set of 333 Safety Assesament Principles, to supdement its risk-based licensing’.
The DRD in Canadais moving away from its risk-based roots and imposing more prescriptive
requirements on the designer.

Other Designs

To make things more complex, the requirements and the design basis acdadents canna be
developed in the dstrad - they depend onthe reador design and its use. It is often argued that
the dlowable risk from anuclea (or any) install ation shoud be related to its benefit. So ore
might demand greaer safety for, say, asmall reador producing afew tens of MW for district
heding, than for alarge one producing a GW of eledricity. But what if the small reador
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produces radioisotopes for medica diagnosis and treament? What if asimilar small reador was
located in unnhabited areas of northern Canada and used to provide power for military
install ations? What if it was onamilitary submarine? On a avili an icebre&ker?

We will cover thistopic of safety godsin Chapter 6.

Similarly for design basis acadents: rupture of any large madant pipeisagood design basisfor
the emergency core aadling system, and almost al power reacdors adopt it. But what abou
rupture of apresaure vessel? We stated that it would be very difficult (expensive) to design a
containment to withstand such a rupture and the resulting missles. So Light Water Reador
designerstry to show that such aruptureisincredible (<10° per yea). The sameistrue for other
presaure vessls within a CANDU containment buil ding, such as the presaurizer or (in some
cases) the steam generators. By the same token, many small readors are pod readors, with either
no codant piping, or very low presaure piping. Does it make sense to design for rupture of the
pod? If nat, what shoud the designer doto prevent it?
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Exercises 2003

1. A laboratory experiment (thisisin the 194() is st upto determine the aiticd massof
enriched uranium. Two hemispheres of U%* metal are suppated in an urshielded fadlity.
A screwdriver is used to slowly push ore hemisphere doser to the other, while aneutron
detedor measures the increase in neutron flux as they approach ead ather (Figure 2.5).

Critical Experiment

5

U-

_

Sé€rewdriy| 35

Support

: 3 :
s :

Nwor
neutrons, gamma rays

Figure 2.5 Criticd Experiment

Develop a safety approach using the ancept of design basis acadents as foll ows:

a Use bath ‘top dovn’ and ‘bottom up’ aproadhes to define aset of acadents.
Spedficdly: What isthe “top event’ that isto be aroided? What could cause the
acadents?

b. How fast dothey occur (i.e. what physicd processdetermines the time-scde)?
What inherently limits the consequences (i.e., you dorit get anuclea bomb -

why)?
C. Compare the nature of the hazard to the scientists with that to the puldic?
d. How could the consequenceof an acadent be prevented or mitigated:

i Withou any further equipment - i.e., just after it has occurred?
il With equipment install ed beforehand?
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2. Consider asmall reador for urban district heding as hown in Figure 2.6.1t is intended to
belocaed in urban areas in buldings sich as hospitals or universities. Salient safety-
related charaderistics are:

pod reador, natural circulation, atmospheric pressure

doulde-walled pod (350,000ltres) with a purificaion system (small pump and

ion exchange resins, ouside the pod)

10 MW(th) output

forced-flow secondary side, hea exchanger immersed in the pod

tertiary hea exchanger conreded to heding gid (why?)

negative reacivity feedbadk from fuel temperature, coolant temperature, codant

void (e.g., an increase in coolant temperature deaeases the readivity)

g. adive reador control devices (rods) with limits on rate (afew mk/hour, compared
to say, CANDU, which can go upto several mk/minute) and depth (norodin
excessof a oupe of mk).

h. low fuel temperatures, such that there ae nofreefisson poductsin the fuel

i two shutdown systems - one adive (drops the control rods) and ore passve (rods
within the amre which are thermally adivated: the dsorber material inside the
rods, namally abowve the cre, melts and fal i nto the wre on high temperature)

J. a onfinement boundiry (not shown in the figure) covering the pod top, bu the
building is conventional

K. no Emergency Core Codling System (why?)

l. alicensed operator isnot required to bein the wntrol room. Any upset sounds an

aarm which naifiesalocd attendant (who can shut the reacor down, bu nat

restart it). Licensed operators can remotely monitor the reador but not control it.

o

~o a0

Develop a set of design basis acddents for this reador. It isimportant that you show how you dd
this, na whether you get the same answer as AECL did (thereis nat redly enough information
given inthe exercise to get the “right” answer - it’s your thinking processthat courns). If you are
getting design basis acadents which sean inconsistent with an urban locaion, hav could they be
made impossble?
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Schematic Diagram of the SLOWPOKE Energy System

Figure 2.6
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b)

Consider alow-energy reseach reador used to determine fundamental physics
parameters. It consists of averticd cylindricd heavy water tank in which are suspended
fuel assemblies (Figures 2.7 and 2.§. Sdlient safety-related charaderistics are (I have
simplified a bit):

pod reador, natural circulation, atmospheric pressure

nominal zero energy (afew watts), noengineaed hea removal systems

low fuel temperatures, very littl e fisson poductsin the fuel

fuel rods suspended from hangars, can be aranged manually to dff erent lattice pitches
and geometries. Fuel rods are stored beside the pod.

cgpability to use fuel with alarge range of enrichment (but not highly irradiated fuel)
provisionfor insertion d afew channels consisting of fuel inside apresaure tube
containing eledricdly-heded codant at high presaure and hgh temperature, inside a
cdandriatube (but still nominally ~zero nuclea power)

control viamoderator level (pump-up and dain), pump-up spead limited by pump
cgpadty

manual start-up and shutdown

threeredundant dump valves open to trigger a heavy-water dump on hgh neutron paver
or high log-rate

no emergency core @aling system, nocontainment. A cover provides shielding of
operators when the reador iscriticd.

Develop a set of design basis acadents for thisreador. It isimportant that you show how
you dd this, na whether you get the same answer as AECL did (thereis not redly
enouwgh information given in the exercise to get the “right” answer - it’s your thinking
processthat cournts). Start from alarge list developed using at least two of the techniques
discussed in this Chapter and then suggest which acadents you would consider toorare to
design against, and why. Provide detail s - e.g., it isnot enough to say “increase in pover”
- list al the ways this could occur.

If youwanted to reducethe risk from this reacor (based onyour list of design basis
acddents and ajudgement about probability), what design changes would you dofirst?

What elements of defencein depth are present in this design? What are missng?
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Figure 2.7ZED-2 Top View
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Figure 2.8
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