Chapter 7 - Accident Analysis

I ntroduction

This Chapter provides more specific information on pemiog accident analysis for CANDU.
The process by which initiating events are selectésisdiscussed - some of this will review
what we covered in Chapter 1. The various initiatinghes/&ll into a rather small number of
groups in terms of phenomena, and these are describedamNexample is given of high-level
physical acceptance criteria used in the most receMBL/s. The technical capabilities that
computer codes used in CANDU safety analysis should posséen described. Analysis of
individual “design basis” initiating events is then revael, on an event-by-event basis. The list
follows the format of a CANDU Safety Analysis Repavhich is felt to be convenient to the
reader but does lead to some repetition between subsedtiext, Severe Accident phenomena
and analysis are summarized, followed by a discussiameertainty analysis.

The accident-specific sections of this Chapter formenad a reference list than a narrative - the
reader wishing to understand just the concepts is recodanén read up to and including the
large LOCA section only.

The objective for this Chapter is that the readeukhbave a good understanding of how
assumptions and data are chosen in accident analyis, particular how one goes about
establishing that the answer is pessimistic - inrotfggds, what ‘conservative’ means and how it
is achieved. The choice of appropriate assumptions caorbewhat subtle; the Chapter
elucidates typical traps where wisgemgo be conservative is not necessarily so.

Although focussed on CANDU, the methodology and ‘mindisetbmmon to accident analysis
of all reactor types. As with many of the topicshistlecture series, a good safety analyst must be
failure-oriented - his/her bywords being “Think negatiVel

The reader wishing more detail on accident phenomeeéeised to the CANDU Safety Reports,
which are available for public inspection in the @8of the Canadian Nuclear Safety
Commission, and usually at each utility.

We have covered the methodology of selection of imgeevents fairly thoroughly in Chapter 1.
These methods covered selection by event frequendp(batp / top down approaches).
However in describing the characteristics of an aotjdgouping by event phenomena is more
useful. We now describe both approaches.
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Selection of Initiating Events by Pseudo-Frequency
We briefly review material covered in Chapter 1:

CANDUSs that were licensed up to the Darlington statised the “single-dual” failure
philosophy, sometimes referred to as the “siting gdidefety analysis would be performed for
the failure of each process system in the plant; wearld be performed for each such failure
combined with the unavailability or impairment of eaglecial safety system in turn (shutdown
system 1, shutdown system 2, containment, emergencyaoliag). In general any mitigating
process system action (e.g. stepback, auxiliary bessdviater pump) could not be credited in
demonstrating the effectiveness of the special sajstgms, with the exception that
continuously-running systems, which did not have to chatege, could be assumed to continue
working (e.g. moderator, steam generators). This appmwasitomprehensive but required
supplementary techniques to cover all accidents. Failuteg safety support systems (such as
instrument air) were addressed using early probabileticniques (Safety Design Matrices), and
later in the Probabilistic Safety Assessment (PSAg requirements for safety analysis were
further generalized in CNSC Consultative document,@i€ed on a trial basis in the licensing of
Darlington. This document lists a large number of poaémttiating events and event
combinations sorted into five Event Classes (rougldypged according to event frequency), and
requires analysis of each one. Furthermore, the desgreguired to perform a systematic
evaluation of the plant to show that no significaritating events or event combinations have
been missed. Consultative document C-6 has been superseded fouild by the CNSC
document RD-33% issued in late 2007 for public comment; it reflects im&onal requirements
in that it is based loosely on the IAEA report NS-RRD-337 is expected to change the
approach described below fairly substantially, particplarthe introduction of Anticipated
Operational Occurrences, and the greater emphasis ere scidents, but in this Chapter we
describe how the safety analysis has been donedandfority of operating CANDUSs. Appendix
A lists the proposed classification scheme from RD-337.

A number of techniques are used in the systematic eialuists of initiating events can be
compiled by writing down all the plant systems and asgyithia failure of each system in turn;
the most systematic method to identify such failured §ailure combinations) is the Probabilistic
Safety Assessment (so-called “bottom-up method”). Agotiethod is to determine all sources
of radioactivity in the plant and postulate failures whiould cause them to be relocated
(“top-down method”).

Two other types of events need to be considered: ektevants and very rare events.

External events include tornadoes, earthquakes, tsumsmnpietature extremes, fire, explosions,
hostile attack, aircraft crash, etc. Generally ttereeaddressed in the design by hardening or
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separating essential systems, or by choice of sgmghat safety analysis is not normally required.
Some accidents are combined with external eventBeohdsis of probability. For example a Loss
of Coolant Accident is assumed to be followed 24 houes Iat a Site Design Earthquék@é/hile

in principle this event combination could be subjectafety analysis (assuming various
combinations of system failures, and deriving assatiptebabilities and consequences), in
practice it is addressed by seismically qualifying the gmyate portions of the plant so that the
systems required to maintain the plant safe after aA @&not fail in a Site Design Earthquake.

Very rare events include failure of pressure vesseis, (@.essurizer, steam generator shell),
failure of structural supports, turbine breakup etc. Pressssel and structural failures are
precludedin the design by use of the appropriate level of desigmamufacturing codes and
standards, quality assurance, in-service inspectionAgtin safety analysis is not required.
Turbine missiles are usually dealt with on the basgroving a low probability that a missile from
turbine disintegration could damage safety-critical comptaner penetrate containment. Recent
designs such as ACR-1000 orient the turbine radially toethetor building rather than
tangentially, to make a stronger safety case foritignitlamage from turbine missiles.

Finally CANDU practice requires consideration of commanse events. These are identified
either by the systematic plant review or the PS/Ae @halysis thereof is usually reported as part
of the PSA.

Categorization of Initiating Events by Phenomena

The previous section discussed categorization of imgagvents by frequency of occurrence.
Once selected, initiating events can also be groupednmstof the major phenomena, as follows
(grouped byprimary or direct cause):

1. Reactivity Accidents

. Bulk Loss of Reactivity Control
. Loss of Reactivity Control from Distorted Flux Shapes
2. Decrease of Reactor Coolant Flow

& Site Design Earthquake (SDE) is an earthquake with anréequency of 1 per 100
years, hence of lower intensity and higher frequenay the Design Basis Earthquake or DBE,
which is expected to have a return frequency at leastder of magnitude less..

® This is an assumption, not a fact: it really mehas if all the engineering requirements
listed are followed, the probability of the failurevesry low and there need not be systems
designed specifically to mitigate it. How did the everDavis Besse challenge this assumption?
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Loss of Class IV Power
. Partial Loss of Class IV Power
. Single Pump Trip or Single Pump Seizure

3. Increase of Reactor Coolant Pressure
. Loss of Primary Pressure and Inventory Control éase)
4. Decrease of Reactor Coolant Inventory
. Large Heat Transport System LOCA
. Small Heat Transport System LOCA
. Single Channel Events
. Single Steam Generator Tube Rupture
. Multiple Steam Generator Tube Rupture
. Loss of Primary Pressure and Inventory Control (ceesge
5. Increase of Secondary Side Pressure
. Loss of Secondary Side Pressure Control (increase)

6. L oss of Secondary Side Heat Removal

. Main Steam Line Break

. Feedwater Line Break

. Loss of Feedwater Pumps

. Spurious Closure of Feedwater Valves

. Loss of Secondary Side Pressure Control (decrease)
. Loss of Shutdown Heat Sink

7. Moderator & Shield Cooling System Failures

. Pipe Break
. Loss of Forced Circulation
. Loss of Heat Removal

8. Fuel Handling Accidents
. Fuelling Machine On-Reactor
. Fuelling Machine Off-Reactor

Severe core damage accideimglving an initiating event and failure of at leasb mitigating
systems fall into a separate category, since the phemo of severe core damage are not strongly
coupled to the initiating event.
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High-Level Acceptance Criteria

Once the events are identified, and put into one divbdEvent Classes described in either the
siting guide, in CNSC document C-6, or in RD-337, the safefyyysis must show that the
resulting dose to the public meets the dose limit folBvent Class (Figure 7-1 as an example,
using C-6); and, for new plants, that the safety godRDr337 are met.

The approach for CANDU has been to use “best-estinmitgsical models combined with
conservativevalues of the key input parameters to give a conseevdiiit physically reasonable,
prediction of accidents. This is different from LWR preg, in which conservative modelsd
assumptions are prescribed. The LWR prac@smgo be ‘safer’ but has three disadvantages:

. If models and assumptions are all prescribed by the tegutae designer feels less
obligation to ask tough questions as to whether the nedefrect or not.
. A model which is ‘conservative’ in one aspect mayba-conservative in another (e.g., a

model which maximizes heat transport system pressugetta ‘conservative’ estimate of
its peak value in an accident also leads to an unrealigtearlier trip on high pressure.
This is so obvious that two calculations are done:tomaaximize pressure (to determine
peak pressure) along with one to minimize pressure (tondieeetrip time). The two are
then combined to give the ‘worst of all possible wdrl8® far so good, but not all
problems are so easily recognized.

. Conservative models predict unrealistic plant behavemthat the accident analysis is
useless or misleading in training an operator to dehlavieal accident; and may suggest
signals which do not occur, or omit some which do.

¢ “Conservative” means an assumption, model or datumhwhakes the answer more
pessimistic with respect to safety acceptance critexig.: increases dose; or increases fuel
temperature; or increases (or decreases) pressure depaemdirggaccident. The opposite is
“optimistic”. A “best-estimate” approach uses realisticdels, assumptions and data.
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Figure 7-1

The models used start from reactor physics, throughmystermohydraulics, through fuel and
fuel channel response, through moderator and contaimeginse, and to atmospheric
dispersion and dose, as discussed in Chapter 8. CANDU regytasctice does not demand a
“stylized” source term into containment nor a styliz®ntainment pressure transient; instead the
release of fission products to containment, the commt pressure transient, the resulting
leakage of radionuclides from containment, the dilutioatioyospheric dispersion and effects of
ground deposition, and the dose to the public are all prddisiag realistic physical models and
conservative input data or system assumptions.

Note that both the siting guide and Consultative Docui@editinclude some severe accidénts
which therefore were considered to be within the CANDesign basis”. For example, large

d specifically defined for CANDUSs as an accident wheesé is no heat removal by water
in the fuel channels. There will be severe fuel danfpgdial loss of bundle geometry) but,
depending on the availability of the moderator as a bab&apsink, there may or may not be
severe core damage (g.v.).
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LOCA plus Loss of ECC is a dual failure in the siting guals is an Event Class 5 in C-6, and
the whole-body dose to the most exposed individual meaflige public must be less than 0.25
Sv. This requirement can be met because the modera¢stssthe damage at the channel
boundary. Other severe accidents (such as LOCA + LOE{Es of moderator cooling) are
excluded from C-6 but will need to be at least consideyeddw plants to show the RD-337
safety goals are met. This topic is covered in moraildater. The net result of applying the siting
guide, or C-6, was that an accident class (a group of atsiddéth similar loss of function) with a
frequency of about 1Wyear or larger becomes part of the “design basis” mpdactical terms
must be shown to stop short of severe core ddinalj@ough fuel itself may be severely
damaged. Some containment designs are so powerful, ho(eeyemulti-unit vacuum
containment), that the dose can be kept below 0.25 $vfeveome severe core damage
accidents.

In Canada, public dose is the primary acceptance critefioe designers also define subsidiary
effectiveness criteria, which are intended to be eh@s sufficient but not necessary to meet the
primary acceptance criterion of dose. For example pteveaf fuel failures is a subsidiary
effectiveness criterion for a small LOCA. Theseeria may be endorsed, or adopted, or disputed,
or re-set by the regulator; some are specified in CN&Ziments The subsidiary acceptance
criteria defined by the designers are discussed in tlapt€hunder each individual accident, as
they were applied to the most recent CANDU 6 plants.

Shutdown systems have a separate acceptance critdadern CANDUs have two

independent, redundant, separated and diverse shutdown Sy&aahssystem, on its own, must
be capable of shutting the reactor down after any augishelependent of the mitigation provided
by the normal reactivity control devices. Genertilyp diverse trip parameters have been required
on each shutdown system for each accident over tige @roperating conditions (unless it is
impracticable or detrimental to safety to provide dushpeter coverage). As a result, it is not
required to perform analysis of either transients oidaots without shutdovin

This Chapter summarizes information from the mostmesafety analysis of CANDU 6s,
specifically the Wolsong 2,3&4 plants in Korea and Qinsh&a in China. In some areas (e.qg.,

¢ defined as loss of the channel geometry in the catandr

" The CNSC originally had a document classification seheonsisting of “R” documents,
which were high level requirements, and “C” or Consiviéatiocuments. This scheme was
partially replaced by another one consisting of fivelg of which the three most important are
Regulatory Policies, Standards, and Guides. The “RD"s&rieew, and stands for “Regulatory
Document” so that the document structure is again changjiripe moment documents in all
three schemes exist and apply to varying degrees.
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classification of single and multiple steam generatoe tuiptures), Regulatory Document C-6 has
required interpretation or modification in practice. Bagety analysis technology and acceptance
criteria in these latest stations, including intergrets of C-6, has been used extensively.

Major Computer Analysis Tools Required for DBAs

Following from the philosophy described above, CANDUWBa&nalysis requires a
comprehensive suite of physical models. The matherh&dizadations of these models are
presented in simplified form in Chapter 8.

Reactor physicanalysis requires a transient three-dimensional medgécially for the larger
CANDU cores. The most demanding application is large LO@&&ause the positive void
coefficient leads to relatively fast kinetics and heseaof the spatial effects associated with flux
tilts and shutoff rod (or liquid absorber) insertion. 8ddimensional effects are also important in
slow loss of reactivity control starting from distedtflux shapes.

The system thermohydraulice®de is typically awo-fluid, one-dimensional non-equilibrium
network code. Theawo fluids are water and steam, of course; recent codes atsporate a
third non-interacting fluid - e.g., hydrogen as producedvergeaccidentOne spatial

dimension suffices nicely for CANDU, since the system corssiatgely of linear flow in pipes
(feeders, channels, large pipes above the core) areldheno vessels in which complex three-
dimensional behaviour occurs. However the flow infteaders can be quite complex and tools,
based on tests, are being developed to model it moreadelguim he thermodynamic
non-equilibrium aspect is important in modelling rewet and refill ¢f tthannels, since the flow
can be stratified (steam and water flowing separatelyaltize effect of gravity) during that time,
and each phase can have its own temperature and fioally Einetwork capability is clearly a
necessity in CANDU, with its multiple parallel pathsafmy channels connected to one header,
ECC connected via parallel paths to each header).

Recent practice has been to incorporate the reacysicpltalculation into the system
thermohydraulics code for large LOCA, since the voidmaggient determines the power pulse,
which in turn has a second-order effect on the voidiagsient.

Fuel thermomechanicahodels consist of a code for normal operation, whigtlicts the initial

fuel conditions before the accident (sheath straiti4gheath heat transfer coefficient, fission
gas release, initial fuel and sheath temperatures,agid. transient thermomechanical code for
accidents. The latter includes sub-models for fuel failweehanisms, due to: fuel sheath strain,
beryllium braze penetration, sheath embrittlement dwexidation, athermal strain, and excessive
fuel energy content. Because of the need to predict e fdo each accident, the models must be
able to estimate the percentage of fuel that fagsiaccident (if any), and the release of fission
products to the channel.
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Under certain circumstances, such as a large LOCA oeohbvith a loss of ECC injection, the
pressure tube will overheat and (depending on the interessure) sag or strain into contact
with the calandria tube. This requires models ofpfessure tube thermal-mechani¢ednsient
behaviour, to predict the extent of deformation andptiessure tube temperature and internal
pressure when/if it contacts the calandria tube. Sepahainnel thermal/mechanical models have
been used to date, using very pessimistic and artificiadbary conditions (fixed ‘worst’ steam
flowrate); now the system thermohydraulic codes incatgochannel deformation capability,
allowing coupling of the more realistic prediction of thstribution of flow to each channel from
the thermohydraulics portion, with the actual channfrdeation due to those conditions.

The behaviour of a channel subsequent to such contactdiepe the heat transfer from the
calandria tube to the moderator. Further deformatidmafloccur if the calandria tube outer
surface does not dry out, or at least does not go irdespread film boiling. This in turn depends
on the local moderator subcooling. A two- or three-dsienal prediction ofmoderator
temperatureghence flows) is therefore required. Of most intetetite steady state distribution
at the time of contact, although transient calculatene required for in-core breaks.

Following the release dission productgrom the fuel, their transport through the heat trartspo
system (HTS) to containment, and within containmshould be predicted. To date CANDU
safety analysis has not used models for the transpitibwthe HTS, and for deposition on
surfaces such as end fittings and feeder piping, althougis tearly an area which could be
included and has been the subject of intensive R&D avember of years. However the
partitioning of fission products between steam and waltases at the break, and within
containment, has been modelled, as has long-termtiomend transport of organic iodides
within and from the water pool. Release of airboaianuclides from containment can occur
through the “normal’ leakage paths if the containmeasgimed to be intact, or through
containment impairments in dual failures such as LOCi#ts failure of the containment
ventilation system to isolate, or LOCAs with defthontainment airlock door seals.

The containment pressurgansient calculation uses the transient energyseltam the break,
and includes sub-models for dousing, containment air cydission product and hydrogen
transport, and natural and forced circulation, as wet@dels for containment impairments such
as open ventilation dampers. Multi-node, multi-fluid (wasteam, air, hydrogen)
one-dimensional containment models are used for thigsasm These one dimensional models
treat containment as a series of uniformly mixed tihkelumes and are adequate for overall
pressure prediction. For predicting the hydrogen distriburtitarge volumes, a three dimensional
model is required and such models are now being deployed.

The final step is calculation dbseto the public. The atmospheric dispersion motyglically
uses a Gaussian plume model to predict exposure as a funictistance from the station; the
input is the predicted transient release of radionuclies €ontainment for each accident. The
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weather assumed is traditionally the worst weatheumiog more than 10% of the time at the
site. Exposure-to-dose calculations use standard ICRRneended conversion factors.

Selection of Initial Conditions

A number of key parameters are chosen in a “conseeVatirection for licensing analysis. These
include fundamental core property parameters, initial gantlitions, system performance
measures, and assumptions on the unavailability of psradmitigating systems. There is no
unique conservative choice of a parameter; as notecbpsdyji what is conservative in one
application (e.g., minimizing the number of containn@tlers credited, in calculating peak
containment pressure) may be non-conservative irhan@talculating high containment pressure
trip effectiveness). In addition there is an ‘artctmosing the appropriate level of conservatism:
too much conservatism may require unnecessary desigged)doo little may not cover
uncertainties in the models used or the station parasndtieis dilemma is mostly removed by a
‘best-estimate + uncertainty analysis’ (BE+UA), ihigh all parameters are set at their best
estimate values, and the uncertainties are combinegrapdgated through the calculation.
However such a methodology is not well recognized ira@&an licensing. This section will
therefore deal with ‘conservative’ analysis; at ¢he of the Chapter we summarize the BE+UA.

Since many parameters are chosen in a similar waydny accidents, the following table lists the
most common choices along with a simplified rationale:

TABLE 7-1- KEY SAFETY ANALYSISPARAMETERS

Parameter Conservative Rationale
Direction
Reactor thermal power High Minimize time to use

up cooling water

inventory, minimize
margins to critical hea
flux, etc.
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Parameter Conservative Rationale
Direction

Reactor regulating system Normal operation or Choose so as to delay
inactive, whichever is reactor trip
worse; setback is
generally not credited
unless it tends to
“plind” the trip

Radionuclide operating load in theHighest permissible =~ Maximize radionuclide
HTS operating iodine release from station
burden (and associatecand public dose
noble gases) plus any
‘spiking’? at the time
of reactor shutdown;
and end-of-life tritium

concentration

Pressure tube radial creep Highest expected oweduce margin to
the timescale over critical heat flux (due
which the safety to flow bypass around

analysis is to be valid the fuel bundle in a
crept tube) and
increase value of void

reactivity

Steam generators Clean & fouled cases  Reduce reactor tifip
effectiveness

Steam generator tube leak rate Maximum permittedincrease radioactivity

during operation, plus release
assessment of any
consequential effects

due to the accident

9The spike, or the increase in release of radionudiides defective fuel, is sometimes
seen on rapid reactor shutdown, due to the sudden charggessgon the fuel.
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Chapter 7 - Accident Analysis.wpd Rev. 7
January 26, 2008 21:37:46 vgs



Parameter

HTS flow

HTS Instrumented channel flow

Coolant void reactivity coefficient

Fuel loading

Shutdown system

SDS2 injection nozzles

SDS1 shutoff rods

Maximum channel/bundle power
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Conservative
Direction

Low

High

High;

Low

Equilibrium;

Fresh

Backup trip on less
effective shutdown

Rationale

Reduce margins to
critical heat flux

Reduce low flow tri
effectiveness

Maximize overpower
transient;

Delay HTS high
pressure trip

Maximize fuel
temperatures,
radioactivity releases;

Maximize overpower
transient

Delay shutdown
system effectiveness

system using the last of

three instrumentation

channels to trip

Most effective nozzleReduce shutdown

unavailable
Two most effective

rods unavailable

High
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system reactivity dept

Reduce shutdown
system reactivity ‘bite’
and depth

Maximize fuel &
sheath temperature

—




Parameter

Reactor decay power

Initial flux tilt

subcooling

spray headers

Containment leak rate
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Number of containment dousing

Conservative
Direction

High

High

Moderator initial local maximum Low

Number of operating containment Low;
air coolers and other heat sinks

High

Low (typically 4 out
of 6);

High

High (typically 2x to
10x design leak rate);

Low
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Rationale

Minimize time to usg
up cooling water
inventory

Maximize fuel &
sheath temperature

Minimize margin to
critical heat flux on
calandria tube

Maximize containment
pressure;

Delay high pressure
trip; and maximize
likelihood of
hydrogen combustion
due to rapid
condensation of stean

Maximize short-term
containment pressure

Maximize long-term
containment pressure
and leak-rate,
maximize likelihood of
long-term hydrogen
combustion

Maximize public dose;

Maximize containment
pressure




Parameter

Containment bypass leakage

Weather

Operator Actions

Conservative Rationale
Direction

Pre-existing steam Maximize public dose
generator tube leak

Least dispersive Maximize public dose
weather occurring
>10% of the time

Not credited before 1&Ensure adequate timeg
minutes after a clear for diagnosis
indication of the event,
for actions that can be
done from the control
room; and not credited
before 30 minutes, for
actions that must be
done “in the field”

Where the “conservative” assumption is particularre type of accident, it is listed in the

discussion on the individual accident below.

Note that whatever safety analyassumptiongre made beconiinits to operation: so for
example, if the moderator subcooling is at some timengurperation less than that assumed in
the safety analysis, the plant is said to be in aarialyzed’ state and the state must be rapidly
demonstrated to be acceptable (through re-analysighegiant derated to the point where the
subcooling is again within the range assumed in the atcaalysis. This course of action is
relatively straightforward on a single parameter, buatlescome very complex when a number of

parameters deviate from their assumed conditions.
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Typical Initiating Events

This section summarizes typical initiating eventsG&NDUSs, indicating safety issues of interest
and any key safety parameters not already covered iFetble 7-1; acceptance criteria used by
designers and/or required by the regulator; and relevant evebinations. Because there are a
number of different CANDU designs, different organizagidioing safety analysis, different
computer codes and different regulatory frameworks, thefisgatormation in this section may
not apply in every case. Furthermore some issuesilhiteder dispute with the regulatory body.
There is also a practical limitation on the amoundetiil that can be presented here on
acceptance criteria and key safety parameters, fohwiecindividual plant Safety Reports are
the ultimate source of information. Instead the mowgoirtant acceptance criteria and key safety
parameters have been selected, so these lists,tyghdal, should by no means be considered
complete.

The complete listing is rather dry and is a sourcefefeace rather than a learning tool. The
reader should go thoroughly through at least one accigege (LOCA for example) to get a
sense of the approach.
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1 Large Heat Transport System LOCA
1.1. Initiating Event

A large LOCA in a CANDU is conventionally defined aseonvhere the break area is larger than
twice the cross-sectional area of the largest fegiger Because there are two feeder pipes
connected to each channel, there is a lot of sroadl-piping in CANDU - hence the probability
of a pipe break drops by about two to three orders of mamfor break area exceeding twice
that of the largest feeder pipe. Thus any “large LOCAV @aly be located in the large piping
above the core, and is analyzed separately from E@&As. There are three representative
locations: reactor inlet header (RIH), reactor outkder (ROH), and pump suction gEBSH).
Other locations are lines connected to the pressuskatdown cooling lines and the header
interconnnect lines.

Breaks at the low end of the large LOCA size rangec@dled transition breaks) behave in an
intermediate fashion between large and small LOCAs.

1.2. Safety Aspects
Safety aspects are as follows:

. Jet forces from the broken pipe, and reaction foraasiog pipe whip. The effect of these
on other pipes, on the shutdown systems, and on comfiainmust be assessed.

. Voiding of the channels, and decrease in flow indinmnstream core pass. Normally
break size is treated as a parameter to find the brifakthe most severe and prolonged
flow stagnation (the “critical” break) in the downsine core pass. A power increase
results from core voiding, causing a fuel temperature asereand requires a shutdown
system trip.

. Continued fuel heatup after reactor trip, as the chsaucoatinue to empty prior to ECC
injection. There is a potential for fuel damage due tessive sheath strain or sheath
embrittlement; and for channel flow area reduction dugheath strain.

. For the critical breaks, a number of pressure tubgsowerheat and sag or strain into
contact with the surrounding calandria tube.

. Heat transfer to the moderator from any channels priessure tube/calandria tube
contact, so that further channel deformation is priagen

" For the Bruce plant, pump discharge breaks are alsaleoedibecause there are two
core passes connected to each pump
16
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5.
6

1.4.

Containment pressure increase, and differential pressuitigin containment
compartments.
Leakage of radionuclides from containment and resultinggdbse.

Acceptance Criteria
Dose to the most exposed individual in the critical giedgelow the Event Class 3 limit

in Figure 1.
Pipe whip is limited so that:

. there is no impairment of either of the shutdownesys below their minimal
allowable performance standards

. there is no break induced in the piping of the other 6B (for two loop plants)

. there is no shearing off of large numbers of feederspipe

. there is no damage to the containment boundary

. there is no break induced in ECC piping (not connectédedroken pipe)

The channel geometry must remain coolable. Therenarsufficient criteria: the amount
of fuel sheath oxidation must not embrittle the sheathrewet, and the amount of sheath
strain must be limited so that coolant can flow throtighchannel.

Channel integrity is maintained.

Sufficient conditions include:

. there is no fuel melting

. there is no sheath melting

. there is no constrained axial expansion of the fuieigs

For cases where the pressure tube strains or sagsuficient if:

. the pressure tube does not fail prior to contactingatendria tube. This criterion
is satisfied if the pressure tube local strain istlkas 100% at any location.

. the calandria tube remains intact after pressure totw@act. This criterion is

satisfied if the calandria tube outer surface does naitggrolonged film boiling.
Pressure within containment is below design pressure.
Pressure within containment compartments does no¢ aatesnal structural failures.

Relevant Event Combinations

A large LOCA is also analyzed in combination withetimpairments, including in turn the ECC,
containment systems, and loss of normal AC powers§dM).

' As the fuel heats up, the ‘string’ of 12 fuel bundles letiigthen due to thermal

expansion; the amount must not cause it to come up harstte end-fittings and buckle.
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The followingECC system impairments are analyzed in turn: failure of injection, failurelodp
isolation, failure of steam generator secondary sideste cooldowh The first case is generally
limiting and is a severe accident within the designsbasi

The combination of a large LOCA with a loss of EC@egirise to additional or changsaffety
aspectdrom those listed in Section 1.2 as follows:

the moderator is required to remove reactor decayiméag long term

hydrogen is produced by oxidation of the fuel sheath®&pdrt of the pressure-tube, and
is released to containment

since ECC makeup is not available to the broken laom-term fuel cooling and channel
integrity must be assured for this loop also.

The result of a LOCA + LOECC calculation is highly siéme to the assumed steam flow rate in
the channel (the worst being a few grams per seconcthpanel); thus the imposed channel
flowrate is akey safety parametevhich is varied parametrically

Similarly LOCA + LOECC has additional or changseteptance criteridrom those listed in
Section 1.3 as follows:

Acceptance criterion 1 becomes: Dose to the mgsised individual in the critical group
is below the Event Class 5 limit in Figure 1.

Acceptance criterion 3 for large LOCA does not applyer€hs no limit on sheath
embrittlement, and the fuel bundle geometry is not reduoebe “coolable” by fluid
within the channel.

Acceptance criteria 2, 4, 5, and 6 apply to this eventrien.

Gross UQ melting does not occur. This is a necessary conditigmmeserve channel
integrity.

Hydrogen detonation within containment does not odgthydrogen combustion occurs,
the pressure stays below design pressure. As a sufficiadition, one can require that
the concentration of hydrogen inside containment nesviaglow the lower limit for
downward flame propagation, or about 9% by volume. (Theréuather issues related to

I unless the instrumentation consists of two redundaependent sets, each having three

channelized signals, in which case failure of crasiidmwn is considered very low probability
and need not be explicitly designed for.

“ Not a very satisfactory approach as it leads to ustieally high hydrogen

concentrations in containment and over-design of hydrogggation equipment. It is likely that
LOCA +LOECC will in future be treated more realistigal
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the effect of fast flames on local pressures, aneéffieet of a standing flame on mitigating
equipment.)

The followingcontainment system impairments are analyzed in turn: loss of air coolers; loss of
dousing; open ventilation dampers; deflated airlock doos;sepén airlock doors. The multi-unit
stations in Canada have a vacuum containment, so eenarinbdditional containment
impairments are considered: partial or total loss otiuan; failure of the instrumented
containment pressure relief valves to open or cladaré of one bank of self-actuating
containment pressure relief valves.

The combination of a large LOCA with a containmeygtem impairment gives rise to additional
or changedafety aspectisom those listed in Section 1.2 as follows:

. the assumption of impairment of the containment bis&s increases the internal
containment pressure and reduces the margin to design pressur
. fractional releases from containment are largefpsgingle-unit plants, the ECC must be

designed to limit the number of fuel failures and assediéssion product release.

Similarly LOCA + impaired containment has additionatbangedicceptance criteridrom those
listed in Section 1.3 as follows:

. Acceptance criterion 1 becomes: Dose to the mostsexpimdividual in the critical group
is below the Event Class 5 limit in Figure 1. However tases of loss afl air coolers,
and of open airlock doors, are submitted for informadinly and do not fall into any
Event Class.

Large LOCA cases also are analyzed assuming failurerofat AC electrical power from the
grid or the turbine-generator (Class IV pow&afety aspectsre generally similar to the cases
with Class IV Power available. Differences usually aratters of degree: the pump rundown is
faster, the critical break size shifts, secondary sding is reduced, the flow in the intact Ibop
is smaller and the moderator cooldown is sloweceptance criteriaelative to Section 1.3 are
changed as follows:

. Acceptance criterion 1 becomes: Dose to the mostsexpimdividual in the critical group
is below the Event Class 5 limit in Figure 1.

The classification of event combinations involvingieduced Loss of Class IV power assumes a
reasonably reliable electrical grid (such as in Camadéorea), so that the likelihood of losing

'For two-loop plants - Bruce A & B have one HTS loop.
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Class IV power as a result of a reactor trip is srifialls is however site-dependent, and the Event
Class might need to be changed if the external gricbilélias poor, particularly if there is only
one unit on the site.
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2. Small Heat Transport System LOCA

In this and subsequent sections, the differences frerfatbe LOCA section are highlighted. The
common material is not duplicated.

2.1. Initiating Event

A small LOCA is a break in any pipe, with an area uth#osize of twice the cross-section of the
largest feeder pipe. Spurious opening of a Liquid Relief alircluded in this category. Events
affecting a single reactor fuel channel or one or nstegam generator tubes are also small breaks,
but because of their specific phenomenology are coverstately.

2.2.  Safety Aspects
Safety aspects are as follows:

. potential for fuel sheath dryout kigh power as the circuit depressurizes (see Chapter 8).

. potential for fuel sheath dryout or pressure tube loeatleeating atlecaypower prior to
ECC injection. This could be caused by flow stratifmain the reactor inlet header or in
the channel. The combination of a small LOCA withaasumed loss of Class IV power is
the limiting case.

. fuel cooling in the long term without forced circulatidfor two-loop reactors, cooling of
the “intact” loop must also be analyzed because itheilisolated from the other loop and
operate with reduced inventory until it is refilled by @C

Since normal action of the reactor regulating sysfRRS) can compensate for the slow increase
in reactivity due to coolant void, and delay the triph@h power, two cases are considered: RRS
inactive, and RRS operating normally.

2.3.  Acceptance Criteria

1. Dose to the most exposed individual in the critical gisigelow the Event Class 2 limit
in Figure 1.
2. There should be no systematic fuel failures (thisffcent but not necessary to meet the

dose limit; it also reduces the economic risk from alsb©CA). There are two periods
of interest: at high power (before reactor trip), anlba power (due to prolonged dryout
at low flows). The fuel sheath will remain intact if

. there is no fuel centreline melting (centreline terapee < 2840C)

™On some two-loop plants, loop isolation has been diddbk this reason.
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. there is no excessive strain (uniform sheath steamthan 5% for temperatures

<1000C)

. there are no significant cracks in the surface oxuddrm sheath strain less than
2% for temperatures >1000C)

. there is no oxygen embrittlement (oxygen concemtnati 0.5% by weight over
half the sheath thickness)

. there is no penetration by the beryllium braze atepand bearing pad locations

3. Criteria 4,5&6 listed in Section 1.3 also apply.
2.4. Relevant Event Combinations

As with large breaks, small LOCAs are combined (seplawith impairments of ECC and of
containment. The behaviour is bounded by, or similalatge LOCAs with the same
impairments. The acceptance criteria are likewisesénee.

Small LOCAs also are analyzed assuming failure of Glagower. Safety aspectare generally
similar to the cases with Class IV Power availaBe with large LOCA, differences usually are
matters of degree: the most important safety aspecsisring sufficient thermosyphoning flow in
both HTS loops to maintain channel integrigceptance criteriare changed relative to those
identified in Section 2.3 as follows:

. Acceptance criterion 1 becomes: Dose to the mostsexpmdividual in the critical group
is below the Event Class 4 limit in Figure 1.

. Acceptance criterion 2 becomes: There should be nersgsic fuel failures before or
immediately after reactor trip. However some fuelfat may occur during the ECC
phase.
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3. Single Channel Events
3.1. Initiating Event

Single Channel Events are a particular subset of £@&lAs affecting only one
reactor fuel channel. They consist of:

. a “spontaneous” pressure tube rupture, assumed for the pofsaysis to result also
in rupture of the calandria tube
. a break in an individual feeder pipe. A special casédigak in an inlet feeder of exactly

the right size to temporarily stagnate the flow in¢hannel. This can then result in
channel overheating and failure.
. failure of the end-fitting attached to the pressure-tahd,assumed ejection of the fuel.
. blockage of the flow in a channel, assumed to be caenpleough to cause channel
overheating and failure.

3.2.  Safety Aspects

The safety aspects are similar to a small LOCA aaddhe reactor HTS is concerned. There are
additional safety aspects for in-core breaks:

. the potential for damage to in-core components suchkaasivity mechanisms, and the
effect on the available shutdown margin. The worse a5OCA with loss of ECC (since
the ECC utilizes light water and introduces negativetragg.

. the potential for propagation of the break to othectaauel channels

. the potential for ejection of the end-fitting (or band-fittings), causing a loss of
moderator

. calandria overpressure due to the discharge of high-pyttatl into the moderator

. for the case of flow blockage or inlet feeder stagmalireak, calandria overpressure due
to the interaction of hot and possibly molten fuehviite moderator

. safety system initiation signals (since high buildingssure may not be effective for an
in-core break)

. fission product release in an end-fitting failure witklfejection, since the bundles are

exposed directly to the containment atmosphere; atoWnblockage, since a large
fraction of the bound fission product inventory in thelfcan be released to containment
. fission product washout in the moderator

" For ACR-1000, the calandria tube will withstand a prestue-spontaneous break,
although the combined failure of both tubes is still lls®the design basis for the calandria
structure and relief ducts.
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For in-core breaks, given the potential for damage tto$trod guide tubes and the displacement
of moderator poison, a number of assumptions are madaximize net reactivity:

Parameter Conservative Rationale
Direction
Initial reactor operating state Startup after a long Maximize reactivity
shutdown due to decay of
neutron-absorbing
isotopes in the fuel
Fuel burnup Plutonium peak Maximize reactivity
due to fuel
Moderator poison load High Maximize reactivity
due to displacement df
moderator
Coolant isotopic purity High Maximize reactivity
due to displacement df
moderator
Failed channel location Near most effective Maximize loss of
shutoff rods shutoff rod reactivity

For the ACR-1000, the use of light-water as a coolanbvesithe issue of shutdown margin for
this case, since the light water will mix with thealry-water moderator after channel failure, and
produce a large negative reactivity.

3.3.  Acceptance Criteria

1. The small LOCA acceptance criteria identified in ecP.3 apply. However fuel damage
may occur in the affected channel.
2. The in-core failure does not damage reactivity mesh@nto the extent that the reactor

cannot be shutdown by each shutdown system acting @ssi@ming the most pessimistic
operating state prior to the accident. Manual poison additi the moderator may be
credited 15 minutes after a clear indication of the event

3. The failure does not propagate to other reactor fueheta
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4. The calandria vessel pressure transient does not \eeass failure or loss of moderator
(other than through the relief pipes), and any vessetation does not prevent
operation of the shutdown systems.

3.4. Relevant Event Combinations

Single channel events are also combined with the mpats of containment, ECC and Class IV
power. Safety aspects and acceptance criteria ararteeas the small LOCA combined-event
cases, with the exception that there is no requireomtie integrity of the affected channel or its
fuel. For in-core breaks, particular attention is paichtmlerator temperature, which will initially
rise due to the discharge of coolant into the moderHtan. in-core break is combined with an
impairment in ECC, some of the other channels mgysatrain (eventually) into contact with
their calandria tubes. Thus the moderator temperaturebaustpt low enough to prevent
prolonged dryout of the calandria tube. Finally if ondath end fittings are ejected, the
moderator will drain through the broken calandria tubd,BEECC is not restored in time, the
accident may progress to severe core damage. This @ntiyiat CNSC Generic Safety Issue.
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4. Single Steam Generator Tube Rupture
4.1. Initiating Event
A guillotine rupture of a single steam generator tubessrasd.
4.2. Safety Aspects
The safety aspects are similar to a fedfar as the reactor HTS is concerned, but aléadiec
. release of the radionuclides contained in the HT Sarwalutside containment
. the break must be isolated in the longer term, simedotss of water through the steam
generator is unrecoverable.
The analysis focusses on ensuring there is adequateapsrabn time to perform HTS
cooldown and steam generator isolation. Back-flowight) water from the secondary side to
the primary side, after the latter is cooled down ande$spirized, causes negative reactivity and
is not a safety concern. Recent CANDUSs have manoplyated main steam isolation valves,
which can be used as one of the means to isolatdfdwed steam generator in the longer term.
4.3. Acceptance Criteria
The acceptance criteria are identical to those o$mhel LOCA.
4.4. Relevant Event Combinations
Since ECC is not required and the discharge of radionudlideghe secondary side, outside the
containment envelope, there are no relevant evenbioations associated with ECC or

containment impairments. However the effect of misSlass IV power at the time of trip is
assessed.

° A leak is defined as a loss of coolant small enoughaiit can be compensated by the
D,0 makeup system; ECC is not required.

P Note that the C-6 Class of this event is in dispute/éen the CNSC and the industry -
the former has requested Class 1 and the industry mairttalmould be Class 2 based on
experience to date. Such disputes are not unusual in a @seriptive regulatory framework, as
discussed in Chapter 1.
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Multiple Steam Generator Tube Failure

It is postulated that a number of steam generator tuipe®(10) fail simultaneously.

The effect on the HTS is similar to a small bre@%o of the largest inlet header break).
As with a single steam generator tube rupture, thexelischarge of radionuclides outside

The accident time scale is much shorter than fanglessteam generator tube rupture, so
automatic action of the shutdown systems and of EC&2jisired.

The operator is required in the longer term to vah@niralternate heat sink and stop
further discharge outside containment.

Dose to the most exposed individual in the critical gieugelow the Event Class 5 limit

The fuel channels should not fail due to overheating.

since the initiating event is already Evens€ha

9 This reflects the designer interpretation of C-6 Rem. the safety analyses of all recent

5.
5.1. Initiating Event
5.2.  Safety Aspects
containment.
5.3.  Acceptance Criteria
1.
in Figure 17
2.
5.4. Relevant Event Combinations
None,
plants.
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6. L oss Of Forced Circulation
6.1. Initiating Event

A loss of Class IV electrical power to the HTS pumpssea them to run down and eventually
stop. Particular cases of partial loss of forced citmrianclude a partial loss of Class IV power,
a single HTS pump shaft seizure and a single pump trip.

6.2. Safety Aspects

A flow reduction causes a mismatch between reactor pamgkcoolant flow that can lead to fuel
overheating and HTS pressurization. The power mismdgoltauses void formation in the
channels, leading to an increase in reactor power.

Note that, contrary to previous prediction, a Losslas€1V power at Gentilly 2 some years ago
led to a trip on high neutron log rate. The power rise mare rapid than predicted, and seems to
have been caused by subcooled boiling in the channetstoririp, a phenomenon which up until
then had not been accurately modelled. There are aless@ns to be learned from real events.

Normal operation of the RRS can delay a reactor tripake one unnecessary; shutdown system
effectiveness must be shown whether the RRS opearateslly or fails to respond.

6.3. Acceptance Criteria

1. Dose to the most exposed individual in the critical gieugelow the limits listed below:
Loss of Class IV Power: Event Class 1 limit in Figure 1
Pump Seizure: Event Class 2 limit in Figure 1

2. The heat transport system must remain intact. Thuosst not fail due to:
- overpressure

- overheating of the pressure tubes.

3. For loss of Class IV power and single pump trips: Thécgelimit for SDS1 high
pressure trip is ASME Level B (“upset”) crediting the liqtadief valves (LRVS). This is
interpreted as 110% of design pressure. The service IIM83&2 high pressure trip is
ASME Level C (“emergency”) with and without creditingethRVs. This is interpreted as
120% of design pressure. The first trip parameter may lo@enlan the case where this
trip parameter is high presstre.

4. For single pump seizure: The service limit for SDS1 pigissure trip is ASME Level C
(“emergency”) crediting the liquid relief valves (LRV3is is interpreted as 120% of
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design pressure. The service limit for SDS2 high presspris ASME Level D
(*faulted”) with and without crediting the LRVs. Thisigerpreted as 120% of design
pressure. The first trip parameter may be credited isdbe where this trip parameter is
high pressure.

5. Systematic fuel failures are preveritétis sufficient to prevent prolonged periods in
dryout or in stratified flow before reactor trip.

6.4. Relevant Event Combinations

Since there is no fuel damage for these events, #neneo relevant event combinations with
impairments of ECC or containment.

" This is sufficient but not required for single pump seizure.
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7. L oss Of Reactivity Control (LORC)
7.1. Initiating Event

A malfunction in the RRS is assumed to drain zone odieits and/or drive out absorber/adjuster
rods. Two types of accidents are considered: continueebise in reactivity at up to the
maximum possible rate, and to the maximum degree allow#tktphysical configuration of the
devices; and a slow power increase from both nornehtlatorted flux shapes that terminates
just below the overpower trip setpoints.

7.2.  Safety Aspects

An increase in reactor power causes a flow/power ni@dmahich has the potential to damage
fuel.

Reactivity ramps from malfunctions in the RRS orctsnponents are inherently slower than those
caused by a LOCA. Since large LOCA determines the sefpof the bulk overpower and rate
trips on each shutdown system, loss of reactivityrobnhmps are not limiting.

However a slow increase from a distorted flux shapedcpetmit fuel to be in dryout even if the
bulk reactor power is below the average overpower ttjpog&. Analysis of such events
determines the trip setpoints for the spatially-disteduRegional Overpower (ROP) flux
detectors on each shutdown system.

The setback and stepback functions (which reduce poweibreormal situation is sensed) are
not credited in the analysis. However the followingteyns may, by their normal action or
inaction, delay a reactor trip; therefore both casesanalyzed:

. HTS pressure and inventory control working or failed
. steam generator pressure control working or failed
. steam generator level control working or failed

The reactivity rates of the control devices in thelgsis are varied parametrically over the
complete physically possible range, to ensure that trgnpeter coverage is comprehensive. For
reactivity rates from distorted flux shapes, flux shapesselected to cover all expected modes
where continued operation is permitted - e.g., operatitiyavstuck absorber rod.

7.3.  Acceptance Criteria

Similar to Loss of Forced Circulation:
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1. Dose to the most exposed individual in the critical gislgelow the Event Class 1 limit
in Figure 1.

2. The heat transport system must remain intact. Thuosst not fail due to:
- overpressure
- overheating of the pressure tubes.

3. The service limit for SDS1 high pressure trip is ASMivél B (“upset”) crediting the
liquid relief valves (LRVs). This is interpreted as 110%le$ign pressure. The service
limit for SDS2 high pressure trip is ASME Level C (“egency”) with and without
crediting the LRVs. This is interpreted as 120% of desigsspre.

4. Systematic fuel failures are prevented. It is sufftdierprevent prolonged periods in
dryout or in stratified flow before reactor trip.

7.4. Relevant Event Combinations

Since there is no fuel damage for these events, #neneo relevant event combinations with
impairments of ECC or containment.
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8.

8.1.

Loss Of Pressure And Inventory Control (Primary)

Initiating Event

Pressurization events can result from:

feed valves fail open / liquid bleed valves fail closed

pressurizer heaters fail on / steam bleed valvesldsed

Depressurization events can result from:

8.2.

feed valves fail closed / liquid bleed valves fail open

pressurizer heaters fail off / steam bleed valvé®en
HTS liquid relief valves fail open

Safety Aspects

Pressurization events test the capability of the ligeliéf valves and the ability in the long term
to stop any unrecoverable loss of coolant. Depressiorizavents are similar to a small LOCA.
Since in the depressurization sequences there mayibenaaliate discharge to containment,
appropriate signals must be identified for reactor trip@nolperator alarms and, if necessary, for

ECC.

8.3.

Acceptance Criteria
Similar to Loss of Pressure Control and Loss of RegcControl:

Dose to the most exposed individual in the critical giedgelow the Event Class 1 limit
in Figure 1.

The heat transport system must remain intact. Thuosst not fail due to:
- overpressure
- overheating of the pressure tubes.

The service limit for SDS1 high pressure trip is ASM&védl B (“upset”) crediting the
liquid relief valves (LRVs). This is interpreted as 110%le$ign pressure. The service
limit for SDS2 high pressure trip is ASME Level C (“egency”) with and without
crediting the LRVs. This is interpreted as 120% of desigsspire. The first trip
parameter may be credited in the case where this trgpmeder is high pressure.

Systematic fuel failures are prevented. It is sufftdierprevent prolonged periods in
dryout or in stratified flow before reactor trip.
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8.4. Relevant Event Combinations

Since there is no fuel damage for these events, #neneo relevant event combinations with
impairments of ECC or containment.
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9. Main Steam Line Breaks
9.1. Initiating Event

This event class includes rupture of the steam piping insidetside the reactor building, up to
the complete guillotine rupture of the steam balance heade

9.2. Safety Aspects

The first safety aspect for all main steam line ksaa the potential loss of a reactor heat sink as
the secondary side inventory is exhausted through tlaé.biFer main steam line breaks outside
containment, in the turbine hall, one must show éeggtipment which is required and assumed to
mitigate the event is not damaged by the forces, d@arstor the high temperature caused by the
break, nor is there damage to the turbine hall strucEaemain steam line breaks inside contain-
ment, the pressure rises rapidly and the safety aspéet lmiilding integrity, including the

integrity of reactor building internal walls. The depregmation of the secondary side causes a
corresponding depressurization and cooling (initially)hefprimary side; this causes a negative
reactivity and a powedtecreaseand is not a safety concern. Both symmetric bretigstimg all
steam lines equally (e.g., steam balance header brecdlasgmmetric breaks (affecting only one
steam line) must be considered.

Large steam line breaks are limiting in terms of eewlytainment peak pressure and time available
to introduce an alternate heat sink. Small steanblieaks test the trip coverage and can lead to a
long-term containment pressurization after the comtemt dousing water is exhausted.

Since the HTS pumps are tripped on low HTS pressure, illtg toremove heat from the HTS
through thermosyphoning, particularly if the HTS is twag#y must be confirmed.

Note that since CANDUSs have a high-pressure backup imaftlse Shutdown Cooling System),
it is not necessary for the operator to depressure&lfrs before valving in this alternate heat
sink in emergencies.

9.3. Acceptance Criteria

1. Dose to the most exposed individual in the critical gisigelow the Event Class 3 limit
in Figure 1.
2. The heat transport system must remain intact. Thuast not fail due to:
- overpressure

- overheating of the pressure tubes.
In practice this means that the secondary side insentast be sufficient so that a
manually-initiated alternate heat sink can be initiatghin 15-30 minutes of the break,
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depending on whether the action can be taken from the Gtantrol Room or must be
taken from the field.

3. Systematic fuel failures are prevented. It is sufftdierprevent prolonged periods in
dryout or in stratified flow before reactor trip.

4. For main steam line breaks within containment cthr@ainment pressure must stay below
the threshold pressure for through-wall cracking of themeser wall.

5. The transient differential pressure across the readitoling internal walls should not
impair the structural integrity of the walls.

6. The turbine hall wall structural integrity is maintdn(if necessary to protect equipment

credited in the accident mitigation).
9.4. Relevant Event Combinations.

A main steam line break is analyzed in combinatiath wie following impairments in the special
safety systems:

The followingECC system impairments are analyzed in turn: failure of injection, failurel@dp
isolation, failure of steam generator secondary sidestt cooldowh The combination of a main
steam line break with a loss of ECC gives rise to madi@it or changedafety aspectlative to
Section 9.2 as follows:

. ECC may not be automatically initiated, in whiclseahere is no change from the single
failure
. where ECC is automatically initiated, it acts amakeup to the HTS as the latter cools

down and shrinks. In the absence of such a makeup, adegoapbase thermosyphoning
must be demonstrated to remove decay heat. Note tHath&€ Core Makeup Tanks, one
connected to each loop, to makeup for shrinkage for swtiev

Similarly a main steam line break + LOECC has addifion change@cceptance criteriaelative
to Section 9.3 as follows:

. Dose to the most exposed individual in the criticabgrs below the Event Class 5 limit
in Figure 1.

The followingcontainment system impairments (for main steam line breaks inside containment)
are analyzed in turn: loss of air coolers, loss of ohgu®pen ventilation dampers, deflated airlock
door seals, open airlock doors.

® unless the instrumentation consists of two redunddepiendent sets, each having three
channelized signals.
35

Chapter 7 - Accident Analysis.wpd Rev. 7
January 26, 2008 21:37:46 vgs



The combination of a main steam line break with gt@oment system impairment gives rise to
additional or changeshfety aspectas follows:

. the assumption of impairment of the containment kieés increases the internal
containment pressure
. containment envelope impairments reduce the peak prdsgungy (depending on the

setpoints) decrease the trip coverage provided by corgairimgh-pressure trips.

Similarly a main steam line break + impaired contaimnias additional or changedceptance
criteria as follows:

. Dose to the most exposed individual in the critical grisuyelow the Event Class 5 limit
in Figure 1.
. The structural integrity of the containment must rotrbpaired to a degree that

consequential damage to the reactor systems could nestdtgince the radioactivity
releases are small, there is no requirement forigxiptants for staying below
containment design pressure).

A main steam line break inside containment combinek failure to isolate the containment
ventilation results in lower peak pressures within dantant but may delay the reactor trip on
high building pressure. The same is true for deflated &idoor seals. ECC may be initiated for a
main steam line break (on low HTS pressure conditiomelaigh building pressure) but is not
required for accident mitigation.

Main steam line breaks are also analyzed assumingefaifClass IV powerSafety aspectare
generally similar to the cases with Class IV Powilable, with the focus being on
demonstration of the effectiveness of natural cirauain the HTS. Other differences usually are
matters of degree: containment air coolers and secpsidia feedwater are temporarily lost until
Class Ill power is established, and the HTS pumps run @awher. Theacceptance criteriare
the same as for a main steam line break plus contairsystem impairments.
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10. Feedwater System Failures
10.1. |Initiating Event

Loss of feedwater can result from a break in a feeaviage loss of the feedwater pumps, or
spurious closure of one or more feedwater valves.

10.2. Safety Aspects

Similar to main steam line breaks: The first safetpect for all feedwater system failures is the
potential loss of a reactor heat sink as the secomsitieynventory is depleted. For feedwater line
breaks inside containment, the containment presse®arsd the safety aspect is the building
integrity, including the integrity of reactor building im@l walls. Both symmetric breaks affecting
all feedwater lines equally (e.g., break upstream ofgdviater control valves) and asymmetric
breaks (affecting one steam generator more than heesot e.g., breaks downstream of the
control valves) must be considered.

Large steam line breaks are more limiting (in termsaofy containment peak pressure and in
terms of differential pressures within the reactordmg) than large feedwater line breaks. Large
steam line breaks are also limiting in terms of pulilise.

Because the Shutdown Cooling System can be broughtul syistem pressure, it is not
necessary for the operator to depressurize the HT $ebefinging in this alternate heat sink in
emergencies.

10.3. Acceptance Criteria

1. Dose to the most exposed individual in the critical grieug@low:
. Event Class 1 limit in Figure 1 for failures of feedwatentrol;
. Event Class 3 limit in Figure 1 for breaks in the fee@waiping.
2. The heat transport system must remain intact. Thuosst not fail due to:
- overpressure

- overheating of the pressure tubes.
In practice this means that the secondary side inientast be sufficient so that an
alternate heat sink can be initiated within 15-30 minafeke break, depending on
whether the action can be taken from the Main CéRomm or must be taken from the
field.

3. The following overpressure criteria apply:
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. For loss of flow feedwater failures, the servicatlior SDS1 trip is ASME Level
B (“upset”) crediting the liquid relief valves (LRVs). Bhis interpreted as 110%
of design pressure. The service limit for SDS2 trip i$MES_evel C
(“emergency”) with and without crediting the LRVs. Tlasnterpreted as 120%
of design pressure.

. For feedwater pipe breaks, the service limit for SDigh pressure trip is ASME
Level C crediting the liquid relief valves (LRVs). Thergce limit for SDS2 high
pressure trip is ASME Level D (“faulted”) with and withazrediting the LRVs.

The first trip parameter may be credited in the caserevthis trip parameter is high

pressure.

4. Systematic fuel failures are prevented. It is sufftdierprevent prolonged periods in
dryout or in stratified flow before reactor trip.

5. For feedwater pipe breaks within containment, theasoment pressure must stay below
the threshold pressure for through-wall cracking of themeser wall.

6. The transient differential pressure across the readiloling internal walls should not

impair the structural integrity of the walls.
10.4. Relevant Event Combinations

The ECC is neither initiated nor required for a feedwsystem failure. Large steam pipe breaks
together with containment system impairments bounddhéinment behaviour for feedwater
system failures.

Feedwater failures are analyzed assuming failure of Clagewer. Safety aspecigre generally
similar to the cases with Class IV Power availabiih the focus being on demonstration of
acceptable thermosyphoning behaviour in the long teh@agceptance criteriare similar to
those with Class IV power available, except thatpiglic dose limits are:

Dose to the most exposed individual in the critical greugeiow:

. Event Class 3 limit in Figure 1 for failures of feedwatentrol;
. Event Class 5 limit in Figure 1 for breaks in the fee@waiping.
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11 L oss of Secondary Side Pressure Control

11.1. |Initiating Event

Depressurization of the secondary side could result fnadwvertent opening of the Atmospheric
Steam Discharge Valves (ASDVs), or the CondensenmSBischarge Valves (CSDVs), or the
Main Steam Safety Valves (MSSVSs); or failure to udltiae turbine after a reactor trip.
Pressurization of the secondary side could result frtmesaof condenser vacuum.

11.2. Safety Aspects

Since the HTS boundary is preserved, the safety aspetease of a portion of any radioactivity
contained in the secondary side. Generally the belnaigdounded by steam and feedwater line
failures. The secondary side controls are modelledmesitetail to ensure that either their proper
functioning, or lack of response, does not impair amgtgalystem actions. Both normal and
alternate modes of plant control are assessed.

11.3. Acceptance Criteria

Same as for a loss of feedwater control.

11.4. Relevant Event Combinations

None.
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12 L oss of Shutdown Heat Sink

CANDU shutdown heat sinks include auxiliary feedwater stih@down cooling system, and
ECC. Loss of a heat sink when the reactor is shutdewsually analyzed by hand calculations of
heatup rate, to show that there is sufficient timethe operator to diagnose the event and valve
in one of the backup heat sinks.

Note that during shutdown a number of heat sinks norm@eadifable during power operation may
no longer be available (they, or their support systemay, be under repair). An important aspect
of loss of shutdown heat sink analysis is to showttherte are enough back-up systems should
the primary means of heat removal fail, accountingherpossibility of reduced redundancy and
the increased time required to bring them into operdéan, if the HTS is open and
depressurized, it may be necessary to close it befoaelaip heat sink such as the steam
generators can be brought in).

' As defined in Table 7-1
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13. Moderator System Failures
13.1. Initiating Event

Moderator system failures include:

. moderator pipe break
. loss of forced circulation
. loss of heat removal

13.2. Safety Aspects

The safety aspects are as follows:

. doses resulting from the release of tritiated heawgmfeom the moderator after a pipe
break, or due to moderator boiling after a loss of bist

. distortion of the reactor flux as the moderator badsvn, leading potentially to excess
power in some reactor fuel channels

. release of deuterium gas to the moderator cover gashambtential for ignition.

A number of assumptions are made in safety analysigipiag to the aspects unique to this type
of event:

Parameter Conservative Rationale
Direction
Number of calandria rupture disks Low Maximize calandria
that burst pressure
Moderator temperature Low; Delay high building

pressure trip;

High Maximize tritium
release and extent of
deuterium degassing

Moderator heat load Low; Delay high building
pressure trip;
High Maximize dose
Tritium concentration in moderator High Maximize radioatt
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release

Cover gas purging Not credited Maximize combustib
gas concentration

e

13.3. Acceptance Criteria

1. Dose to the most exposed individual in the critical grieugelow:
. the Event Class 1 limit in Figure 1 for loss of moderdteat removal;
. the Event Class 3 limit in Figure 1 for breaks in thederator piping.
2. The heat transport system must remain intact. Thuosst not fail due to:
- overpressure

- overheating of the pressure tubes.

3. Systematic fuel failures are prevented. It is sufftdierprevent prolonged periods in
dryout or in stratified flow before reactor trip.

4. Deuterium deflagration in the cover gas does not damagsatdindria nor impair the
effectiveness of the shutdown systems. It is suffidiershow that deflagration does not
occur. A lower limit of D concentration, below which deflagration cannot ocmay be
used for screening purposes (e.g., 4.5%).

13.4. Relevant Event Combinations

None.
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14.  Shield Cooling System Failures
14.1. Initiating Event

Loss of shield cooling could occur through a break in thigi a loss of forced circulation, or a
loss of secondary side cooling water.

14.2. Safety Aspects

The safety aspect is excessive shield tank distoftitwe iaccident is not terminated. Generally the
analysis is focussed on determining the time beforeadgeaction is required here is no
significant release of energy nor radionuclides to domtznt.

14.3. Acceptance Criteria

1. There must be no consequential failure of the HTS pres®undary. Thus the operator
must have enough time after the first clear signah@fvent to shut the reactor down and
cool down the HTS. A stress analysis may be donanapper limit on the temperature
difference between the inner and outer tubesheetsecasdu as a sufficient criterion.

2. There must be no distortion of the reactor assesuiffizient to impair the effectiveness
of the shutdown systems.

14.4. Relevant Event Combinations

None.
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15.  Fudling Machine Accidents
15.1. Initiating Event

A fuelling machine (F/M) carrying spent fuel may be @itbn the reactor, attached to a channel,
or off the reactor, in transit to the spent fuel portattached to the spent fuel port and
discharging fuel. The spent fuel must be kept cooled, and lansattached to the fuelling
machine through which high-pressurgdDcooling water is pumped. Should one or more hoses
fail, the integrity of the contained fuel is threateéne

Safety Analyses normally considers both cases: Filveactor, and off-reactor. The
consequences to the reactor of a failure of a F/Meantor (e.g., spurious detachment from a
channel) are broadly similar to a single-channel evims section deals with F/M accidents when
off-reactor.

15.2. Safety Aspects
The safety aspect is fuel overheating and failurecéitnot be cooled inside the F/M or in the
transfer port. A F/M failure when off-reactor canbetmitigated by reactor shutdown or ECC.

The only safety system required is containment.

15.3. Acceptance Criteria

1. Dose to the most exposed individual in the critical grieug@low:
. the Event Class 1 limit in Figure 1 for F/M failures
. the Event Class 3 limit in Figure 1 for F/M failuregwsimultaneous containment
impairments

15.4. Relevant Event Combinations

Only containment impairments are relevant, as disdusiseve.
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16. Severe Accidents
16.1. |Initiating Event

Severe accident sequences are normally identified thralughrel 1 Probabilistic Safety
Assessment. However the event sequences discusseditupreactions of this report for
existing CANDUSs include a number of severe accidentSJA@ LOECC, LOCA + impaired
containmentwithin the design basis. In the first case the moderatorazaave decay heat from
the reactor in the absence of any coolant in thamdéls. Fuel is badly damaged but the, d@es
not melt and channel integrity is preserved. Moreowenéw build CANDUS, although dual
failures are no longer a separate category of accidetanprehensive analysis of the frequency
and consequences of beyond design basis and severe acisidequired. The tool used is a
Level 2 PSA (Level 2 means it includes containment nesposupported by consequence
analysis.

It is useful on CANDU to distinguish three categories:

1. Severe accidentgthin the design basis, in which the core geometry is preddfuel
remains inside intact pressure tubes). These haveabeady covered above. They are
identified either explicitly in regulatory document C-6,byrthe applicant as part of the
systematic plant review required by C-6. RD-337 moves ttoetiee “Beyond Design Basis”
category - still requiring assessment but using morestieadissumptions.

2. Severe accidenteyondthe design basis, in which the core geometry is predeilhey are
not identified in C-6, whiclipso factodefines design basis accidents. They are normally
identified by a systematic plant review or by a PS#l are too low in frequency to merit
inclusion in the design basis set. RD-337 does requireghalysis in order to hsow the safety
goals are met..

3. Severe core damage accidehtsjondthe design basis (by definition), in which the fuel
channels fail and collapse to the bottom of the clian

An example of the second category would be loss otedirsdary side heat sinks and shutdown
cooling with the moderator available. Examples oftttiel category would be loss of coolant
plusloss of EC(plusloss of moderator heat removal; or loss of Group dtr@al power (Class
IV plusClass Ill)plusloss of Group 2 Class Il electrical power.

16.2. Safety Aspects

Category 1 has been the subject of most of this chapttar.

For Category 2, the analysis is generally similaihed for the severe accidents in category 1. For
example, a loss of all heat sinks at high pressure waoeldtgally result in the overheating and
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failure of one or more pressure tubes; this would depressilne HTS and allow the ECC and/or
the moderator to act as a heat sink for the remaatiagnels.

Category 3 has new phenomena, and we summarize the severdamage behaviour of
CANDUSs. Analysis of events in category 3 initiallagted from heat balance calculatio(t®
determine the times to boil off the water in the mmatter, and then in the shield tank); followed
by calculations of the characteristics of the detinise it collects in the bottom of the calandria
vessel. Because of the large volumes of water in thetimoderator and the shield tank, it takes
about 20 hours (in the absence of active heat remmvaldither system) for the water to boil
off, and for the debris to end up on the vault floamnlike Design Basis Accidents, severe
accident analysis uses realistic assumptions on ipitiat states, plant parameters, equipment
performance etc.

For these residual risk sequences in which the modasaassumed unavailable, the fuel channels
would fail progressively as the moderator boiled off, emithpse to the bottom of the calandria.
Blahnik'®, using the MAAP-
CANDU code, has characterized
the degradation of a CANDU core
with no cooling and gradual
boiling-off of the moderator. The
uncovered channels heat up and

UNCOVERED CHANNELS DEFORM BY SAGGING

SEGMENTS SEPARATE BY MEMBRANE STRETCHING
WHEN SUFFICIENT DEFLECTION DISTANCE AVAILABLE

slump under their own weight u_ntll DEFORMATION SEPARATION
they are held up by the underlying AT LoCAL AT DISTANCE
channels. Eventually, as successivEMPERATURE 70 Liquip
_ >1200°C LEVEL >1 m
layers of channels pile up, the _

supporting channels (still

submerged) collapse and the whole
core slumps to the bottom of the ~ SUBMERGED CHANNELS FAIL AT ROLLED JOINT WHEN
calandria vessel. SUFFICIENT DEBRIS LOAD BUILDS UP (CORE COLLAPSE)

Consider, for the purposes of Figure 7-2 - Postulated Channel Collapse Mode

discussing the phenomenology, a beyond-design basis seofmtent that assumes loss of all heat
transport system and emergency heat sinks at decay fwelsr(shutdown cooling system, main
feedwater, auxiliary feedwater, Group 2 emergency feedwateergency Core Cooling System,
and moderator heat removal). In addition, assume allitin&d depressurize the heat transport
system (for which there are two independent signals.ahalysis shows that only a very small
number of channels are expected to fail at the highthes@sport system pressures (~6 to 10
MPa). Such a failure would first occur due to local singim a high decay power channel

Yincluding the effects of metal-water reaction heat
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located at a high elevation in the reactor core.flikin the channel will either remain there, or
will fall to the bottom of the calandria vessel, whé will be cooled by the surrounding
moderator. The failure of one or two channels would iedapid depressurization of the partially
voided heat transport system and allow the pressure tmilséisin into contact with the calandria
tubes without failure. For the same accident at intdiaibe pressures (~1 to 6 MPa) the pressure
tubes will balloon into full circumferential contacttivthe calandria tube. The channel will remain
intact as long as the outside surface of the calands@does not undergo a prolonged period of
film boiling or is surrounded by a void. With loss of moater heat removal, the moderator will
gradually bolil off. Voiding around the channel outside serfaccurs when the moderator level in
the calandria vessel falls below the channel. Agme, or a few high power channels located at a
high elevation and which were uncovered early couldRail. 7-2). The number of channels that
could fail by this mechanism is also expected to bg sewall. Therefore, as the moderator level
falls further, the majority of channels at decay poleeels are expected to fail under low system
pressures (<1 MPa). The mechanisms of channel failuter uhose conditions are expected to be
through excessive sag and/or local overheating.

To determine the mechanisms, a
research program was initiated

at AECL. The current '
understanding is as follows:

CRUST
0°© 00=0°
207
= 0o

SHIELD TANK WATER SHIELD TANK WATER

As channels are uncovered
during moderator boil-off, their Y2
temperatures rise and they begin N
to sag under gravity loads. The
axial creep rate of the pressure

LOWER
CRUST

tube material (Zr-2.5% Nb) ) Debris bed ) Molien pool und cruss
increases rapidly with |

temperature and excessive T Ratinonectem o nucleie boling (0 sield ank vater
sagging of the channel is T Remlconean

expected to occur above Figure 7-3 - Severe Core Damage Model (Rogers)

~1200C. In Blahnik's model, a

sagging channel comes into contact with the next loasrof channels. The lower row of
channels may or may not be cooled adequately by theratodedepending on whether it is
submerged in the moderator or not. As the moderatordemtinues to decrease, the lower row
of channels is uncovered and sags under its own weigtelbas that of the supported channels.
This process continues as more channels are uncoyersdgging increases, channel segments
separate near the bundle junctions by sag-induced loasl. shrsuspended debris bed is thus
formed which moves downward with the falling modera¢wel. Since a submerged channel can
support only a certain number of channels, the endsogétchannels are expected to fail by
shear. This process will increase the loading on ltharels below leading to progressive failure
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of the channels resulting

ultimately in the c_ollapse of TEMP., DegC

the reactor core into the wateR000

pool in the bottom of the —— Tiop

calandria vessel. 2500 F —+— Tmax
&~ Tbot

To address the plant state 2000}
once the debris has collapsed

to the bottom of the calandria,;gqq
Rogers et al* have developed
an empirically-based
mechanistic model (Fig. 7-3)
of the collapse process, that
shows that the end-state
consists of a bed of dry, solid,
coarse debris irrespective of goo
the initiating event and the
core collapse process.
Heat-up of the debris bed is
relatively slow, because of the
low power density of the Figure 7-4 - Debris Bed Temperatures (Rogers)

mixed debris and the spatial

dispersion provided by the calandria shell, with meltingsgaty beginning in the interior of the
bed about two hours after the start of bed heat-up. The appgdower surfaces of the debris
remain well below the melting point (Fig. 7-4) and hé&atds to the shield tank water are well
below the critical heat flux at the existing condisdifrig. 7-5). The calandria vessel is protected
by a solid crust of material on the inside, and by waiethe outside, so it can prevent the debris
from escaping. Should the shield tank water not be coiledl boil off, and the calandria vessel
will eventually fail by melt-through, but this will natccur in less than about a day.

1000

500

320 340 360 - 380 400 420
TIME, MIN.

Figure 7 Heat Up of Core Debris in CANDU 6 Calandria, Reference Conditions

Clearly the analysis of such sequences is in its stafes, although the key characteristics of
long times and the potential of arresting the accidetiteacalandria shell boundary are well
recognized. Integrated system models have been developedeiothe transient behaviour from
initiating event to quasi-steady state, supported by scallt experimentsaimed at phenomena
unique to CANDUSs such as channel collapse and core detwigtion.

16.3. Acceptance Criteria

CNSC document C-6, as noted, includes acceptance cfitesame severe accidents; but there
are no formal requirements under the current regulat@rsefzere core damage accidents.
However the CNSC Staff have stated that on new degigey will expect explicit consideration

48

Chapter 7 - Accident Analysis.wpd Rev. 7
January 26, 2008 21:37:46 vgs



of such accidents in the design
(as outlined in RD-337) to

HEAT FLUX, W/cm~2

show the safety goals are met, 1e Critical heat flux
and have requested the 14l aitop 200 W/cm?
utilities in Canada to develop -4~ q'bot

severe accident management
procedures using existing
equipment.

This is consistent with world
practice.

As an example, the ACR

c 1 1 1 L J

deS|gr_1 Incorporates the 300 320 340 360 380 400 420
following requirements and TIME, MIN. .
features and COUld be Reference Conditions

Porosity = 0.05, Pore Size = 3 cm

considered typical of how
severe core damage ISSUES are Figures Heat Fluxes on Calandria Wall, Heat Up of Debris in CANDU 6 Calandria
addressed in new plants:

1.

The summed Figure 7-5 - Calandria Wall Heat Flux (Rogers)

frequency of severe

core damage event must be less thah/éactor year and is targeted to be less thdn 10
/reactor year

Gravity-driven makeup to either the steam generategg,gactor coolant system, the
moderator or the shield tank, from an elevated Red&ater Tank located high inside
containment, can remove decay heat by steaming Yeraealays. This prevents collapse
of the fuel channels, or, if they do collapse, prevestgetration through the calandria
shell. Long-term heat removal from containment facissequences would be via either
air coolers; or from containment sprays which ao&ealated and cooled. Firewater could
be used as a severe accident management tool for e&keim as we saw in the Narora
accident.

Hydrogen recombiners are used in containment for @owoittocal and global hydrogen
concentrations in the short- and long-term.
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Uncertainty Analysis

There are three different sources of uncertaintypttysical models used as expressed in the
computer codes used for safety analysis, the plant modgalization implemented in the codes,
and the data used for plant parameters.

Although the physical models used are, where possiblet 8stimate” models, and the plant
idealization is likewise intended to be accurate ratten biassed, the input physical parameters
and, more important, the assumptions on the plant atat@ction of mitigating systems, are
highly conservative, as we have seen throughout tlapt€h Even though dose limits are met,
the analysis gives a distorted and pessimistic pictutieegblant response to abnormal events,
with no measure of how far this response is from “etg@’ behaviour in an accident. Thus in
recent years “best estimate plus uncertainty analjais’been done in selected CANDU cases.
Such analyses are doubly valuable since they also prthedeasis for simulations used in
operator training.

A true “best estimate” analysis needs a substantialatrof work since it requires developing
realistic models of behaviour; it is often less gogiluse conservative models. However the
dominant conservatisms used in safety analysis ate&km@in; replacing them with more realistic
assumptions is the first step toward a better estim&ee dominant conservatisms include:

. no credit for positive corrective action by operatubgff for the first 15 to 30
minutes following the event

. no credit for the action of the reactor regulatingeyswhich is designed to match
heat production and heat removal (and would mitigate ttidextt through power
reduction)

. no credit for mitigation by process systems (e.g. igfEssure and inventory
control, steam generator level and pressure control)

. no credit for the first shutdown system to act

. no credit for the earliest trip on the second shutdsystem

. no credit for the earliest instrumentation chanoélip on the second trip signal
on the second shutdown system

. no credit for the negative reactivity introduced bytligtater Emergency Core
Coolant

. generally assuming about half the actual number of EAN@s, MSSVs, LRVs
etc. are available

. use of a pessimistic bundle power/burnup envelope, overefingdpeak bundle
powers

. assumption of the maximum operational total reactermswer

. use of a two-standard deviation allowance on key pHysscameters such as void
reactivity coefficient
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. use of worst weather occurring less than 10% of the tim

To date the approach has been to perform a “best éstienaalysis by removing assumptions
such as those listed above. Uncertainties in key paeasn@.g., void reactivity, shutdown system
delay time) are then added back in, but rather than statidependent uncertainties linearly, as
is done usually in safety analysis for licensing, twycombined in a root-mean-square fashion to
estimate the statistical uncertainty in the ansWwerdate the results of “best estimate plus
uncertainty” analyses have shown much less seveseqoances in accidents than have the
extreme value analyses usually presented for licensing.

As noted, there are two additional sources of unceytbgyond plant data: the physical model
and the plant idealization. A full “best-estimate” gsa should be accompanied by uncertainty
assessments not just of plant parameters, but alsmefroodelsand the plant idealization.

The scope of uncertainty analysis is defined and lintoiethe safety analysis. That is, the object
of the safety analysis is to compare model predicidmertain safety parameters against
acceptance criteria. It is the uncertainty in th@seific predictions, not in the entire safety
analysis output, that is most significant. These prexstistthen define, to a large extent, which
aspects of the plant model and of the physical modets axeencertainty assessment in turn. For
example, an acceptance criteria for a large LOCA iggmt#on of fuel centreline melting.
Uncertainties in this prediction arise from unceriagin fuel physical properties and the fuel
model in the computer code, as well as in channel thigydnaulics and reactor physics. Those
aspects of the data and models which influence strolglgrediction of fuel centreline
temperature should have their uncertainty quantified amapocated into the overall uncertainty
calculation of fuel centreline temperature. It is legsortant to quantify other aspects, for this
purpose. Thus an initially intractable problem becomesemmanageable.

Y Generally once one corrects for a code bias, ikere need to add a further code
uncertainty since it would double-count the uncertaintytduge scatter of the experimental
data.
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Exercises

Do either question 1 or question 2.

1.

Estimate the evolution (using hand calculations if s&mg) of the following severe
accident in CANDU: small loss of coolant plus los€@IC (assume crash cooldown is
available since it is on a redundant signal) plus logsaaferator cooling. Write down the
expected event sequence (based on the list below) amatesthe approximate time of:

. reactor trip

. start of fuel overheating
. failure of first channel

. core collapse

. shield tank failure

. containment behaviour

Only an approximate answer is sought (to do this acdyiaiald take weeks). If you can't get
the physical data in some cases, especially for shatéam, use symbols to show how you would
do the calculation.

2.

Estimate the evolution (using hand calculations if s&mgy) of the following severe
accident in CANDU: loss of all electrical power si@ggtfrom full power. Assume there is
no electrical powe(i.e., no Class IV, no Group 1 Class Ill, no Group Z€H). Write
down the expected event sequence (based on the list)@idvestimate the approximate
time of:

. reactor trip

. opening of LRVs

. start of fuel overheating
. failure of first channel

. core collapse

. shield tank failure

Only an approximate answer is sought (to do this acdyiaiald take weeks). If you can't get
the physical data in some cases, use symbols to stmwdu would do the calculation.

3.

Go back again to the ZED-2 reactor and consider afassictivity control caused by an
unexpected moderator pump up. Identify as many of the kesnsystnd parameters as
you can for this accident and for each, list the ‘eovative’ assumptions that you would
use to ensure your answer (reasonably) overestinfEe®hsequences.

Consider a CANDU that has undergone a severe core datadent. Assume that the
core has collapsed into a debris bed at the bottotreafalandria and is being cooled by
boiling of the shield tank water. Calculated the deptthefdebris bed in the calandria and
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the average heat flux through the calandria wall. Youneéd to look up some typical
CANDU geometry. [If you're really keen, for an extaptional) bonus mark, you can
look up fromprimary sources the appropriate critical heat flux correlatiomfthe
outside of the calandria wall to the shield tank wated compare with the actual heat
flux].

53

Chapter 7 - Accident Analysis.wpd Rev. 7
January 26, 2008 21:37:46 vgs



Refer ences

1. D. G. Hurst and F. C. Boyd, “Reactor Licensing andt@&equirements”, Paper 72-
CNA-102, presented at the 12th. Annual Conference of thadizn Nuclear Association,
Ottawa; June, 1972.

2. “Requirements for the Safety Analysis of CANDU NuclPawer Plants”, AECB
Consultative Document C-6, June 1980. This was applied tzéinsing of Darlington. A
revision (Rev. 1) was issued for public comment in Sepeerh999 but is problematical as
written and has not been, and will not be, appliedrnieva plant.

3. “Design of New Nuclear Power Plants”, CNSC Report 37; draft issued for public
comment, October 2007.

4. “Safety of Nuclear Power Plants: Design”, IAEA SafStandard NS-R-1, September
2000.

5. “Requirements for Shutdown Systems for CANDU Nudieawer Plants”, AECB
Regulatory Policy Statement R-8, February 1991.

6. “The Use of Two Shutdown Systems in Reactors”, AECguléory Policy Statement R-10,
January 1977.

7. “Guidelines for Calculating Radiation Doses to theli®@om a Release of Airborne

Radioactive Material under Hypothetical Accident Cbonds in Nuclear Reactors”, CSA Standard
N288.2, April 1991.

8. “Overpressure Protection Requirements for Primary Hegsport Systems in CANDU
Power Reactors Fitted with Two Shutdown Systems”, AlRéBulatory Policy Statement R-77,
October 1987.

9. V.G. Snell, S. Alikhan, G. Frescura, J.Q. HowiesorKing, J.T. Rogers, and H. Tamm,
“CANDU Safety Under Severe Accidents: An OvervieWREA/OECD International Symposium on
Severe Accidents in Nuclear Power Plants, Sorreratly, Nlarch 1988. Also Atomic Energy of
Canada Ltd. Report, AECL-9802.

10. C. Blahnik, et al., “Modular Accident Analysis Pragrfor CANDU Reactors”, Proc. 12th
Annual Canadian Nuclear Society Conference, Saskefaskatchewan, Canada, June 9-12, 1991,
p.235-242.

11.  J.T. Rogers, et al., “Coolability of Severely Degrad&#iDU Cores”, ICHMT International
Seminar on Heat and Mass Transfer in Severe Reactatehts, Cesme, Turkey, May 21-26, 1995.
Also Atomic Energy of Canada Ltd. Report, AECL-11110.

12.  L.A. Simpson, P.M. Mathew, A.P. Muzumdar, D.B. Sasdn & V.G. Snell, “Severe
Accident Phenomena and Research for CANDU Reacta, Bf the 10th. Pacific Basin Nuclear
Conference, October 20-21 1996, Kobe, Japan.

54

Chapter 7 - Accident Analysis.wpd Rev. 7
January 26, 2008 21:37:46 vgs



Appendix A - Accident Classification for New Plantsin
Canada

This material is taken from the CNSC report RD-337, gdoepublic comment in October
2007.

RD-337 abandons both the single/dual failure approach (gtiinig) for CANDUS licensed up to
Darlington, and the Darlington 5-class approach defin€&NBC Consultative Document C-6.
Instead it adopts international practice and define® thibeormal states:

“Anticipated Operational Occurrence (AOS)AN operational process deviating from normal
operation that is expected to occur once or severestauaring the operating lifetime of the NPP
but which, in view of the appropriate design provisiongsdeot cause any significant damage to
items important to safety nor lead to accident conahtio

“Design Basis Accident (DBA)-Accident conditions against which an NPP is designed
according to established design criteria, and for wiiehdamage to the fuel and the release of
radioactive material are kept within authorized limiggg

“Beyond Design Basis Accident (BDBAAeeident conditions less frequent and
more severe than a design basis accident. A BDBA mayag not involve core
degradation.

Dose acceptance criteria are defined only for AOOL#Wis as follows:

Dose Acceptance Criteria

AOOs DBAs

0.5 mSv 20.0 mSv

Note that relative to single process system failureéle siting guide, AOOs have a lower dose
acceptance criterion, and DBAs have a higher onec8lisihe former category of accidents has
been split into two, with the more frequent categomritaa lower dose acceptance criterion.
Note also that there are no longer dose limits fdin®-131 and for collective dose. However the
safety goals (see Chapter 6) address societal effects.

Dual failures are not treated as a separate classtebinicauded in the broader category of
Beyond Design Basis Accidents, a subcategory of whiels@vere core damage accidents.
Neither BDBAs nor severe accidents have dose acceptaiteria, but instead are limited by the
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safety goals, which give objectives and limits tortfreiquency and consequences (releases of key
radionuclides).
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