Chapter 7 - Accident Analysis

| ntroduction

This Chapter provides more spedfic information on grforming acadent analysis for CANDU.
The processby which initi ating events are seleded isfirst discussed - some of thiswill review
what we mvered in Chapter 1. The various initi ating events fall i nto a rather small number of
groups in terms of phenomena, and these ae described. Next an exampleis given of high-level
physicd acceptance citeriaused in the most recent CANDUS. Thetechnicd capabiliti es that
computer codes used in CANDU safety analysis sioud possessis then described. Analysis of
individual “design basis’ initi ating eventsis then reviewed, onan event-by-event basis. The list
follows the format of a CANDU Safety Analysis Report, which isfelt to be mnvenient to the
reader but does lead to some repetition ketween subsedions. Next, Severe Acddent phenomena
and analysis are summarized, foll owed by a discusson on urertainty anaysis.

The acecdent-spedfic sedions of this Chapter form more of areferencelist than anarrative - the
reader wishing to uncerstand just the mncepts is recmmended to read upto andincluding the
large LOCA sedion orly.

The objedive for this Chapter isthat the reader shoud have agood undarstanding of how
asumptions and data ae chasen in acddent analysis, andin particular how one goes abou
establi shing that the answer is pessmistic - in cther words, what ‘ conservative’ means and haw it
isadhieved. The dhoiceof appropriate assumptions can be somewhat subtle; the Chapter
elucidates typicd traps where what seemsto be mnservative is not necessarily so.

Although focussed onCANDU, the methoddogy and ‘mind-set’ is commonto acddent anaysis
of all reacor types. Aswith many of the topicsin thisledure series, agood safety analyst must
be fail ure-oriented - his/her bywords being “Think negatively!”.

The reader wishing more detail on acadent phenomenaisreferred to the CANDU Safety
Reports, which are avail able for puldic inspedionin the offices of the Canadian Nuclea Safety
Commisson, and wualy at eat uility.

We have movered the methoddogy of seledion d initiating events fairly thoroughly in Chapter 1.
These methods covered seledion by event frequency (bottom up/ top davn approades).
However in describing the charaderistics of an acddent, groupng by event phenomenais more
useful. We now describe both approacdes.
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Selection of Initiating Events by Pseudo-Frequency
We briefly review materia covered in Chapter 1:

CANDUSs that were licensed upto the Darlington station used the “single-dual” failure
philosophy, sometimes referred to as the “siting quide”. Safety analysis would be performed for
the failure of eat process ystem in the plant; then would be performed for ead such failure
combined with the unavail abilit y or impairment of eat spedal safety system in turn (shutdown
system 1, shutdown system 2, containment, emergency core @aling). In general any mitigating
process ystem adion (e.g. stepbadk, auxili ary boiler feedwater pump) could na be aedited in
demonstrating the dfedivenessof the spedal safety systems, with the exception that
continuowsly-running systems, which dd na have to change state, could be assumed to continue
working (e.g. moderator, stean generators). This approadh was comprehensive but required
suppementary techniquesto cover all acadents. Failures in the safety suppat systems (such as
instrument air) were addressed using ealy probabili stic techniques (Safety Design Matrices), and
later in the Probabili stic Safety Assesament (PSA). The requirements for safety analysis were
further generalized in CNSC Regulatory document C-6', used onatria basisin the licensing of
Darlington. This document lists alarge number of potential initi ating events and event
combinations sorted into five Event Classes (roughly grouped acoording to event frequency), and
requires analysis of eat ore. Furthermore, the designer is required to perform a systematic
evaluation d the plant to show that no significant initi ating events or event combinations have
been missed. C-6 will be superseded for new build in abou ayea by the Design Requirements
Document (DRD) now being developed by the CNSC; it refleds international requirementsin
that it is based loosely onthe IAEA report NS-R-12 with alot of CANDU requirements added in.
The DRD is expeded to change the goproadch described below fairly substantially, but urtil it is
isued, we list on current requirements.

A number of techniques are used in the systematic evaluation. Lists of initi ating events can be
compiled by writing down al the plant systems and assuming the fail ure of ead system in turn;
the most systematic methodto identify such fail ures (and fail ure mmbinations) isthe

Probabili stic Safety Assesament (so-cdl ed “bottom-up method’). Another methodis to
determine dl sources of radioadivity in the plant and pcstulate fail ures which would cause them
to berelocaed (“top-down method’).

Two ather types of events need to be mnsidered: external events and very rare events.

External eventsinclude tornadoes, eathquekes, tsunami, temperature extremes, fire, explosions,
hostile dtadk, aircraft crash, etc. Generally these ae aldressed in the design by hardening or
separating esential systems, or by choiceof siting, so that safety analysisis not normally
required. Some accedents are combined with external events on the basis of probability. For
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example aLossof Codant Acddent isasumed to be followed 24 hous later by a Site Design
Earthquake®. Whilein principle this event combination could be subjead to safety analysis
(asuming various combinations of system fail ures, and deriving associated probabiliti es and
consequences), in pradiceit is addressed by seismicdly qualifying the gpropriate portions of the
plant so that the systems required to maintain the plant safe dter aLOCA do nd fail in a Site
Design Earthquake.

Very rare eventsinclude fail ure of presaure vessels (e.g., presaurizer, steam generator shell),
failure of structural suppats, turbine breakup etc. Presaure vessel and structural fail ures are
preduded” in the design by use of the gpropriate level of design and manufacturing codes and
standards, quelity assurance, in-serviceinspedion, etc. Again safety analysisis not required.
Turbine missles are usually dedt with onthe basis of proving alow probability that a missle
from turbine disintegration could damage safety-critica comporents or penetrate containment.
Recent designs such as ACR-1000 aient the turbine radialy to the reador buil ding rather than
tangentially, to make astronger safety case for limiti ng damage form turbine missles.

Finally CANDU pradicerequires consideration d common cause events. These ae identified
either by the systematic plant review or the PSA. The analysis thereof is usually reported as part
of the PSA.

Categorization of Initiating Events by Phenomena

The previous ®dion dscussd caegorization d initi ating events by frequency of occurrence
Onceseleded, initi ating events can also be grouped in terms of the major phenomena, as foll ows
(grouped by primary or direct cause):

1. Reactivity Accidents

. Bulk Lossof Readivity Control

. Lossof Readivity Control from Distorted Flux Shapes
2. Decrease of Reactor Coolant Flow

. Lossof ClasslV Power

@ Site Design Earthqueke (SDE) is an eathquaeke with areturn frequency of 1 per 100
yeas, henceof lower intensity and higher frequency than the Design Basis Earthquake or DBE,
which is expeded to have areturn frequency at least an arder of magnitude less.

® Thisis an assumption, nd afad: it redly meansthat if all the engineaing requirements
li sted are foll owed, the probability of the failureis very low and there nead nd be systems
designed spedficdly to mitigateit. How did the event at Davis Bess chall enge this assumption?
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. Partial Lossof ClasslV Power
. Single Pump Trip o Single Pump Seizure

3. Increase of Reactor Coolant Pressure

. Lossof Primary Presaure and Inventory Control (increease)
4. Decrease of Reactor Coolant Inventory

. Large Hed Transport System LOCA

. Small Hed Transport System LOCA
. Single Channel Events

. Single Stean Generator Tube Rupture
. Multi ple Steam Generator Tube Rupture
. Lossof Primary Presaure and Inventory Control (deaease)
5. I ncrease of Secondary Side Pressure
. Lossof Seandary Side Presaure Control (increase)

6. L oss of Secondary Side Heat Removal

. Main Stean Line Bre&k

. Feadwater Line Bre&k

. Lossof Feadwater Pumps

. Spurious Closure of Feedwater Vaves

. Lossof Seandary Side Presaure Control (deaease)
. Lossof Shutdown Hea Sink

7. Moderator & Shield Cooling System Failures
. Pipe Bre&k
. Lossof Forced Circulation
. Lossof Hea Removal

8. Fuel Handling Accidents
. Fuelling Madine On-Reador
. Fuelling Madhine Off- Reador

Sever e core damage accidents invaolving an initi ating event and fail ure of at least two mitigating
systemsfall into a separate cdegory, sincethe phenomena of severe core damage ae not strongly
couped to the initi ating event.
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High-Level Acceptance Criteria

Oncethe events are identified, and pu into ore of the five Event Classes described in CNSC
document C-6, the safety analysis must show that the resulting dose to the puldic meds the dose
limit for the Event Class(Figure 7-1). The gpproach for CANDU has been to use “best-estimate”
physicd models combined with conservative® values of the key inpu parametersto give a
conservative, bu physicdly reasonable, prediction d acddents. Thisisdifferent from LWRsin
which conservative models and assumptions are prescribed. The LWR pradice seemsto be
‘safer’ but has threedisadvantages:

If models and assumptions are dl prescribed by the regulator, the designer fedsless
obligation to ask tough questions as to whether the model is corred or nat.

A model which is‘conservative’ in ore aped may be nonconservative in ancther (e.g., a
model which maximizes hea transport system presaure to get a‘ conservative' estimate of
itspe&k valuein an acadent also leadsto an urredisticdly ealier trip on hgh presaure.
Thisis $ obvous that two cdculations are done: one to maximize presaure (to determine
pe&k presaure) along with ore to minimize presaure (to determine trip time). The two are
then combined to give the ‘worst of al possbleworlds' . So far so good, bu nat all
problems are so easily recognized.

Conservative models predict unredi stic plant behaviour, so that the acedent analysisis
uselessor misleading in training an operator to ded with ared acadent; and may suggest
signals which do na occur, or omit some which do.

¢ “Conservative” means an assumption, model or datum which makes the aaswer more

pessmistic with resped to safety acceptance caiteria- e.g.: increases dose; or increases fuel
temperature; or increases (or deaeases) presaure depending onthe acedent. The oppdasite is
“optimistic”. A “best-estimate” approach uses redi stic models, assumptions and chta.
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Figure 7-1

The models used start from reador physics, through system thermohydrauli cs, through fuel and

fuel channel resporse, through moderator and containment resporse, and to atmospheric

dispersion and dase, as discused in Chapter 8. CANDU regulatory pradice does not demand a
“stylized” sourceterm into containment nor a stylized containment presaure transient; insteal the

release of fisson products to containment, the wntainment presaure transient, the resulting

leakage of radionucli des from containment, the dil ution by atmospheric dispersion and eff eds of
ground aepasition, and the dose to the puldic ae dl predicted using redi stic physicd models and

conservative inpu data or system assumptions.

Note that Consultative Document C-6 includes ome severe acédents”, which therefore ae
considered to be within the CANDU “design basis’. For example, large LOCA plus Lossof ECC

4 spedficaly defined for CANDUS as an acddent where thereis no hea removal by water
in the fuel channels. There will be severe fuel damage (partial lossof bunde geometry) but,
depending onthe avail ability of the moderator as a badkup hea sink, there may or may not be

severe core damage (g.v.).
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isin Event Class5, and the whole-body dose to the most expased individual member of the
public must be lessthan 0.25Sv. This requirement can be met because the moderator arrests the
damage & the dhannel boundiry. Other severe actdents (such as LOCA + LOECC + lossof
moderator cooling) are excluded from C-6. Thistopic is covered in more detail | ater. The net
result of applying C-6 isthat an acadent class(agroup d acddents with similar lossof function)
with afrequency of abou 10%yea or larger beacomes part of the “design basis’ andin pradicd
terms must be shown to stop short of severe are damage®, although fuel itself may be severely
damaged. Some @ntainment designs are so powerful, however (e.g. multi-unit vaauum
containment), that the dose can be kept below 0.25Sv even for some severe cre damage
acadents.

In Canada, pulic doseisthe primary accetance giterion. The designers al'so define subsidiary
eff edivenesscriteria, which are intended to be dhosen as sufficient but not necessary to med the
primary acceptance citerion o dose. For example prevention d fuel failuresis asubsidiary
effedivenesscriterionfor asmall LOCA. These aiteriamay be endarsed, o adopted, o
disputed, o re-set by the regulator; some ae spedfied in Regulatory Consultative (C-series) or
Policy (R-series) documents’. The subsidiary accetance aiteria defined by the designers are
discussed in this Chapter under eadh individual acadent, as they were gplied to the most recent
CANDU 6 pants.

Shutdown systems have aseparate accetance citerion. Modern CANDUS s have two
independent, redunchnt, separated and dverse shutdown systems®. Each system, onits own, must
be capable of shutting the reator down after any acddent, independent of the mitigation
provided by the normal readivity control devices. Generally two dversetrip parameters are
required onead shutdown system for ead acadent over the range of operating condtions
(unlessit isimpradicable or detrimental to safety to provide dual parameter coverage). Asa
result, it isnot required to perform analysis of either transients or acddents without shutdown?®.

This Chapter summarizes information from the most recent safety analysis of CANDU 6s,
spedficdly the Wolsong 2,3&4 pantsin Korea ad Qinshan 1& 2 in China. In some aess (e.g.,
classficdion d single and multi ple stean generator tube ruptures), Regulatory Document C-6
has required interpretation a modificaionin pradice The safety analysis techndogy and
accetance citeriain these latest stations, including interpretations of C-6, has been used
extensively.

¢ defined as lossof the channel geometry in the cdandria

" The CNSC has anew document classfication scheme, consisting of five levels, of
which the threemost important are Regulatory Policies, Standards, and Guides. Draft regulatory
documents are still i saued with a “C” prefix (Consultative).
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Major Computer Analysis Tools Required for DBAS

Following from the philosophy described above, CANDU safety analysis requires a
comprehensive suite of physical models. The mathematical foundations of these models are
presented in simplified form in Chapter 8.

Reactor physics analysis requires atransient three-dimensional model, especially for the larger
CANDU cores. The most demanding application islarge LOCA, because the positive void
coefficient leads to relatively fast kinetics and because of the spatial effects associated with flux
tilts and shutoff rod (or liquid absorber) insertion. Three dimensional effects are also important in
slow loss of reactivity control starting from distorted flux shapes.

The system thermohydraulics code is typically atwo-fluid, one-dimensional non-equilibrium
network code. The two fluids are water and steam, of course; recent codes also incorporate a
third non-interacting fluid - e.g., hydrogen as produced in severe accidents. One spatial
dimension suffices nicely for CANDU, since the system consists largely of linear flow in pipes
(feeders, channels, large pipes above the core) and there are no vesselsin which complex three-
dimensional behaviour occurs. However the flow in the headers can be quite complex and tools,
based on tests, are being developed to model it more accurately. The thermodynamic
non-equilibrium aspect isimportant in modelling rewet and refill of the channels, since the flow
can be stratified (steam and water flowing separately due to the effect of gravity) during that
time, and each phase can have its own temperature and flow. Finally a network capability is
clearly anecessity in CANDU, with its multiple parallel paths (many channels connected to one
header, ECC connected via parallel pathsto each header).

Recent practice has been to incorporate the reactor physics calculation into the system
thermohydraulics code for large LOCA, since the voiding transient determines the power pulse,
which in turn has a second-order effect on the voiding transient.

Fuel thermomechanical models consist of a code for normal operation, which predicts the initial
fuel conditions before the accident (sheath strain, fuel-to-sheath heat transfer coefficient, fission
gas release, initial fuel and sheath temperatures, etc.) and a transient thermomechanical code for
accidents. The latter includes sub-models for fuel failure mechanisms, due to: fuel sheath strain,
beryllium braze penetration, sheath embrittlement due to oxidation, athermal strain, and
excessive fuel energy content. Because of the need to predict the dose for each accident, the
models must be able to estimate the percentage of fuel that failsin an accident (if any), and the
release of fission products to the channel.

Under certain circumstances, such as alarge LOCA combined with aloss of ECC injection, the
pressure tube will overheat and (depending on the internal pressure) sag or strain into contact
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with the cdandriatube. This requires models of the pressure tube thermal-mechanical transient
behaviour, to predict the extent of deformation and the presaure tube temperature and interna
pressure when/if it contads the cdandriatube. Separate channel thermal/medhanicd models have
been used to date, using very pessmistic and artificial boundary condtions (fixed ‘worst’ stean
flowrate); now the system thermohydraulic codes incorporate channel deformation cgpability,
allowing couping of the more redistic prediction d the distribution o flow to ead channel

from the thermohydrauli cs portion, with the ac¢ual channel deformation die to those wndtions..

The behaviour of a channel subsequent to such contad depends onthe hed transfer from the
cdandriatube to the moderator. Further deformationwill nat occur if the cdandriatube outer
surfacedoes not dry out, or at least does not go into widespread film bailing. Thisin turn
depends on the locad moderator subcodling. A two- or threedimensional prediction d moderator
temperatures (henceflows) is therefore required. Of most interest is the stealy state distribution
at the time of contad, although transient cdculations are required for in-core bre&s.

Foll owing the release of fission products from the fuel, their transport through the hea transport
system (HTS) to containment, and within containment, shoud be predicted. To date CANDU
safety analysis has not used models for the transport within the HTS, and for depasition on
surfaces such as endfittings and feeder piping, although thisis clealy an areawhich could be
included and hes been the subjed of intensive R& D over anumber of yeas. However the
partitioning of fisson products between stean and water phases at the break, and within
containment, has been modell ed, as has long-term formation and transport of organic iodides
within and from the water pod. Release of airborne radionucli des from containment can occur
through the “normal” leskage pathsif the mntainment is assumed to be intad, or through
containment impairments in dual fail ures such as LOCAs with fail ure of the containment
ventil ation system to isolate, or LOCAs with deflated containment airlock doa seds.

The containment pressure transient caculation uses the transient energy release from the bre,
andincludes sub-models for dousing, containment air codlers, fisson product and hydrogen
transport, and retural and forced circulation, as well as models for containment impairments such
as open ventilation dampers. Multi-node, multi-fluid (water, steam, air, hydrogen)
one-dimensional containment models are used for this analysis. These one dimensional models
trea containment as a series of uniformly mixed linked vdumes and are adequete for overall
presaure prediction. For predicting the hydrogen dstributionin large volumes, athree
dimensional modd isrequired and such models are now being deployed.

Thefinal stepiscdculation d dose to the pulic. The amospheric dispersion model® typicdly
uses a Gaussan plume model to predict exposure a afunction d distancefrom the station; the
inpu is the predicted transient release of radionuclides from containment for ead acadent. The
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wedher assumed is traditionall y the worst weaher occurring more than 10% of the time & the
site. Expaosure-to-dose cdculations use standard ICRP-recommended conversion fadors.

Sealection of Initial Conditions

A number of key parameters are dhosen in a “conservative” diredionfor licensing analysis.
These include fundamental core property parameters, initial plant condtions, system
performance measures, and assumptions on the unavail ability of portions of mitigating systems.
Thereisno unque @nservative doiceof a parameter; as noted previously, what is conservative
in ore gplicaion (e.g., minimizing the number of containment coolers credited, in caculating
pe&gk containment presaure) may be non-conservative in another (cdculating high containment
presauretrip effediveness. In additionthereisan ‘art’ to choosing the gpropriate level of
conservatism: too much conservatism may require unrecessry design changes; too littl e may not
cover uncertainties in the models used or the station parameters. This dilemmais mostly
removed by a‘best-estimate +uncertainty analysis (BE+UA), in which al parameters are set at
their best estimate values, and the uncertainties are cmbined and propagated through the
cdculation. However such amethoddogy is not well recognized in licensing. This sdion will
therefore ded with ‘conservative’ analysis; at the end d the Chapter we summarize the BE+UA.

Sincemany parameters are chosen in asimilar way for many acadents, the foll owing table li sts
the most common choices along with asimplified rationale:

KEY SAFETY ANALYSISPARAMETERS

Parameter Conservative Rationale
Direction
Reador thermal power High Minimize timeto use
up codling water
inventory, minimize
marginsto criticd hea
flux, etc.
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Parameter

HTS

Steam generators

Reacor regulating system

Radionuclide operating load in the

Presaure tuberadia creep

Steam generator tube le& rate

9The spike, or theincrease in release of radionuclides from defedive fuel, is metimes

Conservative
Direction

Normal operation a
inadive, whichever is
worse; sethad is
generally not credited
unlessit tendsto
“blind’ the trip

Highest permissble
operating iodine
burden (and associated
nokle gases) plus any
‘spiking’? at the time
of reador shutdown;
and end-of-life tritium
concentration

Highest expeded over
the timescde over
which the safety
analysisisto bevalid

Clean & fouled cases

Maximum permitted
during operation, dus
asessment of any
consequential effeds
due to the acedent

Rationale

Choose so asto delay
reador trip

Maximize
radionuwclide release
from stationand
pulic dose

Reducemargin to
critica hea flux (due
to flow bypassaround
thefuel bundeina
crept tube) and
increase value of void
readivity
Reducereador trip
effediveness

Increase radioadivity
release

seen onrapid reador shutdown, die to the sudden changes in stresson the fuel.
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Parameter

HTS flow

HTS Instrumented channel flow

Codant void readivity coefficient

Fuel loading

Shutdown system

SDS2 injedion nazzles

SDSI1 shutoff rods

Maximum channel/bunde power
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Conservative
Direction

Low

High

High;

Low

Equili brium;

Fresh

Badkuptrip onless
eff edive shutdown
system using the last
of three
instrumentation
channelsto trip

Most effedive nozzle
unavail able

Two most effedive

rods unavail able

High
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Rationale

Reducemarginsto
critica hea flux

Reducelow flow trip
effediveness

Maximize overpower
transient;

Delay HTS high
presauretrip

Maximize fuel
temperatures,
radioadivity releases;

Maximize overpower
transient

Delay shutdown
system effediveness

Reduce shutdown
system readivity depth

Reduce shutdown
system readivity ‘bite
and depth

Maximize fuel &
sheah temperature




Parameter

Reactor decay power

Initial flux tilt

subcooling

spray headers

Containment leak rate
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Moderator initial local maximum

Number of operating containment
air coolers and other heat sinks

Number of containment dousing

Conservative
Direction

High

High

Low

Low;

High

Low (typically 4 out
of 6);

High

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

Low
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Rationale

Minimize timeto use
up cooling water
inventory

Maximize fuel &
sheath temperature

Minimize margin to
critical heat flux on
caandriatube

Maximize
containment pressure;

Delay high pressure
trip; and maximize
likelihood of
hydrogen combustion,
dueto rapid
condensation of steam

Maximize short-term
containment pressure;

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

Maximize public dosg;

Maximize
containment pressure




Par ameter Conservative
Direction
Containment bypassleaage Pre-existing steam

generator tube le&k

Wedher Least dispersive
wedher occurring
>10% of thetime

Operator Actions Not credited before 15

minutes after a dea
indicaion o the event,
for adionsthat can be
dore from the control
room; and nd credited
before 30 minutes, for
adions that must be
dore “inthefield”

Rationale

Maximize pulic dose

Maximize pulic dose

Ensure alequate time
for diagnosis

Where the “conservative” assumptionis particular to ore type of acddent, it islisted in the

discusgon ontheindividual acadent below.

Note that whatever safety analysis assumptions are made becme limits to operation: so for
example, if the moderator subcodling is at some time during operation lessthan that assumed in
the safety analysis, the plant is sid to bein an ‘unanalyzed' state and the state must be rapidly
demonstrated to be accetable (through re-analysis) - or the plant derated to the point where the
subcodling is again within the range aumed in the accdent analysis. This course of adionis
relatively straightforward onasingle parameter, bu can become very complex when a number of

parameters deviate from their assumed conditions.
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Typical Initiating Events

This section summarizestypical initiating events for CANDUSs, indicating safety issues of
interest and any key safety parameters not already covered in the Table; acceptance criteria used
by designers and/or required by the regulator; and relevant event combinations. Because there are
anumber of different CANDU designs, different organizations doing safety analysis, different
computer codes and different regulatory frameworks, the specific information in this section may
not apply in every case. Furthermore some issues are still under dispute with the regulatory body.
Thereisaso apractical limitation on the amount of detail that can be presented here on
acceptance criteria and key safety parameters, for which the individual plant Safety Reports are
the ultimate source of information. Instead the more important acceptance criteria and key safety
parameters have been selected, so these lists, while typical, should by no means be considered
complete.

The complete listing is rather dry and is a source of reference rather than alearning tool. The
reader should go thoroughly through at least one accident (large LOCA for example) to get a
sense of the approach.
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1 LargeHeat Transport System LOCA
1.1. Initiating Event

A large LOCA in aCANDU is conventionally defined as one where the bre& areais larger than
twicethe aqosssedional areaof the largest feeder pipe. Becaise there ae two feeder pipes
conreded to eat channel, thereis alot of small-bore piping in CANDU - hencethe probability
of apipe bre& drops by about two to threeorders of magnitude for bresk area exceeling twice
that of the largest feeder pipe. Thus any “large LOCA” can only be locaed in the large piping
abowve the wre, and is analyzed separately from small LOCAs. There ae threerepresentative
locations: reador inlet header (RIH), reador outlet header (ROH), and pump suctionling” (PH).
Other locaions are lines conreded to the presaurizer, shutdown codling lines and the header
interconnred lines.

Bre&s at thelow end d the large LOCA size range (so-cdled transition lre&ks) behavein an
intermediate fashion between large and small LOCAS.

1.2. Safety Aspects
Safety aspeds are & follows:

. Jet forces from the broken pipe, and readion forces causing pipe whip. The dfed of these
on aher pipes, onthe shutdown systems, and oncontainment must be assessed.

. Voiding of the dhannels, and ceaeasein flow in the downstream core pass Normally
bre& sizeistreaed as a parameter to find the break with the most severe and prolonged
flow stagnation (the “criticd” bre&) in the downstream core pass A power increase
results from core voiding, causing afuel temperature increase, and requires a shutdown
system trip.

. Continued fuel heaup after reador trip, as the dannels continue to empty prior to ECC
injedion. Thereis apotential for fuel damage due to excessve sheah strain or sheah
embrittlement; and for channel flow areareduction die to sheah strain.

. For the aiticd bregs, anumber of presaure tubes may overhea and sag or strain into
contad with the surroundng caandriatube.

. Hea transfer to the moderator from any channels with presaure tube/cdandria tube
contad, so that further channel deformation is prevented.

" For the Bruce plant, pump discharge bress are dso considered because there ae two
core pases conreded to ead pump
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5.
6

14.

Containment presaure increase, and dfferential presaures within containment
compartments.
Leakage of radionucli des from containment and resulting puldic dose.

Acceptance Criteria

Dose to the most exposed individual in the aiticd groupis below the Event Class3 limit
in Figure 1.

Pipewhipislimited so that:

. thereis noimpairment of either of the shutdown systems below their minimal

all owable performance standards

thereisno lre& induced in the piping of the other HTS loop (for two loop dants)
thereis no sheaing off of large numbers of feeder pipes

there is no damage to the mntainment boundary

thereisno lre& induced in ECC piping (nat conreded to the broken pipe)

The dhannel geometry must remain codable. There ae two sufficient criteria: the anourt
of fuel sheah oxidation must not embrittl e the sheahs on rewet, and the anourt of sheéh
strain must be limited so that coolant can flow through the dhannel.

Channel integrity is maintained.

Sufficient condtions include:

. thereisnofuel melting

. there is no sheah melting

. thereis no constrained axial expansion d the fuel string

For cases where the presaure tube strains or sags, it is sufficient if:

. the presaure tube does nat fail prior to contading the cdandriatube. This criterion
is stisfied if the presaure tube locd strain islessthan 100% at any location.

. the cdandriatube remainsintad after presaure tube contad. This criterionis
satisfied if the cdandriatube outer surfacedoes not go into prolonged film
baili ng.

Presaure within containment is below design presaure.
Presaure within containment compartments does not cause internal structural fail ures.

Relevant Event Combinations

A large LOCA is also analyzed in combination with ather impairments, including in turn the
ECC, containment systems, and lossof normal AC power (ClasslV).

' Asthe fuel heas up,the ‘string’ of 12 fuel bundes will | engthen due to thermal

expansion; the anount must not cause it to come up herd against the end-fittings and buckle.
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Thefollowing ECC system impair ments are analyzed in turn: failure of injedion, fail ure of
loopisolation, fail ure of steam generator secondary side “crash” cooldown. Thefirst caseis
generally limiting andis a severe acedent within the design besis.

The combination o alarge LOCA with alossof ECC gives rise to additional or changed safety
aspects from those listed in Sedion 1.2as follows:

. the moderator is required to remove reacor decay hea in the long term

. hydrogen is produced by oxidation d the fuel sheahsand d part of the presaure-tube,
and isreleased to containment

. since ECC makeup is not avail able to the broken loop,long-term fuel coadling and
channel integrity must be asaured for thisloopalso.

Theresult of aLOCA + LOECC cdculationis highly sensitive to the asumed steam flow rate in
the dhannel (the worst being afew grams per seoond per channel); thus the impased channel
flowrate is a key safety parameter which is varied parametrical y.

Similarly LOCA + LOECC has additional or changed acceptance criteria from those listed in
Sedion 1.3asfollows:

. Acceptance caiterion 1 lecomes: Dose to the most expaosed individual in the aiticd group
is below the Event Class5 limit in Figure 1.

. Acceptance caiterion 3for large LOCA does not apply. Thereisnolimit on sheah
embrittl ement, and the fuel bunde geometry is naot required to be “codlable” by fluid
within the dhannel.

. Acceptance caiteria2, 4, 5,and 6apply to this event as written.

. GrossUO, melting does not occur. Thisisanecessary condtionto preserve channel
integrity.

. Hydrogen detonation within containment does not occur; if hydrogen combustion acaurs,

the presaure stays below design presaure. As a sufficient condtion, ore can require that
the wncentration d hydrogen inside cntainment remains below the lower limit for
downward flame propagation, a abou 9% by volume. (There ae further issues related to

I urlessthe instrumentation consists of two redundant independent sets, ead having
three dannelized signals, in which case fail ure of crash cooldown is considered very low
probability and reed na be explicitly designed for.

* Not avery satisfactory approach asit leads to urredisticaly high hydrogen
concentrations in containment and ower-design o hydrogen mitigation equipment. It is likely that
LOCA +LOECCwill i n future be treged more redisticdly.
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the dfed of fast flames onlocd presares, andthe dfed of a standing flame on
mitigating equipment.)

The foll owing containment system impair ments are analyzed in turn: lossof air coders; lossof
dousing; open ventil ation dampers; deflated airlock doa seds; open airlock doas. The muilti-
unit stations in Canada have avaauum containment, so anumber of additional containment
impairments are wnsidered: partial or total lossof vaauum; fail ure of the instrumented
containment presaure relief valvesto open o close; fail ure of one bank of self-aduating
containment presaure reli ef valves.

The combination o alarge LOCA with a containment system impairment gives rise to additi onal
or changed safety aspects from those listed in Sedion 1.2asfoll ows:

. the asumption d impairment of the containment hea sinks increases the internal
containment presaure and reduces the margin to design presaure
. fradional releases from containment are larger, so for single-unit plants, the ECC must be

designed to limit the number of fuel fail ures and associated fisson product release.

Similarly LOCA + impaired containment has additional or changed acceptance criteria from
those listed in Sedion 1.3asfollows:

. Acceptance caiterion 1 lecomes: Dose to the most expased individual in the aiticd group
is below the Event Class5 limit in Figure 1. However the cases of lossof all air codlers,
and d open airlock doas, are submitted for information oy and do na fall i nto any
Event Class

Large LOCA cases also are analyzed assuming fail ure of normal AC eledricd power from the
grid or the turbine-generator (ClasslV power). Safety aspects are generally simil ar to the cases
with ClasslV Power avail able. Diff erences usualy are matters of degree the pump rundovnis
faster, the aiticd bres size shifts, secondary side maling isreduced, the flow in the intact loop
is gnall er and the moderator cooldown is dower. Acceptance criteria relative to Sedion 1.3are
changed as follows:

. Acceptance caiterion 1 lecomes: Dose to the most expased individual in the aiticd group
is below the Event Class5 limit in Figure 1.

'For two-loop gants - Bruce A & B have one HTS loop.
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The classification of event combinations involving an induced Loss of Class IV power assumes a
reasonably reliable electrical grid (such asin Canada or Korea), so that the likelihood of losing
Class 1V power as aresult of areactor trip issmall. Thisis however site-dependent, and the

Event Class might need to be changed if the external grid reliability is poor, particularly if there
isonly one unit on the site.
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2. Small Heat Transport System LOCA

In this and subsequent sedions, the diff erences from the large LOCA sedion are highlighted. The
common material isnot dugicaed.

2.1. Initiating Event

A small LOCA isabre&k in any pipe, with an areaup to the size of twicethe aosssedion d the
largest feeder pipe. Spurious opening of aLiquid Relief Vaveisincluded in this category.
Events aff eding a single reacor fuel channel or one or more steam generator tubes are dso small
bre&s, bu because of their spedfic phenomenology are mvered separately.

2.2.  Safety Aspects
Safety aspeds are & follows:

. patential for fuel sheah dryout at high power asthe drcuit depresaurizes (seeChapter 8).

. patential for fuel sheah dryout or presaure tube locd overheding at decay power prior to
ECCinjedion. This could be caused by flow stratificationin the reador inlet header or in
the dhannel. The mmbination d asmall LOCA with an assumed lossof ClassIV power
isthe limiti ng case.

. fuel coding in thelong term withou forced circulation. For two-loopreadors, cooling of
the “intad” loopmust also be analyzed becauseit will beisolated from the other loopand
operate with reduced inventory urtil it i srefilled by ECC™.

Sincenormal adion d the reador regulating system (RRS) can compensate for the slow increase
in readivity due to codant void, and delay the trip on hgh pawer, two cases are mnsidered: RRS
inadive, and RRS operating normally.

2.3.  Acceptance Criteria

1. Dose to the most exposed individual in the aiticd groupis below the Event Class2 limit
in Figure 1.

2. There shoud be no systematic fuel failures (thisis sufficient but not necessary to med the
dose limit; it also reduces the eonamic risk from asmall LOCA). There aetwo periods
of interest: at high power (before reador trip), and at low power (due to prolonged dryout
at low flows). The fuel sheah will remainintad if:

™On some two-loop gants, loopisolation hes been disabled for this reason.
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. thereisnofuel centreline melting (centreli ne temperature <2840C)

. there is no excessve strain (uniform sheah strain lessthan 5% for temperatures
<100@C)

. there ae no significant cradks in the surfaceoxide (uniform sheah strain lessthan
2% for temperatures >1000C)

. thereis no axygen embrittl ement (oxygen concentration < 0.5% by weight over
half the sheah thicknesg

. thereis no penetration by the beryllium braze & space and beaing pad locaions

3. Criteria4,5&6 listed in Sedion 1.3aso apply.
24. Reevant Event Combinations

Aswith large bres, small LOCAs are ammbined (separately) with impairments of ECC and o
containment. The behaviour is bounded by, or similar to, large LOCAs with the same
impairments. The accetance aiteria ae likewise the same.

Small LOCAs aso are analyzed assuming fail ure of ClasslV power. Safety aspects are generally
similar to the caes with ClassIV Power avail able. Aswith large LOCA, differences usualy are
matters of degree the most important safety asped is ensuring sufficient thermosyphoring flow
in bah HTS loops to maintain channel integrity. Acceptance criteria are changed relative to
those identified in Sedion 2.3as foll ows:

. Acceptance caiterion 1 lecomes: Dose to the most expased individual in the aiticd group
is below the Event Class4 limit in Figure 1.

. Acceptance caiterion 2 lecomes: There shoud be no systematic fuel fail ures before or
immediately after reador trip. However some fuel fail ures may occur during the ECC
phase.
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3.

3.1

Single Channel Events

Initiating Event

Single Channel Events are aparticular subset of small LOCAs affeding only one
reacor fuel channel. They consist of:

3.2

a “sportaneous’ presaure tube rupture, assumed for the purpose of analysis to result also
in rupture of the cdandria tube.

abre& inanindividual feeder pipe. A spedal caseisabred in an inlet feeder of exadly
the right size to temporarily stagnate the flow in the channel. This can then result in
channel overheding andfailure.

failure of the endHfitti ng attadhed to the presaure-tube, and assumed gedion d the fuel.
blockage of the flow in a dhannel, assumed to be complete enough to cause dannel
overheding and fail ure.

Safety Aspects

The safety aspeds are similar to asmall LOCA asfar asthereador HTS is concerned. There ae
additional safety aspeds for in-core bre&s:

the patential for damage to in-core mmporents such as readivity medianisms, and the
effed onthe avail able shutdown margin. The worse cae is LOCA with lossof ECC
(sincethe ECC utili zes light water and introduces negative readivity).

the potential for propagation d the bre&k to ather reador fuel channels

the potential for gedion d the end-fitting (or both end-fittings), causing alossof
moderator

cdandria overpresaure due to the discharge of high-enthalpy fluid into the moderator

for the cae of flow blockage or inlet feeder stagnation kre&, cdandria overpresaure due
to theinteradion d hot and passhbly molten fuel with the moderator

safety system initiation signals (since high bulding pressure may not be dfedive for an
in-core breek)

fisson product release in an endHfitti ng fail ure with fuel g edion, sincethe bundes are
exposed dredly to the containment atmosphere; andin flow blockage, since alarge
fradion d the boundfisson groduct inventory in the fuel can be released to containment
fisson product washou in the moderator

For in-core bre&ks, given the potential for damage to shutoff rod guide tubes and the
displacement of moderator poison, a number of assumptions are made to maximize net readivity:
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Parameter

Initial reactor operating state

Fuel burnup

Moderator poison load

Coolant isotopic purity

Failed channel location

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

3.3.  Acceptance Criteria

1. The small LOCA acceptance criteriaidentified in Section 2.3 apply. However fuel

Conservative
Direction

Startup after along
shutdown

Plutonium peak

High

High

Near most effective
shutoff rods

damage may occur in the affected channel.

2. The in-core failure does not damage reactivity mechanisms to the extent that the reactor

Rationale

Maximize reactivity
due to decay of
neutron-absorbing
isotopesin the fuel

Maximize reactivity
due to fuel

Maximize reactivity
due to displacement of
moderator

Maximize reactivity
due to displacement of
moderator

Maximize loss of
shutoff rod reactivity

cannot be shutdown by each shutdown system acting a one, assuming the most

pessimistic operating state prior to the accident. Manual poison addition to the moderator

may be credited 15 minutes after a clear indication of the event.
3. The failure does not propagate to other reactor fuel channels.

4. The calandria vessel pressure transient does not cause vessel failure or loss of moderator

(other than through the relief pipes), and any vessel deformation does not prevent
operation of the shutdown systems.
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3.4. Redevant Event Combinations

Single channel events are also combined with the impairments of containment, ECC and Class
IV power. Safety aspects and acceptance criteria are the same as the small LOCA combined-
event cases, with the exception that there is no requirement on the integrity of the affected
channel or itsfuel. For in-core breaks, particular attention is paid to moderator temperature,
which will initially rise due to the discharge of coolant into the moderator. If an in-core break is
combined with an impairment in ECC, some of the other channels may sag or strain (eventualy)
into contact with their calandria tubes. Thus the moderator temperature must be kept low enough
to prevent prolonged dryout of the calandriatube. Finaly if one or both end fittings are gjected,
the moderator will drain through the broken calandria tube, and if ECC is not restored in time,
the accident may progress to severe core damage. Thisis currently a CNSC Generic Safety |ssue.
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4. Single Steam Generator Tube Rupture
4.1. Initiating Event
A guill otine rupture of a single stean generator tube is assumed.
4.2.  Safety Aspects
The safety aspeds are similar to ale&" asfar asthereador HTS is concerned, bu aso include:
. release of the radionuclides contained in the HTS codant outside containment
. the bre&k must be isolated in the longer term, sincethe lossof water through the steam
generator is unrecverable.
The analysis focusses on ensuring there is adequate operator adiontime to perform HTS
cooldown and stean generator isolation. Badk-flow of (light) water from the secondary side to
the primary side, after the latter is cooled dowvn and depresaurized, causes negative readivity and
isnat asafety concern. Recait CANDU s have manuall y-operated main steam isolation valves,
which can be used as one of the meansto isolate the dfeded stean generator in the longer term.
4.3.  Acceptance Criteria
The accetance citeria aeidenticd to those of the small LOCA®.
4.4. Relevant Event Combinations
Since ECCisnat required and the discharge of radionuclides is to the secondary side, ouside the
containment envelope, there ae no relevant event combinations associated with ECC or

containment impairments. However the dfed of lossof ClassIV power at thetime of trip is
asessd.

"A le&k is defined as alossof cooant small enough so that it can be compensated by the
D,0 makeup system; ECCisnaot required.

° Note that the C-6 Classof thisevent isin dispute between the CNSC and the industry -
the former has requested Class1 and the industry maintains it shoud be Class2 based on
experienceto date. Such dsputes are not unusual in a non-prescriptive regulatory framework, as
discussed in Chapter 1.
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5.1.

5.2

5.3.

1.

2.

5.4.

Multiple Steam Generator Tube Failure

Initiating Event

It is postulated that a number of steam generator tubes (upto 10 fail simultaneously.
Safety Aspects

The dfed onthe HTS is smilar to asmall breg (0.5% of the largest inlet header brek).
Aswith asingle stean generator tube rupture, there is a discharge of radionuclides
outside containment.

The acecdent time scde is much shorter than for a single stean generator tube rupture, so
automatic adion d the shutdown systems and d ECC isrequired.

The operator isrequired in the longer term to valve in an alternate hea sink and stop
further discharge outside mntainment.

Acceptance Criteria
Dose to the most exposed individual in the aiticd groupis below the Event Class5 limit
inFigure1”

The fuel channels sioud na fail dueto owverheding.

Relevant Event Combinations

None, sincetheinitiating event is aready Event Class5.

plants.

P This refleds the designer interpretation d C-6 Rev. 0in the safety analyses of al recent
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6.

6.1.

L oss Of Forced Circulation

Initiating Event

A lossof ClasslV eledricd power to the HTS pumps causes them to run davn and eventually
stop. Particular cases of partial lossof forced circulationinclude apartial lossof ClassIV power,
asingle HTS pump shaft seizure and asingle pump trip.

6.2.

Safety Aspects

A flow reduction causes amismatch between reacor power and coolant flow that can lead to fuel
overheding and HTS presaurization. The power mismatch also causes void formationin the
channels, leading to an increase in rea¢or power.

Normal operation d the RRS can delay areador trip or make one unrecessary; shutdown system
eff edivenessmust be shown whether the RRS operates normally or fail s to respond.

6.3.

1.

Acceptance Criteria

Dose to the most exposed individual in the aiticd groupis below the limitslisted below:
Lossof ClassIV Power: Event Class1 limit in Figure 1
Pump Seizure: Event Class2 limit in Figure 1

The hed transport system must remain intad. Thusit must not fail dueto:
- overpresaure
- overheaing of the presaure tubes.

For lossof ClasslV power and single pump trips: The servicelimit for SDS1 high
presauretripisASME Level B (“upset”) crediting the liquid relief valves (LRVS). Thisis
interpreted as 110% of design presaure. The servicelimit for SDS2 high presauretrip is
ASME Level C (“emergency”) with and withou crediting the LRVs. Thisisinterpreted
as 120% of design presaure. Thefirst trip parameter may be aedited in the cae where
thistrip parameter is high presaure.®

For single pump seizure: The servicelimit for SDS1 high presauretripisASME Level C
(“emergency”) crediting the liquid relief valves (LRVS). Thisisinterpreted as 120% of
design presaure. The servicelimit for SDS2 high presaure tripis ASME Level D
(“faulted”) with and withou crediting the LRV's. Thisisinterpreted as 120% of design
presaure. Thefirst trip parameter may be aedited in the cae where thistrip parameter is
high presaure.
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5. Systematic fuel failures are prevented. It is sufficient to prevent prolonged periodsin
dryout or in stratified flow before reactor trip.

6.4. Redevant Event Combinations

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

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

A mafunctionin the RRSis assumed to drain zone controllers and/or drive out absorber/adjuster
rods. Two types of acadents are mnsidered: continued increase in readivity at up to the
maximum passhble rate, and to the maximum degree d owed by the physicd configuration d the
devices, and a slow power increase from both namal and dstorted flux shapes that terminates
just below the overpower trip setpoints.

7.2.  Safety Aspects

Anincreasein reador power causes aflow/power mismatch which has the potential to damage
fuel.

Readivity ramps from malfunctionsin the RRS or its comporents are inherently slower than
those caused by aLOCA. Sincelarge LOCA determines the setpoints of the bulk overpower and
rate trips on ead shutdown system, lossof readivity control ramps are not limiti ng.

However aslow increase from a distorted flux shape could permit fuel to bein dryout even if the
bulk reador power is below the average overpower trip setpoint. Analysis of such events
determines the trip setpaints for the spatiall y-distributed Regional Overpower (ROP) flux
detedors on ead shutdown system.

The setbadc and stepbadk functions (which reduce power if an abnamal situationis sensed) are
not credited in the analysis. However the foll owing systems may, by their normal adion a
inadion, celay areador trip; therefore both cases are analyzed:

. HTS presaure and inventory control working or fail ed
. steam generator presaure control working or fail ed
. steam generator level control working or failed

Thereadivity rates of the control devicesin the analysis are varied parametricaly over the
complete physicdly possble range, to ensure that trip parameter coverage is comprehensive. For
readivity rates from distorted flux shapes, flux shapes are seleded to cover al expeded modes
where continued operationis permitted - e.g., operating with a stuck absorber rod.

7.3.  Acceptance Criteria

Similar to Lossof Forced Circulation:
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7.4.

Dose to the most exposed individual in the aiticd groupis below the Event Class1 limit
in Figure 1.

The hed transport system must remain intad. Thusit must not fail dueto:
- overpresaure
- overheaing of the presaure tubes.

The servicelimit for SDS1 high presauretripisASME Level B (“upset”) crediting the
liquid relief valves (LRVS). Thisisinterpreted as 110% of design presaure. The service
limit for SDS2 high presauretripis ASME Level C (*emergency”) with and withou
crediting the LRVs. Thisisinterpreted as 120% of design presaure.

Systematic fuel fail ures are prevented. It is sufficient to prevent prolonged periodsin
dryout or in stratified flow before reador trip.

Relevant Event Combinations

Sincethere is no fuel damage for these events, there ae no relevant event combinations with
impairments of ECC or containment.
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8. L oss Of Pressure And Inventory Control (Primary)
8.1. Initiating Event

Presaurization events can result from:
. feal valvesfail open/ liquid beel valvesfail closed
. presaurizer heaersfail on/ steam bleed valvesfail closed

Depresaurization events can result from:

. feed valvesfall closed/ liquid beel valvesfail open

. presaurizer heaersfail off / steam bleed valvesfail open
. HTSIliquid relief valvesfail open

8.2. Safety Aspects

Presaurization eventstest the capability of the liquid relief valves and the aility in the long term
to stop any unrecverable lossof codant. Depresaurization events are similar to asmall LOCA.
Sincein the depresaurization sequences there may be no immediate discharge to containment,
appropriate signals must be identified for reacor trip and/or operator alarms and, if necessary, for
ECC.

8.3.  Acceptance Criteria
Similar to Lossof Presaure Control and Lossof Readivity Control:

1. Dose to the most exposed individual in the aiticd groupis below the Event Class1 limit
in Figure 1.

2. The hed transport system must remain intad. Thusit must not fail dueto:
- overpresaure
- overheaing of the presaure tubes.

3. The servicelimit for SDS1 high presauretripisASME Level B (“upset”) crediting the
liquid relief valves (LRVS). Thisisinterpreted as 110% of design presaure. The service
limit for SDS2 high presauretripis ASME Level C (*emergency”) with and withou
crediting the LRVs. Thisisinterpreted as 120% of design presaure. Thefirst trip
parameter may be aedited in the cae wherethistrip parameter is high presaure.

4. Systematic fuel failures are prevented. It is sufficient to prevent prolonged periodsin
dryout or in stratified flow before reador trip.
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8.4. Reevant Event Combinations

Since there is no fuel damage for these events, there are no 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 inside or outside the reactor building, up to
the complete guillotine rupture of the steam bal ance header.

9.2. Safety Aspects

Thefirst safety aspect for al main steam line breaks is the potential 1oss of areactor heat sink as
the secondary side inventory is exhausted through the break. For main steam line breaks outside
containment, in the turbine hall, one must show that equipment which is required and assumed to
mitigate the event is not damaged by the forces from the break nor is there damage to the turbine
hall structure. For main steam line breaks inside containment, the pressure rises rapidly and the
safety aspect is the building integrity, including the integrity of reactor building internal walls.
The depressurization of the secondary side causes a corresponding depressurization and cooling
(initialy) of the primary side; this causes a negative reactivity and a power decrease and is not a
safety concern. Both symmetric breaks affecting all steam lines equally (e.g., steam balance
header break) and asymmetric breaks (affecting only one steam line) must be considered.

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

Sincethe HTS pumps are tripped on low HTS pressure, the ability to remove heat from the HTS
through thermosyphoning, particularly if the HTS is two-phase, must be confirmed.

Note that since CANDUs have a high-pressure backup heat sink (the Shutdown Cooling System),
it is not necessary for the operator to depressurize the HTS before valving in this alternate heat
sink in emergencies.

9.3.  Acceptance Criteria

1. Dose to the most exposed individual in the critical group is below the Event Class 3 limit
in Figure 1.
2. The heat transport system must remain intact. Thus it must not fail due to:
- overpressure
- overheating of the pressure tubes.
In practice this means that the secondary side inventory must be sufficient so that a
manually-initiated alternate heat sink can be initiated within 15-30 minutes of the bresk,
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depending on whether the adion can be taken from the Main Control Room or must be
taken from thefield.

3. Systematic fuel fail ures are prevented. It is sufficient to prevent prolonged periodsin
dryout or in stratified flow before reador trip.

4, For main steam line bregks within containment, the cntainment pressure must stay
below the threshold presaure for through-wall cradking of the perimeter wall .
5. Thetransient differential presaure acossthe reador building internal walls sioud na

impair the structural integrity of the walls.
6. Theturbine hall wall structural integrity is maintained (if necessary to proted equipment
credited in the acedent mitigation).

9.4. Reevant Event Combinations.

A main steam line bre& is analyzed in combination with the foll owing impairmentsin the
spedal safety systems:

The following ECC system impair ments are analyzed in turn: failure of injedion, fail ure of
loopisolation, fail ure of steam generator secondary side “crash” cooldown’. The combination o
amain steam line breg with alossof ECC givesrise to additional or changed safety aspects
relative to Sedion 9.2asfoll ows:

. ECC may nat be astomaticdly initiated, in which case there is no change from the single
fallure

. where ECCisautomaticdly initiated, it ads as amakeup to the HTS as the latter codls
down and shrinks. In the @sence of such a makeup, adequate two-phase
thermosyphonng must be demonstrated to remove deca hed.

Similarly amain steam line bregk + LOECC has additional or changed acceptance criteria
relative to Sedion 9.3asfoll ows:

. Dose to the most exposed individual in the aiticd groupis below the Event Class5 limit
in Figure 1.

The foll owing containment system impair ments (for main steam line bre&sinside
containment) are analyzed in turn: lossof air coders, lossof dousing, open ventil ation dampers,
deflated airlock doa seds, open airlock doas.

" unlessthe instrumentation consists of two redunchnt independent sets, ead having three
channelized signals.
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The combination d amain steam line bregk with a containment system impairment gives rise to
additional or changed safety aspects as foll ows:

. the asumption d impairment of the containment hea sinks increases the internal
containment pressure
. containment envelope impairments reduce the pe&k pressure but may (depending onthe

setpoints) deaease the trip coverage provided by containment high-presaure trips.

Similarly amain steam line bre&k + impaired containment has additional or changed acceptance
criteria asfollows:

. Dose to the most exposed individual in the aiticd groupis below the Event Class5 limit
in Figure 1.
. The structural integrity of the containment must not be impaired to a degreethat

consequential damage to the reacor systems could result (note sincethe radioadivity
releases are small, there is no requirement for staying below containment design
presaure).

A main stean line bre& inside antainment combined with fail ure to isolate the cntainment
ventil ation results in lower peak presaures within containment but may delay the reador trip on
high bulding presaure. The sameistrue for deflated airlock doa seds. ECC may beinitiated for
amain steam line breg (onlow HTS presaure condtioned on hgh bulding presaure) but is not
required for acadent mitigation.

Main stean line bre&s are dso analyzed assuming failure of ClasslV power. Safety aspects are
generally similar to the caes with ClasslV Power avail able, with the focus being on
demonstration d the dfedivenessof natural circulationin the HTS. Other diff erences usualy are
matters of degree containment air codlers and secondary side feedwater are temporarily lost urtil
Classlll power is established, and the HTS pumps run davn ealier. The acceptance criteria are
the same as for amain steam line break plus containment system impairments.
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10. Feedwater System Failures
10.1. Initiating Event

Lossof feedwater can result from abre&k in afeedwater line, lossof the feedwater pumps, or
spurious closure of one or more feedwater valves.

10.2. Safety Aspects

Similar to main stean line bre&s: Thefirst safety asped for all feedwater system fail uresisthe
potential lossof areador hed sink as the seoondary side inventory is depleted. For feedwater line
bressinside containment, the containment presaure rises and the safety asped is the buil ding
integrity, including the integrity of reador buil ding interna walls. Both symmetric bre&s
affeding al feedwater lines equally (e.g., bre&k upstream of the feedwater control valves) and
asymmetric bre&ks (aff eding one steam generator more than the others - e.g., brea&ks downstream
of the control valves) must be considered.

Large stean line bre&ks are more limiti ng (in terms of ealy containment pe&k presaure andin
terms of differential presaures within the reador buil ding) than large feedwater line bre&s. Large
steam line bre&ks are dso limiti ng in terms of pulic dose.

Because the Shutdown Coadling System can be brought in at full system presaure, it isnot
necessary for the operator to depresaurize the HTS before bringing in this alternate hea sink in
emergencies.

10.3. Acceptance Criteria

1. Dose to the most exposed individual in the aiticd groupis below:
. Event Class1 limit in Figure 1 for fail ures of feedwater control;
. Event Class3 limit in Figure 1 for bre&s in the feedwater piping.

2. The hed transport system must remain intad. Thusit must not fail dueto:
- overpresaure
- overheaing of the presaure tubes.
In pradicethis means that the seandary side inventory must be sufficient so that an
aternate hea sink can beinitiated within 1530 minutes of the bre&k, depending on
whether the ad¢ion can be taken from the Main Control Room or must be taken from the
field.

3. The following overpressure aiteria gply:
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. For lossof flow feedwater fail ures, the servicelimit for SDS1 trip is ASME Level
B (“upset”) crediting the liquid relief valves (LRVS). Thisisinterpreted as 110%
of design presaure. The servicelimit for SDS2 tripisASME Level C
(“emergency”) with and withou crediting the LRVs. Thisisinterpreted as 120%
of design presaure.

. For feedwater pipe bress, the servicelimit for SDS1 high presaure tripisASME
Level C crediting theliquid relief valves (LRVS). The servicelimit for SDS2 high
presauretripisASME Level D (“faulted”) with and withou crediting the LRVs.

Thefirst trip parameter may be aedited in the cae where thistrip parameter is high

presaure.

4. Systematic fuel fail ures are prevented. It is sufficient to prevent prolonged periodsin
dryout or in stratified flow before reador trip.

5. For feedwater pipe bresks within containment, the containment pressure must stay below
the threshdd presaure for through-wall crading of the perimeter wall.
6. Thetransient differential presaure acossthe reador building internal walls sioud na

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

The ECC s neither initiated na required for afeedwater system fail ure. Large steam pipe bre&ks
together with containment system impairments boundthe containment behaviour for feedwater
system fail ures.

Feedwater fail ures are analyzed asuming fail ure of ClasslV power. Safety aspects are generally
similar to the caes with ClasslV Power avail able, with the focus being on demonstration d
accetable thermosyphoring behaviour in the long term. The acceptance criteria are similar to
those with ClassIV power avail able, except that the publlic dose limits are:

Dose to the most exposed individual in the aiticad groupis below:

. Event Class3 limit in Figure 1 for fail ures of feedwater control;
. Event Class5 limit in Figure 1 for bre&s in the feedwater piping.
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11 L oss of Secondary Side Pressure Control

11.1. Initiating Event

Depressurization of the secondary side could result from inadvertent opening of the Atmospheric
Steam Discharge Valves (ASDVs), or the Condenser Steam Discharge Vaves (CSDVs), or the
Main Steam Safety Valves (MSSVs); or failure to unload the turbine after a reactor trip.
Pressurization of the secondary side could result from aloss of condenser vacuum.

11.2. Safety Aspects

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

11.3. Acceptance Criteria

Same as for aloss of feedwater control.

11.4. Redevant Event Combinations

None.
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12 L oss of Shutdown Heat Sink

CANDU shutdown heat sinks include auxiliary feedwater, the shutdown cooling system, and
ECC. Loss of aheat sink when the reactor is shutdown is usually analyzed by hand calcul ations
of heatup rate, to show that there is sufficient time’® for the operator to diagnose the event and
valvein one of the backup heat sinks.

Note that during shutdown a number of heat sinks normally available during power operation
may no longer be available (they, or their support systems, may be under repair). An important
aspect of loss of shutdown heat sink analysisisto show that there are enough back-up systems
should the primary means of heat removal fail, accounting for the possibility of reduced
redundancy and the increased time required to bring them into operation (e.g., if the HTS is open
and depressurized, it may be necessary to close it before a backup heat sink such as the steam
generators can be brought in).

S Asdefinedin Table 1
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13. Moderator System Failures
13.1. Initiating Event

Moderator system fail uresinclude:

. moderator pipe bregk

. lossof forced circulation

. lossof hea removal

13.2. Safety Aspects

The safety aspeds are a foll ows:

. doses resulting from the release of tritiated heavy water from the moderator after a pipe
bred&, or due to moderator baili ng after alossof hed sink

. distortion d the reador flux as the moderator boils down, leading potentialy to excess
power in some reador fuel channels

. release of deuterium gas to the moderator cover gas and the potential for ignition.

A number of assumptions are made in safety analysis pertaining to the aspeds unique to this type
of event:

Parameter Conservative Rationale
Direction
Number of cdandriarupturedisks  Low Maximize cdandria
that burst presaure
Moderator temperature Low; Delay high bulding
presauretrip;
High Maximize tritium

release and extent of
deuterium degassng

Moderator hea load Low; Delay high bulding
presauretrip;
High Maximize dose
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Tritium concentration in moderator High Maximize

radioadivity release

Cover gas purging Not credited Maximize combustible

gas concentration

13.3. Acceptance Criteria

1.

13.4.

None.

Dose to the most exposed individual in the aitica groupis below:
. the Event Class1 limit in Figure 1 for lossof moderator hed removal;
. the Event Class3 limit in Figure 1 for bre&s in the moderator piping.

The hed transport system must remain intad. Thusit must not fail dueto:
- overpresaure
- overheaing of the presaure tubes.

Systematic fuel fail ures are prevented. It is sufficient to prevent prolonged periodsin
dryout or in stratified flow before reador trip.

Deuterium deflagration in the mver gas does not damage the cdandria nor impair the
effedivenessof the shutdown systems. It is sufficient to show that deflagration daes not
occur. A lower limit of D, concentration, kelow which deflagration canna occur, may be
used for screening purposes (e.g., 4.9%).

Relevant Event Combinations
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14.  Shield Cooling System Failures
14.1. Initiating Event

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

14.2. Safety Aspects

The safety aspect is excessive shield tank distortion if the accident is not terminated. Generally
the analysisis focussed on determining the time before operator action isrequired. Thereisno
significant release of energy nor radionuclides to containment.

14.3. Acceptance Criteria

1. There must be no consequential failure of the HTS pressure boundary. Thus the operator
must have enough time after the first clear signal of the event to shut the reactor down
and cool down the HTS. A stress analysis may be done, or an upper limit on the
temperature difference between the inner and outer tubesheets can be used as a sufficient
criterion.

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

14.4. Reevant Event Combinations

None.
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15.  Fudling Machine Accidents
15.1. [Initiating Event

A fuelling madiine (F/M) carying spent fuel may be ather onthe reador, attached to a dhanndl,
or off the reador, in transit to the spent fuel port, or attached to the spent fuel port and
discharging fuel. The spent fuel must be kept coded, and hases are dtadhed to the fuelling
madchine (F/M) through which high-presaure D,O codling water is pumped. Shoud ore or more
hoses fail, the integrity of the contained fuel is threaened.

Safety Analyses normally considers bath cases: F/M onreador, and df-reador. The
consequences to the reador of afailure of aF/M (e.g., spurious detachment from a channel) are
broadly similar to asingle-channel event. This dion dedswith F/M acaddents when off-
reacor.

15.2. Safety Aspects
The safety asped isfuel overheding andfailureif it canna be aaded inside the F/M or in the
transfer port. A F/M fail ure when off-reador canna be mitigated by rea¢or shutdown or ECC.
The only safety system required is containment.
15.3. Acceptance Criteria
1. Dose to the most exposed individual in the aiticd groupis below:

. the Event Class1 limit in Figure 1 for F/M failures

. the Event Class3 limit in Figure 1 for F/M fail ures with simultaneous

containment impairments

15.4. Redevant Event Combinations

Only containment impairments are relevant, as discussed above.
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16. Severe Accidents
16.1. Initiating Event

Severe accident sequences are normally identified through aLevel 1 Probabilistic Safety
Assessment. However the event sequences discussed in previous sections of this report for
CANDUSs include a number of severe accidents (LOCA + LOECC, LOCA + impaired
containment) within the design basis. In the first case the moderator can remove decay heat from
the reactor in the absence of any coolant in the channels. Fuel is badly damaged but the UO, does
not melt and channel integrity is preserved.

It istherefore useful on CANDU to distinguish three categories:

1. Severe accidents within the design basis, in which the core geometry is preserved (fuel
remains inside intact pressure tubes). These have been already covered above. They are
identified either explicitly in regulatory document C-6, or by the applicant as part of the
systematic plant review required by C-6.

2. Severe accidents beyond the design basis, in which the core geometry is preserved. They are
not identified in C-6, which ipso facto defines design basis accidents. They are normally
identified by a systematic plant review or by a PSA, and are too low in frequency to merit
inclusion in the design basis set.

3. Severe core damage accidents, beyond the design basis (by definition), in which the fuel
channelsfail and collapse to the bottom of the calandria.

An example of the second category would be loss of al secondary side heat sinks and shutdown
cooling with the moderator available. Examples of the third category would be loss of coolant
plus loss of ECC plus loss of moderator heat removal; or loss of Group 1 electrical power (Class
IV plus Class I11) plusloss of Group 2 Class |1 electrical power.

16.2. Safety Aspects

Analysis of events of category 2 is generally similar to that for the severe accidents in category 1.
For example, aloss of all heat sinks at high pressure would eventually result in the overheating
and failure of one or more pressure tubes; this would depressurize the HTS and allow the ECC
and/or the moderator to act as a heat sink for the remaining channels.

We summarize the severe core damage behaviour of CANDUSs. Analysis of eventsin category 3
initially started from heat balance calculations' (to determine the times to boil off the water in the

‘including the effects of metal-water reaction heat
45

Chapter 7 - Accident Analysiswpd Rev. 5
February 5, 2006 17:49:18 vgs



moderator, and then in the shield tank); followed by calculations of the characteristics of the
debris once it collects in the bottom of the calandria vessel. Because of the large volumes of
water in both the moderator and the shield tank, it takes about 20 hours (in the absence of active
heat removal from either system) for the water to boil off, and for the debris to end up on the
vault floor’.

For these residual risk sequences in which the moderator is assumed unavailable, the fuel
channels would fail progressively as the moderator boiled off, and collapse 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 slump under their own weight until they are held up by the underlying channels.
Eventually, as successive layers of channels pile up, the supporting channels (still submerged)
collapse and the whole core slumps to the bottom of the calandria vessel.

Consider, for the purposes of discussing the phenomenology, a beyond-design basis severe
accident that assumes loss of al

heat transport system and UNCOVERED CHANNELS DEFORM BY SAGGING
emergency heat sinks at decay '

: SEGMENTS SEPARATE BY MEMBRANE STRETCHING
power levels (shutdown cooling

: - WHEN SUFFICIENT DEFLECTI
system, main feedwater, auxili ON DISTANCE AVAILABLE

feedwater, Group 2 emergency

feedwater, Emergency Core DEFORMATION SEPARATION
Cooling System, and moderator AT LOCAL AT DISTANCE
heat removal). In addition, assume TEM:EZgO“;”RE LTE‘\)/ EL'L°U1'D

an inability to depressurize the heat Zim

transport system (for which there

are two independent signals). The
analysis shows that only avery SUBMERGED CHANNELS FAIL AT ROLLED JOINT WHEN
small number of channels are SUFFICIENT DEBRIS LOAD BUILDS UP (CORE COLLAPSE)

gx aﬁ?gg ;(;/;a'erlna:);[glri] (tleg[ o Figure 7-2 - Postulated Channel Collapse Mode

10 MPa). Such afailure would first occur due to local straining in a high decay power channel
located at a high elevation in the reactor core. The fuel in the channel will either remain there, or
will fall to the bottom of the calandria vessel, where it will be cooled by the surrounding
moderator. The failure of one or two channels would induce rapid depressurization of the
partialy voided heat transport system and allow the pressure tubes to strain into contact with the
calandria tubes without failure. For the same accident at intermediate pressures (~1 to 6 MPa) the
pressure tubes will balloon into full circumferential contact with the calandria tube. The channel
will remain intact as long as the outside surface of the calandria tube does not undergo a
prolonged period of film boiling or is surrounded by avoid. With loss of moderator heat
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removal, the moderator will gradually bail off. Voiding aroundthe channel outside surface
occurs when the moderator level in the cdandriavessl fals below the channel. Again, oreor a
few high power channelslocaed at a high elevation and which were uncovered ealy could fail
(Fig. 7-2). The number of channels that could fail by this medanism is also expeded to be very
small. Therefore, asthe moderator level fall s further, the mgjority of channels at decey power
levels are expeded to fail under low system presaures (<1 MPa). The medanisms of channel
failure under those condtions are expeded to be through excessve sag and/or locd overheding.

To determine the medhanisms, aresearch program was initiated at AECL. The aurrent
understanding is as foll ows:

As channels are uncovered during moderator bail -off, their temperatures rise and they begin to
sag under gravity loads. The aial creep rate of the presaure tube material (Zr-2.5% Nb) increases
rapidly with temperature and excessve sagging of the dhannel is expeded to occur above
~1200QC. In Blahnik's model, a sagging channel comes into contad with the next lower row of
channels. The lower row of channels may or may not be coled adequately by the moderator,
depending onwhether it is
submerged in the moderator or :
not. Asthe moderator level

continuesto deaease, the lower '

row of channelsis uncovered o et
and sags under its own weight

0© 00=<0°

2%

aswell asthat of the suppated Y2

channels. This processcontinues
as more channels are uncovered.
As sgging increases, channel

SHIELD TANK WATER SHIELD TANK WATER

segments eparate nea the o Detrisbed ) Melien o aad crut
bunde junctions by sag-induced

| OCd Stral n . A w$er]wi CHJrI S x ::‘l’l;;i:ilo:‘onveclion or nucleate boiling to shield lank water
bed is thus formed which moves T Nmteamesin

downward with the falli ng Figure 7-3 - Severe Core Damage Model (Rogers)

moderator level. Since a

submerged channel can suppat only a cetain number of channels, the ends of those dhannels are
expeded to fail by shea. This processwill i ncrease the loading onthe dhannels below leading to
progressve fail ure of the dhannels resulting ultimately in the @llapse of the reacor core into the
water pod in the bottom of the cdandriavess.

To addressthe plant state oncethe debris has coll apsed to the bottom of the cdandria, Rogers et
al.? have developed an empirical y-based medhanistic model (Fig. 7-3) of the cll apse process
that shows that the end-state mnsists of abed of dry, solid, coarse debrisirrespedive of the
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initiating event and the core
collapse process. Heat-up of

. ) . TEMP,, DegC
the debris bed is relatively 3000

sow, because of the low —— Tiop
power density of the mixed 2500 - — Tmax
debris and the spatial -5 Thot

dispersion provided by the 2000 -
calandria shell, with melting
possibly beginning in the 1500
interior of the bed about two

hours after the start of bed

10

heat-up. The upper and lower 00

surfaces of the debris remain 500

well below the melting point

(Fig. 7-4) and heat fluxesto K . &

the shield tank water are well ' : ' ' '
300 320 340 .

below the critical heat flux at 4 . Mae“‘:m 1380 400 420

the existing conditions (Fig.
7-5). The calandriavessdl is
protected by a solid crust of
material on theinside, and by Figure 7-4 - Debris Bed Temperatures (Rogers)

water on the outside, so it can

prevent the debris from escaping. Should the shield tank water not be cooled, it will boil off, and
the calandria vessel will eventually fail by melt-through, but thiswill not occur in less than about

aday.

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

Clearly the analysis of such sequencesisin its early stages, athough the key characteristics of
long times and the potential of arresting the accident at the calandria shell boundary are well
recognized. Integrated system models have been developed to cover the transient behaviour from
initiating event to quasi-steady state, supported by small scale experiments'® aimed at phenomena
unique to CANDUSs such as channel collapse and core debris retention.

16.3. Acceptance Criteria

CNSC document C-6, as noted, includes acceptance criteriafor some severe accidents; but there
are no formal requirements under the current regulations for severe core damage accidents.
However the Canadian regulatory system isto alarge extent a consultative one, and the CNSC
Staff have stated that on new designs, they will expect explicit consideration of such accidentsin
the design and have requested the utilities in Canadato devel op severe accident management
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procedures using existing equipment. It is likely that the DRD will encompass the need for severe
core damage accident analysis, not least to show the safety goals are met.

Thisis consistent with world

practice. pgp o UK Wrem2 Critical heat flux
|4 a'to 200 W/cm?
As an example, the CANDU 9 e :',bo‘:

and ACR designs incorporate
the following requirements
and features and could be
considered typical of how
severe core damage issues are
addressed in new plants:

1.

The summed
frequency of severe
. c 1 1 1 1 J

core darnage eventtsl S 300 320 340 360 380 400 420
much less than 10 TIME, MIN.
[reactor year. Reference Gonditions

. . Porosity ~ 0.05, Pore Size = 3 cm
Gravity-driven makeup
to either the steam

Figure 9 Heat Fluxes on Calandria Wall, Heat Up of Debris in CANDU 6 Calandria

generators, the reactor

coolant system, the Figure 7-5 - CalandriaWall Heat Flux (Rogers)

moderator or the shield

tank, from an elevated Reserve Water Tank located high inside containment, can remove
decay heat by steaming for severa days. This prevents collapse of the fuel channels, or, if
they do collapse, prevents penetration through the calandria shell. Long-term heat
removal from containment for such sequences would be via either of two sets of
redundant and independent air coolers, each set with its own power and cooling water
supplies; or from containment sprays which are recirculated and cooled.

Hydrogen recombiners are used in containment for control of local and global hydrogen
concentrations in the short- and long-term..
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Uncertainty Analysis

There ae threediff erent sources of uncertainty: the physicd models used as expressd in the
computer codes used for safety analysis, the plant model or idedi zation implemented in the
codes, and the data used for plant parameters.

Although the physicd models used are, where possble, “best estimate” models, and the plant
idedizationis likewise intended to be acarate rather than biassed, the inpu physicd parameters
and, more important, the aumptions on the plant state and adion d mitigating systems, are
highly conservative, as we have seen throughou this Chapter. Even though dcse limits are met,
the analysis gives adistorted and pessmistic picture of the plant respornse to abnarmal events,
with nomeasure of how far thisresporseis from “expeded” behaviour in an acadent. Thusin
recent yeas “best estimate plus uncertainty analysis’ has been dorein seleded CANDU cases.
Such analyses are doully valuable sincethey also provide the basis for simulations used in
operator training.

A true “best estimate” analysis neads a substantial amourt of work sinceit requires developing
redistic models of behaviour; it is often lesscostly to use @mnservative models. However the
dominant conservatisms used in safety anaysis are well-known; repladng them with more
redistic assumptionsisthe first step toward a better estimate. The dominant conservatisms
include:

. no credit for positive arredive adion by operating staff for thefirst 15to 30
minutes foll owing the event
. no credit for the adion d the reacor regulating system which is designed to

match hea production and hea removal (and would mitigate the accdent through
power reduction)

. no credit for mitigation by process ystems (e.g. HTS presaure and inventory
control, stean generator level and presaure control)

. no credit for the first shutdown system to ad

. no credit for the ealiest trip onthe second shutdown system

. no credit for the ealiest instrumentation channel to trip onthe secondtrip signal
on the second shutdown system

. no credit for the negative readivity introduced by light-water Emergency Core
Coolant

. generally assuming abou half the adual number of ECC valves, MSSVs, LRV's
etc. are available

. use of a pesgmistic bunde power/burnup envelope, over-predicting pesk bunde
powers
. asumption d the maximum operational total rea¢or overpower
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. use of atwo-standard deviation allowanceon key physicd parameters sich as
void readivity coefficient
. use of worst weaher occurring lessthan 10% of the time

To dete the gpproach has been to perform a “best estimate” analysis by removing assumptions
such asthose listed above. Uncertaintiesin key parameters (e.g., vad readivity, shutdown
system delay time) are then added badk in, bu rather than stadking independent uncertainties
linealy, asisdonre usually in safety analysis for licensing, they are wmbined in aroot-mean-
sguare fashion to estimate the statisticd uncertainty in the answer. To date the results of “best
estimate plus uncertainty” analyses have shown much less gvere amnsequences in acadents than
have the extreme value analyses usually presented for licensing.

Asnoted, there ae two additional sources of uncertainty beyond pant data: the physicd model
and the plant idedization. A full “best-estimate” analysis sioud be acompanied by uncertainty
asesgnents nat just of plant parameters, but also of code models' and the plant idedi zation.
The scope of uncertainty analysisis defined and limited by the safety analysis. That is, the objed
of the safety analysisisto compare model predictions of certain safety parameters against
accetance citeria. It isthe uncertainty in these spedfic predictions, na in the entire safety
analysis output, that is most significant. These predictions then define, to alarge extent, which
aspeds of the plant model and d the physicd models need an urcertainty assessment in turn. For
example, an acceptance citeriafor alarge LOCA is prevention d fuel centreline melting.
Uncertainties in this prediction arise from uncertaintiesin fuel physica properties and the fuel
model in the computer code, as well asin channel thermohydrauli cs and reador physics. Those
aspeds of the data and models which influence strongly the prediction o fuel centreline
temperature shoud have their uncertainty quantified and incorporated into the overall uncertainty
cdculation d fuel centreline temperature. It islessimportant to quantify other aspeds, for this
purpose. Thus an initially intradable problem becomes more manageéable.

Y Generally onceone mrredsfor a mde bias, thereisno reed to add a further code
uncertainty sinceit would double-count the uncertainty due to the scatter of the experimental
data.
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Exer cises

Do either question 1 @ question 2.

1.

Estimate the evolution (using hand cdculations if necessary) of the foll owing severe
acddent in CANDU: small lossof codant pluslossof ECC (assume aash coodown is
avail able sinceit isonaredundant signal) plus lossof moderator codling. Write down the
expeded event sequence (based onthe li st below) and estimate the gpproximate time of:
reador trip

start of fuel overheding

failure of first channel

core @llapse

shield tank failure

containment behaviour

Only an approximate answer is ought (to dothis acairately could take weeks). If you can't get
the physicad datain some caes, espedally for the last item, use symbad's to show how you would
dothe caculation.

2.

Estimate the evolution (using hand cdculations if necessry) of the following severe
acddent in CANDU: lossof all eledricd power starting from full power. Assumethereis
no electrical power (i.e., noClasslV, noGroup 1Classlll, noGroup 2Classlil). Write
down the expeded event sequence (based onthe list below) and estimate the goproximate
time of:

reador trip

opening of LRVs

start of fuel overheding

failure of first channel

core @llapse

. shield tank failure

Only an approximate answer is ought (to dothis acairately could take weeks). If you can't get
the physica datain some caes, use symbals to show how youwould dothe cdculation.

3.

Go badk again to the ZED-2 reacor and consider alossof readivity control caused by an
unexpeded moderator pump up.ldentify as many of the key systems and parameters as
you can for thisacdadent and for ead, li st the ‘ conservative’ assuumptions that you would
use to ensure your answer (reasonably) overestimates the consequences.
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