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Severe Accidents & Severe Core DamageSevere Accidents & Severe Core Damage
λλ severe accidentsevere accident

–– no coolant in the fuel channelsno coolant in the fuel channels
λλ e.g., LOCA + Loss of Emergency Core Coolinge.g., LOCA + Loss of Emergency Core Cooling

–– no fuel meltingno fuel melting
–– channel geometry preservedchannel geometry preserved

λλ severe core damage accidentsevere core damage accident
–– severe accident plus failure of moderator heat removalsevere accident plus failure of moderator heat removal
–– loss of channel geometryloss of channel geometry
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Initiating Event + Loss of ShutdownInitiating Event + Loss of Shutdown
λλ sequence:sequence:

–– initiating event, plusinitiating event, plus
–– failure of reactivity control system, including setback &failure of reactivity control system, including setback &

stepbackstepback, plus, plus
–– failure of shutdown system 1, plusfailure of shutdown system 1, plus
–– failure of shutdown system 2failure of shutdown system 2

λλ not a significant risk contributor due to very low frequencynot a significant risk contributor due to very low frequency
λλ nevertheless was analyzed on Pickeringnevertheless was analyzed on Pickering--A by Ontario HydroA by Ontario Hydro

–– public enquiry after Chernobyl on nuclear power in Ontariopublic enquiry after Chernobyl on nuclear power in Ontario
–– PickeringPickering--A shutdown mechanisms slower & less A shutdown mechanisms slower & less 

independent than later plantsindependent than later plants
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PickeringPickering--A Loss of ShutdownA Loss of Shutdown
λλ initiating event: large LOCAinitiating event: large LOCA
λλ both shutdown mechanisms (rods, dump) failboth shutdown mechanisms (rods, dump) fail
λλ power rises & fuel begins to melt at 3 secondspower rises & fuel begins to melt at 3 seconds
λλ molten fuel fails some pressure tubes in ~3.7 secondsmolten fuel fails some pressure tubes in ~3.7 seconds
λλ 30% of the channels failing create bubble in moderator and 30% of the channels failing create bubble in moderator and 

shut down the reactorshut down the reactor
λλ calandriacalandria weld fails and discharges steam into containmentweld fails and discharges steam into containment
λλ containment pressure only slightly higher than designcontainment pressure only slightly higher than design
λλ CANDU fuse: failure of “lead” channels & displacement of CANDU fuse: failure of “lead” channels & displacement of 

moderator shuts down the reactor before a very large energy moderator shuts down the reactor before a very large energy 
pulse can developpulse can develop



24/05/01 CANDU Safety - #17 - Severe Core Damage Accidents.ppt    Rev. 0     vgs 5

Initiating Event + Loss of Heat RemovalInitiating Event + Loss of Heat Removal
λλ examples:examples:

–– LOCA plus Loss of ECC plus loss of moderator coolingLOCA plus Loss of ECC plus loss of moderator cooling
–– loss of mainloss of main feedwaterfeedwater + loss of auxiliary+ loss of auxiliary feedwaterfeedwater + loss + loss 

of shutdown cooling + loss of Emergency Water Systemof shutdown cooling + loss of Emergency Water System
–– loss of Class IV power + loss of Group 1 Class III power + loss of Class IV power + loss of Group 1 Class III power + 

loss of Group 2 Class III powerloss of Group 2 Class III power
λλ lines of defence:lines of defence:

–– boiloffboiloff of moderator waterof moderator water
–– boiloffboiloff of shield tank waterof shield tank water
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Water Near CoreWater Near Core

System Continuous
Heat Removal
Capability (%
full power)

Time to heat up
and boil off, no
heat removal

Moderator 4.4% > 5 hours

Shield Tank 0.4% 10 to 20 hours
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Event Sequence for a Loss of All Heat SinksEvent Sequence for a Loss of All Heat Sinks
Time (hr) Event

0 Loss of heat sinks, reactor shutdown

0.75 Steam Generators boil dry, liquid relief valves
open, fuel cooling degrades

0.83 A few pressure tubes fail and depressurize heat
transport system

0.86 High pressure ECC initiated; medium pressure
ECC assumed to fail

1.1 Heat transport system empty

5 Moderator boiled off, channels sagged to bottom
of calandria

25 Vault water boiled off to top of debris bed,
calandria fails

Days Interaction of debris with vault floor &
penetration to containment basement
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Channel Collapse ModeChannel Collapse Mode
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Characteristics of Debris BedCharacteristics of Debris Bed
λλ top channels collapse when moderator is half voided, so they top channels collapse when moderator is half voided, so they 

sag into a pool of watersag into a pool of water
λλ debris likely to be composed of coarse pieces of ceramic debris likely to be composed of coarse pieces of ceramic 

materialsmaterials
λλ bed will not be molten until all the moderator water is boiled bed will not be molten until all the moderator water is boiled 

off off -- will then dry out and heat up due to decay heat & will then dry out and heat up due to decay heat & 
remainingremaining ZircaloyZircaloy--steam reactionsteam reaction

λλ no energetic fuelno energetic fuel--coolant interactioncoolant interaction
λλ models for heat transfer from debris bed tomodels for heat transfer from debris bed to calandriacalandria walls walls 

developed by T. Rogers et al. for dry debris, and also debris developed by T. Rogers et al. for dry debris, and also debris 
with molten centrewith molten centre
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Debris Bed ModelsDebris Bed Models
λλ uniform porous uniform porous 

mixture of UOmixture of UO22, ZrO, ZrO22
and/orand/or ZircaloyZircaloy

λλ fuel decay heat + fuel decay heat + 
metal water reactionmetal water reaction

λλ thermal radiation to thermal radiation to 
inner surface ofinner surface of
calandriacalandria from top of from top of 
the bedthe bed

λλ conduction through conduction through 
bottom ofbottom of calandriacalandria
to shield tank waterto shield tank water
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Debris BedDebris Bed HeatupHeatup
λλ melting of debris starts melting of debris starts 

about 7 hours after the about 7 hours after the 
eventevent

λλ upper & lower surfaces of upper & lower surfaces of 
debris bed stay below debris bed stay below 
melting temperaturemelting temperature
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CalandriaCalandria Wall TemperaturesWall Temperatures
λλ outer surface outer surface 

temperature temperature 
below 140Cbelow 140C

λλ stainless steel stainless steel 
wallwall

λλ do not expect do not expect 
creep under creep under 
applied applied 
stressesstresses
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Surface Heat Flux to Shield TankSurface Heat Flux to Shield Tank
λλ heat flux to shield heat flux to shield 

tank 15 times less tank 15 times less 
than CHFthan CHF

λλ calandriacalandria will will 
remain intact while remain intact while 
shield tank water shield tank water 
boils offboils off

λλ behaviour behaviour 
insensitive to insensitive to 
porosity and timing porosity and timing 
of metalof metal--water water 
reactionreaction

Critical heat flux
200 W/cm2
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UncertaintiesUncertainties
λλ mechanical and thermal behaviour of endmechanical and thermal behaviour of end--shieldsshields
λλ capability of shield tank to relieve steamcapability of shield tank to relieve steam
λλ local effects in molten pool and hotlocal effects in molten pool and hot--spotsspots
λλ lack of experimental validation of debris melting transientlack of experimental validation of debris melting transient
λλ demonstration of core collapse modedemonstration of core collapse mode
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Small Scale TestsSmall Scale Tests
on Channel Collapseon Channel Collapse

λλ small scale study small scale study 
underway, ~ 1/5 scaleunderway, ~ 1/5 scale

λλ scaling to retain full scaling to retain full 
size stress levels, size stress levels, 
ratio of bundle size to ratio of bundle size to 
channel length and channel length and 
channel length to channel length to 
pitch height of pitch height of 
assemblyassembly
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ContainmentContainment
λλ containment heat removal (local air coolers) may or may not containment heat removal (local air coolers) may or may not 

be available depending on the accidentbe available depending on the accident
λλ if if notnot available, pressure initially controlled by dousing spraysavailable, pressure initially controlled by dousing sprays
λλ will eventually rise above design pressurewill eventually rise above design pressure
λλ structure will remain intact due to leakage through cracks and structure will remain intact due to leakage through cracks and 

pressure reliefpressure relief
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ObservationsObservations
λλ severe core damage in CANDU is very different fromsevere core damage in CANDU is very different from LWRsLWRs
λλ low power density (16 MW/Mg of fuel at full power)low power density (16 MW/Mg of fuel at full power)
λλ longlong heatupheatup times (hours)times (hours)
λλ gradual collapse of the core into a coarse debris bedgradual collapse of the core into a coarse debris bed
λλ dispersion of the debris in the largedispersion of the debris in the large calandriacalandria

–– shallow molten pool about 1 metre deepshallow molten pool about 1 metre deep
λλ presence of two large sources of water in or near the corepresence of two large sources of water in or near the core
λλ potential to stop or slow down the accident at two points:potential to stop or slow down the accident at two points:

–– channel boundary (moderator)channel boundary (moderator)
–– calandriacalandria boundary (shield tank)boundary (shield tank)
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ConclusionsConclusions
λλ severe accident mitigation requirements for new reactors severe accident mitigation requirements for new reactors 

stress the importance of two design measures:stress the importance of two design measures:
–– core debris spreading areacore debris spreading area
–– ability to add water to cool debrisability to add water to cool debris

λλ CANDU has built them in:CANDU has built them in: calandriacalandria spreads the debris, and spreads the debris, and 
shield tank provides cooling watershield tank provides cooling water

λλ long time scales allow for severe accident counterlong time scales allow for severe accident counter--measures measures 
and emergency planningand emergency planning

λλ some potential design enhancements for future plants:some potential design enhancements for future plants:
–– independent makeup to moderator and shield tankindependent makeup to moderator and shield tank
–– backup containment heat removalbackup containment heat removal


