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1. INTRODUCTION TO NUCLEAR SYSTEMS 
1.1 CANDU-6
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❖ Heavy water

⚫ D2O

⚫ Density: 1106 kg/m3 at 20 °C, 11% heavier than light water

⚫ Melting and boiling temperature: 3.82 °C and 101.4 °C

⚫ Price: ~300 $/kg

⚫ CANDU-6 heavy water inventory: ~265 tons + ~ 192 tons

▪ ACR1000 (advanced CANDU reactor): 250 tons with light water coolant

▪ Make up for annual losses: 3 tons 

⚫ Moderation ratio

CANDU/PHWR

Moderator Moderating Ratio

Light water 62

Graphite (carbon) 165

Heavy water 5,000

neutron KE lost
per collisions

×
elastic scattering σ

neutron capture σ

Tritium: US$30,000 per gram.



❖ Heavy water

⚫ Moderation ratio

CANDU/PHWR



❖ Statistics

⚫ 49 PHWRs/443 NPPs

CANDU

https://www.iaea.org/PRIS/

In 2020,

/2219
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❖ Statistics

⚫ 3 PHWRs/50 NPPs

CANDU



❖ CANDU (CANada Deuterium Uranium)

⚫ All NPPs in CANADA  are of the CANDU type.

⚫ Marketed abroad

▪ India, Pakistan, Argentina, South Korea, Romania and China

CANDU



❖ CANDU (CANada Deuterium Uranium)

⚫ CANDU-6

▪ Power: ~ 700 MWe

CANDU
Gross generation = net generation
+ usage within the plant (also known as in-house loads)

https://en.wikipedia.org/wiki/Net_generation


❖ Overall

⚫ Design features and unique characteristics

▪ A reactor core comprising several hundred small diameter fuel channels rather than one huge

pressure vessel.

▪ Heavy water (D2O) for moderator and coolant

▪ Separate low pressure moderator and high pressure fuel cooling systems

▪ On-power refuelling

▪ Reactivity devices that are located in the cool low pressure moderator, and not subjected to high

temperatures or pressures

▪ Natural uranium fuel or other low fissile content fuel

▪ Two fully capable safety shutdown systems, independent from each other and the reactor 

regulating system.

CANDU



❖ Overall
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❖ Nuclear Steam Supply System

⚫ System configuration: 2 loops, 4 SGs

⚫ Reactor

▪ Thermal output:  2064 MW(th)

▪ Coolant flow rate: 7700 kg/s

▪ Operating inlet and outlet pressure: 11.75/10.0 MPa

▪ Inlet and outlet temperature: 266°C/310°C

CANDU

DP in CANDU > 6.2 bar in PWR

Tcoolant in CANDU < 325°C in PWR



❖ Heat Transport System (Primary system)

⚫ Two parallel coolant loops

▪ Inlet headers  feeder pipes  fuel channels feeder pipes   outlet headers

⚫ Pressurizer

⚫ SG: U-tube shape

CANDU



❖ Reactor

CANDU

Feeder pipes
2.5 in diameter



❖ Heat transport system

⚫ Inventory: 192 ton for whole HTS, in reactor ?

⚫ 2 loop

❖ Moderator system

⚫ Inventory: 265 ton

Review

Large moderator-to-coolant ratio
In lattice cell, 4 % coolant + 83 % moderator in volume

OPR1000: 206 ton
APR1400: 330 ton



❖ Reactor

⚫ Calandria (calandria tank)

⚫ Horizontal fuel channel

⚫ Calandria vault (reactor vault)

CANDU



❖ Reactor

⚫ 380 fuel channels  12 fuel bundles  37 elements

⚫ Calandria length: 5.94 m, shell diameter: 7.6 m, subshell diameter: 6.7 m

CANDU



❖ Fuel channel

⚫ Calandria tube  pressure tube  fuel  bundle

⚫ Annulus gas: CO2 for thermal insulation between calandria tube and pressure tube

▪ Outside of calandria tube: ~ 70 °C, atmospheric pressure

▪ Inside of pressure tube: ~300°C, 10 MPa

⚫ Calandria tube outer diameter: 132 mm

⚫ Pressure tube inner diameter: 103.4 mm 

⚫ Fuel bundle outer diameter: 102.4 mm

⚫ Fuel sheath diameter: 13.1 mm

CANDU

 

Annulus Gas Fuel 

Heavy Water Moderator 

Heavy Water Coolant Annulus Spacer 

Calandria Tube Pressure Tube 

Dcladding in CANDU > 9.5mm in PWR

Annulus gas pressure ?

125~200 kPa in normal operation



❖ Replacement of pressure tube

CANDU

3. 압력관에서의재료열화및손상
3.1. 수소및수소화물(hydride)에의한열화, 손상
3.2. 중성자조사에의한열화, 손상
3.3. 부식에의한열화, 손상

홍준화, "원자력재료", 한스하우스, 2012.

가장많은사고유형
• 압력관설치시부적절한압연접합(rolled 

joint) 방법에의해형성된과도한인장잔
류응력이지연수소균열(DHC)을유발하
여균열이발생되고이것이전파된경우
로, Pickering-3에서 2회, Pickering-4, 
Bruce-2호기에서의사고가이에해당

기타사고유형
• 압력관의크리프변형에의한처짐

(sagging)으로칼란드리아관과접촉하고
수소화물과블리스터(blister) 형성에따
른균열로, Pickering-2 등에서의사고가
이에해당

• 압력관제조시압출과정등에서생긴결
함과연계된 DHC 기구에의한균열의생
성및전파의경우로, 1986년 Bruce-2에서
의사고가이에해당중수로압력관의안전성평가를위한

금속학적영향평가, KINS/HR-1043, 2008.



❖ Fuel handling

⚫ Reactivity-Control Philosophies

CANDU



❖ Fuel handling

⚫ Refuels the reactor remotely while it is operating

⚫ Transfers the irradiated fuel remotely from the reactor to the storage bay

CANDU

Fuelling Machine Magazine



❖ Fuel handling

⚫ Refuels the reactor remotely while it is operating

⚫ Transfers the irradiated fuel remotely from the reactor to the storage bay

▪ Snout plug, closure plug, shield plug/support plug, ram

CANDU



❖ Fuel handling

⚫ Fuel replacement sequence

CANDU



❖ Fuel handling

⚫ Fuel replacement sequence

CANDU



❖ Fuel handling

⚫ Fuel replacement sequence

CANDU



❖ Fuel handling

⚫ Fuel replacement sequence

CANDU



❖ Fuel handling

⚫ During irradiated fuel transfer from the fuelling machine head, the containment boundary 
is at a containment gate at the end of the discharge bay canal. 

⚫ Earlier CANDU 6 units were not equipped with a containment gate and rely on the fuelling 
machine auxiliaries and the head of water in the discharge canal for the containment 
boundary. At all other times, the port valves are closed. 

CANDU



❖ Fuel handling

CANDU

Ball valve

Containment gate



❖ Fuel handling

⚫ Issue of R-7

▪ Requirements for Containment Systems

for CANDU Nuclear Power Plants

⚫ Pressure build-up in containment

▪ LOCA

▪ MSLB

CANDU

Appendix 2.2  Systems Connected to Containment Atmosphere

Each line that connects directly to the containment atmosphere, that penetrates the 
containment structure, and that is not part of a closed system, shall be provided with 
two isolation barriers as follows:

(a) two automatic isolation valves in series for those lines which may be open  
to the containment atmosphere;

(b) two closed isolation valves in series for those lines that are normally closed to 
the containment atmosphere;

(c) one closed isolation valve for lines of 50 mm in nominal diameter or less, which 
are normally closed to the containment atmosphere and connected to an easily 
defined closed system outside containment.



CANDU

27 kPa(g)

34.5 kPa(g)



❖ Steam generation system

CANDU



❖ Moderator system

⚫ Independent of reactor coolant system

⚫ Normal heat removal is ~4 % of full power.

▪ Gamma radiation > moderation > heat transfer from the hot pressure tubes

CANDU



❖ Safety system

⚫ Shutdown systems

⚫ Emergency core cooling system

⚫ Containment system

⚫ Supported by

▪ Emergency power supply system

▪ Emergency water supply system

CANDU



❖ Shutdown system

⚫ Solid shutoff rods  vertical direction

⚫ Direct liquid poison injection into the moderator  horizontal direction

⚫ Physical and functional independency

CANDU



❖ Shutdown system

CANDU

Adjust rod: to control power        liquid zone control absorber: light water 
Shut-off rod: to shut down the reactor



❖ Shutdown system

⚫ Solid shutoff rods

▪ High neutron power

▪ Low coolant flow rate

▪ High primary pressure

▪ High rate log neutron power

▪ High reactor building pressure

▪ Low steam generator level

▪ Low pressurizer level

▪ High moderator temperature

⚫ Direct liquid poison injection 

▪ Concentrated gadolinium nitrate solution

▪ 6 poison injection nozzles

▪ Valve between helium tank

and the poison tanks

▪ The released helium expels the poison 

CANDU



❖ Fuel channel configuration

❖ Working mechanism of fuel handling system

❖ Safety system

⚫ Shutdown systems

⚫ Emergency core cooling system

⚫ Containment system

⚫ Supported by

▪ Emergency power supply system

▪ Emergency water supply system

Review



❖ Emergency Core Cooling System (ECCS)

⚫ Three stages of operation

▪ High pressure, medium pressure, low pressure

⚫ Operation pressure 

▪ Primary pressure < 5.5 Mpa

CANDU



❖ Emergency Core Cooling System (ECCS)

⚫ High pressure operation

▪ Isolation of the two HTS loops/ Opening the gas inlet valve

▪ Emergency coolant (light water) is forced from the ECCS water tank into the ruptured loop.

▪ Pressure: 4.014 MPa, 10 sec. after a maximum pipe size break

▪ HP injection valves close automatically when the ECCS water tanks reached a predetermined low 
level. 

CANDU



❖ Emergency Core Cooling System (ECCS)

⚫ Medium pressure operation

▪ Water supplied from the dousing tank by ECC pumps

– Dousing tank: 13 minutes operation with the maximum design basis break

– 2 ECC pumps (100 %  2)

CANDU



❖ Emergency Core Cooling System (ECCS)

⚫ Low pressure operation

▪ Water collected in the reactor basement is returned to the heat transport system via heat 
exchangers, to provide long term fuel cooling.

▪ Heat exchanger maintains the water temp. at ~ 49C (at ECC pump, 66C)

CANDU



❖ Emergency Core Cooling System (ECCS)

⚫ Loss of Coolant Accident

CANDU



❖ Emergency Core Cooling System (ECCS)

⚫ What if the ECCS fails?

▪ Decay heat moderator by radiation and conduction

CANDU



❖ Emergency Core Cooling System (ECCS)

⚫ What if the ECCS fails?

▪ Decay heat moderator by radiation and conduction

CANDU

Core collapses into 

residual water pool in 

calandria vessel

Porous terminal 

debris bed 

quenches



❖ Emergency Core Cooling System (ECCS)

⚫ What if the ECCS fails?

▪ Decay heat moderator by radiation and conduction

CANDU



❖ Containment system

⚫ To provide a sealed envelope around the reactor systems if an accidental radioactivity

release occurs from these systems

⚫ Structures and systems

▪ Lined, post-tensioned concrete 

containment structure

▪ Automatic dousing system

▪ Air coolers

▪ Filtered air discharge system

▪ Access airlocks

▪ Automatically initiated 

containment isolation system.

CANDU



❖ Containment system

⚫ System operation: if a large break in the heat transport system occurred 

▪ The building pressure would rise.

▪ At an overpressure of 3.5 kPa (0.5 psig), containment closure is initiated.

▪ Reactor trip and ECCS operation starts. 

▪ The dousing system

– Start pressure: an overpressure of 14 kPa

– Stop pressure:  an overpressure of 7 kPa

▪ Air cooler (LAC: Local Air Cooler)

– Fan + cooling coil

CANDU
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CANDU



❖ Containment system

⚫

CANDU



❖ Containment system

CANDU



❖ Safety Concern regarding Positive Void Coefficient

⚫ Void coefficient of reactivity 

▪ positive

⚫ Power coefficient of reactivity

▪ close to zero

⚫ Temperature coefficient of reactivity

▪ close to zero

⚫ CNSC has not set requirements for reactivity feedback

▪ Positive or negative is acceptable

▪ Magnitude is important

⚫ CNSC sets performance objectives related to

▪ Capacity of systems to control reactivity

▪ Capacity of systems to shutdown reactor in a timely manner

▪ Reliability of the control and shutdown functions

CANDU



❖ Why do CANDU reactors have a "positive void coefficient"?  

(see http://www.nuclearfaq.ca)

⚫ In PWRs and BWRs,

▪ Void coefficient: negative 

▪ A decrease in coolant density leads directly to a decrease in 
overall neutron moderation

⚫ In CANDU

▪ The coolant and moderator are separate heavy water circuits.

▪ The coolant makes only a minor contribution to overall neutron 
moderation.

▪ A loss of coolant (or a decrease in coolant density) would not be 
expected to affect neutron moderation significantly. 

▪ Furthermore, since the coolant does not significantly absorb neutrons 
either, one might suspect that its disappearance would have no 
reactivity effect at all.

▪ In fact, the coolant does account for a small amount of moderation in 
CANDU reactors – just enough to "knock" fast neutrons down into 
the resonance energy range.

CANDU

http://www.nuclearfaq.ca/


❖ Why do CANDU reactors have a "positive void coefficient"?  

⚫ In CANDU

▪ This small amount of moderation takes place in a location close to the fuel.

▪ Some neutrons are decelerated by "just" the right amount, and in "just" the right location.

▪ LOCA

– Resonance-energy neutrons  

– Fast  neutrons    and fast fission in U-238  

▪ Up-scattering

– The coolant increases energy of thermal

neutrons

– Tcoolant (300 C) >> Tmoderator (75 C)

– Less fission in U-235

▪ LOCA

– No up-scattering

– Fission in U-235 

CANDU

U-238 capture

U-235 fission

U-235 capture



❖ How do CANDU reactors meet high safety standards, despite having a "positive 
void coefficient"?

⚫ Combined effect

▪ Small feedback under power ramping

⚫ Shut-down system

▪ Shut-off rods

▪ High pressure liquid poison injection

⚫ Core’s dynamic response

▪ Neutron moderation is sufficiently sluggish

to enable control.

⚫ “Any feedback coefficient is a challenge for safe control, if it is large enough or highly 
variable - regardless of its sign.”

▪ A BWR, for instance, has a large negative void coefficient which must be handled by the safety 
system in scenarios involving massive void collapse (inducing positive reactivity). 

⚫ “It is far more important to keep feedback coefficients small and independent of operating 
conditions.”

CANDU



❖ Safety Concern regarding Positive Void Coefficient

CANDU




