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Fuel Channel Details

Heavy Water Moderator

/Calandria Tube I Pressure Tube

\ Annulus Gas Fuel Light Water Coolant \ Annulus Spacer

Fuel is UO, clad with Zircaloy-4, in short bundles

Moderator is unpressurized heavy water below 100°C
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CANDU 6 Fuel Channel

12 fuel bundles per channel

37 element fuel

Zr-2.5Nb pressure tube (4.2 mm thick)

Zr-2 calandria tube (1.4 mm thick)

4 Inconel alloy spacers

Annulus gas is CO, with small amount of O, added
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Safety Design Obijective

GLOBAL CIRCUIT
EVENTS

AVOID CHANNEL
FAILURE
PROPAGATION

AVOID CHANNEL

FAILURE

KNOWN REACTOR & CIRCUIT GEOMETRY

CONSEQUENCES CAN BE ASSESSED

COMPLIANCE WITH REGULATORY DOSE LIMITS CAN BE
DEMONSTRATED
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Channel Integrity Assessment
PT deforms & fails
before contact with CT?
YES
PT comes into contact CT deforms & fails ?
with CT ? l

NO

NO

SAFETY OBJECTIVE IS
SATISFIED

NO

channel rupture
propagation ?

YES

MODIFICATIONS ARE
REQUIRED

le channel

sin

global events in HTS
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Global PT Deformation Modes

Fuel

Pressure tube
Gas Annulus
Calandria Tube

Moderator

Normal

Heat flow

High Pressure (Balloon)
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Low Pressure (Sag)



Slumped Fuel
Bundles
(LOCA / LOECCO)

Low Pressure (Sag) High Pressure (Balloon) 79



HIGH-PRESSURE SCENARIOS
(CANDU 6 specific)
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High-Temperature Creep of Zr-2.5Nb

e Numerous experiments and analysis performed to
determine the high-temperature creep properties of
pressure-tubes

— Small-scale creep uniaxial creep tests
e Used to develop and verify creep equations
e Numerous tests performed with material from variety of tubes
— Small-scale biaxial creep tests (no CT)
o Used to validate creep models in codes
e Used to develop failure criterion for creep models
— Integrated experiments (with CT)
e Used to assess impact of channel conditions on FC integrity
o Used for code validation
e Demonstration of fuel channel integrity during LOCA events
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Gauge =10.0x 3.5x 6.0

Uniaxial Tensile Specimen Used For High-Temperature Creep Test
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Uniaxial
High-Temperature
Creep Test
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Sample of a Test Result

— Temperature, TC1
1000 ' 30
i — Temperature, TC2 [
] — Strain
900 - P4B17 - B1 (back end)

(845.9°C)

Temperature (°C)
Strain (%)

Time (second)
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Ballooning Model Zr-2.5Nb

e Pressure-tube creep model has been developed based
on uniaxial creep tests

e Model was then verified and then incorporated into
CATHENA
— Models uniform and non-uniform pressure-tube creep
— Predicts PT/ CT contact times or time of PT failure

— Predicts wall thickness variation around circumference of
tube

e Pressure tube model in CATHENA was then validated
using results from various pressure-tube ballooning
tests
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Integrated Ballooning Tests

e PTAT Experiments
— Assessed coolant boiloff and resultant PT deformation

e Contact Boiling Experiments
— Assessing moderator as a heat sink

e BPAD Experiments

— Assessed effect of localized hot spots due to bearing pad
contact

e FEPT Experiments

— Assessed effect of localized hot spots due to fuel element
contact

Pg 16
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Pressure-Tube Ballooning Tests
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Pressure Tube Behavior During Coolant Boiloff

CO,-Filled Annulus

Declining Water Level

 Integrated experiments provide data on coolant boiloff and resultant
thermal-mechanical response of the pressure tube to the stratified coolant
* Tests performed at pressures from 1 to 5.5 MPa
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Nucleate Boiling Film Boiling

(Excellent Heat Transfer) (Poor Heat Transfer)

*Contact boiling experiments performed with pressures of 1 to 8.5 MPa
Experiments are used to define moderator subcooling requirements
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Contact Boiling Experiments

AANANNANANC

Insulation ~ Voltage~""" ~~~—""-8pacer Ring
Tap Calandria Tube
—rt <
950 mm
b i
z \
/ \
Busbar Busbar
Graphite Heater

ANANACANANANS

Pressure Tube

AANAANAN-

ANANAANANANS

ANANAANANC

ANANANAN-
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' *When a pressure tube makes contact with the moderator-

cooled calandria tube, can get:

o NUCLEATE BOILING

— good heat transfer from pressure tube to moderator
— calandria-tube temperatures remain below ~130°C

o SUSTAINED FILM BOILING

— sustained “dryout”
— poor heat transfer from pressure tube to moderator
— calandria-tube temperatures above ~400°C

— calandria-tube integrity in question under certain conditions (e.g.,
high internal pressure)
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‘e MAGNITUDE OF HEAT SPIKE FROM PT/CT CONTACT
DEPENDS ON:

— Pressure-tube temperature prior to contact
— Internal pressure

— Pressure-tube to calandria-tube contact conductance (just after initial
contact)

.4 d

o WHETHER OR NOT A CALANDRIA TUBE GOES INTO
SUSTAINED DRYOUT DEPENDS ON:

— Moderator subcooling (CHF on calandria-tube surface)
— Post-contact incident heat flux on the PT
— Contact conductance between the ballooned PT and CT
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1 Boiling Curve

Typica

" Subcooled

Stable Film Boiling

Transition
Film Boiling

Nucleate
Boiling

Xn[ J8d[ dIejIng

~600°C

Leidenfrost Point

~110°C

Tsat

Surface Temperature
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Before and After PT/CT Contact

" Typical Time Evolution of PT and CT Temperatures

PT/CT Contact FLEN Sl E
800 8007
L— Film Boiling
g 600 < 8600'
2 - R % & Dryut
® 400+ ® 400
£ 400 Dryout g
g £
(]
() 200 Rewet = 200
= cT Nucleate Bcﬂng CT
%% 100 °7o 100
Time (s) Time (s)
Nucleate Boiling Film Boiling
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Quenching (Nucleate Boiling)
After PT/CT Contact (Video)




Extensive Film Boiling
After PT/CT Contact (Video)




SUBCOOLING OF WATER POOL (°C)

Subcooled Boiling Map

40 -

@
20 @ ENTIRE SURFACE IN FILM BOILING
@ PATCHES OF FILM BOILING
F3 O IMMEDIATE QUENCH
X PRESSURE TUBE FAILED
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TO TABLE IV-7
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11 kW/m2 °C

20kW/m22C

T T T T T
600 700 800 900 1000 1100

PRESSURE TUBE CONTACT TEMPERATURE (°C)

1200
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Moderator as Heat Sink

e In event of PT/CT contact during a LOCA, significant
heat transfer from fuel channel to moderator occurs

o CT failure precluded by avoiding extended dryout (film
boiling) on CT surface

o Contact bhoiling tests have shown film boiling can be
prevented by maintaining adequate local subcooling
(T...— T) of moderator

sat
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Radiation pq pp

Convection py o

EPT inside

Radiation pq g

hPT/CT CC

hBP/PT

Radial Heat Transfer for a Ballooned Pressure Tube
- Emmisivity of fuel clad and pressure tube

- Pressure-tube to calandria-tube heat transfer

- Pool boiling on calandria tube
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Local PT Deformation Modes

e Non-uniform temperature gradients or localized hot
spots affect PT deformation
— Stratified flow (during coolant boil-off)
— Local hot spots from contact with bearing pads
— Local hot spot from contact with sagged fuel element

o Whether PT fails prior to contacting its CT as a result of
non-uniform temperature gradients depends on:
— Internal pressure
— Size and shape of hot spot
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Failure?

* Small-scale experiments performed to characterize heat transfer

 Integrated experiments performed to assess combined effect of pressure,
atmosphere and changing boundary conditions on heat transfer

 Integrated experiments used to assess impact of hot spots on pressure-
tube integrity
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Failure?

Small-scale experiments performed to characterize heat transfer
Integrated experiments performed to assess integrated effect of pressure,
atmosphere and changing boundary conditions on heat transfer
Integrated experiments used to assess impact of hot spots on pressure-
tube integrity
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Apparatus

,—— Heater Shroud

Applied Pressure-
Tube Load

)
O
LY

,,— Fuel-Element Heater

//—— Grip Heaters

I

4f:f;rips

Displacement Probe A

///

Displacement Probe B

Pressure Tube

Lovef Block

Pg 33



FES Ring

90°
270° 75 ¢




Calandria Tube Behavior

° o
°0o °o'°o

Patchy Film Boiling Steam Impingement
(if PT ruptures)

« Experiments from various programs used to assess impact of
localized hot spots on calandria-tube integrity
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LOW-PRESSURE SCENARIOS
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LOCA with Loss of ECC

e Low probability dual failure event

e HTS voiding continues after LOCA until no liquid left
in the system

o As fuel cooling deteriorates fuel heatup occurs at
decay power

o At ~1500°C exothermic Zr water reaction increases
significantly, generating H, and releasing energy

e Pressure tube heats up and sags into contact with
the calandria tube

e Most of the heat generated in the channel is
removed by the moderator (rest transferred axially
with steam / H, mixture)
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High-Temperature Effects

HIGH
TEMPERATURE
R&D
SEPARATE INTEGRATED
EFFECTS TESTS
* Zr — steam reactions e Channel Thermal-
* ZrO, emissivity Chemical Phenomenon

* Pressure-tube sag tests
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% Integrated LOCA/LOECC Experiments

e Pressure-Tube / Calandria-Tube Sag tests

— Small-scale and full scale tests to study sagging behavior of
PT and moderator subcooling requirements following contact
with its CT
e High Temperature Bundle Sag Tests

— Simulated LOCA / LOECC conditions in a fuel channel using
hydrogen / steam torch as heat source

— Basic heat transfer and general bundle behavior

e CHAN Thermal-Chemical Tests

— Electrically heated fuel element simulators in a steam
environment

— Basic heat transfer, Zr-steam reaction, flow mixing
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Typical CHAN Test Procedure

STAGES 1 2 3 4 5

Achieve 'Study energy

Helium purge 'Stop argon | Heat test |

\
to FESs & flow  section to } max. released from
end hub \ 'about 950° C| FES \Zr/HO
| ' cladding 'reaction
} } temp of }
\ 1 1700° C |
\ \ \
\ \ \
CO, purge | Steam to - 135KkW
to PT/CT } superheater }
annulus | and |
\
\
\
\
|

\
\
\
\
\
\
\
\
\
\
| test section }
\
\
\
\
\
\
\
\
\
\

Superheater | Increase Stop
& test s.ection } steam :emp Steam
heated in  to 700° C flow
argon to | at test }
200° C } section inlet |
\
\
\
\
\
\
| \
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Off
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Temperature (C)

Maximum Fuel-Element-Simulator Temperatures
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FUEL CHANNEL BEHAVIOR
UNDER ACCIDENT CONDITIONS

Qmocieramr

YES

TEMP DECREASES
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[est Appar;tus to Assess Embrittlement of
Pressure Tubes Following LOCA/LOECC

Current leads
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* Sample of a Failed tube (~8000 ppm)
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€CT inside
€PT outside

Convection py_cp

Kco Radiation pp o
2

ePT inside

Radiation g g

Radiation
FS-PT p1/CT CCs ApT/CT

Radial Heat Transfer for a Sagged Pressure Tube
-Zr-Steam interaction, alloying interactions

-Radiation, conduction and pool-boiling heat transfer
-Hydrogen and oxygen embrittlement
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IMPACT OF AGEING ON FUEL
CHANNEL BEHAVIOR
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Effect of Ageing

e Demonstrated no impact of irradiation damage on
ballooning behavior of pressure tubes
— Uniaxial creep tests
— Biaxial ballooning tests

e Demonstrated no impact of dissolved hydrogen (up to
200 ppm) on ballooning behavior of pressure tubes

— Hydrogen uptake kinetic experiments (defines upper bound of
dissolved hydrogen in pressure tubes)

— Uniaxial creep tests on hydrided material (irradiated an non-
irradiated material)

— Integrated ballooning experiments on hydrided material
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In-Cell Pressure-Tube Ballooning
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Pressure Tube from Pickering-4 ballooned at a pressure of 3 MPa
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Understand Basic
Phenomena/Processes
(separate effect tests &
model development)

1l

Understand Interaction
Between Various
Processes (integrated
effect tests & code
development / validation)

1l

Safety Analysis

Fuel Channel Integrity Program

* Basic Heat Transfer

* Fuel Channel Deformation
 Thermal-Chemical Reactions

* Hydrogen / Oxygen Embrittlement

 Integrated Ballooning Tests (LOCA)
* Integrated LOCA/LOECC Tests

* Fuel Channel Integrity
 Understand & Model Fuel Channel
Behavior for LOCA &

LOCA/LOECI
- Mitigate Consequences of Accident



Overview of Phenomenon Related to Fuel
Channel Behavior During Accidents

CREEP
DEFORMATION

NEUTRON
IRRADIATION

OXIDATION &
OXYGEN
EMBRITTLEMENT

PRESSURE TUBE
FAILURE CRITERIA

THERMAL CONVECTIO
RADIATION

HYDRIDING &
HYDROGEN
EMBRITTLEMENT

FUEL BUNDLE

GEOMETRY CHANGES PRESSURE TUBE

DEFORMATION
STRIATIONS

CONDUCTION
BEARING PAD/PRESSURE TUBE
CONTACT CONDUCTANCE

FUEL ELEMENT/PRESSURE TUBE
CONTACT CONDUCTANCE

NUCLEATE
BOILING

PRESSURE TUBE/CALANDRIA TUBE
CONTACT CONDUCTANCE

BOILING

CALANDRIA TUBE
FAILURE CRITERIA
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ACR Design

o ACR design aspects that impact fuel channel behavior during a LOCA:
— Fuel Channel Dimensions
e Pressure tube (103 mm ID, 6.5 mm thick)
o Calandria tube (151 mm ID, 2.5 mm thick)
e Larger annulus gap (16 mm)

— 43 Element fuel bundle
— No power pulse
e No pressure-tube deformation expected during a LOCA

e The fact that ACR has no power pulse limits impact of a LOCA on fuel
channel behavior (i.e. no pressure tube ballooning)

o The moderator system provides a backup heat sink capable of
maintaining core coolability and geometry for LOCA + LOECC
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Conclusions

o Solid technology base for understanding and assessing fuel
channel behavior in the ACR
e LOCA events
— No power pulse limits fuel heat up and channel voiding
— No pressure tube ballooning is expected

— Select experiments planned to confirm our understanding of ACR fuel
channel behavior during LOCA

e LOCA with the loss of ECC events

— Extensive R&D has been performed to understand the thermal-
chemical-mechanical behavior of a CANDU 6 fuel channel during a
LOCA/LOECC. This information is directly applicable to ACR
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Conclusions

e R&D programs are underway to confirm our
understanding of the behavior of an ACR fuel channel

during postulated Limited and Severe Core Damage

Accident scenarios

— High-temperature experiments performed in the High
Temperature Fuel Channel laboratory

— Post-test simulations of the experiments to confirm ability of
analytical tools to model phenomenon
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