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ABSTRACT

This paper is intended to introduce the reader to Canada’s power reactor

fuel.

It was originally written as part of a lecture series to introduce nuclear

power to oiher utifities and customers not presently involved with the
CANDU system. It has since been updated and presented in many forms.
This recent revision brings it up to date to March 1976.

The paper covers the following broad subjects:

= ga - o O O T »

o —

-+

+

The basic CANDU fuel decign,

The history of tha bundie design

The significant differences between CANDU* and LWRY fuel
Bundle manufacture

Fissile and structural materials and coolants used in the CANDU fuel program
Fuel and material behaviour, and performance under irradiation
Fuel physics and management

Booster rods and reactivity mechanisms

Fuel procurement, organization and industry

Fuel costs

Summary

CANDU - Canadian Deuterium Uranium Reactor
LAWR - Light Warer Reactor

ATOMIC ENERGY OF CANADA LIMITED
Power Projects
Sheridan Park Research Community
Mississauga, Ontario, L53K 1B2

AECL 5609 March 1976



: ' INDEX

=
Section Page
1 tntroduction 1
2 Fuel Design 1
3 Design and Development History 1

3.1 Pressurized Heavy Water Fuel - PHW

3.2 Boiling Light Water Fuel - BLW

3.3 Boiling Heavy Water - BHW

3.4 Geometric Cross Sections

Differences between CANDU and LWR 7

Fuel Manufacture

oy

Sy

Fissiie, Structural Materials and Coolants 18
6.1 Fissile Materials
6.2 Structural Material
6.3 Coolants
7 Fue! Performance and Material Behaviour 20
7.1 Uranium Dioxide
7.1.1 Thermal Conductivity
1.1.2 Radiation-Induced Swelling
7.1.3  Gas Release
1.2 Zircaloy
7.2 irradiztion or Fast Neutron Damage
7.2.2  Corrosion and Hydrogen Pick-up
7.2.3 Stress Corrosion Cracking
7.3  Fuel Element
7.3 Sheath Collapse
7.3.2  Element Thermal Expansion
7.3.3 Fission Gas Pressure
7.3.4  Hydraulic and Fuelling Machine Loads
7.4 Fuel Handiing System
7.5 Fuel Bundle Testing
7.5 Out-reactor Tests
7.5.2  irradiation Testing
7.5.3  Pressure and Temperature Cycles
7.5.4  Power Cycles
7.6 Fuel Bundie Performance
~7.6.1  Statistics of Fuel Bundle Performance
7.6.2  Defect Mechanisms
7.6.3  Fuel Performance Criterion
7.7 Bundie and Element Behaviour Under Extreme Condinons
7.7 Gross Overpower
7.7.2 Dryout
8 Fue! Physics and Management 42
3.1 Fuel Bundle and Core Flux Distributions
8.2 Reactivity Mechanisms and Booster Rods

9 Fuel Procurement 15
10 Fusl Industry 435
11 Fuel Costs 47
12 Potential for Future Development 52

13 Summary 57



Figure No.

N
L

(RS IS S PS
E:“\Lh-f—\

26b

D
~J

3% I L
E &

(98]
o

(7 E R U6 B V5 |
L Y —

L
[

TITLE

ruel Bundie for Pickering Reactor Assembled from Seven Basic Components

Bruce 37-Element Bundle

600 MWe 37-Element Gentilly-2 Fuel Bundle

Fuel Bundle Cross Sections

Fuels for Canada’s Power Reactors

§ cm Bundles NPD, Douglas Pcint

Fuels for Canada's Power Reactors, 10 cm Bundles,
Pickering, Gentilly-1, Bruce and Gentilly-2

Nawura! Uranium Cycle

Enriched Uranium Cycle

NPD and Douglas Point Wire Wrap Spacing and Bundle Construction
Crass Section through Closure Weld

Cross Section of Bundie Assembly Weld

Split Spacer Design

Close-up of Brazed Split Spacer and Bearing Pad

Cross Section of Brazed Spacer

Piciorial Process Steps in the Natural Uranium Fuel Cycle
Split Spacer Bundle Manufacturing Steps

U0+ Production

Fuel Bundle Production Stage 1

Fuel Bundle Production Stage 2

Fuel Bundle Assembly

Typical Transverse Cross Section of Irradiated UQ+5 at

Four Power Ratings showing Pellet Cracks and UO+; Grain Growth
Percent Fission Gas Release versus UQo Power Rating
influence of Cold Work as represented by the Axial Ultimate

Tensile Strength on Circumferential Elongation in the Closed-End Burst Test

Effect of Oxygen on the {n-reactor Corrosion of Zircaloy, 270-300°C
Deuterium Pickup of NPD Sheathing

Cross Section of Fuel Element showing Zr Hydride Damage

Stress Corrosion Cracking

Pellet Interface Circumferential Strains Measured with

Resistance Strain Gauges during the First Power Cycie

(two different tests) compared with Calculated Expansions

Mid Plane Circumferential Strains, ditto

Fuel Sheath Interactions

Pickering Fuel Handling System

Bruce Fuel Handling Sysiem

600 MWe Reactor Fuel Handling System
Pickering Fuelling Machine

Douyglas Point Fuelling Machinc
Example of Douglas Point Defect
Defect Mechanisms

Stress Corrusion Cracking Model

Page

[+ o W oW N

0o 0w

10

11

LA

12
13
14
15
16

1
i

2

22
22

23
24
24
25
26

26
27
29
30
31
31
32
35
36
37



Figure No.

36
37
38
39
40
41
42
43
41
45
46
47
48
49
50
§1

Tabfe No.

\

TITLE

Fuelograms

Cross Section of Element and Centre Melting in UO-

Thermal and Hydraulic Regimes in Vertical Upward Flow
Sheath Temperature versus Time to Defect

High Temperature Corrosion Failure of Fuel Element

Douglas Point Axial Flux Profile

Pickering Axial Flux Profile

Bundle Radial and Axial Flux Distribution

Gentilly Booster Cross Section

Bruce Booster Fuel String Assembly

Fuef Supply Organization

CANDU Fuel Production and Irradiation Data (to March 1976)
Projected Annual CANDU Uranium Consumption

CAMDU Projected Zircaloy Requirements

Variation of Bundie Power and Fuel Costs showing Evolution with Time
Uranium Concentrate Price versus Year of Delivery or Contract

Canadian Power Reactor Fuel Design and Operating Data
Differences between CANDU and LWR Fuel

Fissile, Structural Materials and Coolants

Composition of Zircaloy-2 and 4

AECL Loop Data

CANDU Fuel Performance (March 1976)

Page

18
19
33
34



e e



1 INTRODUCTION

In Canada the development ol powcer-reactor fuels began approximately twenty years ago -
with the design and manufaciure of the first charge for the demonstration power reactor,
NPD*. Early successes are attributed to a deliberate policy of cooperation between Atomic '
Energy of Canada Limited and private industry. {n subsequent years, as the designs werc
improved and more fuel was manufactured, poth the AECL laboratories and private industry
grew in macurity. A division of responsibility evolved whereby manufacturing and design
know-how becaime entrusted 1o private industry, while the AECL laboratories concentrated
on fundamental studies related to more advanced applications. At the same time fucl
management techniques were developed by the Hydro-Electric Power Commission of Ortario™,
the principal customer for nuclear fuel in Canada. Thus, through fong-term planning and
invesiment in people and facilities, Canada has built a strong integrated capability for
rescarch, deveiopment, manufacturing and use of nuclear fuei.

From the beginning, the objective has been 10 develop power-reactor fuels that are reliable
and inexpensive, and have low parasitic absorptior. To achieve this objective, the fuel has
been kep? as simple as possible. The bundle consists of only the fuel material and a
minimum containment envelope; all related but non-consumable components — such as
channels, orifices, control and monitoring equipment, and fuel-handling hardware — arc
kept as part of the reactor capital equipment. Fabrication technigues are aisc simple and,
whenever possible, are adapted from normal industriai practice. These techniques are sus-
ceptible to standardization and automation, and the number of different processes is
minimized.

2 FUEL DESIGN

The Pickering bundie shown in Figure 1 is typical of the fuel designers’ response to the
objectives. it is a bundle of 28 closely packed eiements, each containing high-density
natural UO7 in a thin (0.4 mm] Zircaloy sheath (ref. para. 6.2). Plates welded to the end of
tie elements hold them together; spacers brazed to the sheaths keep the desired separations.
The bundie is approximately 50 cm long and 10 cm in diameter.

The Pickering fuel bundle is 92 wt% UQ2; the 8 wt% Zircaloy is made up of the sheaths, end-
caps, structural end-plates, and spacers. The structural material accounts for only 0.7% cf
the thermal neutron cross section of the bundles, to give a fuel assembly that is highly
elficient in its use of neutrons. There are only seven different types of components in

the 76,000 bundles produced to date for-the 2,160 MW(e) gross Pickering Generating Station.
Replacement Pickering fuel is identical 1o the original charge except for the addition of
Canl;}ib {para 7.6.2}.

3 DESIGN AND DEVELOPMENT HISTORY

3.1 Pressurized Heavy Water Fuel — PHW

The design and development of fuei for the CANDU tyvpe reactors have been well documented
(References 1 through 9): therefore it is only necessary to outline briefly the salient points.

¥ NPD — Nuclear Power Demonstration

+ “Oniario Hydro" is an electrical utility with 7,270 MW{e) of CANDU reactors {moderated and cooled with
heavy water) in operation and under construction.



¥

ZIRCALOY STRUCTURAL END PLATE
ZIRCALOY END CAP

ZIRCALOY BEARING PADS

URANIUM DICXIDE PELLETS
ZIRCALOY FUEL SHEATH

ZIRCALOY SPACERS

GRAFHITE COATING

~w U AW -

FIGURE 1 Fuel Bundle for Pickering Reactor, Assembled from Seven Basic Components

The original fuel charge for NPD contained wire-wrapped 7-element bundles in the outer
zone and 19-element wire wrap bundies in the centre {ref. para. 5), The 7-element bundle
has not been developed further and is being phased out of the reactor. The 19-element
bundle design was modified for Douglas Point by changing the wire wrap to a tighter pitch
and rearranging the wire wrap array for better mixing. Also wire bearing pads were added

to protect the pressure tube and bundle from wear during on-power fuelling. Because of the
concern of possible sheath fretting by the wire wrap which spaces the elements apart, the
replacement fuel for this reactor utilizes a brazed skewed split spacer design (ref. para. 3]
The fuel for the Pickering reactors as described previously uses the same length and diameter
of clement (495 mm and 15.3 mm) and method of fabrication, but the number of elements
has been increased to 28 to fill the 10 cm diameter pressure tube, as shown in Figure 1, com-
pared to the 8 cm diameter pressure tube for NPD and Douglas Point.

For the 750 MWe Bruce reactors a 37-element bundle has been developed using the same
construction methods with minor changes in design with respect to bearing pad position and
end cap profite {see figure 2a). These changes were introduced because of the different
channel design, different fuelling machine and handling systems for Bruce, compared

with Pickering. This 37-element design is also proposed for future Bruce reactors and for
the 1250 MWe reactor which is under developraent,

A similar 37-element bundle to that of Bruce is being developed for the standard 600 MW(e)
reactor now under construction ai Genlilly for Hydro Quebec, Lepreau for the New
Brunswick Electric Power Commission, Cordoba for Argentina and Wolsung for Korea,
(figure 2b). This bundle is nearly identical to the 28-element Pickering bundle except for



FIGURE 2a Bruce 37-Element Bundle

the fact that it has 37-elements instead of 28. The reason for the similarity is that the
600 MWe reactor has a channel and fuelling machine similar to that of Pickering.

3.2 Boiling Light Water Fuel — BLW .

The basic design philosophy for the BLW fuel for Gentilly has used, where possible, the
technology that has already been developed in the PHW program. However, 2 number of

departures from PHW(:rac[ice have bezn necessitated by the particular requirements of the
BLW type of reactor, 6)

The most significant of these modifications — a change in both element and bundie design
— is due in large part to the fact that, in a boiling reactor, the maximum heat flux on the

FIGURE 2b 600 MWe Gentillv-2 37-Element Fuel Bundle




fuc! is Jimited by dryout*. Another important factor in this change, is the requirement for
BLW reactors to keep the amount of light water in the reactor core to a minimum by means
of boiling to high qualities and of limiting the coolant flow area within a bundle. Although the
Gentilly reactor is based on a 10 ¢m channe| diameter, it was felt that the above requirements
could best be met by a 19-element radially pitched bundle, rather than the 28-element 10 ¢cm
diameter bundle already under development for the Pickering reactor. The specific reasons
for this choice were:

T} The better general understanding of the thermal and hydraulic performance of the
19-element geometry,

2)  The greater amount of critical heat flux data available for the 19-¢clement geometry.

3) The smaller coolant cross-sectional area in a 19-element geometiry than in a 28,

In the case of the design selecied, the coolant cross-sectional area was reduced even further
by the use of a2 1 mm inter-element spacing, rather than the 1.27 mm used to date in the
PHW program.

A sccond major change from PHW practice resulted from the need in the Gentilly reactor
to have all the fuel bundles of a channel connected together, to permit on-power refuelling
from the bottom end of the reactor. To satisfy this requirement, the central element is
removed from the basic 19-element configuration and this central vacant site is then used
for a structural member which holds the bundles together in 2 string. This structural
member is in the form of a gas-filled tube wiih a spring at its lower end, which applies a
compressive load to the bundles in the string, thus preventing relative rotational movement.

3.3 Boiling Heavy Water — BHW

The original reactors such as NPD, Douglas Point and Pickering were true PHW reactors
with under-saturated coolant conditions at the exit from the channels. However, Bruce
and post-Bruce and the 600 MWe reactors have some degrees of boiling at channel exit.
Bruce is better defined as a saturated reactor because some channels will be boiling and
others not. The combined effect in the feeders is a saturated condition. The 600 MW(e)
and 1250 MW/{e) reactors will have all channels delivering some net steam quality into the
feeders,

3.4 Geometric Cross sections

The various cross sections of the bundles mentioned in Sections 3.1, 3.2 and 3.3 are
shown in Figure 3. The design and operating conditions are listed in Table 1, and examples
of the bundles are shown in Figures 4a and 4b.

-

Dryout (wr criticul condition) may be defined as the breakdown of the water 1ilm on the surlace of 2 heated fue!
clement. This beeakdown is accompanied by a sudden decrease in the local heat transter cucificient, and a
resultant sharp increase in sheath temperature. {ref. para. 7.7.2)
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FIGURE 3  Fuel Bundle Crass Sections
TABLE | Canadian Power Reactor Fuel Design and Operating Data
DOUGLAS | GENTILLY | PICKERING
P 1 BRUCEA | 600 mw
REACTOR NPD NPD POINT ) BLW o
NUMBER OF ELEMENTS PER BUNDLE 7 19 19 18 28 37 37
ELEMENTS
MATERIAL ZIRC2 | ZIRCA ZIRCA ZIRC4 ZIRC4 ZIRC4 ZIRC
QUTSIDE DIAMETER mm 254 15.25 15,22 19.74 15.19 13.08 13.08
MIN. CLADDING THICKNESS mm 0.64 .38 0.38 0.49 0.38 0.38 0.3%
BUNDLES
LENGTH mm 495.3 495.3 4953 500.0 495.3 495.3 4953
MAXIMUM DIAMETER mm §2.04 82.04 81.74 102.41 102.49 102.49 102.49
NUMBER PER CHANNEL 9 9 12 10 12 13 12
PRESSURE TUBE
MINIMUM INSIDE DIAMETER mm 82.56 82.55 82.55 103.56 103.28 103.38 103.38
OPERATING CONDITIONS
COOLANT 030 D0 D20 H20 0,0 020 D70
NOMINAL INLET PRESSURE MPa 749 79 10.16 6.32 9.6 10.2 31.09
NOM.CHANNEL POWER vy 0.985 0.985 2152 3.18 5.43 6.5 6.5
EXIT STEAM QUALITY /o - - - 16.5 - 0.8/2.0 ~255
MAX MASS FLOW/CHANNEL hg/ec 5.6 6.0 126 11.2 231.88 23.81 23.94
NOM HEAT RATING J Adl) KW/m 3.45 2.08 40 4.8 4.2 4.55 4.0
MAXIMUM LINEAR ELEMENT
POWER kW/m 434 249 503 61.2 52.8 57.23 50.9
MAX SURFACE HEAT FLUX kW/m2 560.7 514.1 1070, 98G5 11200 1393, 1237.
NOM.BUNDL E POWER KW 21, 221. 420. 484, 636, 900. 800.
AVG. DISCHARGE BUNDLE MWh/kgU 156. 156. 190, 1G8. 170/185 19G. 180.
BURNUP
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FIGURE 4a  Fuels for Canada’s Power Reactor, 8 cmm Bundles, NPD, Douglas Point

NPD TELEMENT

DOUG! PO
19 ELEMENT wrw

FIGURE 4b Fuels for Canada’s Power Reactors, 10 cm Buridles, Pickering, Gentilly-1, Bruce and Gentilly-2
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4 DIFFERENCES BETWEEN CANDU AND LWR

The significant differences between CANDU PHW fuel and that used in the LWR American
enriched reactors are listed in Table il.

CANDU PHW LWR RATIO mﬁ
PHW
Fissile Materials Naiural U Enriched 3
0.7% U235 1.6 - 3%
Total Fuel Cost Low High 304
Length {Element) Short Leng 8
Diameter {Element} larger Smaller 0.7
Sheath Thickness Thin Thick 1.45
Diametral Gap Low High 2.3
Complexity Simple Complex .
UQ+ Density High Medium 0.98
Spacing (Element) Smalt Large 2.7
Fuelling On power Off power

TABLE 1I  Ditferences between CANDU and L WR Fuel

The significance cf these differences in fuel design is difficuit to summarize briefly without
going into a detailed comparison between the two ieactor systems and their fuel cycles -
PHW versus LWR. However, the following can be stated — erriched fuels are more expensive
by a factor of 10 in total fuel costs, resuiting in a fuelling cost 2.5 times greater, when allow-
ances are made for the higher burnup of the LWR.

The major reason for this large difference in costs is the use of enrichment in the LWR
reactor fuel cycle. The enriched uranium requires a number of added steps in the manu-
faciuring flow sheet. Schematics of the natural and enriched uranium cycles are shown in
Figures 5 and 6.

The enriched fuel cycle relies on spert fuel reprocessing to recover the unused fissile
uranium, and plutonium, which are credited to the fuel cycle costs.

Even comparing the fabrication costs of the bundles only, the PHW fue! is approximately
one-third the price of LWR fuel.

f1 should be noted that because LWR fuel is full length, the whole assembly has to be dis-
charged, if any part becomes defective. !t is possible, with the short PHW fuel bundle and
on-power fuelling, 1o reject only a small part of the defective fuel in the channel.

The simple CANDU natural uranium cycle contributes only a small amount to the cost of
power e.g., approximately 1.0 milis/kWh {1976) for Pickering reactors.
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5 FUEL MANUFACTURE
The ariginal fuel designs for NPD were wire wrapped bundles of both 7 and 19-elements,

The wire wrap which spaced the elements from each other and the pressure tube was spot
welded to the sheath, Figure 7. The elements werc sealed and assembled by tungsten inert
gas {T.1.G.) welding, which is a slow process and one which is difficult to control consis-
tently on an automatic basis.

r

(a) FUSION WELDED (b} RESISTANCE WELDED

'/ 7. 7
=

BEARING PADS

NPD DOUGLAS POINT

FIGURE 7 NPD and Douglas Point Wire Wrap Spacing and Bundle Construction

For the Douglas Point bundie, we developed resistance wetding for both the end cap to
sheath and the end plate to end cap joint, Figure 7(b). This method of welding is fast,
cheap and can be controlled consistently, lending itself to automation. Cross sections of
the joints are shown in Figures 8 and 9.

FIGURE &  Cross Section through Closure Weld
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FIGURE 9  Cross Section of Bundle Assembly Weld

The brazed split spacer was developed as an alternative to the wire wrap spacer. ltis con-
structed by induction heating the tube and spacer to 1060° C in vacuum to allow the
Zr-Be alloy braze to flow. The spacers were skewed io prevent interlocking as shown in

Figure 10. A close up of the spacer and bearing pad in shown in Figure 11, with a cross-
section of 4 brazed spacer in Figure 12.

FIGURE 10 Spiit Spacer Design

.

BRAZED BEARING PAD

o1 (( «—n 1\ o1,

/.. K

SPACER RESISTANCE WELDED

LOCKED SKEWED SPACER
SPACERS PAIR
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FIGURE 1T

Close-up of Brazed Spiit Spacer and Beadring Pad

The fuel cycle and the various steps in the production of a fuel bundle are shown in
Figures 13 and 14 and outlined pictorially in Figures 15, 16, 17 and 18.

Canadian fuel relies heavily on detailed quality control at every step in production, and the
overall quality control program is audited by the utilities inspectors on a continuing basis
(Ref. 10). '

FIGURE 12  Cross Section of Brazed Spacer

11
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6  FISSILE, STRUCTURAL MATERIALS AND COOLANTS

The various fissile, structural materials and coolants that are being used or developed for
Canada’s power reactor program are listed in Table 11,

FISSILE MATERIAL STRUCTURAL MATERIALS COOLANTS REACTORS

TEST REACTORS

U, W04, U-Al Al H,0 NRX
U, U-Al Al 820 . NRU
U0, UC Zr-2% wi % Nb Organic WR-1

POWER REACTORS

UO? Zircaloy-2 and 4 DZO-Liquid PHW
) D-,0-Boiling BHW
H,0-Boiling BLW

BOOSTER RODS FOR POWER REACTORS
U-Al Al 020 Gentilly

-2 Zircaloy D,0 NPD, Douglas
' Point & Bruce

MATERIALS IN DEVELOPMENT

DEO—
uc Zr-1 wt % Nb H20-Boiling
Future Reactors
and
Fu0,-U0; Qrganic

Th02-U02

TABLE Ifl  Fissile, Structural Materials and Coolants

6.1 Fissile Materials

Uranium metal was the original fuel for NRX and NRU research reactors. The fuel was
formed into ful! length round rods or flat plates, ¢lad in aluminum. The reactors at
present are fuelled with enriched uranium-aluminum alloy fuel, clad in aluminum. This
type of fuel allows the reactors to operate at higher neutron fluxes, at lower powers and
operating costs.

Uranium metal has poor dimensional stability under irradiation and very poor corrosion
resistance in the high temperature water necessary to produce power. Satisfactory
behaviour of WO for organic-cooled reactors has been demonstrated; the less corrosive
coolant allows the use of uranium carbide {UC) with its higher uranium density. For
water-cooled power reactors the corrosion rates of UC are far too high, and the only
presently acceptable fuel is UO9.

The fuel material for the bundles can be selected 10 accommodate a changing economic
situation. [t is expected that plutonium recycling will be cconomically attractive before
the end of the next decade (11) and that thorium-based (33) fuels will be used later.
Fabrication and irradiation of U027 - PuO2 and ThO7- UO72 have revealed no unexpected
difficulties, and demonstration bundles of UO2-PuQ7 are in the NPD reactor. They have
reached a burnup of 500 MWh/kgU and further irradiations are planned for Douglas Point.



6.2 Structural Material

The basic structural material used in the construction of fuel assemblies is Zircaloy-2 or 4.
These are alloys of zirconium originally developed by the Americans for their naval reactor
program to give low thermal neutron cross section and good corrosion resistance in
300°C water.

Table IV indicates the a'loying elements of Zircaloy-2 and -4.

Zircaloy-2 Zircaloy-4
Tin 1.20- 1.7D vitSe 1.20 - 1.70 wt%
fron 0.07 - 0.20 wi% 0.18 - 0.24 wt¥%
Chromium 0.05-0.15 wt?% 0.07 - 0.13 wt%
Nicket 0.03 - 0.08 wt% -
Total Fe + Cr + Ni 0.18-0.38 wt% 0.25 - 8.37 wit%
Carbon 80 - 300 ppm 80 - 300 ppm
Oxygen 900 - 1600 ppm 900 - 1600 ppm
Zr + Permitied Impurities Balance Balance

TABLE IV Composition of Zircaloy-2 and 4

The only differences between Zircaloy-2 and Zircaloy-4, are the deletion of nickel and the
slight increase in iron in Zircaloy-4. Their behaviour as fuel sheathing is similar.

All Canadian power reactor fuels in production today use Zircaloy-4. [t has a slight
corrosion and hydrogen pick-up performance advantage over Zircaloy-2 under our coolant

. conditions.

6.3 Coolants

The predominant coolant in Canada’s program has been pressurized heavy water (PHW) and
is used in NPD, Douglas Point, Pickering and Bruce. Boiling heavy water {BHW) was also
used in NPD for Lwo years i&s an experiment.

The outer zone of the Brucce core has low net exit quality 3% and future reactors will have
increasing qualitics at exit from the channel, as the power density is increased with a con-
stant inlet coolant temperature.

The Gentilly reactor uses normal light water as a coolant and the reactor is designed to boil
the water in the reactor (BLW). The average exit quality for the core is 16.5 wt% steam.

Because organic coolants can be operated at higher temperatures than water while at lower
pressures, they arce being developed for future reaciors. WR-1T tost reactor at WNRE,
Manitoba, is cooled by this fluid {HB-40}. This higher temperature of the coolant will
alow higher overall station thermal efficiency. A comparable station would discharge about
a third less heat through its condenser than a PHW per unit of energy generated. Due to

*  Whiteshe!l Nuclear Research Establishmueny
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AECL’s limited resources in manpower and materials it has been decided not to develop the
organic reactor at the present time. However, it may ceme into commercial application in
the late 1990°s when it becomes necessary to develop a more efficient system with higher
steam temperatures.

Liquid me1als and moiten salt coolants were investigated for a short time for future use, but
these studies have been discontinued.

7 FUEL PERFORMANCE AND MATERIJAL
7.1 Uranium Dioxide

7.1.1 Thermal Conductivity

LiO3 is a ceramic and has a low thermal conductivity, relative to metal fuels. The thermai
conductivity varies with temperature. When operating in a reactor at power, the UO2 has a
high centre temperature with respect to its surface temperature. The centre temperature is
dependent on both the diameter of the element and the power rating. The term f € Ado
is often used as a reference of UO7 ratings* and represents the integrated thermal cdn-
ductivity of the UQ7 from the temperaturs at the surface to the centre of the peliet.

Due 1o the low strength of the UO7 in tension, the pellets crack when they are subjected to
a neutron fiux because of the large thermal gradient which occurs, At temperatures of 800-
14009C, UQ7 becomes plastic and will creep and flow into voidage provided to accommo-

date the volumetric thermal expansion. Above approximately 14000C grain growth begins

to occur. Examnples are shown in Figure 19 with the extent of grain growth increasing with
rating or equivalent centre temperatures.

7.1.2 Radiation-Induced Swelling

[1 has been found that under certain conditions, the swelling rate of irradiated UQ- at
relatively low temperatures is 0.7% change in volume per 1020 fissionfcm3 (2% per 136,000
MWd/{TeU). Of this, perhaps half is due to solid fission products and the remainder due to
the formation of gas-filled bubbles within the fuel. At high power outputs, however, a
significant volume of the fuel is so hot that it retains very little gas. At intermediate tem-
peratures (800-1400°C) fuel plasticity and gas mobility are appreciabie, while gas release is
low, which might cause tne swelling rate to reach a maximum.

Swelling can be accommodated in porosity in the fuel. Below about 1400°9C, porosity is
probably not greatly reduced by fuel thermal expansion, so may still be available to
acconmmodate swelling. Since current production fuels are less than 97% dense, there
should be no problems with swelling up to burnup of 240 MWh/kgU (10,000 MWd/TeU).
In practice, during the latter part of its lifetime, Canadian power reactor fuel operates at a
power output lower than its previous maximum and the shrinkage cracks that are formed
are available to accommaodate some further swelling. For these reasons we do not envisage
any swelling limitations with fuel elements made from natural UO2.

) . L am [ \ _
= For round rods the power per anil leagth is given by H ] Al where 1 = 1 for solid rods
s
with uniform power density.
Iherctor fﬁc 9 1, where {J_ is the temperature at surface of the UO+ andg 0. ;
werckore Gs Adl = e ' 5 L ! 2 and Ve i temperature
i

of the U0 at the centre. {12}
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FIGURE 19 Typical Transverse Cross Section of Irrediated U0 at Four Power Ratings showing Pellet
. Cracks and UO5 Grain Growth
7.1.3 Gas Release

U027 releases a percentage of the fission gases that are produced as a natural product of
tissioning. The higher the rating or central temperature the greater the amount of gas re-
lcased inside the elements, therefore space has to be provided to prevent the gas causing
excessive pressures at high ratings.

The shap= of the gas release curve is shown in Figure 20, which is the plot of experimental
measurements of percentage gas release vs rating. The percentage release increases quite
rapidly with higher ratings above 4.0 kW/m.

7.2 Zircaloy

Zircaloy is affected during its life by irradiation damage, corrosion, H2 or D9 pick-up and
stress corrosion cracking(13).

7.2.1 lrradiation or Fast Neutron Damage

Cold work and neutron irradiation both reduce the ductility of the Zircaloy components of
the fuel (Figure 21). Indecd the sheathing of some early Douglas Point fuel showed neg-
ligible ductility after a fast neutron exposure 3 x 1020 nfem2 (E> 1 MeV). {nitial

material propertics are now specified to retain on average, a 10% total circumferential clonga-
tion at 3009C, even aficr an irradiation of 3 x 1020 n/cmz. Indications are that material
properties are not important Lo fuel defect performance, however some ductility is con-
sidered to be desirable for post irradiation handling of the fuel bundles.
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FIGURE 20  Percent Fissionn Gas Release versus UQ Power Rating

7.2.2 Corrosion and Hydrogen Pick-up

The amount of in-reactor cerrosion of Zircaloy varies with time, temperature and coolant
chemistry, Figure 22 indicates corrosion of Zircaloy with time in three different types of
coolant in the temperature range 270-300°C. The loss of metal by corrosion is not a major
concern during the normal fuel life, provided that the coolant chemistry is well controlled.
In a boiling water reactor the corrosion rate is increased by a factor of 3, but is still not high

FIGURE 21 Influence of Cold Work as represented by the Axial Ultimate Tensile
Strength or Circumferential Elongation in the Closed-End Burst Test

g @ .

% 60— ) Unirradiated | irradiated to

2 E\ 3 x 1020n/cm?2

< &i 0] 0 ™ As-received Zircaloy (cold work)
2 oo )

5 \ o ] Alpha-annesled Zircaloy
r-

< © A A As-received Zr - 2.5% Nb
o \

Z 404

—

w

3

< a0 \UNiRRADIATED

& N

o

W 204 Noe @

= @ \

t IRRADIATED

fa ey

G 104

|

b —

o

- 0

T T Ll T
500 600 700 8OO
AXIAL ULTIMATE TENSILE STRESS MN/m?2 AT R.T.



1000

WT. GAIN {mg/dm2)

10 iY nﬁ T T Ll L k] T LB | T L] L T T L] L}
10 100 1000

TIME (DAYS)

FIGURE 22 Effect of Oxygen on the In-reactor Corrosion of Zircaloy, 270-300°C

cnough to cause problems. In boiling water the oxygen content of the coolant should be
kept low by chemical additions of ammonia or lithium.

Zircaloy has a marked affinity for H2 and D9, which makes it less ductile at low tem-
peratures, and both the internal atmosphere of the element and the external chemistry of
the coolant must be controlled to prevent excessive H2 or D7 accumulating in the Zircaloy.

The change in the D2 concentration in Zircaloy-2 fuel sheathing with time for different
coolant chemistries in NPD(T4) is shown in Figure 23, which indicates that with:

® High D7 gas in the coolant, the oxidation of Zircaloy cladding is similar to that observed
out-reactor, but D2 pick-up by the cladding is considerably greater than that expected
from corrosion alone

® Low D2 gas in the coolant, the oxidation of Zircaloy cladding is greater than that
observed out-reactor but the D7 pick-up is fow

Acceptable coolant chemistry conditions to meet the requirements of all the primary circuit
material can be specified for all 1ypes of coolant, PHW, BHW or BLW.

il the fuel is built with some moisture or another hydrogen source inside the elements, H7
enters the sheath to form locally hydrided arcas and causes the sheath to defect (See figure
24). To avoid this we have taken steps to ensure a very low content of internal H9 in our
vlements.
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FIGURE 24  Cross Section of Fuel Element showing Zr Hydride Damage
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7.2.3 Stress Corrosion Cracking 25

irradiated zirconium alloys are known to be susceptible to stress corrosion cracking at 3000C
in the presence of iodine. lodine is one of the major fission product gases generated in the
fuel. It is postulated that, during power boosts, the fission product iodine from the freshly
formed surface of the cracked UQO7 could impinge on the sheath in the stressed region of the
crack, thus causing the sheath to fail by stress corrosion cracking Figure 25, {para. 7.6.7).

R £

FIGURE 25  Stress Corrosion Cracking

7.3 Fuel Element

A fue! element is the basic component of a fuel bundle. In other countries the elements are
sometimes referred to as pencils or rods.

The fuel element has to be designed to withstand creep collapse in the high pressure coolant,
to accommodate the thermai expansion of the UO72 without causing any blockage of the
coolant, and to contain the internal fission products and gases.

7.3.1  Sheath Collapse

Fuel sheathing, depending on wall thickness, will creep down under the effect of coolant
pressure and irradiation unless supported by the UO7 pellets. |n thin wall eiements, primary
collapse or wrinkling of the sheath is prevented by controlling the diametral gap between
peliet and sheath to small values, and by ensuring that the specified wall thickness and
mechanical properties are maintained.

7.3.2 Element Thermal Expansion

The deformability of U097 pellets has recently been cvaluated by using resistance strain
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gauges to measure the circumferential expansion of the sheath as a function of power. The 27
cffects of start-up rates on fuel expansion and the strain (fatigue) cycle to be expected in a
load-following reactor have been invesiigated. The results obtained in two separate experi-

ments are shown in Figure 206b. For the first cycle from zero to full power and back to zero

power, they agreed well with each other and with the values calculated from simple physical

models, However, while the two batches of UO9 were thought to be identical, one seemed

to deform plastically above 1000°C while the other showed non-plastic behaviour up to the
maximurm temperature of about 18000C for the rate of power increase in this experiment,

At each pellet interface a circumferential ridge is fortned in the sheath, producing a2 “bamboo
effect’” which is visible on high rated fuel. The top graph of Figure 26a indicates the local
circumferential strain that occurred at this interface and the predicted value. The sum of this
and the strain at the peller midpoint gives the maximum local strain of the sheath.

Figure 260 alsc shows that the sheath recovers very little of its strain as the power is reduced.
During subsequent power cycles the recovery is even less, and after an irradiation of about
len days, 2 return to zero power causes approximately 0.1% change in sheath circumference.
Such small changes in average sheath strain could partly result from strain localization.

7.3.3 Fission Gas Pressure

The interrelationships between fuel expansion, the pressures caused by fission-product-gas
release and the fuel-to-sheath heat-transfer coefficient are complex. The fuel-to-sheath heat-
transfer coefficient decreases as the internal gas pressure increases, and this effect causes one
of the major uncertainties for predicting fuel behaviour. So, for the design of power-reactor
fuels, we impose the condition that the maximum internal gas pressure shou!d not cause sig-
nificant sheath strain.

The interrelations be{ween various operating parameters are shown in Fig. 27, using the con-

vention that A—>—— B means that a change in A affects B. The compfex relationship re-
quires a computer program which is available to predict the behaviour.

FIGURE 27  Fuel Sheath lateractions
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Recent experiments have shown that ELESIM 1 is conservative in estimating internal element
conditions in high powered elements and that gas pressure should not be a concern for current
reactor designs.

7.3.4 Hydraulic and Fuelling Machine Loads

These loads are supported by the column strength of the fuel element which is affected by
the diameter, wall thickness and mechanical properties of the element tubing. [t has been
found by both out-reactor and irradiated bundle testing, that the fuel elements have sirength
requirements in excess of hydraulic and fuelling machine load requirements.

7.4 Fuel Handiing System

All Canadian power reactors are designed for on-power fuelling“s). The system is basically
similar for all reactors but the machines and systems for Douglas Point, RAPP,* Pickering
and the proposed 600 MWe PHW reactors differ in detait from those for NPD, KANUPP?
and Bruce.

A flow diagram of the overall fuel handling system showing the various steps from new fuel
into the reactor to spent fuel discharged to the storage bay, is shown in Figure 28 for Picker-
ing, in Figure 29 for Bruce and Figure 30 for the 600 MWe reactor.

The fuelling operations for these stations begin with the semi-manual loading of new fuel
bundles into the magazines through the two new fuel ports after which the ports’ loading
gates are sealed. Subsequent fuel changing sequences are al! performed by remotely-operated
equipment behind heavy biological shielding, with operator discretion on the degree of
utilization of available, fully programmed automatic control. Two fuelling machine heads,
equipped with internal rams and magazines, are connected and sealed to the new fuel ports
where one of the magazines is loaded with the required quota of new fuel bundles for the
planned fuelling operation. The machines then move to opposite ends of one of the reactor’s
fuel channels. The heads are connected and sealed to the channel ends, topped up with
reactor grade heavy water and pressurized to match channel coolant pressures. A leak check
is then performed on the head-to-channel secal. The heads next remove and store the channel
closure and shield plugs in their magazines. New fue! bundles are inserted into the channel
by one of the heads with spent and/or parrtially spent bundles being received from the
channel by the other., The heads then replace the channel shield and closure plugs and, after
depressurization of the F/M followed by a feak check on the chanrel closure, the machines
are disconnected from the ends of the channel. After visiting channels as programmed, the
machines move to, and seal their heads to spent fuel ports. The spent fuel bundles are then
discharged rapidly in air from the heavy water environment of the fuel transfer equipment 1o
the light water environment of the equipment which carries thern to the spent fuel bay. There
they are stacked for long-term storage under water in the bay, using semi-manually operated
remole handling equipment.

Photographs of the Pickering and Douglas Point fuelling machines are shown in Figures
31 and 32.

* "RAPP" Rajasthan Atomic Power Project

+ "KANUPP" Karachi Nuclear Power Project
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7.5 Fuel Bundle Testing
The bundle must:

1) Be compatible with the reacior coolant system when producing the design power
2}  Be able to wilhstand forces imposed upon it during fuei transfer and on-power fuelling
3) Be able to withstand the maximum design power rating and the expected burnup

4} Be able to withstand the power changes due to fuelling, reactivity mechanism or
reactor power cycles.

without either severcly distorting or defecting the sheathing, end caps or welds of the elements:

To cnsure that these conditions are met, alt fuel bundle designs are given the following tests
beflore they arc committed to production.
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7.5.1 OQut-Reactor Tests: 33

1)  Pressure drop — tests are done on a full channel of {uel bundles over a range of
coolant fiows and orientations in hot pressurizzd water

L]

2 Endurance tests — fuel bundles in a channel are run at maximum flow condition
for many thousands of hours to ensure that they do not fret or mark the pressure
tube. The wear of the spacer between elements is monitored to ensure that the
design meets the lifetime reauirements of the fuel in the reactor

3)  Wear tests — the bundles are subjected to wear tests to check that the bundles will
not wear the pressure tube during its lifetime and the bearing pads will not fose
more than the allowable amount during their passage through the reactor

4)  Strength tests — various strength tests are performed to ensure that the bund'es
can withstand the various loads imposed on them duting on-power fuelling. 1t
has been found that the bundles are very strong in compression when contained
in the pressure tube.

7.5.2 lrradiation Testing

Bundle designs are proof-tested by irradiation in the AECL loops (Table V) in the NRU
test reactor at CRNL. Enrichment is used to achieve power ratings in excess of the design
rating and irradiation is continued beyond the expected service buriup.

To test for the ability of the fuel to withstand power changes, bundles are irradiated at low
powers in NRU and then moved 1o a higher power position in the reactor. Pcwer boosts are
the same as, or higher than those expected in the power reactor.

TABLEV AECL Loop Data

PRESSURE DESIGN OPERATING
Loae 1.D. PRESSURE TEMPERATURE MAX. FUEL
{mm) MPa (GAUGE) ° POWER
kw
CRNL-NRX

X-1 236 13.79 316 240

X-2 37.6 13.79 316 10

X-3 23.6 13.79 316 400

-4 378 15.17 566 250

X-5 82.8 17.24 316 550

X-6 378 13.79 ‘316 300

X-8 25.4 0.86 100 ]

CRNL-NRU

u-1 101.6 12.41 538 8000

Uz 101.6 10.34 316 8000

U-3 101.6 4.4 427 4500

u-5 69.8 13.79 327 0

WNRE-WRY

L2 4G.7 7.58 294 900

4 69.8 6.89 427 4500

Is 69.8 6.89 427 4500

IL6 69.8 6.89 a27 9500
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7.5.3 Pressure and Temperature Cycles

Due to changes in primary circuit pressure ang temperatures, the fuel sheathing will ex-
perience various pressure and temperature cycles during its life. To date, we are unaware
that this adversely affects the fucl sheath's performance life, as fuet in NPD, Douglas Point,
Pickering and CRNL irradiations has experienced many hundreds of cycles without
deterioration.

7.5.4 Power Cycles

CANDU reactors are designed as base load stations with continuous on-power fuelling. The
heavy <wing to nuclear power in the utiiities’ systems will require increasing pressure on the
reactors to follow daily loads. Considerable experience has been obtained with daily power
cycics with the CANDU KANUPP reactor in Karachi, which has been following the daily

grid demands and accumulated hundreds of power cycles without any performance change in
fuel. We have been informed that the RAPP-1 reactor in India is also successfully ioad follow-
ing to meet the gnd demands.

7.6 Fuel Bundle Performance
7.6.1  Statistics of Fuel Bundle Performance

The in-service performance of CANDU fuel has been excellent. Of the 92,593 fuel bundles
irradiated up to March 1976, in nine CANDU reactors (totalling 2,840 MW(e), 99.73% have
performed as designed (16,17) {Table V1). 1t should be noted that these statistics are based
on bundles, not defective pirs, elements or rods, which, if used, would improve the statistics

TABLE VI CANDU Fuel Performance {March 1976)

Station Irradiated Discharged Defective % Defective
NPD 3,688 2,580 11 0.30
BOUGLAS POINT 13,079 9,447 85 - 0.65
Before Jan. 1, 1972 7,169 3,537 66 0.92
Afrer Jan. 1, 1972 9,542 5.910 19 0.20

PICKERING G.S.

Unit 1 19.818 15,138 29 0.50

Before Nov. 1, 1972 6,938 2,258 "N 1.31

After Nov, 1, 1972 17.560 12.880 8 0.05

Unit 2 18,384 13,704 1 < 0.01

Unit 3 13,314 8,634 B .05

Unit 4 10,214 65,234 4 0.04
PICKERING G.S. TOTAL | 62.430 43,710 110 0.18
KANUPP 4,603 2,315 30 0.65
RAPP  © estimated 5,480° 1,800° 5 0.09
GENTILLY - 1 3,313 293 12 036

TOTALS 92,593 60,145 253 0.27




by an order of magnitude i.e. 0.03% defective. Of the relatively few defects that have occur- 35
red in CANDU fuel, most could be attributed to a single cause — sheath rupture due to a sub-
stantial power increase following a prolonged period of low power. An example of a defect
in Douglas Point wire wrap first charge fuel is shown in Figure 33. These power increases can
be caused by the movement of fuel during fuelling or by changes in flux due to nearby reac-
tivity mechanisms. The description of the power changes causing power ramp defects both

in Douglas Point and Pickering, are described in detail in Reference 16 and the physics is
described in para. 8.0. It is suggested that this behaviour will also apply to other reactors
where the fuel is exposed to power changes caused by fuelling, movement of control rods

and gross reactor power changes after periods at low power. This behaviour was originally
indicated by analyses of the operating records from the Douglas Point reactor, and later, from
the records of Pickering Unit 1.

FIGURE 33  Exemple of Douglas Point Defect
7.6.2 Defect Mechanisms

Laboratory and in-reactor experiments identified two mechanisms which can cause cracking
of fuel cladding during power ramps. The primary mechanism is stress corrosion cracking
associated with Yhe fission product iodine at specific combinations of stress and iodine con-
centrations (18, 19,20, 21)  Similar experiences have been reported in Europe (22, 23).
The other mechanism is mechanical interaction of the pellet with the sheath causing tensile
failure of the fuel cladding without the assistance of iodine stress corrosion cracking.
Examgples of these defect mechanisms are shown in Figure 34. |t has been found that the
necessary concentration of both stress and strain can be produced by the radial cracks
formed by thermal expansion of the UQ27 at interfaces between pellets, and over small chips
of UO7 wedged between the fuel and sheath. Cracks in the sheath are formed at high stress
areas when there is a boost in power after a low power soak.

After identifying the cause of the fuel defects, the immediate remedy at the stations was to
modify the fuel management schedule to avoid power increases that led to the original de-
fects, Since 1972 this has resulted in a marked drop in the defect rale equal to, or below
the design target of 0.1%(16). A “zero defect” target appears to be an unwarranted expense
in view of the fact that defects can be removed from CANDU plants without shutting down,
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From a reactor operator’s point of view, any restrictions to fuel management or reactor power
maneuvering are undesirable. A program has therefore been instituted in the test reactors Lo
provide a fuel design more tolerant to power increases. A preferred solution is designated
Canlub (24, 25, 26} which incorporates a thin graphite fayer between the U027 and the sheath.
The graphite acts as a lubricant between the UO2 and the shzath, reducing stress concentra-
tions and possibly also acts as a barrier to the chemical attack of the Zircaloy by the iodine
under these stress conditions. Loop tests have shown a significant improvement in the per-
fermance,and modifications have been introduced into all CANDU fuel production with
miinimal cost penalties.

FIGURE 34  Defect Mechanisms
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7.6.3 Fuel Performance Criterion

Analyses of fuel performance data has produced a reliable fuel performance criterion (27).
This criterion has been successfully employed to avoid defects which can be induced by fuel
management, reactivity mechanism movement, and gross reactor power increases. The four
important parameters affecting the defect behaviour are:

1)  Maximum element power per unit length during power change
2) Power increase
3} Fuel burnup

4)  Time at maximum power

The proposed fuel sheath interaction model using these parameters is shown in Figure 35.
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FIGURE 35  Stress Corrosion Cracking Model

This criterion is based on a statistically significant number of operating fuel bundles and may
be applicable to other reactors using Zircaloy and UO? to prevent power ramp defects (28).

The fuel performance criterion {27) is iltustrated in Figure 36 in the form of a fuelogram
which is a plot of element linear rating vs change in power for various element burnups. The
probability of defect (at a given burnup) increases when the equations for both the maximum
element power and power increase are greater than 0.
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During the commissioning of the CANDU-BLW reactor Gentilly-1, it was found to be bene-
ficial to raise the reactor to full power in small power increments with an overshoot and a
hold at each step. This prevented the fuel experiencing a large power increase which could
have caused a significant number of defects predicted by the defect criterion. The procedure
was necessary due to the prolonged period cf low power during commissioning.

Thke speed of response to any unforeseen problem is determined by two factors — the time
taken 1o identify the problem and the time to find and implement a solution. The identifica-
tion of the defects and their causes was greatly facilitated by CANDU reactor design. The
capability of monitoring activity reiease from individual fuel channels allowed the incidence
of failures to be correlated to reactor parameters. 1t was also possible to identify the defected
bundie in the channel. The capability of on-power fuelling meant that fuel could be discharg-
ed immediately and examined before any evidence was destroyed by secondary damage. The
use of heavy water coolant permitted the distinction between sheath hydride due to in-service
corrosion and that due to internal contaminants. In fact little hydrogen {as opposed to
deuterium) was observed in the sheaths of failed elements so we were not misled into attributing
the failures to hydrogenous contaminants.

7.7 Bundle and Element Behaviour Under Extreme Conditions

Zircaloy clad UO7 fuel can survive extreme conditions for limited periods of time such as
gross overpower and dryout.

7.7.1  Gross Overpower

Gross overpower in excess of S AdO of 7.2 kW/m, can result in a smal! volume of uoy
achicving central melting, which causes that fraction of UO9 which melts to volumetrically
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expand 10% greater than normal. The resuiting sheath strain can cause rupture. An example 39
of this is shown in Figure 37 which is a cross section of an experimental element taken to
this condition. The fuel bundle survived after the defect and was removed from the reactor

without difficulty.

FIGURE 37  Cross Section of Element and Centre Melting in voe,

7.7.2 Dryout

Canada has pioneered in-reactor heat transfer testing with experimental and power reactor
fuels and therefore has gained a large amount of operating experience with fuel in two-phase
flow and critical heat flux (CHF) condition or dryout.

All reactor fuel channel conditions are specified so that a significant margin of safety is avail-
able to prevent dryout occurring during normal opearation.

As noted in Figure 38, dryout will significantly increase the sheath temperature, the amount
depending on the coolant conditions and surface heat flux. Zircaloy clad UQ27 fuel elements
can operate at these elevated temperatures for limited periods of time, inversely proportional
to temperature, The data from various tests are summarized in Figure 39 which is a semi-log
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FIGURE 38  Thermal and Hydraulic Regimes in Vertical Upward Flow

plot of time-tc-defect vs sheath temperature. The sheaths in experiments with temperatures
between 500 and 600°C survived for tens to hundreds of hours, while 2 number of defects
occurred at temperatures between 600°C and 800°C after 10 hours. The points shewn as
X-4 temperature excursions (non-defective) were obtaired from thermocouple readings during
three transients. The points at very high temperatures 1000-1600°C were obtained from
examinations of the Zircaloy sheath after the irradiation. This is possible because the tem-
perature that Zircaloy has been exposed to can be estimated by its structural appearance, the
amount of oxygen diffusion and the zirconium oxide structure and thickness.

These characteristics are dependent on time and temperatures. {t is not possible to be precise
about temperature gnd time. That is, a short time at high temperature can produce results
similar to those at lower temperatures for longer times. However, to first order approxima-
tions, this ambiguity does not affect the general trend of the time-temperature plot. If
Zircaloy is operated too long 2t these high temperatures it will oxidize and a sheath failure
will occur. An example of this is shown in Figure 40.
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8 FUEL PHYSICS AND MANAGEMENT

After the fuel has been in the core for some time, the buildup of fission product poisons and
the depletion of fissionable uranium cause the excess of neutrons produced by the fuel {the
“reactivity’’) to decrease. This process is called “burnup’ and is usually expressed in terms
of the total energy produced by the fuei per unit mass of initial uranium; that is, in “mega-
walt hours per kilogram™, or “megawatt days per tonne”. The rate at which new fuel is
added to the core is adjusted so that the reactivity decrease, due to burnup, is balanced by
the reactivity increase of the fresh fuel in order to maintain the reactor criticai. The refuel-
ling rate determines the average residence time {or “dwell time'') of the fuei in the core,
hence the average burnup on discharge.

Anything in the core which absorbs neutrons will reduce core reactivity and, therefore in-
crease the fuelling rate to maintain criticality and raduce burnup. The reactor core is de-
signed to use neutrons as efficiently as possible in order to obtain maximum burnup. Core
parameters, such as radius, length, lattice pitch, reflector thickness, fuel and channe! geom-
etry, etc., are optimized for minimum total unit energy costs. Structural materials, i.e.,
pressure tubes and calandria tubes, are selected for low neutron absorgtion — zirconium
alloys are used most frequentiy because zirconium has a low neutron absorption cross-
section. Fuel bundles are designed to have as little structural material as possible. In
CANDU reactors refuelling is done on-power; no removable absorbers are required to com-
pensate for burnup between refuellings as in othar systems. Reactivity mechanisms are the
minimum necessary for system control. This improves the burnup as well as the reactor's
availability,

The in-core fuel management scheme refers to the manner in which new fuel is added to the
core, replacing burned-up fuel. In CANDU PHW reactors, fuel is added on-power by insert-
ing a fixed number of new bundles in one end of a channel and removing the same number
of spent bundles from the other end. For example, if 8 bundles are added to a 12-bundie
channel, the last 8 bundies in the channel are discharged and the first 4 bundles are pushed
along to the last 4 positions. {This is called an "8 bundle shift”). This gives a higher burnup

FIGURE 41  Douglas Point Axial Flux Profife
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than replacing all 12 bundles at once, because those bundies which were operating at lower
power during the first cycle, and consequently have lower burnup, are left in for further
irradiation.

Fuel in adjacent channels is pushed through in opposite directions ('‘bi-directional refuelling”).

Thus, fresh fuel in one end of a channel is directly adjacent to partially burned up fuel in the
nearest neighbouring channels. This tends 1o make the average fuel properties uniform along

the channel, producing a symmetric axial power distribution which closely resembles a cosine
curve {see Figure 41}

The axial neutron ftux distribution for NPD, Douglas Point and Bruce reactors is approxi-
mately a cosine, but Pickering axiai flux shape is distinctly different because it uses absorber
reds as a reactivity mechanism, which tends to flatten flux. Figure 42 shows the Pickering

axial shapc and also illustrates the movement of bundles along the channel during an eight-
bundie shift.

”-....-""h.p \-1-'“-._. w
/ N
- \
Z/ i \
: \
A
I3 -1 t

rd

7 34|56 | 718 oI R 1112\

T
8 Bundie Shift Positions

Flow == e
FIGURE 42  Pickering Axial Flux Profile

The radial flux distribution for a bare reactor is a Bessel function but can be modified or
flattened to cbtain a higher power density from the reactor by a reflector on the outside of
the core and/or differential fuelling of the core. The refuelling rate in the inner region is
adjusted so that burnup is higher there, and reactivity fower. This tends to reduce power in
the inner region, and flattens the radial power distribution. This produces a higher total
power generation from the same size core,

8.1 Fuel Bundle and Core Flux Distributions

The radial neutron flux distribution through a fuel bundle is shown in Figure 43, The neutron
flux is depresscd as it traverses the various components making up the tuel channel, je.,
calandria tube, gas space, pressure tube, reactor coolant and fuel elements. As the CANDU
system uses short bundles, there is axial peaking in the neutron flux at each bundle junction
(Figure 43).

43
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FIGURE 43  Bundle Radial and Axial Flux Distribution

8.2 Reactivity Mechanisms and Booster Rods

To provide the necessary extra reactivity to override the xenon poison growth after a trip
from full power, booster rods or absorbers are required. Booster rods are enriched fuel
rods stored outside the core until required, whilst absorber rods are stored in the core and
are withdrawn to provide the extra reactivity. In Pickering the absorber rods use cobalt for
neutron absorption. The irradiated cobait can be sold as a useful bi-product for medical
therapy. The booster rods used in NPD and Douglas Point are modified plate tvpe fuel ele-
ments cooled by the lower pressure moderator. Gentilly required more powerful booster
rods due te the large light water load. A rod was developed using the techniques developed
for the enriched U-Al fuel for NRX and NRU. [t consists of a fuel bundle made up of 51
clements using U-Al clad in Al as shown in cross-section in Figure 44. A more powerlul
booster vod has been developed for the Bruce reactor and consists of 18 annular elements
formed by co-extruding U-Zr with Zr and assembling the six bundles as shown in Figure 45.
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9 FUEL PROCUREMENT

AECL, Fuel Engineering, Power Projects, as a nuclear fuel consultant, is responsible for the
design,technical specification and the development program associated with the first core
fuet, also the preparation of the tenders and their technical evaluating prior to crdering the
first core, See Figure 45.

For the first charges of NPD and Douglas Point, AECL supplied the urariium to the fuel con-
tractor. For later reactors such as Pickering and Bruce, Ontario Hydro bought the uranium
in bulk and was responsible for the conversion of U308 {yellowcake) to UO2 powder.
Eldorado is the only company that can do this in Canada at present. For smalil orders for
Gentilly and NPD, we have contracted with the fuel fabricators to supply both uranium and
fuel fabrication.

Ontario Hydro do not ask for fuel warranty, but require a quality assurance and control pro-
gram. This QC pro:.;ram'i's continually audited by the utility’s inspectors and any concessions
must be approved by the design engineer. To date we have discovered very few manufactur-
ing defects in the tens of thousands of bundles we have irradiated. This is of great credit to
our fuel contractors and inspeciors.

10 FUEL INDUSTRY

The wse of short, natural uranium bundles and concentration on a single reactor type has
resulted in a very significant fabrication experience of mass producing fuel. Figure 47 shows
the total number of fuel bundles ordered, completed, irradiated and discharged as of March
1976. Greater than 122,000 CANDU bundles have already bzen complcted, representing
more than 3,250,000 clements and 6,500,000 closure welds. This numerical volume of
Zircaloy-UO7 fuel production experience is the fargest in the world. '
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The maturity of the Canadian fuel industry was celebrated by presenting the 100,600th fuel
bundie to the Prime Minister of Canada, at the Canadian Nuclear Association conference in
Ottawa, June 1875,

It is well to remember that this amount of nuclear fue! {100,000 bundles) has the capability
of producing energy in CANDU reactors equal to that produced by 45 million tons of coal,
205 million barrels of oil or 1,188 billion cubic feet of natural gas.

Ontario Hydro has 8,385 MW(e) operating or under construction and is pianning to have
30,000 MW(e} committed in Ontario by 1990. Other utifities (both Canadian and those in
other countries using Canadian exports), have 3,181 MW{e) operating or under construction
with a further 3,600 MW{e) to be committed in the next decade.

This growth in nuclear power station construction will require a raoid expansion of fuel
production as shown in Figure 48, where the Canadian annual uranium requirement is pro-
jected to the end of the century (2000). It indicates an expansion from approximately
400 MgU or 25,000 bundles a year capacity in 1975, to over 1,000 Mgl by 1980 and with
an approximate doubling of capacity every five years during the next decade. The cumu-
lative uranium requirements during the next 25 years will be approximately 8 GgU.

This growth in fuel requirements is also reflected in the amount of Zircaloy ingots that will
be required for replacement fuel sheathing. These requiremnents for reactor fuel sheathing
are shown in Figure 49 as well as reactor components such as pressure tube, calandria tubes
elc.

i1 FUEL COSTS

The procurement policy of ail fuel for CANDU reactors has been based on a competitive
fixed price bidding system. This has resulted in a decreasing fuel price as the program
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FIGURE 47  CANDU Fuel Production and Irradiation Data (to March 1976)

matured. The total fuel costs in § per kgl {including uranium} in dollars of the year, are
shown in Figure 50. In the period 1967 to 1973 decreasing fabricartion costs countered
inflation, achieving constant fuelling costs in this period,

I'n addition to a *"hold the line” price performance, the bundle thermal performance has atso
improved. Thus, in rcal terms, the cost relative tc thermai performance has decreased sub-
stantially.

Spent fuel is given no value or credit for potentially saleable isotopes. The CANDU
reactor fuel cycle is a simple once-through cycle wiil the long-term underwater storage of

spent fuel at the 1eactor sites. Further expansion of this concept of fuel storage is being
planned {29, 30).

Today's replacement (uel prices for Pickering G.S. are approximately $70/kgU (1976 $Can.).
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This increase is due to the combined effect of the world price of the uranium and inflation.

As the cost of the uranium component is now 75% of the total price, its effect is the
stronger. The change in uranium price vs year of contract or delivery is shown in Figure 51.
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FIGURE 50  Variation of Bundle Power and Fuel Costs showing Evolution with Time
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Projection of fuel cost into the future is based on the price change ot uranium concentrate
and some allowance for inflation. Therefore future fuel costs to utilities will depend on what
the world market price is for uranium when thev contract for it. The total costs could vary
between $100 and $200/kgVU in the period 1980-1985.

Even with the rising world price of uranium, the CANDU reactor fuelling costs will remain
the lowest in the world and lower than its nuclear and fossil competitors by significant
Margins.
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12 POTENTIAL FOR FUTURE DEVELOPMENT

There are still opportunities for evolutionary improvements in CANDU fuel and these are
being explored. However, one of the attractive features of the CANDU system is its versa-
tility. The same general design of heavy water moderated pressure tube reactor can exploit
many varied fuel cycles with changes in fue! design.

The development of plutonium fuels for future applications in present and planned reactors
has started with initial bundies in NPD exceeding burnups of 500 MWh/kgl, compared to

the average natural uranium discharge burnup of less than 200 MWh/kgU(31).The overall pro-
gram, when completed, will aliow the utifitizs to recycle plutonium, when the economic
environment warrants its use. The thoriuin fuel cycle associated with plutonium is also being
investigated for anplication in the iate 90's and early years of the twenty-first century to con-
serve fartile material and counter the rising costs of uranium and other energy sources{32, 33).

The capability of on-power fuelling of the CANDU reactor allows the simple and gradual in-
troduction of new fuel materials such as plutonium and thorium when the economics of
future fuel cycles warrants their use. Such versatility makes the CANDU reactor unique
among its contemporaries. This provides protection against escalating costs of uranium en-
richment and independence from foreign fuel supply, assuring Canadians of adequate re-
sources for centuries, without developing major new reactor concepts.

13 SUMMARY

Early in the development of nuclear power, the pioneers of the Canadian program appreciated
the importance of low fuelling costs, hence neution economy. With CANDU fuel assemblies
consisting of only UQ- and Zircaloy, less than 1% of the incident neutrons are absorbed para-
sitically in the structural members. The assembly design, essentially unchanged since the first
charge for the NPD reactor in 1962, is simply a short (0.5m) bundle of cylindrical elements.
This simplicity, combined with the vse of natural uranium, has ensured low fabrication costs.

The original selection of materials in the mid-1950s, resulted from a joint AECL{USAEC/
UKAEA program of fuel testing, being conducted in NRX at Chalk River because of that
reactor’s unique potential for such work. Subsequent Canadian work diverged, going for
thin-walled, collapsibie sheathing requiring the concurrent development of high density UQO>
pellets. As a result,it was possibie in 1960 to predict that CANDU fuelling costs would be
below Tm$/kWh. Validation of the CANDU fuel design has always been firmly based on ex-
perimental testing, especially in-reactor under realistic conditions. A large program tackled
such subjects as the effects of fuel density, stoichiometry and composition, of sheath thick-
ness and mechanical properties, of fuel/sheath clearances and of power generation. The tem-
perature distribution within a fuel element, the migration and release of fission product gases
and the behaviour of elements with deliberately punctured sheaths were studied particularly
thoroughly. These experimental results were synithesized into a fuel model for design purposes.

Other work refined and confirmed the design during the 1960s. The fuel density was increas-
ed slightly, the end closures were made by magnetic-force welding instead of arc-welding,
brazed spacers replaced welded wire-wrap, the bundie diameter increased from 82 mm {NPD
and Douglas Point) to 104 mm (Pickering et seq). Confidence in the performance was gained
successively from irradiation experience with full-size bundles in the NRU reactor loops and
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in the NPD and Douglas Point reactors. At each stage thorough post-irradiation examination 53
was an integral part of the program.

As in other areas, the operation of the Pickering reactors provided the crucial test of CANDU
fuel’s commercial viability. In fact, the performance has exceeded expectations with under
4% of ail bundles failed and the fuelling costs have been within the Tm$/kWh predicted. The
extensive irradiation testing program had protected CANDU fuel from the failures due to
internal hydriding and fuel densification that affected others. However, earlv in the operation
of Pickering-1, failure rates up 1o 1% occurred for a short period. Immediate response by
AECL and Ontario Hydro was first to identify the cause, then provide solutions. Modified
operating procedurcs, without any derating, reduced the failure rate to negligible proportions,
while further development has produced a design modfication — Canlub — making the fuel
more tolerant of power changes.

With over 122,000 CANDU fuel bund!es fabricated and over 91,000 irradiated, confidence in
both the costs and performance is well founded.

Though the world price of uranium has increased drastically, CANDU fuelling costs are still
the lowest in the worid. The CANDU reactors are versatile and can accommaodate new fuel
cycies such as plutonium and thorium - U233 cycies when the economic conditions warrant
their use.
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