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RÉSUMÉ

L'objectif de mise au point des canaux de combustible CANDUMU consiste à produire un modèle qui
peut fonctionner 40 ans à 90 % de sa capacité. Les travaux entrepris pour réaliser cet objectif vont bon
train. Les chercheurs passent actuellement en revue les facteurs déterminant la durée utile d'un canal de
combustible CANDU et identifient les moyens qui permettront de réaliser les objectifs fixés. Les
performances des nouveaux canaux de combustibles seront supérieures en raison de la réduction des
LOÛÎS d'exploitation, de l'augmentation des marges de sûreté en regard des accidents concevables et de
la réduction des coûts de remplacement des tubes de force comparativement aux canaux actuels. Les
méthodes envisagées pour les activités ci-dessus sont abordées brièvement dans le présent rapport.
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ABSTRACT

The development objective for CANDU® fuel channels is to produce a design that can operate
for 40 years at 90% capacity. Steady progress toward this objective is being made. The factors
that determine the life of a CANDU fuel channel are reviewed and the processes necessary to
achieve the objectives identified. Performance of future fuel channels will be enhanced by
reduced operating costs, increased safety margins to postulated accident conditions, and reduced
retubing costs compared with those for current channels. The approaches to these issues are
discussed briefly in this report.
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1. INTRODUCTION

The fuel channels in a CANDU reactor consist of the pressurized components (pressure tubes,
end fittings and closures), the primary system internals (shield plugs) and the support
components (spacers, calandria tubes), Figure 1. The evolution of the CANDU design has been
in conjrnction with steady improvement in the performance of most of these components in
response to design and service demands. The pressure tube determines the life of the channel
because it has to withstand the most severe operating conditions, and considerable research and
development effort has been expended to understand and improve its service behaviour.

Deformation occurring under neutron flux, either by creep or growth, will ultimately limit the life
of a pressure tube. To a degree, the deformation can be accommodated by the design of the
channel. However, the life of a pressure tube can also be limited by an increased probability of
fracture as service life increases. To prevent fracture, the designers have to protect against
fracture initiation and, also, establish the applicability of Leak-Before-Break (LBB) for the
service life of a pressure tube. Research and development efforts have made significant progress
in reducing fracture to a very low-probability event and, thus, eliminating LBB as the criterion
that limits the service life of pressure tubes.

Improvements in the performance of CANDU reactors can be undertaken to meet a number of
objectives such as

longer life,
- reduced operating costs,
- increased power output,

increased safety margins under postulated accident conditions, and
- reduced retubing costs.

This report discusses the first item in some detail and outlines the approaches taken regarding the
others. In these discussions, no pressure tube alloy other than Zr-2.5Nb is considered, although
the alloy may be modified to optimize its behaviour.

2. LONGER LIFE

The service life of the current CANDU-6 fuel channels is expected to be 30 years at 85%
capacity, providing 25.5 Effective Full Power Years of operation (EFPY). However, the
designers expect to meet a requirement for 30 years at 90% capacity in the near future, and the
target is eventually to meet 40 years at 90% capacity (36 EFPY), which represents a 33%
increase in life expectancy over the earlier units.
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Pressure tubes have reached the end of their service life when they can no longer perform their
design function. The most important factors are changes in dimensions and the increase in the
probability of fracture. The forms of deformation that are of greatest concern are elongation and
increase in diameter. Elongation may lead to excessive feeder connection stressing, whereas
diametral expansion causes flow bypass around the fuel bundles, which may reduce the margin
between normal operating power and the critical channel power. The probability of fracture and
the need to involve LBB depend on flaw development, hydrogen concentration and fracture
toughness. From a review of the needs of the design to provide low maintenance over the
expected life, the designers have defined the values of the properties that will be required to
achieve the target lifetime, Table 1.

To deal with fracture, a strategy of defence-in-depth is used; crack initiation is prevented and
LBB is assured by having adequate time available to detect a through-wall crack by its leakage
before it becomes unstable. Both of these requirements should be met with adequate margins
over operating conditions.

2.1 Deformation

Progress has been made towards reducing elongation in-reactor. A modified fabrication route
[2], that decreases the dislocation density by allowing a heat treatment at 500°C for 6 h has been
shown to reverse the direction of irradiation growth in the longitudinal direction. The total
in-reactor deformation is usually taken as the sum of irradiation creep and irradiation growth;
thus the reversal of growth implies a reduction in elongation. This reduction has been
demonstrated in tubes installed in Bruce Unit 8, which are elongating about 30% slower than
standard cold-worked tubes in neighbouring channels.

Evaluation of the probable effects of microstructural features that could reduce the diametral
expansion without increasing the elongation has indicated the desirability of retaining the strong
transverse texture and reducing the thickness of the plate-like a-grains sufficiently for their
boundaries to dominate as sinks for mobile point defects, the source of irradiation-induced
deformation. This microstructure will require a modification to the extrusion process, or higher
cold reduction of the wall thickness than the current practice, followed by stress relieving to
reduce the dislocation density without recrystallising the a-grains, or both, to achieve the
required microstructure.

One practical method currently employed to reduce diametral expansion is to match the variation
in properties along the length of the pressure tube that result from extrusion, to the temperature
and neutron flux variations seen in service. Typical axial temperature and flux profiles in
CANDU reactors are shown in Figure 2. The incremental rise in temperature from inlet to outlet
end of the channel is proportional to the flux profile. There are two general types of flux profile:
a cosine shape, Figure 2a, and a flattened-cosine shape, Figure 2b. The back end of the tube (the
end that exits the extrusion press last) has a smaller a-grain size and a higher dislocation density
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and, hence, a higher tensile strength and higher in-reactor deformation behaviour than the front
end.

The transverse deformation of the pressure tube varies depending on whether the back end or the
front end of the tube is installed at the inlet end of the channel. In channels with a cosine-shaped
flux profile, the strain profile when a back-end is installed at the outlet is only displaced slightly
towards the outlet compared with the case where the back-end is installed at the inlet and is
almost symmetrical, Figure 3a. Whereas in channels with a flattened-cosine shaped flux
distribution, there is a pronounced peak in strain rate near the outlet end of the channel when the
back end of the tube is at the outlet, Figure 3b. A more uniform deformation behaviour and
slightly lower maximum rate can be obtained by installing the tubes with their back ends at the
inlet end to the channel. This benefit is also present, but to a much lesser degree in channels that
have a cosine-shape flux profile. Models have been developed to account for the dependence of
diametral strain on the temperature, flux and microstructure of the pressure tubes [3]. The
calculated behaviours, attribute the variation to the end-to-end variations in the crystallographic
texture produced during fabrication of the hep zirconium alloy, the a-phase grain size and shape,
and the dislocation density.

2.2 Crack Initiation and Propagation

Of the various mechanisms of crack initiation and propagation, the most likely is Delayed
Hydride Cracking (DHC). To prevent DHC, the following risk factors must be absent:

- Hydrides: The hydrogen concentration must be less than the terminal solid solubility limit
(TSS) so that hydrides do not form.

- Tensile Stress: The total applied tensile stress and its amplification by flaws must be less
than the critical value to fracture hydrides.

- Time: Duration of exposure to the first two risk factors must be minimized.

The most important defence against DHC is to eliminate hydrides. This is achieved by limiting
the total hydrogen concentration, consisting of hydrogen present after fabrication and deuterium
absorbed from corrosion, to not more than 0.3 atom % anywhere in the pressure tube during
operation for the design life. Crack initiation would be minimized at low temperature, if the

minimum value of Km, the threshold stress intensity factor for DHC, was 10 MPaVm. With this
value, a flaw necessary to start DHC at the most highly stressed section of the tube — the rolled
joint, — would be easily detected by modern NDE techniques. If a crack does develop and it is
not detected by NDE, it should manifest itself as water leakage detected in the annulus gas
system surrounding the pressure tube. The principle of LBB, as practised in CANDU reactors,
requires that the time available to detect moisture from a leaking crack before it becomes
unstable is much greater than the time required to detect the leak [4].
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2.2.1 Maintaining Hydrogen Concentration Below TSS

The potential methods for maintaining the pressure tubes hydride-free are

- minimize the initial hydrogen concentration,
- minimize ingress during operation, and
- move the hydrogen to innocuous locations.

2.2.1.1 Initial Hydrogen Concentration

Up to 1993, the specification allowed a finished pressure tube to contain up to 0.23 atom % (25
ppm) of hydrogen. In practice, tubes contained an average of 0.095 atom % (10.3 ppm)
hydrogen, but values as high as 0.16 atom % (18 ppm) were observed. With the latter
concentration, hydrides would be present at 217°C [5]. If deuterium is picked up at
0.005 atom %/a (1 ppm/year) at the inlet end of a channel, (250°C), then hydrides would be
present after 26 years of operation in a tube with a high initial hydrogen concentration; thus there
was a large incentive to reduce the initial hydrogen concentration.

The stages and locations at which the hydrogen enters the zirconium during tube fabrication were
identified and used in its reduction. The implementation of these improvements [6] led to a
reduction to 0.05 atom % (5 ppm) of the initial hydrogen allowed by the current specification and
is illustrated for recent production in Figure 4.

Because there is higher deuterium ingress at rolled joints, hydrides form early in life at the end of
the pressure tube where it is supported by the end fitting. With time, the front of hydrides moves
inboard and eventually passes the location where the tensile stresses are at a maximum. The aim
is to postpone the time at which the hydride front reaches this location. Using the maximum
ingress rate of the inlet end of a Bruce-type reactor and the maximum pickup rate of deuterium
from corrosion (0.005 atom %/a), the predicted position of the hydride front as a function of
time, Figure 5, shows that a tube with an initial hydrogen concentration of 0.15 atom % had
hydrides present at the critical location after 15 years, but this time was increased to 25 years
when the initial hydrogen concentration was reduced to 0.05 atom %.

2.2.1.2 Ingress During Operation

Two approaches to reducing ingress during reactor operation are to modify the surface and to
control the composition of the alloy. Several surface modifications have been studied and shot
peening has been selected as the most promising technique.

Shot peening the surface obliterates the original microstructure with a heavily cold-worked layer
that may be recrystallised with subsequent heat treatments to produce a microstructure with a
reduced concentration of niobium in the cc-phase and a uniform dispersion of small |3-Nb
precipitates that is almost optimum for corrosion resistance. The results of out-reactor tests are
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very promising [7]; in either the shot peened or the shot-peened-and-heat-treated conditions both
oxidation and deuterium pickup are approximately halved compared with as-received material.
If this behaviour can be maintained in-reactor, we can have high confidence in having no
hydrides at the vulnerable position in the pressure tubes for 30 years.

It is unlikely that our current composition of Zr-2.5Nb is optimum for corrosion and deuterium
ingress. Small additions of single elements to Zr-2.5Nb have been made [8], and the results to
date show that Ni, Mn and Ti should be avoided whereas Cr, Fe, Mo and Si, are beneficial.
Batches of Zr-2.5Nb-400 ppm Cr, -1100 ppm Mo and -Fe/Sn/Cr have been made commercially
and are showing promise in out-reactor tests.

The extra deuterium absorbed at the ends of the pressure tubes is caused by galvanic and crevice
corrosion between the pressure tube and end fitting. A chromium layer between the two
components reduces the ingress by minimizing galvanic effects and reducing the transfer of
deuterium from the steel into the zirconium [9]. Many joints with the chromium layer have been
made and are being tested in a D2O loop. Results indicate a reduction of the extra deuterium
ingress by between 50 and 90%. An illustrative calculation for the rolled joint region shows that
a reduction in the extra deuterium ingress by 50% would provide an increase of 4 years before
hydrides are present at the critical point, whereas a reduction of 80% would provide a margin of
over 10 years on the target operating lifetime of 30 years.

2.2.1.3 Relocating the Hydrogen

The principle depends on placing a material such as yttrium, that forms a more stable hydride
than zirconium, into an innocuous position where it can getter the hydrogen and minimize the
hydrogen concentration in the tube [10,11]. One application is at the ends of the pressure tube
where the yttrium can protect the rolled joints. An experiment to demonstrate the efficacy of the
getter is in progress. After 200 d of testing, the hydrogen distribution in the pressure tube at the
rolled joint is following the prediction, Figure 6. If this behaviour continued for 30 years,
calculations with ingress and allowing for gettering show that no hydrides would be present
anywhere in the pressure tube, even in the rolled joint, during reactor operation.

2.2.2 Increasing Fracture Toughness

If a crack does initiate and propagate, we need high fracture toughness to support the case for
LBB. The fracture toughness of pressure tubes removed from power reactors is very variable.
The conclusion from programs aimed at understanding this variability was that for high
toughness and resistance to degradation by irradiation, we should minimize the concentration of
the trace elements chlorine and phosphorous, and control the concentration of carbon [6,12].
Chlorine, present as a residue from the Kroll process, is kept to acceptable concentrations by
evaporation during four melts. Phosphorous is present in the starting zircon sand, and carbon is
introduced in the refining process and from contaminated recycled material. Modification to the
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purification steps and control of recycled material minimize the phosphorous concentration and
maintain the carbon concentration at innocuous values.

The success of the transfer of these developments to tube production is illustrated by comparing
the distribution of fracture toughness, characterized by dJ/da, for tubes made from double-melted
material with that for the latest tubes made from selected sponge that was quadruple-melted,
Figure 7 [13]. This increased toughness will translate into greater critical crack lengths, even
after much irradiation and, therefore, contribute to improved confidence in LBB.

3. REDUCED OPERATING COSTS

In the early reactors, major maintenance costs have been incurred from spacer displacement and
delayed hydride cracking. This has necessitated excessive inspection programs that have been
costly. For current reactors, these problems should not recur, and normal levels of inspection
(regulatory standard only) will be necessary.

A design change to be implemented in the next series of reactors is a welded connection to
replace the mechanical "graylok" metal ring seal joint between the end fitting and the feeders.
The welded joint will eliminate leaks at such joints and the associated tritium concentrations with
no-cost penalty compared with the existing joint. The elimination of the large boss on the end
fittings that is needed for a mechanical connection, also provides better access to the calandria
face for maintenance.

Pieces of debris trapped between the elements of a fuel bundle can vibrate with the flow and
erode the pressure tube, creating surface flaws until the debris is worn away. Such flaws must be
dispositioned by analysis for their potential to grow, which usually requires characterization by
detailed inspection. To avoid such flaws, the emphasis must be on the station to operate with
debris-free systems.

4. INCREASED POWER OUTPUT

The maximum power output achieved in current CANDU reactors is about 6.5 MW(e) per
channel. This is believed to be an optimum for the 100-mm-diameter 6-m-long channel. To
increase the output further would erode critical heat flux margins, increase the neutron flux and
increase deformation, which is approximately proportional to flux. However, the overall power
output of the reactor can be increased by changing the form factor with the use of enriched fuel
so that the outer channels (i.e., those in the intermediate ring) operate with the same output as the
inner channels but that none exceed the 6.5 MW(e) limit. Alternatively, more channels can be
added to the core.
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5. INCREASED SAFETY MARGINS UNDER POSTULATED ACCIDENT
CONDITIONS

Under postulated loss-of-coolant accident conditions, particularly when combined with
loss-of-emergency coolant injection, the pressure tube will heat up to a temperature determined
by the heat dissipation to the moderator through the calandria tube. The predicted consequences
for such an accident are less severe if the radiative heat transfer from pressure tube to the
moderator through the calandria tube is increased and the maximum pressure tube temperature
reduced. The absorptivity of the calandria tube can be increased 3 to 4 times by oxidation to
achieve an appreciable increase in heat transfer. This development will almost certainly be
applied to the next design of CANDU reactors.

For a postulated large LOCA plus loss of auxiliary power, the pressure tube may overheat and
balloon into contact with the calandria tube. If the calandria tube overheats it may rupture. If
high heat conductance results from the contact, dry out will likely occur on the outside surface of
the calandria tube an.d, consequently, the calandria tube will reach high temperatures. For certain
surface conditions, an optimum thermal conductance can be produced that achieves nucleate
boiling on the outside surface of the calandria tube and keeps the calandria metal temperature
low. This device is also being developed for use in future reactors.

6. FASTER RETUBING

Studies have shown that the vault preparation, tube removal and replacement, and
recommissioning each contribute about one-third to retubing time [14]. Channel removal and
replacement can be facilitated by material handling in the vault through optimum placement of
penetrations. However, two channel design features slow up the retubing process. First, is the
need to reseal the gas annulus bellows and second, is the need to position spacers accurately.
Both of these activities are currently the subject of development, which will enable faster
retubing. Another feature that is likely to be incorporated in future designs, is a double-grooved
joint in one end fitting, which will enable one end fitting to be left in place during retubing to cut
down on the number of components to be replaced, time and person-rem exposure associated
with its removal. The design has the pressure tube rolled into the outboard grooves during the
initial installation. When the tube has to be replaced, the old tube is cut between the two sets of
grooves and the new tube rolled into the inboard grooves and the previous rolled section left in
place, Figure 8.

7. CONCLUSION

The CANDU fuel channel is capable of considerable further development to increase life, lower
maintenance, increase safety margins and be efficiently replaced. These improvements will
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contribute to the goal of a high-capacity reactor operation for a minimum of 60 years with one
channel retubing.
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Table 1-End-of-life properties of pressure tubes for 30 years at 90% capacity.

PROPERTY

Hydrides present?
- outlet end

- inlet end

- region of high tensile
stress at rolled joints

Km (MPaÔm)

DHCV at 250°C (m/s)

CCL at 25O°C and 10
MPa (mm)

Diameter change (%)

Elongation (mm)

CURRENT TUBES

PRE-1993
SPECIFICATION

Yes

Yes

Yes

4.5

2 x 10"7

42

5

230

POST-1993
SPECIFICATION

No

Yes

Yes

4.5

2xlO7

>80

5

230

TARGET FOR
FUTURE
TUBES

No

No

No

>I0

<7 x 108

>80

<3

<100

COMMENTS

Initial concentration at limit of
specification. Current maximum
ingress rate 0.015 atom %/a (3 ppm
D/a). Assumes rate of pick-up constant
for 30 years.

Initial concentration at limit of
specification. Current maximum
ingress rate 0.005 atom %/a (1 ppm
D/ar).

Little further decrease with irradiation.

Data from burst tests.(1)

Linear behaviour, no rupture.

Current value based on increasing rate.
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-12-

Cosine-Shaped Flux Profile "Flattened-Cosine" -Shaped Rux Profile
57 0

520

1 2 3 4 5 6

Distança from inlot(m)

570
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fast neutron flux profile in
CANDU fuel channels;
flattened-cosine.
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"flattened cosine" flux profile.
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Figure 6: Effect of an yttrium inset on the deuterium distribution in the pressure tube
at the rolled joint.
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Figure 7: The effect of quadruple melting on the fracture toughness of Zr-2.5Nb.
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