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Abstract Resume^

This paper summarizes the performance of fuel channels in
CANDU reactors. The evolution of the overall fuel channel
design and the modifications to individual components are
described.

The main fuel channel component, the pressure tube, is
subject from service conditions, to changes in three principal
factors, dimensions, properties and composition, each of which
can affect performance or life of the tube. The changes that
occur are reviewed briefly.

The performance of the channels from the view point of
operating problems and replacement experience show the
relatively low man-rem expenditure associated with fuel chan-
nel replacement. The report concludes with an outline of
channel design development.

Le present ouvrage donne un expose sommaire du comporte-
ment des canaux de combustible des reacteurs CANDU.
(.'evolution de la conception globale des canaux et les modi-
fications apportees aux elements constitutifs des canaux y
sont decrites.

Le tube de force, element constitutif principal du canal de
combustible, est soumis a des conditions de sen/ice pouvant
provoquer des modifications sur trois plans, a savoir les
dimensions, les caracteristiques et la composition, pouvant
a leur tour influer sur le comportement ou la vie utile du
tube de force. Les modifications en question y sont traitees
sommairement.

Le comportement des canaux constate en cours d'exptoit-
ation di> raacteur et les donnees accumulees sur le rempiace-
ment indiquent que le cout en homme-rems du remplacement
des canaux de combustible est relativement faible. Le rapport
se termine par un apercu des travaux de mise au point de la
conception du canal de combustible.
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FUEL CHANNEL PERFORMANCE
BY

G.L. Brooks and E.G. Price
Atomic Energy of Canada Limited - CANDU Operations

1.0 INTRODUCTION

The overall performance of the CANDU fuel channel has shown it to be an
effective concept to contain the primary source of heat generation for
nuclear generated electricity. The severe conditions of operation have been
met with material and design solutions that give considerable confidence
that the concept is capable of further development for higher unit power
rating. Such improved channel designs will retain the competitive margins
CANDU reactors enjoy over generation by fossil fuel and other reactor
designs, whose performance has been improving in recent years.

Fuel channel performance, in particular pressure tube performance, has
received considerable attention because of two unstable failures and
material deterioration in the first two commercial CANDU reactors which
required replacement of their pressure tubes. This has resulted in renewed
attention being directed towards pressure tube behaviour and has led to the
development of a comprehensive surveillance program together with a
reinforced emphasis on research and development to understand all facets of
pressure tube behaviour. The information generated in those programs will
form the basis for design concepts that include higher power rating,
improved performance and easier replacement.

Long-term engineering experience has shown that designs of machines
generally evolve in a series of steps that increase performance by
increasing efficiency or power output. An emphasis on research and
development ensures that such increased performance will be achieved. An
excellent parallel to fuel channels is the performance of blades in gas
turbines. As Figure 1 shows, the improvement in the capability of materials
to resist higher and higher temperatures is almost linear with timef1).
Translated into life, turbine blades would have gone from a life of a few
hours to 10s hours in the last four and a half decades had the same
operating conditions prevailed. There is every reason to have confidence
that a similar situation will prevail in the case of fuel channels, although
the time span over which feedback from operation on the performance of
technical improvements is measured in years rather than months.
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In this paper the performance of fuel channels is examined from the
viewpoint of design evolution, life determining features, specific design
problems and future development directions.

2.0 DEFINITION OF A FUEL CHANNEL

A simplified illustration of a typical CANDU fuel channel is shown in
Figure 2. The fuel channels are installed horizontally in a low pressure
calandria tank filled with cool heavy water. The channel has four main
components: the pressure tube; the calandria tube; the end fittings; and the
annulus spacers. Pressure tubes contain fuel and withstand loads imposed by
the high temperature, pressurized heavy water coolant and the weight of the
fuel. Calandria tubes are connected to the calandria tube sheets by rolled
joints. They isolate the pressure tubes from the cool moderator and provide
sag support to the pressure tubes. The calandria tubes are considered a
part of the calandria structure as well as part of the fuel channels since
they provide axial structural support to the end shields. Spacers separate
the pressure tubes from the calandria tubes and accommodate their
differential axial movement and diametral expansion. The end fittings
provide the sealing features necessary for on-power fuelling and provide a
suitable transition between the zirconium alloy pressure tubes and the
carbon steel feeder piping of the out-reactor coolant circuit. The
internals of the end fittings comprise shield plugs and closure plugs while
externally they are supported on sliding bearings to accommodate axial
movement.

3.0 EVOLUTION OF FUEL CHANNEL DESIGN

The CANDU fuel channel design, initially conceived and applied to the
Rolphton Nuclear Power Demonstration Reactor (NPD), was the result of four
basic reactor design decisions and the consequences of those decisions. The
basic decisions were:

the use of natural uranium fuel

the use of heavy water at high temperature and high pressure to remove
heat from the fuel

containment of the fuel and heavy water coolant by pressure tubes

the use of low temperature, low pressure heavy water as moderator
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The consequences that arose from these four decisions were:

the fuel would need to be removed relatively frequently, on power, to
achieve optimum burn up and

- the components of the core would need to have a low
neutron capture cross section. The timely development
of zirconium alloys satisfied that and other in-core service
requirements better than alternative materials. However, as zirconium
alloys are expensive, it was not practical to use them in the
out-reactor circuit.

- hot components carrying the fue1 would need to be thermally isolated
from the low temperature moderator.

- fuel channels were components likely requiring maintenance and thus all
designs would necessarily make provision for replacement.

In the derived designs, the need to make and break high temperature, high
pressure connections at power for refuelling and the decision to use carbon
steel piping in the out-reactor circuit were satisfied with an intermediate
fitting between the pressure tubes in the core and the carbon steel piping.
This fitting was designed as a suitable component to carry the connection
for on-power fuelling and associated fuelling machine loads, the connection
to the carbon steel feeders and the loads involved in fabricating a rolled
joint with the pressure tube.

Some design decisions were optimized among available alternatives. For
example, a bolted seal ring connection was favoured for the feeder
connection but the use of a welded connection was feasible.

The evolution of the fuel channel design is illustrated by Figure 3 which
shows the essential features of the NPD, Douglas Point, Pickering, and Bruce
designs. The genealogy of the designs is also outlined in Figure k.

The evolutionary changes in detail have been as follows:

Pressure Tube: Originally, Zircaloy-2 was chosen in a cold-worked
(c.w.) condition to provide additional strengthening over the annealed
condition. A change to Zr-2.5% Nb was made for the Pickering Unit 3 and 4
reactors to take advantage of the greater strength of Zr-2.5% Nb to reduce
wall thickness and improve neutron economy.
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Zircaloy-2 has subsequently shown poor long-term corrosion and hydriding
resistance in reducing heat transport chemistries in comparison to the
superior performance of Zr-2.5% Nb.

An 82 mm diameter tube was used for NPD and Douglas Point but from Pickering
A onwards a diameter of 103 mm has been specified. The wall thickness has
remained close to 4 mm for Zr-2.5% Nb tubes.

The in-core length of pressure tubes has increased from 4.0 m in NPD to
6.0 m in current power reactors.

Annulus Spacers: The spacer material was Inconel X750 in NPD and the
spacer was fitted snugly around the pressure tube. One spacer was used. In
Douglas Point and most of the current reactors, a zirconium alloy spacer was
used for neutron economy. This zirconium spacer design is relatively loose
and was subsequently found to move from its design position when subjected
to the vibrations during channel installation and during reactor
commissioning. Operating loads soon cause the spacer to be held in place
between the pressure tube and the calandria tube and it will no longer move.
Two spacers per channel were used initially until neutron flux enhanced sag
was more fully understood and four were specified thereafter. The use of
snug Inconel X750 spacers was resumed in reactors from Bruce Unit 8 onwards
to eliminate spacer movement difficulties.

Calandria Tube: NPD used aluminum calandria tubes but Zircaloy-2 has been
used for all subsequent reactors because of improved strength and neutron
economy. Zircaloy-2 calandria tubes have a wall thickness of 1.39 mm, and a
diameter based on the pressure tube diameter, except for Pickering A which
used a 1.6 mm wall thickness. The choice of Zircaloy-2 for calandria tubes
combined with the chosen manufacturing route has been continued because the
material has exhibited a low growth behaviour and its ductility is not
sensitive to neutron flux over the long term.

End Fittings: End fitting material has remained a martensitic stainless
steel from NPD onwards, although the method of fabrication has varied from
casting to extrusion to forging. A hybrid end fitting incorporating Inconel
at the inboard end was produced for the KANUPP reactor and represents the
only departure from AISI 403 type stainless steel.

The design of the end fitting has changed significantly and can be divided
into those of the NPD-Bruce type which use a twist-type closure and the



Douglas Point-Pickering type which use an expanding jaw-type closure. The
two types also differ in the way the fuel is supported against the flow,
using a latch in the Bruce type (with 13 bundles) and the shield plug in
Pickering (12 bundles). The Pickering fuel channel is fuelled at the
coolant inlet end but in the Bruce type it is fuelled at the coolant outlet
end. These differences are summarized in Table I and result from basic
differences in the two types of fuelling systems. The reasons for the two
fuelling systems are historical. Both have proven highly successful.

Despite evolutionary changes, all CANDU fuel channels are basically similar
in design from NPD to current designs.

4.0 CHANGE MECHANISMS

The life of a fuel channel can be considered to have two limits; a life
determined by the condition of the pressure tube and a life determined by
other components, in particular the calandria tube. The calandria tube
performance and the end fitting performance have to date been excellent and
are unlikely to impact on fuel channel life until the design life of the
pressure tube is exceeded. Thus it is the pressure tube life that is the
controlling limit.

Pressure tubes, from the outset of the CANDU program, have been considered
to have a finite life and for this reason the fuel channel designs have
incorporated features enabling them to be replaced. The in-reactor
conditions of high temperature, high stress and fast neutron flux were all
expected to affect the pressure tube material, and have proven to be
difficult to fully simulate in the laboratory or in prototype reactors.
Consequently, a surveillance program has been implemented to track tube
condition throughout service life and provide guidance in estimating future
conditions at any point in time.

The three principal factors having the potential to affect performance or
life of a pressure tube are:

changes in dimensions
changes in properties
changes in composition

When a pressure tube operates outside its optimum design envelope, then
changes in serviceability can also occur as discussed later.
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Dimensional change: Under irradiation, pressure tubes elongate axially,
expand in diameter and sag by a factor of 5 to 10 times greater than testing
out-reactor would have predicted. The rate of deformation is linearly
related to fast neutron flux. The dimensional changes establish a definite
channel life since there are practical limits in design accommodation. In
flux, the pressure tube creeps with the characteristics of a superplastic
material, (i.e. the material exhibits very high ductility with no tendency
to localized necking). The limits of expansion in diameter are established
by coolant flow considerations. The elongation of channels can be
accommodated to the limit of bearing travel allowed in the design. The
bearing travel was not sufficiently long in early reactors, thus
establishing definite channel rehabilitation dates. Operational fixes to
lengthen pressure tube life by supporting the channels in an off-bearing
mode may eventually be employed in some of the early reactors.

The pressure tubes sag to form a catenary. The limits in sag are determined
by interference vith other in-core devices or by contact of the pressure
tube with the calandria tube between spacers. Sag is unlikely to limit fuel
passage within the expected life of the channels.

While dimensional changes ultimately limit pressure tube life, continuing
progress in design and material developments are extending the limits.
Material solutions are being sought to reduce diametral creep and axial
elongation. Design solutions accommodate axial elongation and sag. However
the linear relationship of fluence to deformation means that development
must continue to achieve long life with higher power channels.

Property Change: Metal properties change due to the accumulation of
neutron damage. For example, zirconium alloys exhibit the increase in
strength commonly seen with irradiated alloys. The yield strength in early
life increases at a greater rate than the ultimate tensile strength. The
ductility and toughness decrease during early life followed by a rate of
decrease that is either zero or a low value over the balance of life.
Toughness governs the length of a crack in the pressure tube which will
remain stable for leak-before-break under operating conditions. The change
in properties observed to date remains acceptable for cold worked Zr 2.5%
Kb.

Toughness in zirconium alloys is also influenced by the presence of
precipitated hydrides in an orientation other than that parallel to the
major stress direction. In the absence of hydrides oriented in the
undesired direction, the data show that the toughness remains at an
acceptable level.
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Composition Change: The change from metal to oxide as a result of
corrosion and the associated metal hydride formation have the potential to
cause serious deterioration of pressure tube properties. The increase in
concentration of hydride, because of its potential influence on toughness
and defect initiation, is monitored carefully. In-situ sampling techniques
have recently been developed and are now increasing the data base formerly
restricted to analyses of tubes removed from reactor. The interpretation of
results to date indicates that hydrogen concentrations are remaining
relatively constant with time and temperature of operation except under
specific annulus gas conditions in some reactors.

5.0 REVIEW OF FUEL CHANNEL PROBLEMS AND SOLUTIONS

While CANDU fuel channels have operated effectively a number of problems
have arisen which have necessitated effort to resolve by modifications or
replacement. Most of these difficulties can be considered to be due to
operation outside the optimum design envelope due to design shortcomings,
assembly errors or fabrication flaws. The following is a summary of these
problems and their resolution.

Operation has resulted in three classes of pressure tube cracking.
Significantly, these have all been associated with hydrogen-based cracking
modes. Firstly, incorrectly rolled joints in Pickering Units 3 and 4 led to
cracking near the rolled joint in some tubes. In 1974/75, 69 channels were
replaced of which 17 were leaking. The solution to this problem was to
stress relieve joints already fabricated at the Bruce A reactors and to
develop a low stress rolled joint for reactors under construction. However,
three tubes at Bruce subsequently failed because cracking had started before
the stress relief was done. The in-service stress relaxation was sufficient
to prevent extensive further crack initiation at Pickering and subsequent to
1975 only one additional tube has developed a leak (in Pickering 3).

The second class involved the failure of the pressure tube in Pickering
Unit 2. In this instance more than one factor was involved in producing
unstable rupture. Firstly one of the two spacers had moved out of position
allowing the long pressure tube span to sag and touch the cool calandria
tube. Secondly, the Zircaloy-2 pressure tube had suffered excessive
hydriding and had built up a high hydrogen content near the outlet end. The
thermal gradients in the pressure tube produced by contact caused the
hydrogen to migrate to the contact points and form dense solid hydride
accretions or blisters. Thirdly, the blisters cracked and after the
blisters had grown to a threshold size the cracks propagated axially and
grew to an unstable length. Radial hydrogen gradients in the tube
prevented the crack penetrating to the inside of the wall and leaking before
the unstable length was reached.
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The use of Zircaloy-2 pressure tube material was confined to the NPD and
Douglas Point prototypes and Pickering 'A1 units 1 and 2. The prototype
reactors have been shutdown after fulfilling their purpose. Pickering 'A1

units 1 and 2 have been retubed with Zr-2.5% Nb.

The third class involved two pressure tubes in the Bruce Unit 2 reactor
which had defects in them which had escaped detection during manufacture.
Two have leaked and one failed unstably when pressurized cold after
shutdown. Improved process control and inspection procedures will eliminate
these defects in pressure tubes in newer reactors and limited in-reactor
inspection should detect any operating pressure tubes containing such
defects.

A number of reactors have the relatively loose zirconium alloy spacer design
which inspection evidence confirms that movement has occurred during
assembly and commissioning conditions. Such displacement of the spacers
increases span length and allows pressure tubes to touch the calandria tubes
prematurely. Contact of the pressure tubes with the calandria tubes is not
a serious concern until hydrogen builds up in the tubes beyond a
threshold value. This will not occur until the latter half of the design
life. The prudent move will therefore be to reposition the spacers during
the first half of the design life. An inspection and correction system,
(Spacer Location And Repositioning (SLAR)) has been developed to correct
this situation.

However when only two spacers are present in a channel the flux enhanced sag
in 6m long channels will allow some pressure tubes to contact calandria
tubes before the end of design life. Relocating spacers is of limited
benefit in these reactors. Reactors with only two spacers will eventually
be retubed with four spacers installed.

The Pickering A and early Bruce A units allow the channels an elongation
allowance on their bearings less than they would experience in 30 years.
When the bearing travel is used up the channels could be supported at one
end outside the normal bearings, allowing continued operation. However
since these reactors are also the ones containing only two spacers, so that
pressure tube to calandria tube contact cannot be avoided, the solution will
be to retube the reactors incorporating greater elongation allowance.

Surveillance tests on tubes from the Pickering Unit 3 and 4 reactors have
indicated that some tubes have picked up hydrogen near the outlet end faster
than expected. The circumstantial evidence favours ingress from the annulus
due to loss of oxide protectiveness in the nitrogen annulus gas as the
mechanism. Carbon dioxide is now used in all other units and is expected to
prevent loss of oxide impermeability. Increased oxygen concentration in the
carbon dioxide has now been recommended to further ensure oxide
impermeability.

The foregoing design problems and their rectification for existing and
subsequent reactors are summarized in Table II.
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6.0 FUEL CHANNEL RELIABILITY

Although problems have occurred with fuel channels, the essential
flexibility and capability of the design has enabled CANDU reactors to
achieve excellent performance records. CANDU reactors occupy seven of the
top ten positions for lifetime capacity factors(z). Pressure tubes, as the
components seeing the most severe service, might be expected to contribute
significantly to the incapability factor which describes the percentage of
down time attributed to major components. As seen in Table III, the
incapability factor related to fuel channels in Pickering A units to the end
of 1987, even with two Pickering A units down a total of 8 unit-years for
pressure tube replacement, amounts to 17.6%. For Bruce A the figure is 4.2%
while no incapability due to pressure tubes has been registered for
Pickering B and Bruce B(3). The operational Man-Rem per MW for CANDU
reactors during the replacement operation did not vary from its historically
low trend line during the retubing period due to careful radiation exposure
management by Ontario Hydro.

A recent survey (*) by United Kingdom Atomic Energy Authority of the
reliability of pressure tube reactors throughout the world indicates a
failure rate for pressure tube rupture between 2 x 10~s and 5 x 10"* per
full power year. This is derived from four failures of pressure tubes in
205,818 effective full power pressure tube years (EFPPTY) of which USSR
reactors contributed 156,045 EFFPTY and the western world (mostly CANDUS)
69,773 EFPPTY. These reliabilities compare well with those of technically
advanced equipment in general. But it should be noted that the two CANDU
failures were both in early units, and significant design improvements have
occurred since their construction.

7.0 REPLACEMENT PERFORMANCE

Fuel channels have been replaced in two prototype reactors (NPD and Douglas
Point) and in six Ontario Hydro Power reactors. In most cases this involved
replacement of pressure tubes, end fittings, and spacers. Replacement has
been for reasons of cracking, surveillance, and in the case of Pickering
Units 1 and 2, the removal of the deteriorating Zircaloy-2 tubes. Thus
extensive experience has been gained in single fuel channel replacement
(SFCR) and in large-scale fuel channel replacement (LSFCR).

Histograms displaying man-rem expenditures and duration of replacement
operation per channel as shown in Figures 5(a) and 5(b) illustrate the
experience(s). Relatively high man-rem expenditures were experienced in
channel changes at NPD and when two power reactor channels failed unstably.
The power reactor failures caused fuel failure and fuel elements to be
trapped between the faces of the opening cracks, complicating clean up and
removal operations. However the man-rem expenditure associated with the
failures at Pickering Unit 2 (G16) and Bruce Unit 2 (N06 channel) was still
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at an acceptable level. The early pressure tube replacements due to rolled
joint pressure tube cracking in Pickering Units 3 and 4 in 1974/75 consumed
a moderately high man-rem exposure due to the novelty of the operation and
the learning required to optimize procedures. Recent experience has been
on reactors with relatively high fields at the reactor face and average 6.5
days duration per channel replacement and 19 man-rem per channel
replacement. On newer reactors a trained crew can be expected to replace a
pressure tube with a man-rem expenditure that should not exceed 10 man-rem
in 5 days duration.

By contrast, the LSFCR operations at Pickering Units 1 and 2 were carried
out with an average expenditure of 0.7 man-rem per channel and an average
time of 2 days per channel.

Three calandria tubes have been replaced in power reactors (Pickering 2 and
Bruce 2) using on average 32 man-rem per channel and an average replacement
time of 6 days.

8.0 FUTURE DIRECTION

The changes that occur in pressure tubes are now reasonably well understood
and comprehensive compensating features will be incorporated into future
fuel channel designs. Fuel channel design activity at AECL is progressing
under four distinct programs:

- the CANDU Model 3 program
- the Advanced CANDU Model 6 program
- the Advanced CANDU project
- the CANDU Owners Group (COG) Fuel Channel Program.

The CANDU Model 3 fuel channel program, which is currently moving into a
detailed design phase, will provide a channel design which will produce
higher power per channel than the operating CANDU Model 6 units. The higher
power proposed will result in greater deformation of the pressure tubes and
since the current terms of reference call for the use of conventional
components, deformation limits will be reached at shorter times than in
current reactors. Nevertheless the target fuel channel life is 25 years.
Since the intended plant life is 40 years (or greater) this will be offset
by the capability to change the channels quickly. This replaceability is
facilitated by single-ended fuelling and a resulting design that makes the
calandria tube and the pressure tube into a single shop assembled unit which
can be removed and installed as a unit into the lattice position
(Figure 6).

The Advanced CANDU Model 6, for construction in the middle 1990's, will
incorporate the features of the CANDU 3 channel plus further material and
design improvements available at that time.
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The Advanced CANDU Project provides a focus for the development of
innovative channel designs that address the competitive needs of CANDU past
the year 2000. In this program, channel designs with particular advantages
at high power ratings are being developed.

The COG Fuel Channel Design Program is developing design modifications
that can be applied to existing channels that facilitate maintenance and
replacement or extend life of prassure tubes.

Each of the above programs are building on the demonstration of a successful
concept to ensure that CANDU continues to offer current and potential
customers reliable and low cost power.

9.0 CONCLUSION AND SUMMARY

The CANDU fuel channel design, through progressive improvement of a sound
basic concept, has demonstrated reliability and effectiveness. Development
of design modifications to increase power output are driven by market forces
but are backed by comprehensive design and research programs that are
expected to increase further the performance of the CANDU reactor.
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Table I

Fuel Insertion

Fuel Separation

No. of Fuel Bundles

Fuel Support Against
Flow

Closure

Fuel Channel Bore

Pickering Type

Inlet End

In Fuelling
Machine

12

Shield Plug

Expanding Jaws

Same throughout

Bruce Type

Outlet End

In Fuel Channel

13

Latch in End Fitting

Rotary Motion

Larger Bore Diameter
in end fitting
(carrier tube
fuelling)
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Table II

Problems Experienced and Rectification

PROBLEM RECTIFICATION

1. Zircaloy-2 excessive
corrosion and hydriding.

2. Relatively loose
Zr-2.5% Nb - 0.5 Cu
spacers (displacement by
vibration)

3. Two spacers. Contact not
prevented in 30 years

4. Bearing travel suitable
for 15-year service
only.

5. High residual stress
rolled joints

6. a) Open annulus.
Activation of
A 6j. (NPD, Douglas
Point).

b) Nitrogen Annulus Gas
production of C u .
(Pickering A)

c) Nitrogen Annulus Gas
low oxidizing
potential.
Pickering A

'. High growth rate of c.w.
Zr-2.5%Nb

1. Change to c.w. Zr-2.5%
Nb.

2. a) change to Inconel
"snug" spacers in new
reactors.

b) spacer relocation
techniques developed
(SLAR).

3. Four snug spacers prevent
contact for 60 years.

4. a) Bearing length and
feeder arrangement
modified to meet
30-40 yr. service.

b) Possible channel
bearing relocation
off bearing supports
at one end of
channel. (REFAB)

5. Low stress joint
developed (stress relief
on some joints)

6. a) Closed annulus sealed
with Inconel bellows.
N2 or C02 gas.

b) Use of C02 only

c) Increased 02
concentration.

7. Modification of
fabrication practice.
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Table III

Station Incapability Due to Pressure Tubes (X)

1971
1972
1973
1974
1975
1976
1977
1978
1979
1980
1981
1982
1983
1984
1985
1986
1987

Lifetime

Pickering
NGS

0
0.
0.
10.
21.
10.
2.
0.
1.
1.
0.
0.
14.
53.
54.
53.
52.

17.

A

1
0
3
5
3
0
3
1
1
4
4
7
2
7
3
6
0

6

Pickering
NGSB

_

-
-
-
-
-
-
-
-
-
-
-
0.0
0.0
0.0
0.0
0.0

0.0

Bruce
NGS-A

—
-
-
-
-
-
0.
0.
0.
1.
0.
6.
3.
0.
0.
17.
14.

4.

0
0
0
2
0
5
0
0
5
0
0

2

Bruce
NGS-B

_
-
-
-
-
-
-
-
-
-
-
-
-
0.0
0.0
0.0
0.0

0.0
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