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ÉNERGIE ATOMIQUE DU CANADA LIMITÉE

INTERVERSION AXIALE DU COMBUSTIBLE - PLANS DE GESTION

D'ULE À 1,2% DANS LES RÉACTEURS CANDU

par

M.H. Younis et P.G. Boczar

RÉSUMÉ

L'emploi d'uranium légèrement enrichi dans les réacteurs CANDU® (CANada Deuterium Uranium) nécessite une
stratégie de gestion de combustible différente de celle employée habituellement avec le combustible d'uranium
naturel. L'interversion (permutation) axiale est une stratégie de gestion de combustible comportant le retrait, du
canal, de certaines des grappes de combustible ou de toutes celles-ci, leur transposition et leur réintroduction avec du
combustible neuf dans ce même canal. On a établi un plan d'interversion d'ULE à 1,2% permettant d'obtenir
d'excellents profils de puissance des points de vue du bon aplatissement de flux axial et de l'évolution de la puissance
dans le temps. Avec la grappe du combustible avancé CANFLEX (CANDU Flexible Fuelling), on peut réduire la
puissance linéique du combustible à moins de 40 kW/m et avoir des avantages consécutifs quant à la sûreté.
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ABSTRACT

The use of slightly enriched uranium (SEU) in CANDU®(CANada Deuterium Uranium) requires a different fuel-
management strategy than that usually employed with natural uranium fuel. Axial shuffling is a fuel-management
strategy in which some or all of the fuel bundles are removed from the channel, rearranged, and reinserted into the
same channel, along with fresh fuel. An axial shuffling scheme has been devised for 1.2% SEU which results in
excellent power profiles, from the perspectives of both good axial flattening and power histories. With the
C ANFLEX (CANDU Flexible Fuelling) advanced fuel bundle, fuel ratings can be reduced to below 40 kW/m, with
consequent safety benefits.
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1. INTRODUCTION

The use or slightly enriched uranium (SEU) fuel in CANDU reactors offers many benefits, such as a reduction in

fuci cycle costs, an improvement in uranium utilization, and a reduction in spent fuel volumes'^. In new reactors,

enrichment offers greater flexibility in design^).

With the optimum SEU enrichment of 1.2%, a bi-directional, regular 2-bundlc shift fuelling scheme results in an
excellent axial power distribution in the absence of the adjuster rods. However, in the adjuster rod region, the
adjuster rods depress the flux and power in the center of the channel. Modified fuelling strategies have been devised
to accommodate the adjuster rods in current reactors, such as the checkerboard fuel-management scheme, global

differential enrichment, and multi-pass fuelling"). Each of these options has its advantages, as well as
disadvantages. In future reactors, there are compelling incentives to relocate the reactivity devices, enabling the
optimization of the power distributions for natural uranium and enriched fuels using a simple push-through, bi-
directional fuelling scheme' '.

The fuel-management option which provides the greatest flexibility in shaping the axial power distribution is axial
shuffling. In axial shuffling, some or all of the fuel bundles are removed from the channel, rearranged, and reinserted
into the same channel, along with fresh fuel. Preliminary assessments indicate that axial shuffling is technically
feasible in all CANDU reactors, with some changes to the fuel-handling equipment.

This paper focuses on the time-average axial power and flux distributions for several axial shuffling schemes.
Another paper considers in more detail (including a time-dependent fuelling simulation) the best axial fuel-
management option identified here, and compares it to two other fuel-management options^ \

In this study, the fuelling mode is assumed to be bi-directional, i.e., adjacent channels are refuelled in opposite
directions. In a reactor in which fuelling is uni-directional, such as the CANDU 3, a bi-directional fuelling scheme
can be mimicked with axial shuffling. Note that completely different axial power distributions would result from
modelling uni-directional fuelling. Note also that the axial power distributions resulting from a particular axial
shuffling scheme depend on the fuel enrichment, as well as the adjuster rod configuration (i.e., the location and
absorption grading of the adjuster rods).

In this study, use of the CANFLEX advanced fuel bundle was assumed^ \ The peak element ratings in the
CANFLEX bundle are about 20% lower than in the 37-element bundle. The lower ratings, as well as optimization
of the pellet design, provide greater confidence in achieving extended burnup with SEU fuel. Global reactor
characteristics, such as fluxes and bundle and channel powers, are relatively insensitive to details of the bundle
design.

2. METHODOLOGY

2.1 Reactor Model

The CANDU 6 Mark 1 reactor, having 380 fuel channels, was modelled. Flux and power distributions were
calculated in three dimensions using a fine-mesh, time-average model embodied in the fuel-management code,
FMDP®. Lattice properties for the CANFLEX bundle were averaged over the dwell-time of the fuel at every
position in the core as a function of burnup using the lattice code WIMS-AECL^.

Axial shuffling was employed for the central channels in the vicinity of the adjuster rods, while a regular 2-bundle
shift fuelling scheme was used in the peripheral channels (Figure 1). The core was divided into three main irradiation
regions, in order to flatten the radial channel power distribution. Several axial shuffling schemes were considered,
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and the same irradiation regions were used in each case. For the best scheme, some Fine-tuning was done on the
irradiation values and on the size of the axial shuffling region.

Reactivity devices were represented by incremental cross sections, which were derived from earlier studies using
either natural uranium or 1.2% MOX fuel (mixed uranium-plutonium). The incremental cross sections are not
strongly dependent on fuel type. Figure 2 is n top view of the reactor showing the locations of the reactivity
devices.

2.2 Axial Shuffling Schemes

A total of six unique axial shuffling schemes were considered in this study. All were bi-directional with a 2-bundle
shift, meaning that two fresh bundles were added and two spent bundles were removed at each visit of the fuelling
machine to a channel, and adjacent channels were refuelled in the opposite direction. The six schemes are represented
schematically in Figure 3, which shows the movement of fuel along the channel with each visit of the fuelling
machine. In the identification scheme, the bundle locations are numbered from the refuelling end of the channel.
For instance, in SI, a pair of fresh bundles is first loaded into axial bundle positions 5 and 6. During the next visit
of the fuelling machine to that channel, the fuel in positions 5 and 6, which has been in the reactor for one-sixth of
its dwell time, is moved to positions 7 and 8. During the next visit of the fuelling machine, that pair of bundles is
shifted to positions 1 and 2 in the channel, and so on until the pair of bundles is discharged from the reactor. With
the bi-directional fuelling scheme which was modelled, bundle position 1 is at opposite ends of the reactor in
adjacent channels. Fuel bundles were moved in pairs in this study, and the relative position of each bundle in the
pair was unchanged.

•
2.3 Criteria for Assessing Axial Shuffling Schemes

Several factors must be considered in assessing fuel-management strategies. From the objective of minimizing peak
bundle powers (or linear element ratings), it is desirable to have an axial power distribution which is as flat as
possible, i.e., a high axial form factor (ratio of average to peak bundle power for a particular channel).

From the viewpoint of margin to dryout during normal operating conditions, a power profile which peaks at the inlet
end of the channel and decreases along the length of the channel is desirable, since it has a higher critical channel
power than one which is axially symmetric, be that either flat or cosine-shaped. On the other hand, an axially
symmetric power distribution has the advantage that critical channel power is not affected by the direction of coo'ant
flow.

The bundle power history is an Important consideration from the viewpoint of fuel performance during normal
operating conditions. It is desirable that the fuel see a declining power history during its lifetime, or that only
relatively fresh fuel be subject to power boosts. This is especially true for the extended burnup SEU fuel. As well
as the steady-state power history, the transient power history which the fuel experiences during the actual fuelling
operation must also result in acceptable fuel performance.

Control devices such as shutoff rods, zone controllers, and adjuster rods, must meet their design requirements,
including adequate reactivity worths.

3. RESULTS

3.1 Axial Power Distributions

Figure 3 shows the axial power profiles for a central channel (K-l 1) in the vicinity of the adjuster rods for each of
the axial shuffling schemes considered. In order to facilitate comparison of the axial power distributions, the bundle
powers in mis figure are normalized to a nominal channel power of 6500 kW.
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In the axial shuffling scheme SI, the fresh fuel was loaded near the center of the channel in positions 5 and 6, in
order to compensate for the central location of the adjuster rods. However, this over-compensated for the absorption
in the adjuster rods, and the axial power profile peaked strongly in the ccuer of the channel. In order to reduce this
power peaking in the center of the channel, in scheme S2 fresh fuel was first loaded at the end of the channel and
moved to the central locations during subsequent rcfucllings. While this increased the power at the channel ends, and
significantly reduced the power peaking in the center of the channel, the peak bundle power was still loo high.

Scheme S5 is a regular 2-bundlc shift, except for the last two fuel movements, which arc reversed. This scheme
displays a double-humped axial power distribution similar to that characteristic of a regular 2-bundlc shift in the
presence of adjuster rods. Even so, the flattening is still much improved over the previous cases.

Schemes S3 and S4 are the same, except for the final two fuel movements. The axial power distributions for these
schemes are very similar, and show power peaking near the center of the channel. The axial form factors are similar
to that for Case S5.

What is quite remarkable is the significant flattening of the axial power distribution achieved in Case S6, which
differs from S3 in only two bundle movements. This is the best axial shuffling scheme that was found, and will be
discussed further in a later section. The axial power distribution with SEU is apparently very sensitive Lo the axial
shuffling scheme.

3.2 Axial Flux Distributions

The axial thermal flux distributions (energy < 0.625 eV) are plotted in Figure 4. In Cases SI to S4 the flux, like
the power, peaks at the center of the channel. In Case S5 there is a large flux depression in the center of the channel,
corresponding to the location of the adjusters. In Case S6, the flux is very flat over the central 8-bundle positions.

The flat axial flux distribution in Case 6 will be inherently less stable to reactivity perturbations than that for natural
uranium fuel using a regular bundle shift scheme. The adequacy of the spatial control system in preventing flux
oscillations would need to be confirmed through reactivity perturbation simulations. The degree of spatial stability
could be quantified by modal analysis.

3.3 Worths of Reactivity Devices

Table 1 shows the reactivity worths of the adjuster rods, zone controllers, and shut-off rods for each of the axial
shuffling schemes. Generally, the reactivity worth of a particular device increases as the relative thermal flux at that
location increases. Hence, the reactivity worths of the various devices can be correlated to the axial thermal flux
profiles in Figure 4.

In Case S6, the static worths of all the reactivity devices are adequate. The adjuster worth required for 30 minutes'
xenon override time with 1.2% SEU is about 9 mk'"\ By extrapolation, in Case S6, the xenon override time is
about 37 minutes. While the static reactivity worth of all the shut-off rods is judged to be acceptable, safety
analyses usually assume the failure of the most effective one or two rods. The worth of the shutoff rods with the
most effective one or two rods missing was not calculated.

4. DISCUSSION

4.1 Optimum Axial Shuffling Scheme

The S6 axial shuffling scheme is excellent in most respects. The axial power distribution is very flat, with an axial
form factor of 0.77 (compared to 0.72 for the same channel with an 8-bundle shift fuelling scheme with natural
uranium fuel). Table 2 lists the important time-average core characteristics.
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Thcrc is some asymmetry in the axial power distribution, with the power peaking at one end of the channel, ami a
trend to decreasing powers along the length of the channel. Hence, there would be an advantage in bi-directional
coolant flow, with fuelling in the direction of coolant flow, so the peak power occurs at the inlet end of the channel.
This would provide improved margins to dryout under normal operating conditions. However, the axial asymniciry
in the power distribution is not large, so the impact of the direction of coolant flow on the margins to dryout should
not be large.

The time-average bundle power distribution (Figure 3) can be combined with the time-average bundle burnups to
arrive at an estimate of the power history (variation of bundle power with burnup) shown in Figure 5. The bundle
which is initially loaded into position 2 experiences no power boosting as a result of refuelling, while the bundle
initially loaded into position 1 undergoes power boosting only when being shifted from position 1 to position 5, at
a low burnup of around 3 MWd/kg, when the fuel is resistant to power boosting. In reality, the fuel may undergo
small power boosts at higher burnups as a result of the refuelling ripple, which is not accounted for in this time-
average model. In Reference 9, a time-dependent refuelling simulation confirms the expected good power histories
for this axial shuffling scheme. That study showed that with CANFLEX fuel and axial shuffling scheme S6, fuel
ratings for the enure core were below 40 kW/m. These low ratings, and the consequent lower peak fuel and cladding
temperatures, would be expected to result in significant safety benefits.

One area which requires further study is the power transients during refuelling, as the fuel string is removed from the
core. The details of these transients depend on the reactor being considered. With axial shuffling scheme S6, old fuel
alternates with relatively fresh fuel at the end of adjacent channels. When the fresh fuel moves down the channel
during refuelling, there will be power boosts in bundles in neighbouring bundles as the fresh fuel passes by; in
particular, when this fresh fuel is adjacent to fresh fuel in neighbouring channels at the downstream end of the
channel, power boosts will occur in both the relatively fresh fuel being removed from the core, and in the fresh
bundles in the neighbouring channels. Another consideration: in a reactor with uni-directional coolant flow, such as
the CANDU 3, the old fuel will be at the upstream end of the channel in alternate channels. Hence, the old fuel at
the farthest upstream location will undergo sizable power boosting as it passes through the core, before being
discharged. This challenge to clad integrity will be eased by several factors: CANFLEX significantly reduces
element ratings; peak bundle powers are relatively low; and the dwell time at ramped power is short. With bi-
directional coolant flow, old fuel will always be at the downstream end of the channel, and this concern will not
apply. Another consideration which must be addressed is the effect of the movement of the fuel string on the flux
detector readings, and the possible impact on the operating margins.

Finally, some development is required to ensure the technical feasibility of axial shuffling from the fuel-handling
perspective.

5. SUMMARY

An axial shuffling scheme was devised which is excellent from the perspective of reactor physics, resulting in a good
axial form factor and power history. The reactivity worths of the control devices are ample. There is some
asymmetry in the axial power profile, and so it is expected that margins to dryout would be increased with bi-
directional coolant flow, with fresh fuel at the inlet end of the channel. The axial power distributions resulting from
the axial shuffling of enriched fuel are sensitive to minor changes in the shuffling scheme.

Further work is needed to confirm the acceptability of axial shuffling fuel-management from several perspectives:
reactor stability to spatial oscillations in light of the very flat axial thermal flux distribution; technical feasibility
of the fuel handling aspects of axial shuffling; the implications of transient powers during refuelling; reactivity
worth of the shut-off rods with the best one or two rods missing.

This study has modelled bi-directional fuelling, which can be mimicked in a reactor employing uni-dircctional
fuelling. Different axial power distributions will result if uni-directional fuelling is modelled, or if the adjusters have
different locations or gradings.
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TABLE 1: WORTHS OF REACTIVITY DEVICES

Case

SI

S2

S3

S4

S5

S6

Adjuster Rods

22.3

19

15.7

14.8

7.2

11.1

Zone Controllers

3.8

4.5

6.1

6

7.3

7.5

Shut-off Rods

97.6

74.1

80.8

75.1

70.5

79

TABLE 2: TIME-AVERAGE RESULTS FOR S6

keff

Maximum Bundle Power (kW)

Maximum Channel Power (kW)

Average Burnup (MWd/kg)

Feed Rate (Bundles/day)

(Channels/day)

Xenon Over-ride Time (min)

0.99968

732

6144

20.1

5.7

2.85

37
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