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ABSTRACT

Initially the CANDU Pressurised Heavy Water Reactor (PHWR) was designed to
use natural uranium dioxide (UO,) as its fuel, but its versatility was soon evidenced as
early studies demonstrated that the reactor could accommodate several other types of
nuclear fuels without the need for major re-design. These alternate fuels include low
enriched uranium (LEU), thorium-containing oxide mixtures (MOX), plutonium-based
MOX, and Pressurised Water Reactor (PWR) spent fuel recycled in CANDU reactors.
CANDU reactor refuelling is carried out on-power in a quasi-continuous fashion by
having a refuelling machine inserting a string of fresh fuel bundles into one end of a fuel
channel and another similar machine unloading an equal amount of spent fuel bundles.

The quasi-continuous nature of the refuelling creates a so-called refuelling
equilibrium state, which is reached about one year after initial reactor start-up and
characterized by a constant rate of refuelling and a constant discharge burnup. The
present work rather focuses on the "Approach to Refuelling Equilibrium" period which
immediately follows the initial commissioning of the reactor. This period is indeed a
sequence of two phases: the first one characterized by the absence of refuelling since the
reactor has initially a high excess reactivity compensated by burnable poison present in
its moderator, and the second one when refuelling is done at a higher rate which tapers
out to the constant value of the equilibrium The in-core fuel management problem for
this period is treated as an optimization problem in which the objective function is the
refuelling frequency to be minimized by adjusting the following decision variables: the
channel to be refuelled next, the time of the refuelling and the number of fresh fuel
bundles to be inserted in the channel. The optimization problem also includes the
following constraints: maximum channel power, maximum bundle power, maximum
discharge burnup, minimum time span between successive visits by the refuelling
machines, and, in some cases, a minimum channel separation for consecutive refuellings.

In this study, a simulation program was developed to investigate the optimum
approach to refuelling equilibrium in a CANDU-6 reactor. Finite difference methods are
used to solve the diffusion equations in two energy groups, using a 80 x 80 x 26 mesh
point grid yielding 18 mesh points per fuel bundle. The lattice parameters are determined
from interpolating neutron flux and fluence within parameter tables calculated using the



transport code WIMS-AECL coupled with the ENDF/B-V data library. Refuelling is
simulated by setting the fluence to zero for mesh points representing fresh fuel bundles.
Since at this stage it is desired to investigate the effects of the refuelling optimization
itself, the model does not include reactivity control devices for the moment. The model
simulates individual refuellings and follows closely the evolution of the core throughout
the whole "Approach to Refuelling Equilibrium" period.

Channel selection is optimized by first setting up a modest group of channels as
candidates for the next refuelling, based on accumulated fluence and on exclusion criteria
when a channel separation constraint is active. Perturbation Theory is used to simulate in
turn the refuelling of these channels and to calculate for each of them, among other
parameters, the cycle length (i.e. the time between this refuelling and the next). The
channel for which refuelling yields the largest cycle length is then selected and its
refuelling "implemented" in the full core model. This process is repeated until the whole
"Approach to Refuelling Equilibrium" period is simulated and optimized. In this study,
two methods of refuelling were investigated: a so-called "static" method in which the
refuelling mode (i.e. number of fresh fuel bundles inserted) and the minimum channel
separation constraint were initially selected and unchanged throughout the simulation,
and a "dynamic" refuelling method in which the two parameters above were part of the
decision variables. With this last method, "deshifting”" was observed in some of the
simulations as it permitted to resolve maximum power density constraints.

Four different fuels were investigated in this work: natural UQ,, the lower fissile
content plutonium MOX option investigated at AECL for nuclear weapon's material
disposal in a BRUCE A CANDU reactor, "Self-Sufficient-Equilibrium Thorium Cycle"
(SSET) fuel as an ultimate case representative of thorium-containing fuels, and DUPIC
("Direct Use of Spent PWR Fuel in CANDU") fuel. Both the present 37-rod bundle
design and the proposed CANFLEX bundle design are part of this study.

The results include the time to reach refuelling equilibrium from initial start-up of
the reactor, the average discharge burnup, the average refuelling frequency and the
average channel and bundle powers relative to natural UO,. The model was initially
tested and the average discharge burnup for natural UO; came within 2% of the industry
accepted 199 MWh/kgHE. For this type of fuel, the optimization exercise predicted the
savings of 43 bundles per full power year. The optimization yielded for the advanced
fuels the following values for the average discharge burnup at refuelling equilibrium:
PuMOX: 180-186 MWh/kgHE, SSET: 492-503 MWh/kgHE, and DUPIC: 635-638
MWh/kgHE. The calculations also evidenced some problem areas such as high power
densities for fuels such as the DUPIC. In this case in particular, frequently, the
optimization had to be set aside in order to refuel channels in which bundles had reached
or exceeded the maximum allowable burnup. These problems would be resolved once
the model includes a representation of the control elements. Perturbation Theory has
proven itself to be an accurate and valuable optimization tool in predicting the time
between successive channel refuelling operations.



INTRODUCTION

Presently in use in six countries, the unique design of the CANDU nuclear reactor
offers a broad versatility with the nature to the nuclear fuel that can be used with
advantage. In addition to the natural uranium dioxide fuel for which the CANDU has
been originally designed, alternate fuels have been used or are considered, such as
thorium-based oxide mixtures, plutonium-containing MOX fuels, low enriched uranium
(LEU) fuels, and Pressurised Water Reactor (PWR) spent fuels. More recently, a new
initiative under study proposes the "burning" in a CANDU reactor of plutonium from
discarded nuclear warheads as part of the bilateral disposal of plutonium from existing
nuclear weapon's arsenals in Russia and the United States. The design of the CANDU
reactor is such that the use of these alternate fuels is possible without major modifications
to the present design of the reactor.

Refuelling of the CANDU reactor is conducted on-power using a pair of
refuelling machines connected to opposite ends of the reactor core. Each one of the
channels of the reactor is refuelled in turn, an operation in which all or part of the twelve
(or thirteen) fuel bundles is replaced with fresh fuel bundles, with current practice for
natural uranium CANDU reactors being eight bundles (1,2). For advanced fuels with
higher fissile content, lower bundle shifts may be necessary to reduce power peaking,
resulting in skewed flux profiles and thermal efficiency reductions, problems that may be
addressed by the means of adjuster rod relocation and alternate (checkerboard) bundle
shift schemes (3,4). The fuel management problem then consists in determining the order
by which the channels are to be refuelled, the time of the refuelling, and the number of
fuel bundles to be replaced with fresh fuel bundles at a given refuelling operation (axial
mode of refuelling). Since the refuelling is carried out on-power and is a quasi-
continuous process, an equilibrium state is eventually reached, characterized by a
constant refuelling frequency and constant discharge fuel burnup (5). For a natural
uranium-fuelled CANDU reactor, this equilibrium is reached after nearly a year of
continuous operation after initial reactor start-up. This work focuses on this initial
operation period called "Approach to Refuelling Equilibrium" and characterized by two
distinct phases: first, a transient period during which the reactor excess reactivity is such
that no refuelling is required to maintain criticality, and second, a period during which
refuelling is initiated and maintained at a decreasing rate until equilibrium is attained.

MATHEMATICAL MODEL

The CANDU-6 reactor is represented mathematically with a two-neutron energy group
model for which the nuclear parameters are calculated using the transport code WIMS-
AECL and the ENDF/B-V library (6,7). A finite difference method is used to solve in
three dimensions the following coupled differential equations with a 80 x 80 x 26 mesh
point grid in which each of the fuel bundles is represented by 18 mesh points:
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where ¢ and y represent the thermal and the fast neutron flux, respectively, and are
normalized to the power of the reactor, 6 is the eigenvalue (linked to the effective
multiplication coefficient), and the coefficients 4, B, C and D are material-dependent
lattice parameters determined (by WIMS-AECL) as functions of the respective cross
sections, diffusion coefficients and infinite multiplication factors and depend on both the
neutron flux and the fluence. The solution is obtained iteratively by converging first on
flux distributions, then on the eigenvalue, giving the thermal and fast neutron flux
distributions and the reactor's effective multiplication factor, from which the core
reactivity is calculated. Refuelling is represented in the model by setting the fluence to
zero for all the mesh points representing just inserted fresh fuel bundles and calculating
the nuclear parameters accordingly. The nuclear parameters for the mesh points
representing the axially shified fuel bundles in the refuelled channel are adjusted
according to the fluence previously accumulated by these bundles.

THE OPTIMIZATION PROBLEM

At present, the selection of the channel to be refuelled next is performed using
AECL's Reactor Fuelling Simulation Program (RFSP) which is based on core neutron
flux detector measurements and an integrated semi-empirical lattice code,
POWDERPUFS-V. No optimisation is conducted in this approach and the code is limited
to 2°U fuels (8,9). In the present work, the in-core fuel management problem is treated
as an optimization problem in which the objective function is the refuelling frequency to
be minimized (or, conversely, the average discharge fuel burnup to be maximized).
Maximum channel power constraints are included in the model, as well as maximum
bundle power and maximum bundle discharge burnup. The optimization problem also
accounts for a minimum time between successive refuelling operations by the refuelling
machines, and, in some cases, an optional constraint may be added in which there is a
minimum channel separation between two channels to be refuelled consecutively.

Channel selection is optimized by first selecting a small group of potential
channels for the next refuelling based on maximum accumulated burnup and utilizing
Perturbation Theory (10, 11) to estimate the effects of refuelling each one of these
channels in turn. The basis for the use of Perturbation Theory lies in the fact that the
refuelling of a single channel (or part of it) represents indeed a small perturbation in the
reactor core. In addition, the cycle length is so short that the accumulation of fluence
within the fuel bundles during this time leads to very small variations of the lattice
coefficients 4, B, C, and D, representing yet another very small perturbation. The
Perturbation Theory equation below uses the adjoint fluxes, ¥, and ¥, , determined by
solving the adjoint flux equations (a problem very similar to solving the diffusion
equations, except that the parameters B and D are interchanged):
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The subscripts 1 and 2 in the equation refer to the fast and thermal neutron energy
groups, respectively, and the subscripts 7 and f refer to the beginning and the end of cycle
k, respectively. The beginning of a cycle is when a channel is refuelled, and the end of



this same cycle is the moment when the excess reactivity of the core becomes exactly
zero, i.e. immediately before the next refuelling. The Perturbation Equation is also an
eigenvalue/eigenvector problem, the eigenvalue giving the cycle length, i.e. the time from
the refuelling to the end of the cycle. Figure 1 illustrates the logic sequence of the
optimization process for a given cycle "k".

RESULTS

A refuelling computer code, CATER (CANDU APPROACH TO REFUELLING
EQUILIBRIUM) has been developed to implement the optimization method described
above (12). This work investigated two possible methods of refuelling: static and
dynamic. In the static refuelling model, the axial mode of refuelling and the minimum
channel separation are pre-selected and unchanged afterwards. In the dynamic model as
the optimisation progresses, they may be adjusted by the user with the optimum bundle
shift selected within a range of axial refuelling modes, and the channel separation may be
adjusted as well. For a given cycle, the axial mode of refuelling is optimized in order to
maximize the cycle length and the discharge burnup, while ensuring that the constraints,
notably the maximum power densities, are all respected. Generally, the optimum axial
mode of refuelling is nine or ten bundles. In some cases, during the dynamic simulation,
"deshifting" has to be implemented within the specified range until power peaking
constraints are met.

Four different types of fuel were investigated in this study: natural uranium
dioxide (13), the lower fissile content plutonium MOX option presently investigated at
AECL for nuclear weapon's material disposal in a Bruce A reactor (14,15,16,17), the so-
called "Self-Sufficient Equilibrium Thorium" cycle fuel (SSET) (18,19,20,21) and the
fuel mixture proposed for the Direct Use of Spent PWR Fuel in CANDU (DUPIC)
application of a tandem coupling of a PWR and a CANDU reactor (22, 23, 24). Both the
present 37-rod bundle design and the proposed CANFLEX bundle design are part of this
study (25, 26, 27). For each fuel, static refuelling with at least one specific bundle shift
and two channel separation exclusion zones were used. Additionally, natural UO, had
two other bundle shifting schemes and the dynamic refuelling mode simulated.

The results include the time to reach refuelling equilibrium from initial start-up of
the reactor, the average discharge burnup, the average refuelling frequency and the
average channel and bundle powers. The model was initially tested and the average
discharge burnup for natural UO,; came within 2% of the industry accepted 199
MWhkgHE. For this type of fuel, the optimization exercise predicted the savings of 43
bundles per full power year, when the results from the optimized simulation were
compared with those from a non-optimal simulation where the channel selected for
refuelling was merely the one with the highest fluence. The results are presented below
by means of Table I and Figures 2 to 7.

In Figure 2, the "Approach to Refuelling Equilibrium" is shown, for a natural UO,
fuelled CANDU-6 reactor, with an eight-bundle shift axial mode of refuelling and no
channel separation constraint, as a typical example. The discharge burnup averaged



among the bundles unloaded from the reactor at each visit by the refuelling machines is
plotted against the exact time of the refuelling. Inception of refuelling occurs at 156.68
full power days (FPD). The oscillations are due to the location of the channels refuelled,
the ones closest to the core center producing higher values for the average discharge
burnup. In general, the determination of the exact point of inception of the refuelling
equilibrium period remains a subjective question based on the user's judgement from
examination of the curve, as it oscillates uniformly above and below the value of the
equilibrium discharge burnup.

Figures 3 to 7 compare the various fuels studied in terms of several performance
indicators. Figure 3 presents the time lengths of the "Approach to Refuelling
Equilibrium" period for the various fuels and management schemes. This is an important
parameter since this period is the least economic time in the life of the reactor, as there
are monetary savings in reaching refuelling equilibrium as early as possible. For natural
uranium fuel, the results of eight- and ten-bundle shift modes, with or without a channel
separation constraint, are almost the same, but there is a nearly 40 days savings by
implementing a seven-bundle shift mode. Implementing the dynamic optimization option
yields another reduction of 25 full power days. Due to their high reactivity, the advanced
fuels forced the use of axial refuelling modes of two- to four-bundle shifts. The time to
refuelling equilibrium for the plutonium fuel was slightly less than the time for the
natural uranium fuel, but the value was much higher for the SSET and the DUPIC fuels.
For these, no significant effects from activating the channel separation constraint were
observed.

Comparable results are observed at Figure 4 for these fuels for the average
discharge burnup. As expected for natural uranium fuel, slightly higher average burnups
are obtained for the eight- and the ten-bundle shift modes, since the channels are visited
less often. The dynamic mode of optimization results in a 4% burnup penalty, and the
plutonium fuel gives even less burnup than the natural uranium fuel. As for the other two
fuels, the burnup is more than 150% higher. For the DUPIC fuel, (and, in rarer cases, for
the SSET fuel), the maximum burnup constraint (450 MWd/kgHE) was exceeded,
forcing the refuelling of the channels containing such fuel bundles. In the case of the
DUPIC fuel, the optimization exercise could not be implemented to full extent.

Figures 5 and 6 present the results of the average channel and bundle power
obtained as a result of the optimal fuel management for the various fuels investigated. It
is important to remember here that the reactivity control devices are not included in the
CANDU-6 reactor model in order to assess the effects of the fuel management in the
control of the reactor. It was therefore expected that the present maximum license
channel and bundle power levels would be exceeded in this model, and including the
neutron flux adjuster devices in the model will reduce the average power densities below
the acceptable levels. Activating a channel separation constraint of five channels
separation provides some improvement for most of the fuels, notably for the average
bundle power for the DUPIC fuel. Even with a two-bundle shift refuelling mode, the
DUPIC fuel develops excessively high power densities while exceeding on many
occasions the maximum discharge burnup constraint before reaching refuelling



equilibrium. This problem was such that a majority of the refuelling operations for this
particular fuel were devoted to removing fuel bundles having exceeded the maximum
allowable burnup, at the expense of the optimal objective function and the power related
constraints. On the other hand, the SSET fuel displayed excellent performance such as
low power densities and refuelling frequency, this in spite of a few occurrences of
maximum burnup exceeded.

In Figure 7, the reader may compare the average cycle length for the various fuels
and axial refuelling modes/channel separation scenarios studied. It is interesting to
consider that, even with axial refuelling modes as low as two- or three-bundle shifts,
comparable cycle lengths are obtained for most of the natural uranium fuel scenarios and
the SSET and the DUPIC fuels investigated. For these advanced fuels, no or little
modifications would apparently be needed for the refuelling machine system. On the
other hand, the refuelling frequency is more than doubled for the four-bundle shift
refuelling mode for the plutonium-based MOX fuel, signaling the need for faster
refuelling machines for a CANDU-6 reactor burning such fuel at the present power level.

DISCUSSION

This study was aimed at determining the effects of applying a Perturbation
Theory-based optimization method to the "Approach to Refuelling Equilibrium" phase of
CANDU reactors fuelled with various traditional and advanced fuels. In a first step, the
reactor model did not include the reactivity control and the adjuster devices, as their
presence would have made the effects of the optimal fuel management on the power
densities indiscernible. The optimization method worked out very well and nearly all the
refuelling patterns obtained were salt-and-pepper arrangements with near perfect
symmetry around the core center (12). In order to determine the pay-off from
implementing optimal fuel management, a non-optimal refuelling simulation was
performed for natural UO, fuel such that the channels having accumulated the most
average burnup were the ones that were refuelled. In this case, the refuelling frequency
obtained was 0.6895 FPD between refuellings, versus 0.6966 FPD for the optimized case.
At first glance, the difference is minimal, but it translates to the savings of 43 fuel
bundles for the approach to refuelling equilibrium period (about a year). At roughly
$2,000 par UO; bundle, the savings are some $86,000 for the first year of operation of a
natural uranium-fuelled CANDU-6. Implementing this optimization method to the
refuelling equilibrium phase may well provide comparable savings, estimated at more
than $2.5 million for a 30-year life span. In addition, the monetary savings would be
significantly greater for the advanced fuels.

The study revealed interesting information on the use of the Pu MOX AECL
Option 1 fuel in a CANDU-6 reactor. With a channel separation constraint active, the
average channel power was reduced by 500 kW and the average bundle power by 28 kW,
in addition to slightly increasing the average discharge burnup by 7 MWh/kgHE. The
latest figure is well within the error bars of some 30 MWh/kgHE, however. The Pu
MOX fuel gave high values for the power densities, a problem needing to be addressed.
It is felt that even if the control devices were included in the model, the power densities



would remain unacceptably high forcing a two-bundle refuelling mode. For the two
channel separation options used in this work, the four-bundle shift refuelling mode gave a
refuelling frequency of 0.39 FPD/cycle, which may be interpreted as an amount of 871 kg
of plutonium transmuted per year. The annihilation objective for AECL is 1000 kg of
plutonium per year per reactor, apparently quite possible in a Bruce A CANDU reactor,
the reference reactor for the AECL studies (15), but hardly possible in the CANDU-6
reactor used in this work.

The investigation of the SSET fuel confirmed the effect of 23pa (a precursor to
23U and a strong neutron absorber) on the flux history. The flux and power flattening
effect was evidenced in the simulation, providing the SSET fuel with the best behavior in
terms of channel and bundle powers. The average discharge burnups reported are higher
in the present work than those traditionally associated with the SSET fuel in CANDU
reactors (240-288 MWh/kgHE) (28). In most of these studies, the goal of the fuel
management resided in the design of a fuel cycle achieving independence from external
sources of fissile elements (near-breeding), at the expense of the burnup. In the present
work however, the SSET fresh fuel composition was simply used as an ultimate case
representative of thorium-based fuels, the fuel management aiming at maximizing the
discharged fuel burnup, without consideration for achieving near-breeding.

The DUPIC fuel often required remedial refuelling of channels containing
bundles having reached or exceeded the maximum allowable burnup, because the higher
fissile content of the fresh fuel and the associated lower bundle shift mode permitted
longer residence times. The optimization process was therefore often bypassed, leading
to problems such as the large increases of reactivity making it difficult to accurately
determine the inception of the refuelling equilibrium period. Also, as mentioned above,
high power densities exceeding the allowable limits resulted. The presence of neutron
flux adjuster devices would obviously help in solving these problems, but further
solutions may be required, such as the addition of burnable poison in the fuel
composition, improved fuel bundle designs, or even a revision of the primary heat
transport system to increase the maximum license channel and bundle power levels.

The program CATER was validated for the natural uranium dioxide fuel against
the published results from the industry with the equilibrium discharge burnup predicted
by CATER as 201+9 MWh/kgHE versus a published value of 199 MWh/kgHE. With a
large number of mesh points per bundle, CATER provides more accurate reactivity and
neutron flux values than the model used currently in the industry. Perturbation Theory
has proven itself to be an accurate optimization tool in predicting the time between
successive channel refuelling operations. For larger axial refuelling modes (seven bundle
shift or more), the time estimated by Perturbation Theory was found to be 7% accurate,
with little effects, if any, observed in the optimization process. The Perturbation Theory
accuracy fell to 37% for the lower bundle shift modes, causing some problems for the
two-bundle shift mode used in this work for the DUPIC fuel, in particular. The precision

of the lattice parameters in the reactor model is suspected as the main cause of these
problems.



CONCLUSIONS

A fuel management code, CATER, has been written to investigate the optimal
" Approach to Refuelling Equilibrium" for a CANDU-6 reactor using four types of fuel:
natural UO; , plutonium mixed oxide from weapon's fissile material disposal, self-
sufficient equilibrium thorium (SSET) fuel, and DUPIC fuel from spent PWR fuel
elements. The first three fuels were simulated using the standard 37-element fuel bundle
design, while the DUPIC fuel simulation used the CANFLEX bundle design.

Each refuelling operation was explicitly simulated for all the "Approach to
Refuelling Equilibrium" period, and the selection of the channel to be refuelled next was
done through an optimization method using Perturbation Theory. The reactor model was
based on a two-neutron energy group representation using lattice parameters calculated
by WIMS-AECL coupled with the data library ENDF/B-V. The refuelling frequency, or
conversely, the average discharge burnup, were the parameters to be optimized (objective
function), and several constraints were included in the optimization problem.

The fuels with the higher initial fissile content yielded longer "Approach to
Refuelling Equilibrium" periods and larger values for the average discharge burnup.
Since the reactor model did not include reactivity control devices, the current maximum
channel and bundle power limits were sometimes exceeded, and the results identify some
problem areas for the Pu MOX and the DUPIC fuels for which solutions may reside in
modifications to the bundle design or the reactor primary heat transport system.

Perturbation Theory has proven a reliable tool within the optimization method
and, with the precision of the lattice parameters improved for fuels such as DUPIC, it is
recommended that the optimization method be incorporated to the present CANDU
refuelling simulator RFSP. The next step of this study would represent explicitly the
reactivity control elements in the reactor model. Consultation should be initiated within
the industry to establish more consistent findings regarding the DUPIC fuel.
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Figure 1 : Refuelling Optimisation Flow Chart
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Figure 2 : Time Evolution of the Average Discharge Burnup
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Figure 3 : Comparison of Time to Refuelling Equilibrium
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Figure 4 : Comparison of Equilibrium Discharge Burnup
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Figure 5 : Comparison of Average Channel Power
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Figure 6 : Comparison of Average Bundle Power
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Figure 7 : Comparison of Time Between Refuellings (Cycle Lengths)



