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Refueling channel selection is a continuous and unique job of operators in a
Canadian deuterium uranium (CANDU) nuclear power plant. The refueling channel
should be chosen so that safe and economic operation is guaranteed. Therefore,
optimum refueling channel selection is an on-going issue in CANDU reactors.
Furthermore, it is also important to conduct optimum refueling simulations to
understand the reactor characteristics and perform design optimizations. Traditionally,
refueling simulations have been performed by the CANDU core physics design and
analysis code RFSP [1], using the refueling channels selected based on the user's
experience and reactor condition.

Recently, an automatic refueling channel selection method called AUTOREFUEL has
been proposed [2], which selects channels using several constraints without any
iteration procedure so that the computing time is appreciably saved. The basic
principle of the AUTOREFUEL program is to select refueling channels so that the
reference reactor conditions are maintained by applying constraints and criteria on
the channel/bundle power and the fuel burnup. The final selection of the refueling
channel is determined based on the priority of candidate channels, which enhances
the reactor power distribution close to the time-average model.

The AUTOREFUEL program can perform a large amount of refueling simulations
within a short period, which is a strong advantage especially when a series of
sensitivity calculations is needed. It also has the capability to keep the maximum
channel and bundle powers less than the license limits. However, there is a chance
that zone controller unit (ZCU) level exceeds the typical operating range during the
refueling simulation because of incomplete modeling of the relationship between
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zone power and ZCU levels. In order to reserve a large enough operating margin of
the reactor, the ZCU level should be kept within the typical operating range.
Therefore, a deterministic method has been needed to accurately estimate the ZCU
level during the refueling operation, which enables the optimum refueling channel
selection. In this study, a fuel management method is proposed for the selection of
refueling channels using the constraint on the ZCU level. The estimated ZCU level is
used as a primary index for optimum channel selection.

In this study, a generalized perturbation theory (GPT) program GENOVA [3,4], which
was developed to perform the deterministic estimation of the ZCU level change due
to a perturbation, is briefly described. Then, the refueling channel selection strategy
proposed in this study is explained and the result of application to natural uranium
CANDU-6 core refueling simulation is presented.

GENOVA code description

A unique feature of CANDU reactor is the provision of ZCUs filled with light water.
The ZCUs are vertical cylindrical compartments and consist of 14 independent light
water compartments strategically located in the core as shown in Fig. 1. When there
is a reactivity perturbation such as a refueling operation in a CANDU reactor, the
ZCU level changes to keep the criticality and reference zone power distribution.
Therefore, the estimation of the ZCU level is a key factor that should be reflected in
the core performance analysis.
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Figure 1. ZCU numbers and zone division

In order to estimate ZCU level changes, the sensitivity of zone power is first
calculated with fixed ZCU levels. Then, the individual ZCU level is estimated by
linearly combining zone power sensitivities to refueling operation and ZCU level
changes. In this study, the GENOVA is used to generate sensitivity coefficients; this
was developed based on the variational principle to get the system response of the
zone power under the framework of RFSP code.

There are three major modules in GENOVA. The ADJOINT module is used to
calculate the fundamental mode adjoint flux by solving adjoint equation. This module
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utilizes exactly the same cross-sections as are used in the RFSP forward calculation.
The adjoint flux calculated in this module is used to estimate the eigenvalue change
for any kind of perturbation and to sweep out the fundamental mode contamination
occurring during the calculation of the generalized adjoint flux. The GADJINT module
is used to calculate 14 sets of generalized adjoint fluxes, which correspond to 14
ZCU levels. The generalized adjoint equation is similar to the fundamental mode
adjoint equation except for the adjoint source term and, therefore, the numerical
scheme of GADJINT is similar to that of ADJOINT. When the forward flux, adjoint flux,
and generalized adjoint flux are prepared, the ZCU level is estimated by the
PERTURB module. This module calculates the variations of ketf and zone powers due
to refueling or ZCU level perturbations. The estimated ZCU levels are then used for
the optimum refueling simulation in conjunction with the refueling channel selection
strategy to be explained in the following section.

Refueling channel selection strategy

The prediction of ZCU levels upon a refueling operation is essential to the selection
of optimum refueling channels, as well as the prediction of the maximum channel and
bundle powers. During normal operation, the excess reactivity of the system and the
zone power tilt are controlled by varying ZCU levels collectively or individually. In this
study, a fuel management method is developed for the selection of refueling
channels using a constraint on the ZCU level. The procedure used to select refueling
channels can be categorized into three steps.

At the first step of refueling channel selection, an appropriate number of fuel
channels are selected for refueling. The selection of a candidate channel is based on
the discharge burnup profile of the reference core, which can maximize fuel utilization.
The candidate channels are then ordered in a sequence of discharge burnup rates
defined as the ratio of current burnup over the reference one. Therefore, the first step
promotes refueling of the high burnup channel, which will result in an economic
operation of the reactor and maintain the reference core condition.

In the second step, the ZCU level upon refueling is predicted by the sensitivity
method implemented in the GENOVA code. The ZCU level is estimated for the
proposed refueling perturbation of individual candidate channel. Once the GENOVA
calculation is completed, the maximum number of channels to be refueled at a time is
determined based on the excess reactivity of the core, and refueling sets are
constructed by taking a combination of the candidate channels. The ZCU level is
then estimated by summing the ZCU level variations due to refueling of individual
candidate channel, which constitutes a refueling channel set.

In the last step, an optimum refueling channel set is selected, considering the ZCU
level and burnup constraints. For example, any refueling set that changes the ZCU
level beyond the operating range is eliminated from consideration. The determination
of a limiting ZCU level plays an important role for a stable refueling simulation. If the
limiting values are too close to the reference ZCU level (i.e., 50%), there may not be
a refueling set that satisfies the limit. On the other hand, if the limiting value is too
loose, the probability to exceed the operating range of ZCU level could increase.
Therefore, it is required to determine the limiting value carefully, by considering the
accuracy of GENOVA in predicting the ZCU level upon a refueling perturbation.

For refueling sets that satisfy the upper and lower limits of ZCU levels, the burnup
constraint is applied again. That is, the refueling sets with a high discharge burnup
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are chosen for the final selection. Considering fuel utilization, it is reasonable to
assign high priority to the channel with a high discharge burnup. Finally, a refueling
set with the smallest deviation of ZCU level from the reference one is selected as the
optimum set for subsequent refueling.

Refueling simulation results

Based on the channel selection strategy aforementioned, a refueling simulation has
been performed for a CANDU-6 reactor, loaded with natural uranium fuel. The
time-averaged core was used as the reference model and an instantaneous core was
set as the starting condition of the refueling simulation. During the refueling
simulation, following rules are applied:

1. for the selection of candidate channels, 30 fuel channels with high discharge
burnup are chosen,

2. the maximum number of fuel channels is fixed to three, which can be refueled
simultaneously, and

3. the lower and upper limits of ZCU level are set to be 30 and 75%, respectively,
considering the accuracy of the GENOVA code to predict the ZCU level.

The results of 250-FPD (full power day) refueling simulation are summarized in Table
1 and compared with the result of AUTOREFUEL simulation. Table 1 includes the
average and peak values of the core performance parameters such as the maximum
channel power (MCP), maximum bundle power (MBP), channel power peaking factor
(CPPF), and ZCU level. Due to the fact that the simulation by GENOVA focuses on
the control of ZCU levels, the channel and bundle power variations are slightly larger
than those by AUTOREFUEL. However, the results show that the channel and
bundle powers are always within the license limits while the ZCU level is maintained
within the upper and lower limits, which demonstrates the importance of the ZCU
level in the refueling simulation. The time-dependent behaviors of MCP, MBP, and
CPPF for the 250-FPD simulation are illustrated in Figs. 2, 3, and 4, respectively.

Table 1. Comparison of core performance parameters

Maximum channel power (kW)
Maximum
Average
Minimum

Maximum bundle power (kW)
Maximum
Average
Minimum

Channel power peaking factor
Maximum
Average
Minimum

Zone controller unit level (%)
Maximum
Average
Minimum

GENOVA

7248
6964
6720

914
859
830

1.11
1.07
1.04

74
51
23

AUTOREFUEL

7198
6854
6692

893
854
831

1.11
1.06
1.04

80
50
26
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Figure 2. Time-dependent behavior of maximum channel power
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Figure 3. Time-dependent behavior of maximum bundle power

1.20

1.00

-GENOVA
-AUTOREFUEL

50 200 250100 150

Full Power Day

Figure 4. Time-dependent behavior of channel power peaking factor
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The ZCU level change is shown in Fig. 5 for both the highest and lowest values. The
ZCU level resulted from the GENOVA simulation is between 23 and 74%, while the
highest ZCU level from the AUTOREFUEL exceeds the pre-set range. In the
AUTOREFUEL simulation, the lower and upper limits of the ZCU level were fixed to
20 and 80%, respectively. Therefore, the maximum ZCU level of 80% given in Table
1 indicates that the ZCU level should be more than 80%, which means that the
reference zone power distribution was not satisfied. Based on the comparison
between different refueling simulation methods, it is concluded that the application of
ZCU level constraints to the refueling channel selection is appropriate. It should also
be noted that the typical operating range of ZCU level (e.g., 20 to 80% for a
CANDU-6 reactor) are completely satisfied during the refueling simulation by
GENOVA, which supports the usefulness of the GPT in the optimum refueling
simulation of a CANDU reactor.

Full Power Day

Figure 5. Time-dependent behavior of ZCU level

Conclusions and recommendations

An optimum refueling channel selection strategy was proposed utilizing the capability
of GENOVA to predict the ZCU level upon refueling perturbation, and a refueling
simulation has been performed for a CANDU-6 reactor. For a 250-FPD refueling
simulation, the ZCU level was maintained between 23 and 74%, which shows that it
is valid to use ZCU level as the decision-making parameter of the optimum refueling
channel selection. However, it is inevitable that MCP, MBP, and CPPF are slightly
increased compared with other simulation methods, because the method proposed in
this study does not consider explicit control of the channel and bundle power
variations. Therefore, a global optimization of refueling channel selection, that
includes not only the constraint on ZCU level but also constraints on the channel and
bundle powers, will remain as an ultimate goal of CANDU reactor refueling
simulations.
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