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I. Introduction to nuclear in-core fuel management 

In-core fuel management problems are problems that are in a way typical for 
power plants operated with nuclear fuel. When we are for example operating a power 
plant with a fossile fuel like coals then we can bum 100% of the fuel we insert. With 
nuclear fuel we need at least a critical mass to operate. When we reload a core with fresh 
fuel, the old fuel we discharge from the core still contains a reasonable amount of 
fissionable material. One of the fuel management targets is to get a discharge bumup of 
the nuclear fuel that is as high as possible. 

Parameters for the in-core fuel management problem are for example the initial 
enrichment of the nuclear fuel, the fraction of the core that has to be refueled each cycle 
and the geometrical locations of the fresh fuel elements. Maximal discharge burnup is 
only one of the targets of in-core fuel management. Another objective is a flat core power 
distribution. When the power density in the core is equal at all positions the whole core 
can be operated at the maximal permitted power and since nuclear energy is relatively 
expensive according to other costs like the depreciation on the builing of the plant a 
maximal power output of the plant is economical. 

Nuclear fuel management optimization problems appear to be very complicated for 
analytical methods and have a very large number of possible parameter combinations to 
be checked out by a computerprogram. In this report we will analyze several approaches 
by discussing a selection of publications on the field of nuclear in-core fuel management 
optimization over about the last thirty years. 
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n. Methods of nuclear in-core fuel management 

In this section we will handle the two main principles that have been used in 
nuclear in-core fuel management: the first about minimal critical mass and the second 
about minimal power peaking. 

2.1 The minimal critical mass problem 

One problem that is of importance in nuclear in-core fuel management is the 
minimal critical mass problem. The problem is stated simply: try to make a critical core 
with an as small amount of nuclear fuel as possible. The minimal critical mass problem is 
of importance for in-core fuel management. When the fuel distribution at tike end of a 
cycle, when the core is exactly critical with zero poisoning, has not a minimal critical 
mass then we could operate in principle a little further by shuffling the fuel elements. So 
if our objective is to put a given number of fuel elements with given enrichments in the 
core in such a way that the bumup of these elements is maximal, then we have to do it in 
such a way that at the end of the cycle the fuel distribution has a minimal critical mass. 

A generally accepted solution to the minimal critical mass problem is given by 
[GOE54]. A detailed treatment of this problem can for example be found in [POO90]. 
Goertzel concluded that the fuel distribution in a core is optimal when the importance 
function <j>*4> is flat, i.e. the importance function has the same value everywhere in the 
core. Besides, the importance function must increase when at a certain place a little fuel 
is removed. This last point is very important because in that case the best thing to do with 
this little bit of removed fuel is to put it back from where you took it. So, under these 
conditions the fuel distribution is optimal to small changes. Whether it is optimal to 
mayor changes and whether it is a global and unique optimum, is not easily understood 
neither is it easily seen why the importance function increases on a place where a bit of 
fuel is removed. For a one group calculation even the contrary is true [POO90], but for a 
two and more group calculation this last point is likely to be true since the thermal flux 
generally increases on a place where a bit of fuel is removed because of a decreasing 
neutron absorption on that place. 

A different approach to the minimal critical mass problem is given by [CHA86] 
who used Vh group backward diffusion theory to calculate fuel distributions from given 
objectives like power distributions and also the minimal critical mass. 

The minimal critical mass objective is used frequently in fuel management 
publications, see for example [KAW71], [K1M87], [OKA87], [STI89]. For large power 
reactors the configuration of fuel elements with the highest reactivity is the one with 
highest enriched elements in the middle of the core minimizing the neutron leakage of the 
core. Such a distribution of fuel elements will surely lead to maximal burnup of this 
group of elements and to one maximal cycle. For good comparison of reloading startegies 
actually the resulting equilibrium cycles must be compared [YAN89]. 
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Figure 2.1: Haling distribution. 

Figure 2,2: Bunup trajectories in the reactivity space. 



2.2 Minimal power peaking 

An other approach to nuclear in-core fuel management is to optimize the power 
output of the reactor by flattening the distribution of core power density. An optimal 
distribution of fuel elements is then such that all elements have the same contribution to 
the total power. It is not very difficult to find a fuel distribution that leads to a flat power 
distribution [CHA86], but during bumup the power distribution will change simply 
because the fuel distribution changes. 

To minimize the power peaking of the core throughout corelife [HAL63] has 
worked out a theory which is now known as the Haling principle. This principle reads 
that power peaking throughout corelife is minimized when the power distribution of the 
core does not change during operation. The idea is as follows. Suppose we have a core 
that we can operate with a constant power distribution A from the beginning to the end of 
a cycle when control rods are drown out. Now let us consider a power distribution B that 
is less peaked than A, see figure 2.1. When we change the power distribution during 
operation from A to B by inserting some control rods in the centre of the core, then we 
save fuel in this central region. When the control rods are drown out towards the end of 
the cycle this extra fuel will lead to a power peaking that is worse than the Haling 
distribution A. Reducing the power peaking with respect to A at one moment in the cycle 
will always lead to a peaking worse than A at an other moment of the cycle. See also for 
example [OOS87]. 

Various researchers have tried to develope computer computer programs to design 
Haling cycles (cores with a constant power distribution during bumup), see for example 
[DOW86], or have simply assumed in fuel management optimization computer programs 
that the power distribution remains constant during the cycle, assuming that this always 
can be obtained by appropriate poisoning, see for example [KIM87]. 

The Haling principle is, like the minimal critical mass problem, not a very nice 
mathematical theory and leaves us lots of questions. For example it assumes that the 
advantage we have from the less than A peaked power distribution B is more than 
compensated by the disadvantage of the more than A peaked power distribution at the 
other moment of the cycle. Besides it is not so easy to maintain a power distribution 
during operation: control by control rods leads to asymmetric axial bumup, burnable 
poisons can only be used in fresh elements and cannot be modified in any way during 
operation and chemical shim control almost does not influence the power distribution, 
although the peaking in slightly increased generally because the shim sort of isolates the 
rich fuel elements from the others. 

Besides theoretical and practical problems the Haling theory does not even give us 
a general idea what power distribution is optimal and it is, like the minimal critical mass 
problem, a method for one cycle design. However, the idea to consider the power 
distribution constant during the cycle is not so bad. [KIM87] shows some examples of 
bumup calculations on a two zone system where the bumup trajectories are almost 
straight lines which means an about constant power distribution, see figure 2.2 (the 
middle lines from the groups of three lines starting at the points A, B and C). It is likely 
that for equilibrium cycles the assumption of a constant power distribution during 
operation is even better. 
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ID. Cakulational techniques 

This chapter handles calculational techniques that are applied to nuclear in-core 
fuel management. These techniques can be divided into two groups, reactorphysical 
calculations and methods of optimization. 

3.1 Reactornhvsical calculations 

To calculate the bumup of a core we have to know the power distribution in the 
reactor. Analytically we cannot do very accurate calculations, but we can work out the 
results very far bacause we can include some parameters. With some parameters we can 
handle infinite possible configu Jtions. With computer programs we can calculate as 
accurate as we like, but only one configuration at the time. In this paragraph we discuss 
some analytical and computational reactorphysical methods. 

3.1.1 Point reactivity models 

With the point reactivity model the infinite multiplication factor [STR79] or the 
reactivity [PLE88] is calculated by simple averaging over all zones of the core. The 
decrease of reactivity is assumed to proceed linearly in time with the same power 
[STR79J or with the same flux [PLE881 in all zones. 

Both models could be worked out to calculate equilibrium cycles. In both cases, 
flat flux and flat power, the separate geometrical identities of the reactor zones are lost 
and the only geometrical fuel management parameter that remains is the number of zones 
n. However, these models already show us the advantages of partlial reloading over a 
once through strategy and they give us a useful expression for the cycletime as a function 
of the BOC reactivity and the number of zones. It is interesting that the results of 
[STR79] and [PLE88] are approximately the same. 

3.1.2 Continuous refueling 

A second analytical approach of the in-core fuel management problem is the 
continuous refueling model. [YAS66], [YAS69] handles two problems about a continuous
ly refueled slab reactor; one where at th'. boundaries fuel is inserted that moves with a 
certain refueling speed to the middle of the slab and another where fuel moves from the 
inside to the outside of the slab. The best strategy will have the lowest refueling speed. 

For the CANDU reactor, a continuous refueling model is a quite accurate 
description from what happens, and for that it is an attractive way to perform the in-core 
optimization, see for example [WIG78], 
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3.1.3 Empirical methods 

In stead of obtaining the power distribution from an analytical method, several 
authors have also tried to find an Al-like empirical relation between the core power 
distribution and the fuel density by fitting a multiparameter model to a lot of different 
core configurations with accurately calculated power distributions. [KAW71] for example 
does just that, while [NAF72] starts with an analytical base curve to which a perturbation 
is added. Both researchers do this to increase the speed of their computer programs to be 
able to check out more strategies in a reasonable amount of time. 

3.1.4 Depletion perturbation theory 

Several researchers have been working on a perturbation theory that is applicable 
for perturbations caused by bumup of the fuel in the core. The only possible use of the 
theory as presented by [YAN89] and others is probably again to use it to obtain faster 
computer programs for calculation of cycles; this depletion perturbation theory is to 
complicated to use in analytical studies. 

3.1.5 Nodal computer programs 

Because groups of elements are considered to have the same nuclide concentrations 
(fresh fuel, once burned, twice bumed and so on) in nuclear in-core fuel management, the 
use of nocal computer programs, that consider the average fluxes and the average fuel 
densities in the nodes, is a good candidate to use for calculating the core bumup. We 
could even take as many nodes as zones with different fuel concentrations. 

Nodal computer programs are generally a lot faster when we use few nodes than 
diffusion computer programs and transport computer programs. The price to pay is that 
we then (with a few nodes) find a less accurate neutron flux from it, but for bumup 
calculations we do not need this. A trick to increase the speed of nodal computer 
programs is found by [CHA87] by a fast calculation of the kernal under the assumption of 
a homogenuous diffusion constant in the whole reactor core. 
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3.2 Optimization techniques 

To find the optimum of a well defined function there are several techniques 
available, depending on what is known about the objective function. If for example the 
gradient of the objective function to the different optimization parameters is known, then 
a Newton-Raphson-Iike technique can be used to accellerate the optimization process. 

A direct search has to be done in case only values of the function itself are 
known. Gradients for acceleration of the search must come directly from the searching 
path. When we are using a computer program to fuel management problems we are also 
dealing with a direct search; every information on proceeding on the searching path must 
come from the calculated values of the objective function on this path. 

A serious problem with optimizations is often that one cannot be sure whether the 
optimum that is found is a global optimum or just a local optimum. To find the global 
optimum we must know on forehand where the global optimum is around. In the case of 
fuel management optimization many researchers have formulated starting assumptions for 
the search to lacate the global optimum, but these are rather dogmas to benefit either flat 
power or low leakage strategies. An article with a list of starting assumptions like 
shuffling rules, positions of fresh elements and so on may for example be found in 
[ST073]. 

3.2.1 Stochastic search 

An other type of direct search is the technique of a stochastic search similar to 
simulated annealing [MET53]. Stochastic searches are applied on nuclear fuel manage
ment by [PAR88]. The technique works as follows. Suppose we are minimizing an 
objective function OF. From a certain parameter combination where the objective 
function OF has a certain value, the computer tries another point where the objective 
function takes the value OF+SOF. The probability that this latter point will be the next 
point on the searching path is now proportional to exp(-50F/T). T is a 'temperature' 
parameter. We see that, in contradiction to most other types of searches, this stochastic 
search can escape from a local minimum. This escape probability from a local minimum 
is high when the stochastic temperature T is high. 

Like a real annealing process first the temperature T is raised to 'melt' the initial 
parameter values and is later decreased slowly to 0 to 'freeze' the parameters at preferra-
ble values. And like with a real annealing process in the stochastic search process it is 
also an art to find the best maximal temperature and the best temperature slope. 

3.2.2 Linear programming 

An optimization technique that always finds a global optimum is linear program
ming. The necessary condition for this is that the objective function is a linear function of 
its search parameters. When we know the boundary values of the search parameters the 
permitted area in the hyperspace of search parameters is a closed shape limited by 
hypersurfaces. Since the objective function is a linear function of the search parameters, it 
can have only extreme values at the boundaries, so the optimum of the objective function 
must be at one of the cornerpoints. The optimization is thus performed by checking out 
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the objective function at all comer points of the closed shape in the hyperspace. This 
technique is applied to nuclear fuel management by [OKA87], who used as set of 
parameters the fuel concentrations in all nodes to solve the maximal burnup problem for 
one cycle. The linearization was performed by a fitting technique similar to the techniques 
described in paragraph 3.1.3. 

3.2.3 Heuristic parameter optimization 

In nuclear in-core fuel management problems it is a problem to find a nice set of 
parameters to characterize a fuel management strategy. [GAL89] defined a heuristic 
evaluator as a function of the characteristics of fresh elements in die core, like the 
number of fresh elements on the core periphery and the average distance of fresh 
elements to the core centre, after some correlational studies. For that he studied the 
average power peaking and end of cycle boron concentration of over thousands of core 
configurations. 

An advantage of a transformation from reloading strategies to heuristic parameters 
is that heuristic parameters can be considered as continuous. This allows futher treatment 
of the problem by analytical methods like differentiation. After optimization the optimal 
reloading strategy is found by a backward transform from the heuristic parameters. 
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IV. Conclusions 

We have aem~that there exists at this moment no method to design reloading 
strategies for a given nuclear reactor. Analytical methods are not yet able to handle, tte 
optimization of the radial location of nuclear fuel, while calculations by computerpro
grams are not able to handle variables nor to calculate all possible reloading strategiesand 
therefore suffer from lack of physical insight. 

Maybe analytical and computer methods can be combined by using an analytical 
method (possibly with heuristic parameters) to perform a global optimization that can be 
optimized more precicely by a computer program. 
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