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ABSTRACT

An automated design tool is being developed for the Hoger Onderwijs Reactor (HOR) in
Delft, the Netherlands, which is a 2MWth swimming-pool type research reactor. As a
black box evaluator, the 3-D nodal code S1LWER, which up to now has been used only
for evaluation of pre-determined core designs, is integrated in the core optimization
procedure. SILWER is a part of PSI's ELCOS package and features optional additional
thermal-hydraulic, control rods and xenon poisoning calculations. This allows for fast
and accurate evaluation of different core designs during the optimization search. Special
attention is paid to handling the in- and outputfiles for SILWER such that no adjustment
of the code itself is required for its integration in the optimization programme. The
optimization objective, the safety and operation constraints, as well as the optimization,
procedure, are discussed.

INTRODUCTION

The Hoger Onderwijs Reactor (HOR) is a 2MWth pool-type research reactor situated at the
Interfaculty Reactor Institute in Delft, the Netherlands. Its main purpose is to serve as a scientific,
facility for reactorphysical experiments and to supply neutron beams for use in neutron scattering
experiments and neutron activation analysis. It contains highly enriched MTR-type fuel elements,
and features a core dimension of approximately 47 cm x 57 cm x 60 cm. The core grid plate has
42 positions, normally loaded with fuel elements including control elements and several reflector
elements, containing Be-metal, as is indicated in Fig.l. The reactor is operated continuously 5
days a week. The maximum licensed excess-reactivity is 6%, which requires replacement of a few
elements and reshuffling at a three-month interval. The reshuffling operation usually consists of
discharging the fuel element with the highest assembly-averaged burnup, followed by a permutati-
on of a limited number of fuel elements such that the vacancy in the core created by discharging
the highly-burnt fuel element travels to a position somewhat nearer to the central region in the
core, where it is filled with a fresh fuel element.

THE OPTIMIZATION PROBLEM

In this study, we are interested in optimizing the trajectory along which the fuel element vacancy
travels to a position near or in the central region, and find the loading scheme associated with the
highest allowable value of the effective multiplication factor of the uncontrolled core keff

(uc)(BOC)
(that is, the core with all control rods fully withdrawn) at Begin-Of-Cycle. Successive maximizati-
on of keff

(uc)(BOC) may lead to longer cycle lengths, or to a smaller multi-cycle averaged number
of fresh fuel assemblies to be fed into the core. The safety constraints are the maximum core
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Fig.l Schematic view of the HOR core

reactivity constraint, the shutdown margin constraint and the power peaking constraint. The maxi-
mum core reactivity constraint dictates that the effective multiplication factor of the uncontrolled
core (that is, the core with all control rods fully withdrawn) keff

(uc)(BOC) at Begin-Of-Cycle should
remain below 1.06. The shutdown margin constraint requires that it should at all times bepossible
to shut the reactor down by inserting the two control rods with the least reactivity worth, with the
other two rods fully withdrawn. This last mentioned constraint usually requires that a fresh fuel
element be placed in the vicinity of a control rod. The power peaking constraint can be derived
from thermal-hydraulic analysis. The operation constraints are first of all related to a target cycle
length of about three months, which requires a minimum core reactivity at BOC. There is also a
constraint on keff

(uc)(EOC), which should be larger than 1.03 for compensating the equilibrium
xenon poisoning effect, the temperature effect, and the short-lived fission product buildup effect.

SILWER : A FAST 3-D NODAL DIFFUSION CODE

The heart of the automated design procedure consists of the fast 3-D nodal code SILWER, which
is a part of the LWR core analysis code system ELCOS [1] of PSI (Paul Scherrer Institute, Villi-
gen, Switzerland). As is generally known, nodal codes are powerful tools for full core (three-
dimensional) reactor calculations such as criticality, burnup, etc. In ELCOS the modules COR-
COD and SILWER are used for nodal calculations. CORCOD computes interpolation coefficients
based on few-group homogenised macroscopic cross sections prepared by the cell code SCALE. A
set of subroutines called SSLINK (SCALE_SILWER_LINK) [2] has been developed to extend the
capabilities of the SCALE code system with the nodal method used in SILWER. These macrosco-
pic cross sections are generated for several independent state variables, which can be : power
density, burnup, water density, water temperature, fuel temperature, etc. The data stored for each
group comprise homogenized macroscopic cross sections (total scattering, absorption, production
and fission) as well as the fission spectrum, flux, neutron mean velocities and the microscopic
absorption cross section of 135Xe. The fit coefficients, the degrees of approximation and the
interpolation coefficients are stored as well. The output file of CORCOD is produced once, and
can be read by the SILWER code. SILWER simulates the reactor core in steady state operation by
three-dimensional neutronic and thermal hydraulic calculations. Two different nodal diffusion
modules are available : one with polynomial expansion (multi-group, more than two) and the other
with analytical solutions (two-group) of the diffusion equation in each node. The multi-group
method is important for small reactor cores with high leakage where a two-group treatment is not
sufficient. The HOR research reactor in Delft is a typical example of such a small high leakage
core for which the module based on polynomial expansion should be used. In the multi-group
picture, a five-group approach was adopted.
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THE AUTOMATED DESIGN PROCEDURE

The optimization control structure is shown in Fig. 2. The heuristic optimization shell consists
of a number of separate modules which can be used to set up a multiple cyclic interchange [3]
search procedure. Core configurations to be evaluated are stored compactly and can be read by the
module SINFIG (Silwer Input File Generator) which then produces an inputfile to be read by
SILWER. The files containing the core configurations also contain data indicating what type of
core calculation is to be performed by SILWER.

INITIAL BOC CORE
CONFIGURATION

CURRENT BOC CORE
CONFIGURATION

HOR input file for
specific calculation type reset calculation type

index to 1

/
\

yes

proceed with
search?

HOR output file for
specific calculation type

EXIT

no \

CALL to optimi-
zation program ; genera-
tion of a new BOC core

configuration

/ CONSTRAINT
\ VIOLATION ?

calculation type index

have all necessary
calculations been done ? yes

Fig. 2 The optimization control structure.

Basically, 5 different types of calculations can be distinguished which are relevant for the optimi-
zation process :

1 The BOC 'clean core' calculation in which the effective multiplication factor of the
uncontrolled core (that is, the core with all control rods withdrawn) is calculated, in
order to check whether the BOC reactivity constraint is satisfied.

2 Six different rod drop calculations in which all six different combinations of two out of
four control rods are fully inserted in the core with the other two rods fully withdrawn,
in order to check if for each of the six cases the shutdown margin constraint is satis-
fied.
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3 The criticality search calculation in which the uniform critical depth of the control rods
is determined, yielding the nodal power distribution and the power peaking factor, in
order to check if the power peaking constraint is satisfied.

4 The burnup calculation which is performed in a number of time steps and is aimed at
calculating the EOC configuration of the core.

5 The EOC 'clean core' calculation in which the effective multiplication .factor of the
uncontrolled core (that is, the core with all control rods withdrawn) is calculated, in
order to check whether the EOC reactivity constraint is satisfied.

Naturally, if during the course of performing these calculations it turns out that for a specific core
configuration one of the constraints is violated, the evaluation of this specific pattern is immediate-
ly terminated. This is realized by the program COVIMO (Constraint Violation Monitor). The
objective considered by us is to optimize ^ ^ ( B O C ) , the effective multiplication factor of the
uncontrolled core (that is, the core with all control rods withdrawn) at BOC, subject to the diffe-
rent safety and operational constraints. If k^ ' tBOC) is maximal, the operation cycle length is
maximal as well, which guarantees maximal discharge burnup of the fuel elements to be removed
from the core.

RESULTS

From the results obtained by us it turns out that, if one wishes to realize the target cycle length of
about three months, it seems indeed absolutely necessary to implement a center-to-outside loading.
The constraints imposed by the physics of the problem appear in fact to leave very little space for
combinatorial freedom in adjusting the core configuration. This is why a number of engineering
constraints have been programmed which force the core configuration to be evaluated not to differ
too much from a reference core configuration which was found to satisfy all operational and safety
constraints. Within the constrained candidate space defined by these engineering constraints, a
more local search could be performed in order to investigate whether better core configurations
can be found. In Fig. 4, it is indicated that, when no engineering constraints are used, the probabi-
lity of encountering worse patterns due to random permutations is much higher than the probability
of finding improved patterns. In the right, dense part of the cloud in Fig. 4, the results encounte-
red in a pairwise interchange optimization (PIO) search [4] performed in this constrained candidate
space are shown. The PIO procedure indeed manages to find a slightly better core configuration in
terms of the objective function than the reference core configuration that was used in actual practi-
se. In Figs. 3a and 3b, both the reference core configuration and the improved core configuration
are shown. The different burnup levels of the fuel elements are indicated by the different shades of
grey in the illustration. The configurations in Figs. 3a and 3b differ in the positions of the fuel
elements neighbouring the center-positioned 'white' (fresh) fuel element.
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Fig. 3a The reference core configuration Fig. 3b The improved core configuration
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Fig. 4 Plot of evaluated core configurations in the performance plane
spanned by the effective multiplication factor of the clean core and
the shutdown effective multiplication factor.

CONCLUSIONS

The operational and safety demands on the fuel cycle for the HOR more or less seem to dictate
that a Center-to-Outside loading should be implemented, with only very limited combinatorial
freedom allowed in choosing the core configuration. In spite of this, it has turned out to be
possible to find a slightly better core configuration by using a heuristic search procedure than by
application of a trial-and-error method. To this end, an automated design tool has been constructed
in which the validated PSI nodal code SILWER is embedded as a black box simulator in a simple
heuristic optimization shell. At IRI, the option is studied to condition the modular programs such
that it will become possible to apply the optimization procedure in the design of future transitional
cores containing both HEU and LEU fuel elements, for which the optimization studies may be
expected to yield more improvement.
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