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Before discussing the topic of optimization studies for a common-type
swimming pool reactor, a brief introduction will be given to the activities
of the Spanish Atomic Energy Commission (JEN) in the field of research
reactors and the reduced-enrichment fuel program. JEN has experience in
fuel fabrication (a few hundreds of AlX-Al fuel elements), swimming pool
reactor operation PEN-1), and spent fuel reprocessing (some four core loads
from Spain and other countries).

The JEN-1 is a 3-MW reactor which uses flat-plate fuel elements. It was
originally fueled with 20%-enriched uranium but more recently with 90%-enriched
fuel. It now appears that it will have to be converted back to using 20%-
enriched fuel.

Progress is presently being made in fuel fabrication. Plates with meat
thicknesses of up to 1.5 mm have been fabricated. Plates are being tested
with 40 wt% uranium in the fuel meat.

Progress is also being made in reactor design in collaboration with
atomic energy commissions of other countries for swimming pool reactors being
designed or under construction in Chile, Equador, and Spain itself. The
design studies address core optimization, safety analysis report updating,
irradiation facilities, etc. Core optimization will be specifically addressed
in this paper.

A common swimming-pool-type reactor such as the JEN-1 will serve as an
example. The sample reactor has a thermal power of 3 MW, is light-water
cooled and moderated, and is graphite reflected. The reactor is controlled by
three boral blades in each of two guides. There are one or two in-core irradia-
tion positions and several peripheral irradiation positions.

The philosophy adopted in this study is not to try to match the high enrich-
ment core, but rather to treat the design as new and try to optimize it using
simplified neutronic/thermal hydraulic/economic models. This philosophy
appears to be somewhat original. As many as possible of the fuel parameters
are constrained to remain constants

The fuel element and core parameters are listed in Table I. The core grid
is square. The length of the active fuel is 610.0 mm and the width is 60.0 mm.
The uranium density in the fuel meat is a modest 140 g/cm3. The thermal
hydraulic data are also given in Table I. The quantity Geff/G is the ratio of
the effective-to-total coolant flow, which was assumed to be 0.8 for every
case studied. The axial and radial hot channel factors were taken to be 14
and 20, respectively. There are also technological factors to account for
uncertainties in dimensions, coolant flow rate, temperature, etc.

Using these factors, analyses were performed for the hot spot in the
reactor core. Several parameters were chosen as independent variables. For
example, the number of fuel plates in the element (N) could vary between 10 and
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16. The 235U inventory in the core W50 was varied between 45 and 70 kg by
varying the fuel meat thickness (tm) from 1.0 to 17 mm. It is believed that
the optimum meat thickness will lie in this range. Different numbers of fuel
elements and core configurations were also studied. In this study no other
parameters varied, although one could have varied the uranium enrichment. For
this study 20% enrichment was used. Also, the uranium density in the fuel meat
and the reactor power remained fixed. The dependent variables include plate
thickness (tp), water channel thickness (tw), the primary coolant mass flow
rate (G) and velocity (v), the length of the fuel cycle Mc), the discharge
burnup (Bd), and many others.

The general approach was to study from the thermal hydraulic, neutronic,
and economic point of view all of the cores obtained from combinations of the
parametric variables and calculate a figure of merit for each core. The figure
of merit (r) is defined, quite subjectively, as:

r = 02.V.p-1.c-1.M-1/2

where = representative thermal flux in irradiation position,
V - volume of experimental holes,
P = reactor power 3 MW),
c = cost per unit power output ($/MWh(t)),

and M = number of fuel elements in the core.

The cost factor, c, is the sum of the fuel costs (cf) and the capital and
operating costs of the cooling system (cc).

Since the purpose of the reactor is to provide neutrons to experiments,
one wants to maximize both the flux and the available volume for experiments.
Also, since one wants to maximize the flux and minimize the power in order to
minimize fuel and cooling costs, the ratio of flux to power is used, resulting
in the squared flux term. Since the reactor operators would rather handle a
small core than a large one, the factor involving M is used.

The models used will now be discussed briefly. One-dimensional (axial)
thermal-hydraulic calculations were performed for the hot channel. It was
required that there be a 15'C margin to the onset of nucleate boiling, which
leads to the minimum allowed coolant flow rate for the channel and for the
core. It was also required that the coolant velocity be less than the critical
velocity, which placed a lower limit on the water channel thickness.

The equilibrium core was studied in the neutronic calculations. An in/out
fuel shuffling scheme was used, and one fuel element was loaded during each
cycle. The WIMS-D code was used to generate cross sections as a function of
burnup, and a two-dimensional diffusion theory calculation (CITATION-2) was
used to determine core reactivity and fluxes.

The calculation of the fuel costs was rather standard. Very approximate
models have been used for calculation of the cooling costs, because they are
much less than the fuel costs. However, the cooling costs do include the
capital costs, including interest costs, and the costs of electricity for
operating the pumps.
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There are some other limits, in addition to those related to onset of
nucleate boiling and coolant velocity, which had to be applied for reasons
of safety or fuel fabrication feasibility in order to evaluate the feasibility
of each case studied. In particular, cases with a fuel meat thickness larger
than 1.5 mm were rejected for reasons of fabricability. From the safety point
of view it was required that the reactivity coefficients be negative. Since
all cases were undermoderated, this requirement was satisfied with no trouble.

Although many cases have been calculated and the data is available, only
an illustrative example will be presented here. A plan view of the core con-
sidered is shown in Fig. 1. This core contains 28 fuel elements with two in-
core irradiation positions. Figure 2 shows curves of r vs 235U core inventory
for cases of fuel elements with 10, 12) and 14 fuel plates. The vertical lines
intersecting the curves indicate a 1.5-mm meat thickness, so only points to
the left of these lines are acceptable. The dashed curve is the locus of
optimum solutions. Data for all cases considered can be treated in this manner
to determine an overall optimum solution.
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Table I. Parameters for Core Optimization Study

SAMPLE REACTOR: 3-Mw(th)

Common MTR-type H20, C moderated and reflected

2 x 3 Control blades In-core irradiation holes

Fixed:
77.6 x 77.6 mm lattice

active: H - 61.00 mm
(meat)

a - 60.0 mm

UF = 40 w/o U

UD - 140 g U/cm3 (meat)

tc 045 mm

water: Tin 320C

Geff/G = 0%

Hot channel factors: F 16

Fr 20

Parameters:
N: 10 to 16 plates

U5I: 45 to 70 kg 235U

(tm: 1.0 to 17 mm)

m: 28, 29, FE's

Dependent:

tp* tg Gs 10 Lcq Bd
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Fig. 1. Layout of 28-Element, 3-MW Core for Optimization Study.
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Fig. 2 Figure of Merit vs 235 U Core Loading for 28-Element,
3-MW Core of Fig. 1. Acceptable solutions lie to the
left of the vertical lines indicating t = 5 mm.
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