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Abstract

Additional criticality safety analysis of a pool type storage for TRIGA spent fuel at "Jozef
Stefan" Institute in Ljubljana, Slovenia, is presented. Previous results have shown that
subcriticality is not guaranteed for some postulated accidents (earthquake with subsequent fuel
rack disintegration resulting in contact fuel pitch) under assumption that the fuel rack is loaded
with fresh 12 wt% enriched standard fuel. To mitigate this deficiency, a study was made about
replacing a certain, number of fuel elements in the rack with absorber rods.

For this purpose* Monte Carlo computer code MCNP4A with ENDF-B/V library and
detailed three dimensional fuel rack model was used.

At first, a short study was performed in order to pick up the neutron absorber material for
absorber rods. Cadmium and hafnium were considered as candidate materials. Cadmium was
chosen due to its availability. Later, an analysis was performed about the required number of
uniformly mixed absorber rods in the lattice needed to sustain the subcriticality of the storage
when pitch is decreased from rack design pitch of 8cm to contact pitch, assuming that the
absorber rods remain in their proper positions.

Next, it is shown that, due to random mixing of the absorber rods during lattice
compaction, supercriticality configurations cannot be completely excluded. Question arises
about the probability for such event.

For this purpose, a probabilistic study was made, sampling the probability density functions
for random absorber rods lattice loadings. The results show reasonably low probabilities for
supercriticality even for fresh 12 wt% enriched standard TRIGA fuel stored in the spent fuel
pool.

I. Introduction

It was shown in [1] for spent fuel storage pool, presented in Fig.l, at 250kW TRIGA
reactor operated by "Jozef Stefan" Institute in Ljubljana, Slovenia, that its subcriticality for
some foreseen accident conditions, such as earthquake, cannot be guaranteed. In the case when
the same fuel storage pool would be used for emergency core unloading, the calculation with
the most reactive, fresh 12 wt% standard TRIGA fuel was done to cover the possibility for
such unloading to occur in the very beginning of the core life. It was supposed that
disintegration of the filled fuel rack occurs where fuel elements pile together to their contact
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and that water remains in the pool. To mitigate the risk of such possibility it has been proposed
[1] to replace a certain number of fuel elements by cadmium loaded absorber rods, which
should be uniformly mixed into the lattice.

The aim of this contribution is to present partial results of additional probabilistic criticality
safety analysis showing that even if previously uniformly mixed additional absorbers would not
remain in their relative positions during the supposed rack disintegration, only minimal
probability for supercritical configuration can be expected.
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Fig. 1. Side and top views o,f the spent fuel pool rack at TRIGA Ljubljana

II. Description of the pool and the absorber rods

The pool, excavated in the basement of the reactor hall, is 2.6x2.6m wide and 3.6m deep.
It is filled with pure demineralised water. The walls are made of reinforced concrete clad with
stainless steel. The aluminium fuel rack is attached to the bottom of the pool. It consists of top
and bottom support plates connected by vertical props at the sides (see Fig. 1). Top support
plate has 21x10 holes for inserting fuel elements. Pitch is 8cm and hole diameter is 4cm. Holes
are arranged in a square array. The rack is divided in three segments of 7x10 positions by
aluminium-clad cadmium plates.

During the postulated accident in which the rack would disintegrate and both the fuel
elements and additional absorber rods would randomly mix and compact to contact pitch,
equal probability must be assured that either fuel elements or absorber rods would occupy one
of the available lattice positions. This can be attained if mechanical properties, i.e. the shape
and the weight of both elements, are the same. Taking this condition into consideration it
allows us only to vary the thickness of absorbing layer of the absorber rods. To see what
influence that thickness has on the criticality of the pool, a short study was done for two
absorbing materials: cadmium and hafnium. The results show (Fig.2) the dependence of ken- on
the thickness of the layer for both absorbers. The calculation was done for contact pitch pool
with 8 absorber rods in each of 3 compartments for thickness of cadmium or hafnium layer
between 0.0001mm and 15mm. It could be seen that the influence of the thickness of
absorbing layer in absorber rods on the kerr plays little role for values greater than 1mm. As an
additional illustration the ke«r value for the absorber rod of the same shape, filled with 100%
boron carbide, is presented in the Fig.2. Therefore, the final shape of the absorber rod was
modeled with top and bottom plugs made of stainless steel and 6.2mm thick cadmium plate,
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rolled in the form of hollow cylinder, to exactly match the total weight of standard fuel
element.
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Fig.2: Dependence of k«(r on the absorber thickness

IH. Calculational method

• Monte Carlo computer code MCNP4A [2] was used. A continuous neutron cross section
library, evaluated from ENDF/B-V data [3] was applied. The scattering functions for graphite,
hydrogen in water molecule and hydrogen in zirconium were taken from the ENDF/B-IV
library. Detailed three-dimensional geometry was used. Both, the fuel elements and the
additional absorber rods were exactly modeled, as well as the fuel rack and the walls of the
pool, so that both, axial and radial leakage was correctly described. The multiplication factor of
such geometrical model is denoted as

IV. Results

IV.A Critical number of 12 \vt% fuel elements

The first task of our analysis was to determine the critical number of fresh standard 12 wt%
fuel elements for square contact lattice pitch. It was assumed that, during the rack
disintegration, all fuel elements pile together to square contact in two possible modes, that is
along the short side or along the long side of the rectangle ( Fig.3). Water is assumed to remain
in the pool. We started our calculation with a certain subcritical number of fuel elements and
then sequentially added fuel elements for both lattice modes until criticality was achieved.
Other available lattice locations contained only water. Results show (Fig.3a) that criticality is
achieved with 35 fuel elements loaded along the short rectangle side and with 46 fuel elements
loaded along the long side.

The second task of the analysis followed the same reasoning as before, differing only in that
previously water flooded lattice positions were now replaced with above described cadmium
absorber rods. In this case, 39 fuel elements and 31 cadmium absorber rods were required to
achieve criticality in the case of short rectangle side loading and 48 fuel and 22 cadmium
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absorber rods in the case of long side loading. See Fig.3b again. Solid lines represent
polynomial least squares fit to Ka calculational data in all cases described above.

Of course, additional cadmium absorbers, when piled along one side of the fuel rack and
fuel elements along the opposite side, cannot essentially lower the k ^ during the rack
disintegration and lattice compaction. However, as it will be shown, the probability for such an
event to occur appears to be negligibly small.
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Fig.3. Determination of critical number of fresh 12 wt% standard fuel elements in case of
contact pitch and a) short rectangle side loading and b) long rectangle side loading.

IV.B Crtticality for uniformly loaded absorbers during pitch decrease

For this study the spent fuel rack was filled with fresh fuel elements. Several rack positions
(8, 10, 12, 15, 17 and 20) were filled with absorber rods in a more or less regular manner, with
the intention to show that uniformly mixed absorbers among the fuel assure subcriticality under
postulated accident condition. This was achieved by calculating the KK for the pool with
different pitches from the design pitch of 8cm down to square contact pitch. Several
calculations were done for chosen numbers of absorber rods for various pitches.

Results show that even only eight uniformly positioned absorber rods among 62 fuel
elements assure subcriticality for all pitches down to contact (Fig. 4). Result for fuel elements
occupying all 70 positions (no absorber rods in the lattice) is also given, confirming our
findings about possible supercriticality from [1].

IV.C Probability density functions for random lattice loadings

Using the absorber rods as described above assures subcriticality even under postulated
accident conditions, if water remains in the pool but fuel rack disintegrates so that fuel
elements and absorber rods pile up in contact, assuming that both keep their relative positions.

Now, let us think of the case when random mixing of fuel elements and absorber rods
occurs during rack disintegration. If we recall the former results, showing that in a case when
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all the fuel elements and all the absorber ro'ds fall apart to the opposite sides, supercriticality
would occur already with 39 fresh fuel elements and, consequently, 31 absorber rods.
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Fig.4. Dependence of the
absorber rods.

on the lattice pitch for. various number n of uniformly loaded

We have to estimate the probability for supercriticality for n absorber rods and 70 - n fuel
elements randomly distributed into the described 7x10 lattice in the case of square contact
pitch.

According to [4], there are N possible ways to load n equal absorber rods and 70 - n equal
fuel elements into this lattice. N is given by:

70!
N " n ! ( 7 0 - « ) !

For example, if n = 20, the number of possible loadings N is approximately 1.62-1017. So the
probability for each possible loading (like the one we discussed before: all fuel to one side, all
absorbers to the other side) would be negligibly low, i.e. 10'17. Although that this is an extreme
case, there may be other supercritical loadings, too.

To determine the probability for supercriticality, the following calculational scheme was
used:
• a small supervisor program was written which could randomly alter the distribution of fuel

elements and absorber rods in the MCNP input (describing 70 - n fuel elements and n
absorber rods in square contact pitch);

• MCNP run was then initiated by the supervisor program;
• after the termination of the MCNP run the supervisor program checked the MCNP output

file for validity of statistical tests;
• if all statistical tests were passed, keir and its standard deviation a were retrieved;
• MCNP output was deleted and kerr and a were added to probability density file (simply,

unity was added to a vector between ketr - a and kejr + a with resolution of 0.0001 in order
to cumulatively build the probability density function);



» process was repeated for the same number of absorbers n until 500 valid MCNP runs were
accumulated;

This calculational scheme was done for selected numbers of absorber elements n (8, 10, 12,
15 17 and 20). At the end the accumulated probability density functions dpJdKa were
normalized:

J ^
ok'ff

defining the probability for supercriticality pn(ke<T> 1) as:

= 1 -f2-^Ok. 'ff (3)

Entire calculational process was computer intensive, since it required 3000 valid MCNP
runs. However, the task was distributed over the network to various workstations and mostly
ran overnight, so it was not overloading our computers. For illustration: if these 3000 runs
would all be executed on a single 133 MHz Pentium processor, approximately two CPU
months would be required to complete them.

The probability density functions dpjik^yd^a for different numbers of absorber elements n
are presented on Fig. 5.
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IV.D Supercriticnlity probabilities estimation

From the obtained probability density function the probabilities for supercriticality now
directly follow from Eq. (3). They are given in the second column of Table I. Although 500
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MCNP runs have been run for each number of absorber elements, the curves of the
"experimental" probability density data still contain much scatter. To avoid this, the gaussian
and exponential least squares fits were applied to "experimental" probability density data
(actually, only to the right hand side tail of the probability density function. Fits were not done
for n = 8 and n = 10 because the probability for supercriticality is unacceptably high in this two
cases. A sample fit for n = 15 is presented on Fig. 6. It is easy to conclude that gaussian
provides better fit. Regardless of that, both gaussian and exponential supercriticality probability
estimations are included in Table I.

Number of
randomly loaded

Cd absorbers
n

8
10
12
15
17
20

Probability for kcrr ̂

"experimental"
data
0,75
0,35
0,062

0,0026
0
0

gaussian
tail
/
/

0,069
0,0036
0,0011

0,0000013

1

exponential
tail
/
/

0,12
0,033
0,015

0,0045

Table I: Probability for supercriticality for various number of randomly loaded absorber rods.
Pitch: square contact (3.75cm)
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Fig.6: Estimation of supercrtticality probability by means of gaussian and exponential fit to the
probability density function.



y.t Conclusions

It was shown in [1] and confirmed in this paper that subcriticality is not guaranteed in the
n e W spent fuel storage pool at TRIGA reactor in Ljubljana, if rack disintegration with lattice
compaction to square contact pitch would occur and if, at that time, fresh 12 wt% standard
XRIGA fuel elements alone would be stored in the pool.

Cadmium absorber rods were designed to overcome this deficiency and a criticality safety
study was done about replacing some of fuel elements in the rack by these absorber rods.
Monte Carlo code MCNP4A with ENDF/B-V cross section library were used to perform the
analysis. Its results can be summarized as follows:

• Without any absorbers only 34 fuel elements would be maximum number to be stored in one
fuel rack compartment, since any larger number might lead to criticality under severe
earthquake conditions.

• If the absorber rods would remain uniformly mixed with fuel during lattice disintegration
and subsequent compaction to contact pitch, only 8 absorber rods would assure
subcriticality.

• Since random mixing of fuel elements and absorber rods during lattice disintegration can be
expected, an extensive Monte Carlo calculation was done, aimed to sample the probability
for supercritical configurations that may occur, if there are more than 34 fresh standard 12
wt% TRIGA fuel elements stored in one fuel rack compartment.

• When there are 15 - 20 absorber rods per compartment, the probability for supercriticality is
reasonably low (10"6 - 10"3 per severe earthquake which would result in total rack
disintegration and unfavorable mode of fuel compaction), thus enabling to store up to
approximately 20 fresh standard 12 wt% TRIGA fuel elements more per one fuel rack
compartment.
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