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Based on the overall agreement about methods and principal results on
core conversions from HEU to REU within the work done for the IAEA Guidebook,
we started our investigations about the specific cases, that means the corr-
versions of the German Research Reactors within the German AF-Program.

The first step of this work was done for the three low power MTR-reactors
we have in Germany.

These are:

- the Ber II in Berlin operating at KW,

- the FMRB in Brunswick operating at I MW, and

- the FRM. near Munich operating at 4 W.

First, I shall give a short overview about the status of the three
reactors presenting their cores and specific design features.

The simplest core from the point of view of conversion calculations was
the BER II-one. The core is made up out of 33 fuel elements and control
elements, it is built up on a x 8 grid plae. On three sides the core is
surrounded by reflector elements partially made out of graphite and partially
out of beryllium (Fig. I .

The main purpose of the core is to provide high neutron fluxes for the
12 beam tubes on all reflector sides.

A little bit more complicated - from the conversion point of view - was
the status of the Munich FRM. This is on one hand due to the two different
cores they operate:

- a so-called normal core and

- a smaller beryllium core

and on other other hand due to the different uranium-loadings of fuel elements

- partially 230 g 235U per element and

- partially 180 g 235U per element

with control elements of both plate loadings as well (Fig. 2.
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The third reactor we investigated, the Brunswick FMRB, has specific
design features that cause specific problems. The core is split into two
parts, the so-called

- north core (top of Fig. 3 and the

- south core (bottom of Fig. 3),r

interacting via a heavy water reflector in between.

So far no problem, but the operator uses the core with the south core
in shutdown mode during normal operation. This fact is a German licensing
problem only as the licensing authorities of Lower Saxony insist on having
both parts of the core in operation as written in the license from 966 So
we were faced to convert a core shutdown partially.

The main problem resulting was the fact that the reduction in flux we
calculated, partially came from an increase of power in the shutdown part of
the core because of its low burnup in comparison to the north core.

Therefore the determination, which part of the flux reduction results
from the enrichment reduction was somewhat uncertain. It turned out to be
necessary to treat the south core as a constant source as far as possible.

Out calculations with LEU-fuel - in these three cases no MEU-fuel was
used - were done looking at different criteria for the conversion. The first
group we call cycle length criteria and they are split into two versions

- the same cycle length for LEU-fuel as for the existing HEU-fuel
measured in MWd with the same excess reactivity at EOL as it
exists at present

- the same criterion as above except the cycle length measured
in percentage loss of 235U, because this criterion is said
to be approximately cost-neutral.

The second group we call fuel availability criteria, i.e., using the
limit of uranium density developed within one development step of the AF-
Program for example for Alx and U308, respectively. This was mainly done to
demonstrate to the operators which further advantages can be reached within
the density range of a certain type of fuel.

The problem of a report about the results of the numerous calculations
we made so far is how to present these results in an adequate way. What we
try today is a summary of the work done up to now.

The first figure under this aspect (Fig. 4 presents an overview over
the LEU-fuels for the BER II by plotting the discharge burnup versus the
uranium density in the meat necessary. We choose the discharge burnup as a
variable here because of its importance for the fuel cycle cost. The status
is given by the horizontal slash-point line through the 180 g 235U-HEU-fuel
point.

434



Whereas the minimum criterion (cycle length in Wd) is fulfilled with 193 g
235U using the same fuel element geometry as for HEU-fuel, ie 23 plates per
element the cost neutral criterion (cycle length in loss i35U) is matched
by 206 g 235U when remaining with the element geometry. The uranium density

3of the latter case is clearly above 22 g/cm that is 236 g/cm3. The 22
8/CM3 is the upper limit of the first development step in the AF-Program.

However, to remain below or at 22 g/cm3 we made some attempts with change-
ments of the fuel element geometry. 21 plates per fuel assembly turned out
to be a bad choice despite the thicker meat of 0575 mm chosen here. A signi-
ficantly better choice was to take 19 plates per assembly, which we used with
two different meat thicknesses, namely 068 mm and 073 mm. The resulting
uranium loading within the 22 g/cm3 density range are 211 g 235U and 227 g
235U, respectively. These loadings demonstrate the possibility for improve-
ment of the cycle using the fuel availability because the discharge burnups
are clearly enlarged (-56% and 60% instead of 51% for HEU).

A last way we tried to lower the uranium density necessary was to improve
the reflector by exchanging the graphite part of beryllium.

The encouraging result was the reduction in the 235U-loading from 206 g
to 185 g remaining with the same discharge burnup in and a uranium density
of 209 g/cm3 only which is remarkably below the limit for UAI)C-fuel in the
AF-Program.

The second way we try to present results is to summarize the flux reduc-
tions which have to be put up with.

These reductions depend of course on the position ir-core and out-of-core
and the neutron energy. Here we restricted ourselves to thermal fluxes.

Specifically, the out-of-core fluxes are problematic to compare because

- their reductions are much smaller than inside the fuel
and differ moreover for different kinds of reflectors,

- the importance of the reductions depend very much on
the location of the experimental facilities around
the core and their relative importance for the users.

So the next figure (Fig. 5) will only compare in-core thermal flux
albeit it is of lower importance for the user but much simpler for the
calculator. Naturally, we have provided all flux changements inside and
outside the core in the detailed reports.

The figure only demonstrates that the differences of the flux reductions
of the different LEU-loadings are only within 10% of the overall reduction by
the enrichment change.

So the small additional reductions due to higher 235U-Ioadings and due
to changes in number of fuel plates will not influence the decision for the
type of fuel very much.
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Let us switch to the next core quickly. The 4 MW-FRM in Munich has a
higher uranium loading per assembly than the BER II actually. So it is in
no way surprising that the density demand came out to be beyond the UA -
limit. All calculations we made result in densities of 30 to 32 g/cmf,
which is at the upper limit of present development for U308-dispersion
fuel. The redesign of the fuel element with 21 as well as with 19 plates
show again distinct benefits for the discharge burnup.

The figure (Fig. 6 hereto presents in the upper half the results for
the beryllium core and in the lower half for the normal core.

So far we have not checked whether it is possible to use the 19 plate
fuel element with Alx7fuel to reduce the density demand down to the upper
limit of this fuel for both cores in use.

For the no-redesign fuel assembly with the 23 plates standard design
the beryllium core demands a little bit lower loading and correspondin �35U
density to meet the demand of the cycle length criterion in loss of
than the normal core. The minimal criterion's demand was not calculated
explicitely in this case because of its economical drawbacks, but extra-
polations result in a uranium demand of 233 g 231U (pu 2.67 g/cm2) per element
for no-redesign fuel.

A similar plot as for the BER II in view to the reduction of thermal
fluxes in core gave very similar results as before (Fig. 7 a clear reduc-
tion of the thermal flux in core caused by the change of enrichment and only
slight relative reduction due to the higher 23-5U-loadings with LEU-fuel.
The figure gives the results for the normal core in the core centre as well
as for the berylium core at an outer fuel element row. In both cases the
flux reduction is a clear function of the 235U-loading. No clear deviations
for the different fuel element geometries are to be seen in this case.

The last of the three low power MTR-reactors in Germany is the FMRB
in Brunswick with its strange core set-up mentioned above. The actual fuel
element loading is 140 g 235U in 12 standard plates with 0.51 mm meat thick-
ness. So there exists a simple approach to higher uranium loadings per
element by enlarging the meat thicknesses. We used the 12-fuel-plates element
with mm meat thickness for our conversion investigations and for compari-
son purposes calculations with the standard 23-plates element were carried
out, too. The results are presented in the overview (Fig. 8) about the fuels
we tried using the discharge burnup versus uranium density plot.

The relatively low discharge burnup is a consequence of the non-optimum
core size shown at the beginning. But it is more interesting from the point
of view of the selection of the best fuel for conversion to see, how drastic
the loading changes if we try to get the HEU-discharge burnup with a 23-plates
standard fuel element instead of the 12-plates element with I mm meat thick-
ness.

Moreover, the big advantage of the 12-plates fuel element with its
thicker meat can be seen when using the uranium density of 23 g/cm3 which
gives an impression of the possibilities existing near to the limit of UAlk-
fuel.
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With this density the 12-plates element reaches a discharge burnup
of 34% whereas the 23-plates element ends its core life at approximately
24% loss of fissile uranium.

In addition to the cycle data the last reactor specific figure (Fig. 9)
again gives an impression about flux reduction. This is of some interest
specifically because the very high loading of a 45% higher uranium content
may influence the thermal flux much more than in the two cases seen before.
The figure reflects indeed this fact.

The gap between the two enrichments is of the same order as the dif-
ferences for the different loadings. But this effect results from the dif-
ferent interactions of the south core to the power level of the north core
partially. So conclusions should be drawn only carefully from these results.

Finally an attempt was made to bring all calculations into one picture.

The last figure (Fig. 10) presents this attempt by plotting the discharge
burnup - this time in MWd - versus the uranium density in the meat.

The basic results of this figure are

- the FMRB can be converted using Alx-Al-fuel in the 12-plates
element with mm meat thickness. The density necessary is
between 1.85 and 22 g U/cm3

- the BER II needs more than 22 g U/cm2 if the fuel element
geometry as well as the reflector set-up remain as they are.
But there exist possibilities to stay below 22 g U/cm if
reflector exchange or/and fuel element geometry changes are
taken into account

- the FRM - here presented for the normal core only - clearly
needs U308-Al-fuel when using its present fuel element
geometry further on. A suitable density is around 30 g U/cm3.
Some advantages can be got from geometry changes, specifically
from a 19-plates fuel element, with all its consequences to
licensing procedure and power restrictions resulting from
heat removal aspects.

We are going to investigate the thermal hydraulic conditions and limita-
tions of the three German low power reactors now and up to now we found for
the Berlirr-case that there exist no pricipal limitations for the different
fuel elements investigated. The high thermal hydraulic reserve of the
Berlin7-design allows all geometry changes taken into consideration.

But the operator of the BER II plans to double the power, that means
to operate at 10 MW. This was planned before the conversion idea came up
and is now closely linked together. Nevertheless investigations of these
facts together have deomonstrated that within the uranium density range up
to 22 g/cm3 there exists the possibility to operate a 0 MW-core with the
existing fuel element. This design is based on a maximum reflector improvement.

438



Whereas here a clear meaning about the future of the reactor can be seen,
this is not that clear for the other two cases. But it is quite obvious
that no operator of a German reactor will undergo the enormous licensing pro-
cedure of the (not united) states of Germany for the conversion only. They
all try to get in parallel some progress for the efficiency of their reactors
and so the operators of the Munich- and the Brunswick-reactor still investi-
gate the best way to do so. From my point of view this is a reasonable pro-
cedure.
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