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ABSTRACT

We are planning to modernize the research reactor FRM
at unich using a novel "compact core". This cylindrical
fuel element has about 20 cm diameter and 70 cm height, is
cooled by light water and surrounded by a large heavy water
tank. Using the new U,3Si/Al fuels with high enrichment 93%)
and with an uranium density 7 28 gcm3 a maximum thermal
neutron flux OT't" above 810 * cm-"s" can be achieved in
the DO-tank at only 20 MW reactor power. A reduction of
enrichment to about 45% can be mostly compensated by an
increase in uranium density up to 65 g/CM3 and `NZ` is 
smaller, then. In the case of 20% enrichment, however, the
core volume must be enlarged significantly and OTl," decreases
by 32%. While these results have been obtained for a compact
core with 18 concentric fuel plate rings, we also started to
investigate an alternative version with 104 involute-type
fuel plates. The first results are very promising, too.

CONCEPT

Our project is a major upgrade of the research reactor FRM at
Munich. For that purpose we are working on the design of a particu-
larly small, undermoderated core (with about 20 cm diameter and 70
cm height) which is cooled by light water and surrounded by a large
D2.0 moderator tank (having both 250 cm diameter and height). This
concept allows to achieve high values of the thermal neutron flux
outside of the core (i.e. in the D0 ank) already at modest reactor
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power /1-5/.

A more than 250 cm long, vertical core tube of about 20 cm inner
diameter separates the core and its HO cooling circuit from the sur-
rounding DZO. The reactor will be controlled by an absorber rod which
moves in the central channel of the core. Independent from that the
reactor can be shut down by absorber rods in the D tank which, how-
ever, are fully withdrawn during regular reactor operation. The main
purpose of the DZO tank is to incorporate the user installations,
i.e. horizontal beam tubes, vertical irradiation channels, and neu-
tron spectrum modifiers (cold source, hot source, converter). Al-
though calculations of the influence of these experimental facilities
on the reactor are on the way, the following discussion always refers
to the "unperturbed" situation in which the tank contains only D20.

Burnup calculations have been performed based on an earlier ver-
sion of the core. The design of this "compact core 2 was similar to
that to be shown later in this paper (Fig. la); it contained 699 kg
of U235 11,21. From these calculations it was concluded, that an un-
perturbed value of the multiplication factor keff � 122 should be
necessary for the cold, clean compact core 2 in order to operate the
reactor for about 44 days at 20 MW under realistic conditions 3-5/.
To be on the safe side we will require that keff S 124 for any prac-
ticable compact core design to be discussed. This condition also re-
flects our feeling that from economical reasons the mass of U235 in
the compact core should not be much larger than about 7 kg. On the
other hand, this mass of U235 can not be much smaller than that
either if we insist on a reactor cycle length of about 44 days at 20
MW. Considering the small volume of the compact core this means that
the fuel packing density must be very high. It follows that the
availability of the new high-density fuels, which are presently de-
veloped within the international reduced enrichment programs, is a
necessary condition for a rigorous realization of the compact core.
As we will see shortly, this statement is true even for the case of
high enrichment, but all the more so in the case of reduced enrich-
ment.

In what follows we present the results of two-dimensional neutro-
nic calculations (DOT 35 code) for two technically different
versions of the compact core, i.e. one with concentric and one with
involute-shaped fuel plates. The long core tube was always assumed to
consist of zircaloy of 10 mm thickness.

COMPACT CORE WITH CONCENTRIC FUEL PLATE RINGS

An optimized version of the compact core with concentric fuel
plate rings is shown in Fig. la. For this "compact core 5" the calcu-
lations concentrated on the case where the USi/Al dispersion fuel
was assumed to be highly enriched 93% U235), because of the follow-
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ing reasons: the so obtained HEU results represent the proper refe-
rence for a comparison with other high flux reactors (which all use
HEU fuel) and also for a comparison with compact core designs based
on reduced enriched (MEU or LEU) fuel. Yielding the best results HEU
fuel is also most attractive for the practical realization of the
compact core.

According to Fig. la the 18 fuel plate rings are fastened to 6
aluminium supports and are characterized by fuel and cladding thick-
nesses of 0.55 mm and 033 mm, respectively. The relatively large
width of the H0 cooling channels, 22 mm, leads to a sufficiently
large fraction of neutrons thermalized whithin the core volume and so
to a high enough value of keff 3-5/. The inner and outer core radii
are Rt = 351 cm and R, = 987 cm, respectively, as defined by the
dimensions of the 6 supports (which are 56 mm thick). The innermost
guide tube consists of 25 mm aluminium. The active core height is H
= 70 cm, but the fuel plates are extended on each end by 6 cm alumi-
nium plates. After subtraction of the fuel-free regions around the 6
supports, the active core volume is V = 16.4 liter and the total
heat exchange surface S = 931 M2. It follows that at P = 20 MW the
average power density is P/V, = 122 MW/l and the average heat flux

density q = P/S, = 215 W/cm', which both are values already obtained
or even surpassed at other high flux reactors.

Using high enriched 93%) fuel a relatively modest value of the
uranium density, V = 28 g/cm3, is sufficient for obtaining a U235-
mass within the limits discussed above, 666 kg. The results of our
two-dimensional neutron transport calculations for this version of
the compact core are shown in line (a) of Table 1. One can see that
keq.g = 1271 is safely above the required value and that the maximum
thermal neutron flux in the D2.0 tank is 0-t1AL = 6.63-101L� CM-2 S-1. Due
to the self-shielding of the active core region the neutron
absorption is increased close to the (inner and outer) core surface
and so is the heat flux density in the core yielding a maximum value
qkAo = 600 W/cm2..

It is an inherent advantage of the concentric compact core that
its power density profile can be flattened by simply varying the
uranium density �, from ring to ring. Assigning to the 18 fuel plate
rings values of = 165/2.3/14 x 28/2.3/1.65 g/cm3 the total
U235-mass slightly decreases to 622 kg, but line (b) of Table 
shows that q,, is drastically smaller now.

Due to the relatively small central H0 channel (Fig. la) the com-
pact core can not be controlled by one central absorber rod alone,
but only by the combined action of control rod and burnable poison.
So we have homogeneously mixed 5 g of B10 25 g of natural boron in

the form of B) to the fuel and the results for this core are shown
in line (c) of Table 1. If we additionally include a hafnium control
rod of 315 cm outer radius and mm thickness, we obtain the results
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Fig. 1: The compact core with 18 concentric fuel
PI-ate rings (a, "core 5") or with 104 involute-shaped
fuel plates (b, "core E5").
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of line (d) of Table 1. It follows that keff = 1014, now, which
means that the compact core can be safely controlled if we addi-
tionally consider a constant reactivity loss 6kes( z 0.03 due to the
experimental installations in the D0 tank.

A comparison of lines (b-d) of Table I shows that the action of
both burnable poison and control rod leads to a tolerable increase of
the maximum heat flux density q,,,. This behaviour is a consequence
of the "shift" of the neutron flux distribution in the core more to
the outer regions due to these additional absorbers. On the other
hand, this effect also leads to a favourable enhancement of the ther-
mal neutron flux in the D20-tank up to a value of "` = 867.104"'

-2 tk
cm s During operation of the reactor the burnable poison will
continuously be "eaten up" and the control rod slowly be withdrawn
from the core, but the corresponding increase of burnup leads to a
similar enhancement of Mt. It follows that during practical opera-
tion of this compact core the (unperturbed) value of O"k will al-
ways be about 81014' cm-zs-4.

After 44 days of reactor operation at 20 MW about 1.10 kg 235
have been used up. For the core with density variation this leads to
an average relative burnup of about 18%. Assuming a ratio of maximum
to average burnup of 20 the local maximum burnup will be 36%. This
value corresponds to a maximum fission density in the fuel of about
1.9-1011 cm- awhich is relatively high.

The ratio of maximum thermal flux $TV (outside of the core) to
reactor power P can be considered as a "figure of merit" of beam tube
research reactors. For comparison purposes we have recalculated fA

for the best representative of this kind of reactors, the high flux
reactor HFR of the ILL Grenoble. Without both control rod and burn-
able poison we obtained 0'" = 131-104-5 cm 2.s-j at the nominal powertt% V

= 57 MW, which corresponds to a "quality factor" of "kVP -_ 23-
10la c-2s-1MW_1. For th same situation line (b) of Table yields a

ALLW/P - 73 2
value of � " 3.5-10 cm- s-iMW-' for the compact core 5. So the
quality factor of the compact core reactor is larger than that of the
HFR by about 50%, which represents the essential progress inherent in
the compact core concept. On the other hand, if we compare those

a� ,1M01" we obtain that Vff
volumina Ve(f in the D20 tank where �Lk 7 t,
of the compact core reactor is only about h of that of the HFR So
it is evident that a rigorously optimized compact core design cer-
tainly is the best choice for a "small" high flux reactor.

Based on the results for the highly enriched compact core we

studied the influence of an enrichment reduction on the core per-
formance. Line (e) of Table refers to the case of medium enriched
fuel 45% U235, MEU), assuming an uranium density of ? = 65 g/cm3
which is about the largest possible value to be achieveable with the
new aSi/Al dispersion fuels. The geometry and the other materials of

this core were exactly as before. We see from Table (lines e and a)
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U235 k max /1 0% q
eff �th max

mass
(kg) (cM_2s_1) (W/CM2)

com�act core 
N i=:3.blcm, R 0=9.87cm, H=70cm)

a) 93% and 28 9U/CM3 6.66 1.271 6.63 600
b) density variation 6.22 1.254 6.93 438
c) + 5 g B10 1.164 7.34 476
d) 1. +5 mm Hf 1.014 8.67 540

e) 45% and 6.5 gU/cm3 7.43 1.228 6.64 630
f) " . but H = 80 cm 8.49 1.250 6.12 571

g) 20% and 6.5 gU/CM3 , but
Ro = 12.60 cm and H = 90 cm 7.54 1.265 4.51 253

compact core 5
�Hi =b.bUcm, K 0=10.91cm, H=70cm)

h) 93% and 28 gU/CM3 6.64 1.263 6.54 515
i) .. " 1. + 5 mm Hf 1. 1.002 8.41 648

Table 1: Results of two-dimensional neutron transport calculations

that the mass of U235 is even larger now than in the HEU case, which
means that the decrease in enrichment has actually been overcompen-
sated by the increase in density. However, because of the higher
resonance neutron absorption of U238 the value of k.�? of this 14EU
core is too small and would even become smaller by the application of
the density variation concept (as can be seen by comparing lines a
and b of Table 1). In order to obtain a higher value of k,f# it is
necessary to increase the ctive core volume 3/. In line M of
Table I the active core height has been increased from 70 to 8 cm
leaving all the other core parameters unchanged. Considering the
comparatively large mass of 849 kg 235, which leads to a slightly
smaller rate of decrease of kef? during the reactor cycle, the multi-
plication factor k 4j is sufficiently large now. Due to the larger
core volume both the average and the maximum heat flux density (i.e.
q ) are somewhat smaller now. The most interesting quantity, the
maximum thermal neutron flux has decreased by about 8% with
respect to the HEU case (as can be seen by comparing lines f and a of
Table 1). So we conclude that a reduction of enrichment from 93 to
about 45% could be realized without having too negative an influence
on the performance of the compact core.
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The situation becomes drastically worse, however, if we go to the
case of low enrichment (20'� 235, LEU), since no further increase in
the uranium density �, is presently possible. In order to obtain suf-
ficiently high values of kg a significant increase in the active
core volume can not be aoi ed. In line (g) of Table I the core
height as been increased to 90 c and the outer core radius to 12.60
cm. All the other core parameters remained as before (although a
technical design would certainly provide more than 6 aluminium sp-
ports, now). These changes result in a mass of 754 kg 235 which is
a reasonable value. Because of the large core volume the multipli-
cation factor kj; is high enough and the aximum heat flux density
q,,. comparative y low. This last point implies, of course, that the
reactor power could be increased significantly beyond 20 MW for this
core without any problems. However, since we prefer for economical

WAXreasons to keep to 20 MW, the maximum thermal neutron flux Kk would
be as low as 4.5_10i4 CM-2S-4, now. This penalty of a decrease of 0T"'k,"
by about 32% with respect to the HEU case seems unacceptable to us.

Recently a 601-segment of the compact core (in a version very
similar to that shown in Fig. la) has been fabricated by the Nukem
company. This segment is presently used for thermal hydraulic tests
at the nuclear research center KfK Karlsruhe.

COMPACT CORE WITH INVOLUTE-CURVED FUEL PLATES

An alternative possibility to realize the compact core concept is
an arrangement in which the fuel plates are curved in the form of
involutes, see Fig. lb /5/. Such a design also provides a constant
width of the cooling channels. Cores of this type, but with larger
dimensions, are used in the high flux reactors HFR, Grenoble, and
HFIR, Oak Ridge.

The design of Fig. lb is characterized by the same active volume
and by the same fuel plate lattice as the concentric core (Fig.
la), whence we may label this core version as "compact core E5" (from
the German "Evolvente" for involute). If we concentrate again on the
case of high enrichment 93%) with an uranium density o? = 28 g/cm3,
line (h) of Table shows that this core E5 contains 664 kg U235
which is about the same as that of the concentric core without
density variation (line a of Table 1). The useable space between the
two aluminium tubes, which both are mm thick, is defined by inner
and outer radii R = 650 cm and R. = 10.91 cm, respectively. The
shape of the involutes was obtained by the condition that, for tech-
nical reasons, the radius of curvature of the fuel plates should

never be smaller than 35 cm (which again corresponds to the situ-
ation with core 5). The active core height was H = 70 cm as before.
These dimensions seem to be about the most compact ones which can be

technically realized for this type of core. The design of Fig. lb has
104 fuel plates.
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The long, vertical core tube separating the core and its H20
cooling circuit from the surrounding D20 must now have an inner dia-
meter of nearly 23 cm, of course. It was clear from the beginning
that it would be necessary to replace the strongly absorbing water in
the large central channel of core E5 by some moderator of higher
quality; otherwise the multiplication factor k!fj would be too low.
In the following we assumed this inner moderator to be beryllium,
leaving only a gap of 9 mm H0 to the inner aluminium tube for the
insertion of the control rod (not shown in Fig. lb).

The results of our two-dimensional transport calculations for this
compact core E5 (without control rod) are given in line (h) of Table
1. We see that the value of kef = 1263 is safely above the required
limit now. The maximum thermal neutron flux in the D20-tank is
only slightly smaller than that of the concentric core without and
even with density variation (compare lines a and b of Table 1). This
shows that the unavoidable small increase in the dimensions of the
involute-shaped core E5 with respect to core can be compensated to
some extent by the better quality of the inner moderator.

If we insert a control rod of mm thick hafnium into the central
channel, leaving water gaps of 2 mm each on either side, we obtain
the results of line M of Table 1. The value of kbff = 1002 shows
that this core E5 can be safely controlled by the a sorber rod alone
if we again consider a constant loss of akef� -_ 0.03 due to the
experimental installations in the D-tank. So, in contrast to the
situation with the concentric core 5, additional burnable poison is
not primarily necessary for the involute-shaped core E5, since the
reactivity worth of the absorber cylinder is larger now as a con-
sequence of the larger surf The calculation yields a maximum
neutron flux 8.41-101V�M-2s-1 which is only about 3 smaller
than that of core (as follows from lines i and d of Table 1) It
would, however, be more difficult to operate this core E5 at the
design power of 20 MW since the maximum heat flux density q,,, = 48
W1cm is very high. What we are trying to do now is to somewhat
flatten the power density profile and to improve the cooling behav-
iour by slightly increasing the cooling channel width as a function
of radius in the outer core region, which can be achieved by a slight
deviation of the fuel plate shape from the exact involute curve. For
economical reasons we do not intend to vary the thickness of the fuel
layer in the plates, as it is done at the HFIR reactor at Oak Ridge.

In conclusion we would like to point out that the involute-type
compact core could be very attractive, too, if this cooling problem
can be somewhat relaxed. There are also some fabrication aspects
which have to be treated in more detail yet. The involute-type core
is supposed to offer somewhat' reduced fabrication costs, since all
the fuel plates are identical, and also some advantages with respect,
to mechanical stability and control behaviour. A reduction of the
thermal neutron flux being as small as in Table (lines d and i)
could certainly be tolerated.
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