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Abstract

We have investigated safety characteristics of nitride fuels in critical and sub-critical cores dedicated
to waste transmutation. It is shown that decomposition of actinide nitrides followed by escape of
nitrogen gas from the core will not lead to positive reactivity feedback, provided that a) 15N enriched
nitrogen is used, and b) pin pitches are sufficiently large. Hence the reason for nitride fuels not being
licensed for use in Phenix is not valid in the context of P&T, where use of 15N enriched nitrogen in
nitride fuel fabrication is a prerequisite, and neutron economy is much less constrained than in FBRs.
Consequently, the main safety concerns related to use of nitride fuels can be eliminated by proper
core and fuel design.
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1. Introduction

Since the 50s, nitride fuels have been considered as an alternative to oxides for use in fast
neutron reactors [1]. In comparison with oxides, the higher actinide density of (U,Pu)N fuels enables
shorter doubling times, which was an important objective in fast reactor development until the end of
the 80s. While nitride fuel pins have been fabricated and irradiated in both the United States, Western
Europe and Japan [2,3,4], the largest effort was undertaken in the Russian Federation, where the
BR-10 reactor for 15 years was operating on UN fuel [5]. (U,Pu)N fuel is also to be used in
BREST-OD-300, a prototype lead cooled reactor planned for construction in Beloyarsk [6].

During the last decade, the focus of fast reactor development has shifted towards utilisation for
plutonium and minor actinide burning. Safety requirements however limit the minor actinide
concentration in large cores to less than 2.5% [7]. Excess concentration of americium in TRU
inventories arise due to decay of 241Pu if Pu is not recycled, and due to neutron capture on 242Pu if Pu is
recycled in thermal reactors [8]. Hence sub-critical operation of dedicated minor actinide burners was
proposed by a number of authors, starting with Foster et al. in 1974 [9].

In the context of partitioning and transmutation, a renewed interest in nitride fuels has arisen,
due to additional attractive features of this fuel type, namely:

•  Sufficient solubility of plutonium nitride in nitric acid for PUREX reprocessing to be
applicable. Nitrides are as metal and oxide fuels reprocessable by pyrometallurgical
methods, but the latter still have to prove ability to provide recovery fractions above 99% in
large-scale facilities.

•  High thermal conductivity, enabling operation at higher linear power. Hence, the number of
minor actinide containing fuel pins to be fabricated, irradiated and reprocessed can be
significantly reduced.

For these and other reasons, a number of fast reactor designs based on the use of nitride fuels,
critical and sub-critical, were elaborated during the nineties [10-13]. As appropriate, they were not
left unchallenged. It was argued that the decomposition of plutonium and americium nitride into
metal and nitrogen gas taking place at temperatures below the melting point could cause unacceptable
safety problems. The observation of PuN decomposition in the NILOC irradiation [3] may have
triggered the cancellation of the NIMPHE program in Phenix. Subsequently, the stability of nitride
fuelled cores in beyond design basis accidents was questioned [14,15].

Obviously, if one proposes to use nitride fuels in any reactor design, one has to prove that either
fuel temperatures will never exceed the decomposition limit, or if decomposition would indeed occur,
that the consequences are of acceptable character. It is the purpose of the present paper to study the
latter case. We start by displaying nitrogen void worths in a CAPRA type of core [16], and then
proceed by analysing the behaviour of JAERI’s nitride fuelled sub-critical core design in more detail.

2. Nitrogen void worths in CAPRA cores

A fully three dimensional pin by pin model of the sodium cooled CAPRA core was set up for the
continuous energy Monte Carlo simulation code MCNP. The oxide fuel of the reference core was
substituted with (U,Pu)N fuel, having a degraded Pu vector. Following the high burn-up CAPRA core
design, the diluent spinel and steel pins were substituted with 11B4C pins to obtain a softer spectrum.
Pin pitches were varied in order to cover the range from 1.2 to 1.8 times pin diameters. The fraction
of moderator pins was adjusted in order to retain a k-eigenvalue equal to unity. The nitrogen void
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worth was calculated by removing all nitrogen from the fuel pins, corresponding to a hypothetical
scenario where loss of pin integrity at BOL leads to escape of pin bonding, followed by complete
decomposition of both UN and PuN, and escape of all nitrogen gas formed from the core region. The
resulting change in reactivity as function of pin pitch is displayed in Figure 1. As can be seen, the
voiding of natural nitrogen leads to a significant increase in reactivity, mainly due to the absence of
(n,p) reactions on nitrogen in the voided state. As expected, the void worth decreases with increasing
pin pitch, corresponding to an increase in the probability of neutron leakage in the non-voided state.

Note, however the significantly smaller void worth pertaining to the use of 15N for fabrication of
the nitride fuel. 15N has a full neutron shell and is therefore neutronically as transparent as 16O. 15N
void worths hence typically are smaller than those of 14N by more than 1 000 pcm. Increasing pin
pitches up to 1.7 times pin diameters it even becomes negative for the sodium cooled CAPRA core
here investigated.

Figure 1. Nitrogen void worths in a (U,Pu)N fuelled CAPRA core

From Figure 1, one can infer that the use of natural nitrogen based nitride fuels in existing FBR
configurations rightfully has been questioned. However, when designing new reactor types for P&T
purposes the situation is quite different. Firstly, the use of nitrogen enriched in the 15N isotope is
anyway foreseen in order to avoid production of 14C. Second, the constraints on neutron economy are
much less severe for fuels containing high fractions of plutonium, allowing to increase pin pitches
without too large penalty in terms of excessive neutron leakage.

3. Void worths in sub-critical cores of JAERI design

In JAERI, sub-critical minor actinide burners have been studied since the beginning of the
OMEGA program. A nitrided fuelled core design emerged in the second half of the nineties, adopting
a Pu to TRU ratio of about 40% in order to minimise the reactivity swing over a large number of
burn-up cycles [12]. The primary coolant option considered by JAERI is sodium, even though
exploratory calculations on a Pb-Bi cooled core has been made. The fuel is diluted with zirconium
nitride and the total core power is 800 MWth.
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A three dimensional model of a sub-critical core similar to the JAERI design was made for
MCNP in order to evaluate the nitrogen void worth. Liquid lead-bismuth was used as spallation target
instead of solid tungsten with sodium cooling. The radius of the target was set to 20 cm. The sub-
assembly duct pitch was fixed to 16 cm. An average linear rating of 32 kW/m was adopted, and the
number of sub-assemblies of the core was increased with increase in pin pitches in order to maintain a
total core power of 800 MWth. Equal molar fractions of zirconium nitride and transuranium nitride
were assumed, and the concentration of Pu in the fuel was adjusted to obtain a k-eigenvalue of the
core equal to 0.95. The Pu and MA vectors used in the simulation correspond to those of LWR
discharges after 5 years of cooling. Figure 2 displays the resulting coolant void worths for sodium and
lead-bismuth, respectively, adopting 99% 15N enriched nitrogen for the fuel. As is well known, lead-
bismuth gives a smaller void worth for P/D less than 2.0, but the strongly negative worth reported by
JAERI [12] is only present in the case of voiding upper plenum in addition to the core. Note further
that the difference in void worths between the coolants decreases for large pin pitches, going down
from 3 500 pcm at P/D ~1.5 to 1 000 pcm at P/D ~2.0.

Figure 2. Change in k-eigenvalue when voiding the core of coolant for sodium (left)
and lead-bismuth (right) cooled cores. The lower lines gives •k when voiding

upper plenum in addition to the core.

In Figure 3, the change in k-eigenvalue when voiding the core from nitrogen gas formed after
decomposition of actinide nitrides is shown. It was assumed that zirconium nitride does not undergo
decomposition. For the sodium-cooled core, the 15N void worth becomes negative for large pin
pitches, as in the case of the CAPRA core. For the lead-bismuth cooled core, however, void worths
remain positive, with values exceeding 1 000 pcm. This is apparently due to the better reflective
properties of lead-bismuth, leading to lower leakage. Natural nitrogen void worths are about 750 pcm
larger than 15N worths, which is a smaller difference than for the CAPRA core. It can be understood
from the fact that only 50% of the nitrogen inventory is lost in the assumption for the JAERI core.

Considering that uranium free cores in general have very little Doppler feedback, one would like
to operate minor actinide burners like the JAERI core on sub-criticality levels sufficiently deep for
super-criticality to be excluded in all cases. With sodium cooling and standard fast reactor pitches
(P/D<1.4) one notes that sodium void alone would require BOL k-eigenvalues lower than 0.95.
Additional losses of 15N from nitride fuel being heated above the dissociation temperature are more
influential on neutronics in lead-bismuth cooled cores. However, one may not simply add the coolant
and nitrogen voids to estimate the consequences of decomposition induced by coolant voiding. In
Figure 4, the void worth resulting from simultaneous voiding of Pb-Bi coolant and transuranium
nitride nitrogen is compared to the void worths of the separate events. Note how the leakage
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component increases with pin pitch, leading to a total void worth being smaller than the nitrogen
worth for P/D>1.8!

Figure 3. Change in k-eigenvalue when assuming decomposition of
transuranium nitrides and escape of nitrogen gas from

cores cooled by sodium (lower lines) and lead-bismuth (upper lines).

When comparing the safety margins of sodium and lead-bismuth cooled sub-critical core
designs, one should also take into account the reactivity losses appearing due to burn-up. The better
neutron economy of Pb-Bi leads to lower requirement of Pu concentration to obtain a certain
k-eigenvalue at a given pin pitch. For instance, a Pu fraction of 40% is required to obtain k = 0.95 at
P/D = 1.5 in the sodium cooled JAERI core. The same Pu fraction is sufficient to attain the same
eigenvalue at P/D = 1.8 in the lead-bismuth cooled version. Remembering that a 40% Pu fraction at
BOL is optimal in order to minimise reactivity losses over a series of burn-up cycles [12], a Pb-Bi
cooled core with the same reactivity loss as a Na cooled core thus features significantly lower void
worths, and can be operated at higher k-eigenvalues. For P/D = 1.8 the present study indicates that
k = 0.97 would yield sufficient margins to unprotected super-criticality using lead-bismuth as coolant.

The void worths here presented are of course upper limits to reactivity changes, at least as long
as core geometries remain intact. The high boiling temperature of lead-bismuth will lead to clad and
steel structure melting before coolant boiling, (TRU,Zr)N pellets would thus float to the surface of the
liquid metal pool where increased leakage decreases reactivity. The scenario of loss of coolant due to
tank rupture would void upper plenum before the core, again increasing neutron leakage. The
possibility of fission gas and helium leakage from fuel pins leading to gas bubbles passing through
the core should not be discarded, but the impact of such events should be of fairly local character.
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Figure 4. Change in k-eigenvalue for simultaneous voiding
of lead-bismuth coolant and 15N, compared to the separate void worths.

A more likely accident scenario in nitride fuelled cores is the partial loss of nitrogen due to
decomposition of americium nitride. While the dissociation temperature of AmN is not exactly
known, it is expected to be lower than that of PuN. In Figure 5, the insertion of reactivity due to
decomposition of AmN followed by escape of nitrogen gas from the core is displayed. As seen, it
remains below 1 000 pcm for all pin pitches in the lead-bismuth cooled core.

Figure 5. Change in k-eigenvalue for  voiding of 15N gas forming after decomposition of AmN,
compared to the full void worth of transuranium nitride nitrogen. PbBi cooling was assumed.
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4. Conclusions

Having calculated the changes in reactivity resulting from voiding nitride fuelled critical and
sub-critical burner cores from nitrogen, we make the following conclusions:

•  Use of 15N in fabrication of nitride fuels diminishes nitrogen void worths by up to 2 000 pcm,
comparing with natural nitrogen void worths. Sodium cooling yields lower nitrogen void
worths than lead-bismuth (provided core geometry remains intact), due to larger neutron
leakage into upper and lower plena. For large pin pitches and sodium cooling, 15N void
worths can become negative.

•  Voiding both coolant and nitrogen, the resulting change in reactivity almost equals the sum
of void worths for the separate events for small pin pitches, but becomes smaller than the
nitrogen void for larger pitches (P/D>1.75 in the case of Pb-Bi cooling).

•  With proper core and fuel design, i.e. using 15N for fabrication of nitride fuels and large pin
pitches, nitrogen and coolant void worths can be maintained within reasonable limits (e.g.
2 000 pcm). The use of lead-bismuth coolant allows to minimise reactivity losses for large
pin pitches, and a variant of the JAERI core design based on (Zr0.5, Pu0.2, MA0.3)15N fuel,
P/D = 1.8 and lead-bismuth coolant appears to be possible to operate at a BOL eigenvalue in
the vicinity of 0.97.

The issue of excessive cover gas pressure resulting from nitride fuel decomposition in core
disruptive accidents has not been addressed in the present paper, but it should be noted that the
nitrogen inventory in the JAERI core design is less than half, and the actinide nitride inventory of
nitrogen is less than one quarter of that in the core investigated by Umeoka [16].
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