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Abstract

A fission gas release model for MOX fuel has been developed based on a model for UO2 fuel.
Using the concept of equivalent cell, the model considers the uneven distribution of Pu within the
fuel matrix and a number of Pu-rich particles that could lead to a non-uniform fission rate and fission
gas distribution across the fuel pellet. The model has been incorporated into a code, COSMOS, and
some parametric studies were made to analyze the effect of the size and Pu content of Pu-rich
agglomerates. The model was then applied to the experimental data obtained from the FIGARO
program, which consisted of the base irradiation of MOX fuels in the BEZNAU-1 PWR and the
subsequent irradiation of four refabricated fuel segments in the Halden reactor. The calculated gas
releases show good agreement with the measured ones. In addition, the present analysis indicates
that the microstructure of the MOX fuel used in the FIGARO program is such that it has produced
little difference in terms of gas release compared with UO2 fuel.

1. INTRODUCTION

It is generally believed that fission gas release can be enhanced in MOX fuel compared with
conventional UO2 fuel under similar operating conditions. This enhancement in MOX fuel may be
attributed to slightly lower thermal conductivity, higher reactivity later in life and/or some amount of
Pu concentrated in a certain number of agglomerates. Since the first two factors can be considered in
terms of fuel temperature, an attempt has been made to evaluate the effect of the third factor on
fission gas release in MOX fuel.

The model developed in the present paper uses the concept of equivalent spherical cell based
on a gas release model for UO2 fuel. The model considers the uneven distribution of Pu within the
fuel matrix and a number of Pu-rich agglomerates that could lead to a non-uniform fission rate and
fission gas distribution across the fuel pellet.

The model has been incorporated into a code, COSMOS [1], and some parametric studies were
made to analyze the effect of the size and Pu content of the agglomerates. Then the model was
applied to both MOX and UO2 fuel to show the different behavior of gas release depending on the
microstructure of the MOX fuel. Finally, the calculation results of the model were compared with the
experimental data obtained from the FIGARO program [2] and were analyzed in terms of the
microstructure of MOX fuel.

2. DESCRIPTION OF THE MODEL

A basic unit used for the development a fission gas release model for MOX fuel is an
equivalent spherical cell shown in Fig. 1. An equivalent spherical cell consists of an equivalent
spherical particle with the diameter of D ,̂ = Dagg +2 . Lrec and the matrix surrounding it. Here, Lrec is
the recoil length of the fission products of about 6 ym. Although about half of the gas atoms
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generated in the band within -̂ rec from the periphery of the agglomerate are deposited in the region

between Agg and A ? , the production rate of fission gas in the equivalent spherical particle is

assumed to be uniform.

The diameter of an equivalent cell, A*//, which is determined in such a way that the total Pu

mass in each cell is equal to the sum of the Pu mass in an agglomerate and that in the matrix around
it, is as follows:

n - A -
I J „ — ••>• ' =eff

IP —

\z±z
(1)

e-e.

where

Ags is the diameter of the Pu-rich agglomerate (|j.m),
e
p is the average Pu content in the pellet (Pu/HM, w/o),

ea is the Pu content in the agglomerate (Pu/HM, w/o),
em is the Pu content in the matrix between A ? and A*// (Pu/HM, w/o).

FIG. 1. An equivalent spherical cell for heterogeneous MOX fuel

If the manufacturing parameters of MOX fuel are such that A ? is equal to or greater than

A«H calculated by Bq. (I), the MOX fuel can be treated as homogeneous, because in this case the

distribution of generated fission gas atoms in the equivalent cell would be uniform.

Using the average local fission rate Fm that is derived from the local heat generation rate, the

fission rate for the matrix between A? and Ae// is calculated as follows:

F =
1 m I

(2)
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The fission rate in the equivalent particle is then obtained in such a way that the total fission
rate in an equivalent cell is equal to the sum of the fission rate in the equivalent particle and that in
the matrix between Deq and Dall:

.+ 1 -
*,)*>«

(3)

where ^eq is the diameter of the equivalent spherical particle defined by + 2 • Lr a s above.

Then, a gas release model for UO2 fuel [3] is applied separately to the equivalent spherical
particle and the matrix zone, and then the fission gas released from these two zones are added up to
get the total release from one equivalent spherical cell. In this model, once the number of gas atoms

on the grain boundary reaches 8-10 atoms/m2 [4], the grain boundary is assumed to be saturated
with gas bubbles and additional gas atoms arriving here by diffusion are considered released to the
fuel outside. In addition, the microstructure of the Pu-rich agglomerate is assumed to be the same as
that of the matrix except for the fissile content. This means that the gas release mechanisms in the
grains located in the agglomerate and in the matrix are the same. Fig. 2 shows the schematic
calculation procedure for gas release in MOX fuel.
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FIG.2. Calculation procedure for gas release in MOXjuel

3. PARAMETRICSTUDY

Parametric study was made to investigate how manufacturing parameters of MOX fuel such as
the size of Pu-rich agglomerates and the average Pu content in the matrix affect gas release for a
constant fuel temperature of 1000°C and a linear power of 250 W/cm. Fig. 3 (a) shows the calculation
result for the ideal case that the agglomerates with the same size containing a Pu content of 23% are
uniformly distributed in the matrix with an average Pu content of 3%. In the case that the agglomerate

size is 10 jim, which is the same as the typical grain size of the matrix, Deq and ^ceii are calculated

to be 22 ^ and 19 pm, respectively. Since Deq is larger than £*«//, MOX fuel can be considered

homogeneous and therefore, the gas release behavior is the same as for U02 fuel.
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The larger the size of the agglomerates, the more gas is released due to more generation of gas
atoms in the agglomerates and the earlier formation of release paths in the grain boundaries of the
agglomerates. According to Eqs. (1) and (2), for the extreme case of an agglomerate size of 50 pm,
the volume fraction of the matrix region between Deq ancj Dcell j s 7i%5 where 36% of the total
fissions occurs. Therefore, the heterogeneity of the cases that are being considered here is not so
remarkable as the manufacturing parameters of MOX fuel might suggest. This is why the difference
in gas releases between the two extreme cases, that is, between a homogeneous microstructure and a
heterogeneous one, is not so large compared to their absolute magnitudes. This also implies that,
although each parameter of the size, Pu content and number density of the agglomerates influences
gas release in MOX fuel, it is not just one parameter but the combination of the above three
parameters that ultimately determines the overall gas release behavior in MOX fuel compared with
U02 fuel.
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FIG. 3. Effect of (a) the size ofPu-rich agglomerate and (b) the average Pu content in
the matrix on fission gas release in MOX fuel.

Fig. 3(b) shows that the MOX fuel with lower Pu content in the matrix gives a little higher gas
release at low burnup. The reason is that, for the same amount of total Pu, more Pu is available in the
agglomerates of the MOX fuel with lower Pu content in the matrix, and this yields more fission and
therefore more release. However, since A:? is larger than Dcell for botn cases, MOX fuel can be
considered homogeneous, explaining the lack of difference between them except for low burnup.

4. APPLICATION OF THE MODEL TO MOX AND UO2 FUEL

The present model has been applied to compare the gas release behavior of MOX and U02 fuel
that would be irradiated in a typical PWR with a constant average linear power of 220 W/cm during
their lives. In addition, two fuel rods are assumed to have the same chopped cosine type of axial
power shape. Fig. 4(a) shows gas release in a U02 fuel with an enrichment of 5% and a MOX fuel
with a fissile Pu content of 5% both in the agglomerate and in the matrix. Considering a typical grain
size of 10 pm in the U02 fuel, both the agglomerate size, ^ogg, and the grain size in the matrix,
Dgrain, are also taken to be 10 pm, respectively, in the MOX fuel. In other words, the MOX fuel has a

very homogeneous microstructure that is the same as that of U02 fuel. However, the two fuels would
have slightly different thermal conductivity and radial power profile across the fuel pellet due to the
different thermal neutron absorption cross section of U-235 and fissile Pu isotopes. Fig. 4(a) shows
that these two factors, which would produce a slightly different temperature distribution within the
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pellet, are combined in such a way that the gas release from the U02 fuel is a little higher than that
from the MOX fuel. Gas release is accelerated for bumups greater than about 30 MWdkgM because
the grain boundary is saturated with gas bubbles, and additional gas atoms arriving at the grain
boundary are released to the fuel outside for this burnup range.
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FIG. 4. Fission gas release in (a) homogeneous and (b) heterogeneous MOX fuel
and its comparison with U02 fuel

Fig. 4(b) compares the gas releases from a UO2 fuel and a MOX fuel that has the same Pu
content but with three different microstructures, that is, three different distribution of Pu between the

agglomerates and the matrix. Here, Dagg and Dgrain are taken to be 20 pm and 10 ^m, respectively,

in the MOX fuel. The Pu content in the matrix e
m is calculated using a number density of 4 • 10 / m 3

agglomerates in the MOX fuel [6]. In these cases, according to calculations made by Eqs. (1) and (3)
for the manufacturing parameters given here, the fission densities in the equivalent particles are about
20 % to 40% higher than those in the U02 fuel. This would lead to the earlier saturation of the grain
boundary with gas bubbles, the earlier formation of the release path and finally, more fission gas
release in the equivalent particles.

The situation, however, is the opposite in the MOX fuel's matrix region, whose fission density
only amounts to 20 to 60% of the U02 fuel's, depending on the cases analyzed, and whose volume is
about 30% of the U02 fuel's. Consequently, this situation in the MOX fuel's matrix region would
yield slower gas release than in the UO2 fuel. Since these two opposite situations compensate each
other in terms of gas release, the dominant effect of the two, which is influenced by the size, Pu
content, and number density of the agglomerates, would ultimately determine the overall gas release
in MOX fuel. Fig. 4(b) indicates that the former effect plays a dominant role over the latter in the
present three combinations of manufacturing parameters.

5. COMPARISON OF THE MODEL WITH EXPERIMENTAL DATA

To verify the present gas release model for MOX fuel, it has been incorporated into a computer
code, COSMOS [1], which was developed for the analysis of MOX and U02 fuel. One of
COSMOS'S features is that it can analyze fuel segments refabricated from base-irradiated fuel rods.
This is possible by saving all the relevant information at the end of base irradiation for the position
that would be used for refabrication. They are then used as the initial conditions for the analysis of
refabricated segments that are usually irradiated in an experimental reactor. The relevant information
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for MOX fuel that needs to be stored for the analysis of the refabricated MOX fuel is as follows: first,
the respective amounts of fission gas stored in the interior and the boundary of the grains located both
in Pu-rich agglomerate and in the matrix. Second, each grain size in the two regions is required. Other
information, such as fuel geometry, power history and coolant condition, is given in the input data
used for the analysis of refabricated fuel segments.

The COSMOS has used the FIGARO results [2] to verify the present model. In the FIGARO
program, two MOX fuel rods that had been irradiated in the Swiss BEZNAU-1 PWR of NOK during
five cycles at moderate power were chosen for refabrication and subsequent irradiation in the Halden
reactor. The main difference between the two fuel rods was the grain size in the U02 matrix; 15 and 8
pm, respectively. Four segments, where two segments had been cut from each fuel rod, were
refabricated and then reirradiated in the Halden reactor in two phases. Each segment was equipped
with a central thermocouple at the top of the fuel column and a pressure transducer at the bottom.
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FIG. 5. Comparison of fission gas release for base-irradiated MOX fuel.

Fig. 5 compares the calculated gas release for the MOX fuel base-irradiated with the power
history of Fig. 1 of Ref. 2. While the dashed line represents the calculation for U02 fuel enriched to
6%, the solid line shows the result for the MOX fuel used in the FIGARO program. To produce the
MOX pellets for the FIGARO program, a master blend enriched to about 24% Pu/(U+Pu) was diluted
with depleted UO2 up to an average Pu content of 6%. This suggests that the maximum Pu contents
were 24% in some Pu-rich agglomerates. Gas release for MOX fuel in Fig. 5, therefore, was
calculated using the assumption that all the agglomerates in this fuel have the same size with the same
Pu content of 24%. However, according to a characterization report on the MOX fuel rods used in the
FIGARO program [5], the size of agglomerates has a log-normal type distribution and most of them
are similar to or smaller than the grain size in the matrix. In addition, the Pu contents in the
agglomerates have a distribution ranging from 1% to 20%. This suggests that measured release would
be located between the two calculated releases for MOX and UO2 fuel using the present model. This
argument was confirmed when the measured release was found to be located between the two
calculated ones. This also indicates that the size and Pu content in the agglomerates in the MOX fuel
for this experiment hardly enhanced gas release due to the non-uniform distribution of Pu in the fuel
matrix and a number of Pu-rich agglomerates.

The fission gas release for one of the fuel segments irradiated in the Halden reactor during the
second phase of the experiment with the power history of Fig. 6(a) is given in Fig. 6(b). The predicted
release was about 2% higher than the measured one. Although the COSMOS predicted a burst release
of about 4% during the period of stepwise power increase, which was not found in the experiment, the
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FIG. 6. (a) Power history and (b) fission gas release for phase 2
of the Halden irradiation

trend of gas release by diffusion during the high power period was reasonably simulated. This
difference of 2% between the calculated and measured release could arise from the predicted burst
release. Another possibility for this difference is that the same assumption as for the analysis of base
irradiation, that is, all the agglomerates have the same size with the same Pu content of 24%, was
used. This assumption would have increased the predicted gas release, as in the case for the base
irradiation. Considering these circumstances, it can be concluded that the present model satisfactorily
predicted the gas release behavior of the MOX fuel used in the FIGARO program.

6. CONCLUSION

To evaluate the in-pile behavior of MOX fuel, a fission gas release model for MOX filel was
developed using the concept of equivalent spherical cell based on a gas release model for U02 fuel. This
model considers the uneven distribution of Pu within the fuel matrix and a number of Pu-rich particles
that could lead to a non-uniform fission rate and fission gas distribution across the fuel pellet.

Parametric study using the present model shows that gas release in MOX fuel is influenced by the
size, Pu content and number density of the agglomerates. However, it reveals that it is not only one
parameter but the combination of the above three parameters that determines the release behavior of
MOX fuel compared with U02 fuel with the same fissile content.
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Comparison with the FIGARO results shows that the present model satisfactorily predicts the
measured ones. In addition, it is found that the microstructure of the MOX fuel used in the FIGARO
program is such that it has produced little difference in terms of gas release compared with U02 fuel.
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