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Abstract

The Belgian Nuclear Research Centre, SCK ® CEN, is currently working on the pre-design of the multipurpose
accelerator-driven system (ADS) MYRRHA. A demonstration of the possibility of transmutation of minor actinides
and long-lived fission products with a realistic design of experimental fuel targets and prognosis of their behaviour
under typical ADS conditions is an important task in the MYRRHA project. In the present article, the irradiation
behaviour of three different oxide fuel mixtures, containing americium and plutonium — (Am,Pu,U)O,_, with urania
matrix, (Am,Pu,Th)O,_, with thoria matrix and (Am,Y,Pu,Zr)O,_, with inert zirconia matrix stabilised by yttria — were
simulated with the new fuel performance code MACROS, which is under development and testing at the SCK ® CEN.
All the fuel rods were considered to be of the same design and sizes: annular fuel pellets, helium bounded with the
stainless steel cladding, and a large gas plenum. The liquid lead—bismuth eutectic was used as coolant. Typical irra-
diation conditions of the hottest fuel assembly of the MYRRHA subcritical core were pre-calculated with the MCNPX
code and used in the following calculations as the input data. The results of prediction of the thermo-mechanical
behaviour of the designed rods with the considered fuels during three irradiation cycles of 90 EFPD are presented and

discussed.
© 2003 Elsevier Science B.V. All rights reserved.

1. Introduction

The high level radioactive waste (HLW), produced
by nuclear power plants, presents one of the most im-
portant problems of this century. Different approaches
are proposed for a long-term management of HLW. The
transmutation of transuranium elements (TRU) and
long-lived fission products (LLFP) in critical and sub-
critical nuclear reactors is considered to be a very
promising solution [1]. During the last years the interest
continued to grow to using the accelerator-driven sub-
critical systems (ADS) for the TRU incineration, firstly
plutonium (Pu) and minor actinides (MA), and for the
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LLFP transmutation. The first step to the development
of a prototype ADS-transmuter is the design of a small
experimental ADS. The Belgian Nuclear Research
Centre, SCK ¢ CEN is developing such ADS named
MYRRHA (multipurpose hybrid research reactor for
high-tech applications) [2].

The choice of a subcritical core strongly impacts
performances of the ADS. On one hand, a fast neutron
spectrum is needed to fission efficiently MA (Np, Am,
Cm), because their ‘fission-to-capture’ cross-sections
ratio is larger at high neutron energies [3]. On the other
hand, significantly higher neutron absorption cross-sec-
tions of nuclides at the thermal spectrum allow to
transmute easier LLFP ('*1, ®Tc) and also make effec-
tive the double-step transmutation of MA, where in the
first step a MA nuclide is transformed into a fissile iso-
tope by capture of a thermal or epithermal neutron, and
then this isotope is split by another thermal neutron in
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the second step [4]. In order to study the both possibil-
ities, an experimental ADS has to be capable to provide
neutrons at least with two types of spectrum: fast and
thermal.

Two strategies of the MA transmutation are now
under consideration in order to reach a high discharge
burnup at a low burnup reactivity loss after one cycle of
the core operation. The first one uses a low power density
and requires a high inventory of MA; in the second, a
high power density and a larger number of irradiation
cycles are needed [5]. The second strategy is more suitable
for the experimental ADS MYRRHA. Although it re-
quires a more frequent refuelling, the more convenient
experimental conditions can be assured in this case.
Moreover, the fuel life-time in the fast cores is often
limited by radiation damage of the fuel pin cladding.

Development of the thermo-mechanical fuel perfor-
mance code MACROS (multipurpose advanced code for
research and development of oxide fuel systems) is a step
made by the SCK ® CEN in modelling of the thermo-
mechanical behaviour of fuel rods with actinide—oxide
mixtures [6]. The MACROS code has been created on
the basis of the extended version of the PLUTON code
[7] in combination with the fuel performance code AS-
FAD [8]. The database of the material properties was
modified to include new oxide fuels and mixtures,
cladding materials and coolants of interest.

Three different oxide fuels containing americium and
plutonium — (Am,Pu,U)O,_, with urania matrix, (Am,
Pu,Th)O,_, with thoria matrix and (Am,Y,Pu,Zr)O,_,
with the inert yttrium stabilised zirconia matrix (APZ) —
were selected for this study. The fuel rods considered to
be of the same design and sizes: annular pellets, helium
bounded with the stainless steel cladding and a large gas
plenum. The liquid lead-bismuth eutectic is used as
coolant. Typical irradiation conditions of the hottest
fuel assembly of the MYRRHA subcritical core were
pre-calculated with the MCNPX code [9] and used in the
following calculations as input data. The preliminary
modelling of evolution of the fuel isotopic composition
was performed with the ORIGEN 2.1 code [10]. The
obtained results were used to validate the neutronic
module of the MACROS code. Then modelling of the
thermo-mechanical behaviour of the fuel rods was per-
formed. This paper discusses the preliminary results
obtained in modelling of the quasi-steady-state behav-
iour of three target-fuel rods with Amg,sPug,5UgsO,,
Amyg5PugsThy 5Oy,  AmgosYo.1Pug2sZrg 4O, fuel
(designated in this article as APU, APT and APZ re-
spectively) in the MYRRHA subcritical core during
three cycles of irradiation (each of 90 EFPD) with
maintenance periods of 30 d.

The paper is organised as follows. Section 2 gives a
brief presentation of the MYRRHA ADS and describes
the irradiation conditions in the hottest assembly. The
fuel composition and main parameters of the studied

fuel rods are provided in Section 3. A general descrip-
tion of the fuel performance code MACROS is given in
Section 4. Section 5 discusses the main results of the
modelling.

2. ADS MYRRHA

SCK e CEN is currently working on the pre-design of
a multipurpose ADS MYRRHA devoted to research
and development. The MYRRHA ADS concept was
selected after a preliminary screening of different can-
didate concepts, aiming at large research capabilities for
the TRU and LLFP transmutation, tests of new fuel,
reactor material studies and medical applications [2].

The preliminary design of both, the subcritical core
pins and the experimental fuel-target rods with MA or
LLFP, is an important task in the MYRRHA project.
To meet the aimed research goals and to assure a large
experimental flexibility, four different neutron spectrum
zones — thermal, resonant, fast and quasi-spallation —
were foreseen in the current core design. The basic fast
spectrum zone is composed of hexagonal fuel assemblies
of fuel pins with (Pu,U)O, MOX containing 20-30 wt%
of the reactor-grade plutonium in heavy metal (HM).
This zone is very suitable for the reactor material irra-
diation and for the MA transmutation studies. The
thermal spectrum zone represents an inserted in-pile
section at the core periphery, which is named in the
relevant technical documents ‘thermal island” (Fig. 1).
This thermal island will enable the transmutation ex-
periments with LLFP and MA, the irradiation experi-
ments with LWR fuels and the production of
radioisotopes.

Whereas (Pu,U)O, MOX fuel is expected to be used
as driver fuel in the subcritical core at the first stage of
the MYRRHA operation, the different sorts of experi-
mental fuel rods containing TRU and LLFP will be
tested in the experimental channels disposed nearby the
spallation target, in the fast core, in the thermal island
and in the reflector. At the next stage, a part of the
driver fuel in the core can be replaced with the fuel
containing TRU.

Maximising the fast neutron flux and minimising the
core power at the fixed neutron multiplication factor of
ker ~ 0.95 were chosen as the primary performance
objectives in the MYRRHA core design. After neutron
modelling and optimisation of some design parameters
the total thermal power level of about 40 MW and the
fast neutron flux of ~10" cm™2s~!' (peak value) were
obtained in pre-design calculations.

3. Preliminary design of a fuel-target pin

Three oxide mixtures containing (Am,Pu)O, fuel and
different matrices were selected for modelling: urania
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Fig. 1. Typical core configuration with ‘thermal island’ (a) and neuron spectra in different experimental channels (b) of the MYRRHA

ADS.

based (Am,Pu,U)O,_,, thoria based (Am,Pu,Th)O,_,
and inert matrix based (Am,Y,Pu,Zr)O,_,. The first fuel
is expected to be more close to (Pu,U)O, and was se-
lected as an intermediate case between the driver MOX
and two non-uranium fuels. Using thoria matrix in the
TR U-oxide mixture fuels has a potential to improve the
fuel performance, due to a high melting point and a
thermal conductivity of thoria. A smaller reactivity
swing with increasing burnup may be expected for cores
with this fuel due to conversion of »>Th in ?**U. The
disadvantages of thoria are a slightly higher fission gas
yield per fission, and a more difficult reprocessing
[11,12]. The third fuel, with the yttrium stabilised zir-
conia (YSZ) matrix, is considered last years as one of the
most promising candidates for MA burning [13,14]. The
zirconia and thoria based fuels are also studied as can-
didates for the MA incineration in the ADS-transmuter
in the project FUTURE (the EURATOM 5th Frame-
work Programme [15]). The first neutronic estimates
showed that rather realistic figures for the ADS-trans-
muter cores could be obtained with these fuels when ‘Pu-
to-Am’ ratio is between 0.7 and 1.0, and at least a half of

the compound is matrix [16]. Following these recom-
mendation, at the first stage of studies it was postulated
that the studied fuels contain americium—plutonium
oxide fuel mixture (AmgysPuysO,) and matrix (UO,,
ThO, or YSZ) in equal quantities. Isotopic composition
of Pu and Am has been taken from [5], where it was
given for the retreated spent fuel discharged from a
PWR assembly with average burnup of 33 MW dkg™!
after 10 years of its cooling. A depleted uranium was
used in the fuel with urania matrix. Thorium in the
thoria based fuel contains only one isotope 2*2Th, as well
as yttrium (¥Y) in the YSZ-based fuel. The natural
isotopic composition was used for zirconium and oxygen
[17]. Isotopic vectors of the elements are presented in
Table 1.

All oxides of interest were assumed to be of MO,
type and to have the face-centred cubic crystal structure.
The oxide mixtures were considered as quasi-ideal so-
lutions, and their lattice parameters, heat capacities and
melting temperatures were calculated by using the Ve-
gard’s law. Thermal conductivity and other parameters
were estimated with the models of the code MACROS

Table 1
The initial isotopic composition of elements in the experimental fuels [5,17]
U Content Pu Content Am Content Zr Content
(Wt%) (Wt%) (Wt%) (Wt%)
24U 0.003 23¥pu 1.27 2 Am 84.503 NZr 50.71
23U 0.404 2¥py 61.88 24m Am 0.247 NZr 11.18
26y 0.010 240py 23.50 23 Am 15.25 27r 17.28
28U 99.583 24Py 8.95 HZr 17.89
#2py 4.40 %Zr 2.94
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Table 2
Some parameters of the studied fuels [11-14,17]
Fuel rod code APU APT APZ
Fuel type Am0,5PuO‘5OZ Amoquo,st PUO,SAIHU'jOQ
Matrix type UOZ Th02 Y),Zrl,yOz,y/z
Fuel vs matrix fraction/mol 1:1 1:1 1:1
Molar mass (gmol™") 271.2 268.2 197.6
Theoretical density (gcm™?) 10.71 10.75 8.65
(see the next chapter). The fuel codification used in the Gas-plenum | Reflector  Fuel pellets Cladding Gas- plenum 2

following sections below is given in Table 2. All the
compounds were considered to be of 95% theoretical
density (TD).

The choice and optimisation of the fuel cell compo-
sition and of the fuel pin is one of the key problems in
the ADS-transmuter design. Some contradictory re-
quirements should be satisfied: maximising the burnup
rate, minimising the burnup reactivity loss, maximising
the heat removal capabilities, maximising the space for
experiments. Two most important requirements in the
fuel pin design are fuel non-melting and non-damage of
the cladding by inner or outer pressures and loads dur-
ing the total fuel life [18]. Given the maximum desired
power density in the core, the first criterion determines
the pellet dimensions. The second criterion determines
the clad diameter and thickness. At this stage we decided
not to analyse different fuel geometries and to limit our
studies only by a very widespread variant of a fuel rod
with annular pellets helium bounded with the stainless
steel cladding through a large gap.

The peak power density in the MYRRHA core with
the (Pu,U)0O, MOX (30 wt% Pu in HM) is about 1.3
kW cm™ [2]. The MA fuels under consideration contain
25 mol% of PuO, and 25 mol% of AmO,. Neutronic
estimates performed with ORIGEN 2.1 code [10]
showed that the peak power density for the considered
fuels is ~1.4 kW cm™ under the same irradiation con-
ditions. This value is rather close to that mentioned
above and is within the limits of the MYRRHA fuel
cooling capabilities.

In many well-known designs of the fuel rods for
LMFBR (and also in the driver fuel pins of the MYR-
RHA ADS), a ratio of the pellet hole diameter to the
pellet external diameter is 0.2-0.3 [19]. Taking into ac-
count a lower thermal conductivity of americium con-
taining fuels [20], the value close to 0.3 has been chosen
for this ratio, that allows about 30% reduction of the
fuel maximum temperature in comparison with the solid
pellet variant [19]. The lowest melting temperature and
thermal conductivity among the considered oxides has
(Am,Pu)O,. An estimate based on the Vegard’s law and
on the recommendations given in [20-22] yields for this
oxide Tper ~ 2500-2600 K. Based on the mentioned
above values and keeping some conservatism, the fuel
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Fig. 2. Preliminary design of a fuel-target rod (sizes are given in
mm).

pellets with the outer diameter of 5.9 mm and the hole of
1.8 mm have been chosen for the following analysis. The
low-swelling martensitic stainless steel T91 [23] has been
taken as the cladding material, which has good me-
chanic parameters and corrosion resistance in the liquid
lead-bismuth environment [24]. The clad diameter of 6.9
mm and thickness of 0.4 mm was chosen, taking into
accounting for the initial thermal expansion, corrosion
and assuming that expected fuel swelling should be
compensated during the irradiation period of 270
EFPD. The preliminary axial sizes of the fuel-target pins
were postulated to be the same as those of the reference
fuel rod of the MYRRHA subcritical core. Fig. 2 gives
the schematics of the fuel rod design.

Having fixed the fuel pin geometry, we started with a
more detailed modelling of the fuels behaviour by means
of the MACROS code [6]. Behaviour of the three fuels
mentioned above have been analysed at the typical
MYRRHA operation conditions, when the total neu-
tron flux in the positions of the fuel targets was kept
constant.

4. MACROS fuel performance code
4.1. Origin of the MACROS code

The development of the thermo-mechanical fuel
performance code MACROS at the SCK e CEN was
mainly initiated by fuel research related to the MYR-
RHA ADS [2] and to the prototype ADS-burner. This
code has been created on the basis of the fuel perfor-
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mance code ASFAD [8] and the burnup code PLUTON
[7]. The last has been originally developed as a supple-
mentary neutronic code for the FEMAXI-V fuel per-
formance code [25]. The database of the material
properties was modified to include new oxide fuels, their
mixtures and cladding materials. New geometry, neu-
tronic and thermo-hydraulic modules were developed
and lead-bismuth eutectic as coolant-moderator was
introduced to simulate in-pile conditions of ADS with
fast neutron subcritical cores. In view of an important
role that helium may play during a long-term irradiation
or storage of fuels, the burnup model of the original
PLUTON code has also been modified to include the
production of helium due to decay of a-emitters. This
allowed accounting for both, thermo-mechanical and
neutronic, effects at extended burnup simultaneously.
So, the MACROS code is able to analyse the thermo-
mechanical behaviour of a single fuel rod as well as to
predict the evolution of the isotopic composition in fuel
under typical ADS conditions.

4.2. Models

In the actinide stoichiometric dioxides of type MO,
there are four atoms in an elementary cell. Thus, there
will be three acoustic and nine optic modes of vibration.
The acoustic modes were described with the Debye
model and the optic modes with the one frequency
Einstein model [26]. Moreover, the effect of thermal di-
latation and the Schottky contribution were taken into
account in a similar manner as it was proposed by
Serizawa and Arai [27].

Linear thermal expansion coefficients of the com-
ponents of oxide mixtures were calculated with the
polynomial temperature dependencies of the lattice pa-
rameter recommended by Yamashita et al. [28]. Where it
was not possible, the thermodynamic relationship
bounding the volumetric thermal expansion coefficient
and the isobaric specific heat capacity was used [27].

Thermal conductivity has a strong impact on fuel
performance. Unfortunately, very limited data exist on
thermal conductivity of the actinide oxides (except UO,)
and their mixtures. Two major heat transport mecha-
nisms were included in the model of the MACROS code:
the lattice and charge carriers’ conductions. The Debye—
Callaway approach to modelling the lattice thermal
conductivity [29] was used. The model for the lattice
thermal conductivity of actinide fuels developed based
on this approach was already presented in [30,31].
Taking into account that contribution of the charge
carriers (electrons) is relatively small in the considered
temperature range, it was estimated with Widemann—
Frantz law [32] (where needed). In view of our general
interest in modelling of actinide oxide fuels, the fol-
lowing resistive imperfections were taken into account:
phonons, isolated point defects (e.g., vacancies, inter-

stitials, chemical impurities and isotopes), line imper-
fections (typically for in-pile conditions this is track
network caused by fission fragments), intra-granular gas
bubbles. The thermal conductivity correlations for pure
thoria, urania, plutonia, americia and zirconia and for
(Pu,U)0O, MOX were first developed and verified with
the data found in open literature (references are reported
in [30,31]), then they were applied for calculation of
thermal conductivities of (Am,Pu,U)O, ., (Am,Pu,
Th)O,_, and (Am,Pu,Zr,Y)O,_, fuels.

In view of the important role that helium, produced
by TRU-decay, may play during a long-term irradiation
or storage of the considered fuels, the PLUTON burnup
model, which is a part of MACROS code neutronic
module, has been extended to include the production of
helium due to actinide emitters. Indeed, it is well-known
that a significant amount of helium is generated with
time in the fuels with a high content of minor actinides
[33]. The presence of plutonium and americium in the
fuel leads to build-up of americium and curium isotopes.
The most important actinide emitters of helium are
28py, 2'Am, *?Am, **Cm, **Cm and **Cm. Other
transuranium isotopes may contribute to the helium
production indirectly via transmutation. A rather com-
plete scheme is described in the joint CEA/ITU technical
note [34]. This scheme was used in the extended PLU-
TON model. The model for release of fission and decay
gases has been updated taking into account the devel-
opments made at the SCK ® CEN [35]. Some new results
have recently been communicated by Damen et al. [36],
Wiss et al. [37], van Veen [38] and Scharm et al. [39] on
helium release. However, a more detailed analysis is
needed before their implementation in the models. This
work is still under way.

5. Results of modelling

5.1. Irradiation history and evolution of the fuel compo-
sition

Preliminary estimations of evolution of the isotopic
composition and heating rates in the peak pellets of the
considered fuels, as well as of the production of xenon,
krypton and helium, were first performed with the
ORIGEN 2.1 code [10]. Calculations were made under
conditions of the constant neutron flux in the hottest
fuel assembly of the MYRRHA core. The cross-sections
used in the code libraries were weighted by the neutron
spectrum. The results of these calculations for the APT
peak pellet are presented in Fig. 3 as functions of time
for three cycles of irradiation (one cycle is 90 EFPD)
followed by maintenance periods of 30 d. The MA and
Pu burnouts after each cycle, related to the initial con-
tents of Am and Pu respectively, are given for the three
fuels in Table 3.
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Fig. 3. Burnout (+) and production (-) of minor actinides (Np,
Am, Cm) and plutonium (Pu) related to the initial content of
americium and plutonium respectively in the APT rod:
(Amyg5Pug25Thy5)O05_.

From Table 3 one can see that relative rates of MA
incineration under considered conditions are very simi-
lar for all three compounds and reach about 7.3-7.4
at.% after the third cycle. As a matter of fact the am-
ericium burnout reaches 12.6% in all three samples, but
at the same time 5.13 at.% of curium (related to the
initial americium content) is produced. It is evident that
non-uranium fuels (APT and APZ samples in Table 2)
have higher rates of Pu burning: ~6.8 at.% comparing to
2.44 at.% in the APU sample where the conversion of U
into Pu takes place. In the sample with thoria matrix
(APT), *U was produced in quantity of about 5 at.% of
the initial Pu content. This situation is very close to a
partial equilibrium when burned plutonium is replaced
by 23U (see Fig. 3). At certain extent, this effect can be
considered as positive which can help to keep the reac-
tivity level in the subcritical core of the ADS-transmuter
without large compensating reserve of the accelerator.

Table 3
Burnout and build-up of TRU in the considered fuels

It should be mentioned that values presented in Table
3 were obtained for homogeneous fuels. In heteroge-
neous ones, where (Am,Pu)O; is usually concentrated in
the micro-particles of 50-100 pm in diameter uniformly
distributed in the matrice, the burning rates would be
slightly lower because of differences in self-shielding ef-
fect. It is interesting to note that the content of curium
decreases and that of plutonium increases during the
maintenance periods between the irradiation cycles (Fig.
3). This is mainly explained by a-decay of **Cm and
2%Cm, which generate *®Pu and **'Pu respectively.
Degradation of the plutonium quality due to this effect is
illustrated in Table 4 where the Pu-vector before and
after irradiation is presented.

The amount of helium produced in the fuels increases
very rapidly with time (Fig. 4). Because the greatest part
of helium is produced by a-decay of curium and amer-
icium, its content continues to increase also during the
reactor stops. At the end of irradiation period its con-
centration can reach 0.3-0.4 at.%.

The time dependence of the liner heat-generation rate
(LHGR) in the peak pellets of the studied fuel rods is
illustrated by Fig. 5. One can see that during all three
operation cycles the LHGR values are very close: 360—
380 Wem™!. The lowest LHGR has the APT rod with
thoria matrix. In all rods, LHGR shows a tendency to a
slow decrease with operation time, mainly due to
burning of Pu. After three operation cycles this reduc-
tion in IMF rod (APZ) is about 7%. Reproduction of
fissile isotopes (**Pu in urania and >**U in thoria) makes
this decrease lower in APU and APT rods: 2.6% and
~0.4% respectively. Just after every stop, the residual
power is about 5% of the initial level, but reduces for
~10 times by the end of the first stop and for ~7 times
by the end of the second.

5.2. Fuel temperatures, swelling and gap evolution

The power densities and irradiation histories, ob-
tained with the ORIGEN code, were used as inputs for
the fuel performance code MACROS to model thermo-
mechanical behaviour of the stadied fuel rods. Evolution

Burnout (at.%)

Ist cycle 2nd cycle 3rd cycle

APU APT APZ APU APT APZ APU APT APZ
MA total 1.72 1.76 1.78 4.29 4.36 4.38 7.29 7.37 7.41
Am 4.38 4.36 4.38 8.58 8.68 8.59 12.6 12.6 12.6
Cm -2.57 -2.56 -2.56 —4.15 —4.15 —4.15 -5.13 -5.13 -5.13
Np -0.10 —-0.03 —-0.03 -0.15 -0.07 -0.07 -0.19 -0.11 -0.11
Pu 1.58 3.12 3.12 2.25 5.26 5.26 2.44 6.79 6.82
BU+U 0.052 -1.29 <-1073 0.102 -3.20 <-10-3 0.15 -4.97 <-10-3
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Table 4
Change of the plutonium isotopic vector in the APZ fuel

Pu-isotope Relative fraction (wt%)
At start After 3 cycles

238py 1.27 4.65
2%Pu 61.88 55.11
240py 23.50 25.85
2#1py 8.95 8.09
#42py 4.40 6.30
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Fig. 4. Helium generation in the studied fuels during three
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Fig. 5. Linear power density evolution in the studied fuels
during three cycles of irradiation: APU = (Amg,sPug2s-
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Fig. 6. Evolution of the central and surface temperatures of the
peak pellets: APU = (Amg25Puy25Uo5)O0s-y; APT =(Amygs-
Pug25Thg5)O2-v; APZ =(Amg25Y0.1Pug25Zro4)O0s-s.

of the central and surface temperatures of the peak
pellets with time is presented in Fig. 6.

Two major phenomena are important for tempera-
ture calculations: in-pile fuel thermal conductivity and
actual shape of the radial power profile. The new model
for thermal conductivity of the fuels of interest [6] was
used in the MACROS code to treat the first of them. In
order to model the power radial profile in the fuel pel-
lets, a one-cell multienergy group approach (originally
developed for the PLUTON burnup model [7]) has been
used. The spectrum of the incoming neutrons has been
taken as a boundary condition to find the thermal
neutron flux depression (minor effects in the ADS core)
and the attenuation of epithermal neutron flux. It was
also assumed that ADS fuels are transparent for the fast
neutrons with energy >1 MeV. The multigroup equa-
tions described in [6] then have been used to compute the
radial distributions of fertile and fissile isotopes, the
group macroscopic absorption and fission cross-sections
and the resulting attenuation of neutron flux in the fuels
towards the centre. Finally, the radial power profiles,
which turn to be quite non-uniform for all types of
considered ADS fuels, were determined.

The levels of the maximum fuel temperatures are
rather high (1600-2400 K). The highest central temper-
ature and temperature difference across the pellet radius
has the APZ sample. This is mainly due to the lowest
thermal conductivity of the YSZ matrix. The radial
temperature difference across the APZ pellets remains
about constant during the whole operation period,
indicating that irradiation defects give only a small
contribution to the initial fuel thermal resistance.
A monotonic decrease of its central temperature with



138 V. Sobolev et al. | Journal of Nuclear Materials 319 (2003) 131-141

irradiation is related to the decreasing of the pellet sur-
face temperature, which is caused by a reduction of the
pellet-cladding gap. In two other samples (APT and
APU) the decrease of the pellet central temperature is
lower, because the effect of the gap closing is partially
compensated by an increase in the radial temperature
difference caused by the irradiation induced degradation
of thermal conductivity. The lowest central temperature
has APT sample, due to a slightly lower LHGR and a
higher thermal conductivity. The fuel central tempera-
ture in the APU sample is between these two extreme
cases.

The pellet surface temperatures are very similar for
APU and APT samples during the whole irradiation
period and decrease gradually with irradiation time (Fig.
6). This behaviour is explained by the fact that thermal
expansion coefficients are close for the considered ma-
terials and by the large design gap between the fuel
pellets and cladding (200 um diametric). The lower fuel
surface temperatures were obtained for APZ sample due
to a lower pellet-cladding gap. This is a result of higher
thermal extension and swelling (Fig. 7(a)).

The rate of fuel swelling is correlated with the mean
temperature level — the highest swelling is observed for
the APZ sample, the medium for APU and the lowest
for APT. The irradiation induced densification of fuel at
the beginning of the first cycle, demonstrated by nega-
tive values in Fig. 7(a), is compensated by swelling very
rapidly in the APZ fuel, and in the second half of the
first cycle in APT and APU. Roughly, the swelling rate
during the operation period follows the temperature
evolution.

The evolution of the diametric pellet-cladding gap in
the studied samples is illustrated in Fig. 7(b). After an
abrupt reduction (from 200 to about 110-120 pm),
caused by the fuel thermal expansion and by pellets
cracking during the reactor start up, followed by a slight
increase related to densification, the gaps decrease
monotonically during irradiation due to the fuel swell-
ing. The ‘cold’ gap values are given between the cycles.
The pellet-cladding gaps remain still open in all rods
after 270 EFPD. However, in the APZ rod it is close to
zero by the end of the third cycle.

5.3. Fission and decay gas production and release

The amount of helium produced in fuels containing
americium is very important. One hour after the ADS
start the helium fraction is already about 8% of the
summary yield of the noble gas atoms (Xe, Kr, He) in
fuel; at the end of the third cycle, it is more than 50%
(Fig. 8). The relative rates of helium production in the
APU, APT and APZ fuels are different but very close.
The maximum amount is produced in IMF fuel (APZ).
The evolution of amounts of He, Kr and Xe produced in
the peak pellet of this rod is shown in Fig. 9.
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At the beginning of the reactor operation, the gen-
erated helium, krypton and xenon diffuse and are cap-
tured by the intra-granular and inter-granular traps
(grain boundaries, nanometric-bubbles and pores),
which are not saturated yet. They increase the internal
pellet stress, which, in its turn, causes swelling.

The effective release of Xe and Kr from APU and
APT fuels starts in the first half of the second cycle. The
beginning of their release from APZ fuel is delayed by
about 60 d due to higher saturation capacities of traps in
YSZ matrix. During the third cycle the release of Xe and
Kr continues with increasing rates in all samples. At the
end of irradiation about 20% of the produced xenon and
krypton is released in the APU and APT peak pellets
and about 13% in APZ (Fig. 10(a)). A lower release of
fission gas in the APZ fuel is correlated with higher
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swelling and could be attributed to the formation of
micro-bubbles. However, this hypothesis requires a
more detailed analysis.

The release of helium starts in all three fuels at the
beginning of the second cycle and shows very similar
behaviour which can be attributed to the dominant role
of the irradiation induced diffusion of He atoms. At the
beginning of the second cycle the fraction of helium in
the produced noble gas atoms is more than 40-45%, and
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the traps of helium are almost saturated. A rapid tem-
perature increase at the second cycle startup initiates a
peak release of helium accumulated during the ‘cold’
maintenance period following the first irradiation cycle.
Then the release rate decreases progressively over the
cycle. The similar behaviour is also observed at the be-
ginning of the third cycle. But here a minimum is ob-
served in the He release — after the initial decrease, it
begins to rise because the saturated traps cannot keep
the newly generated helium. At the end of the third
cycle, about 23% of the produced helium is released in
all three samples (Fig. 10(b)).
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The pressure in the fuel rods increases during the
irradiation period from about 1 MPa (hot conditions) to
2.2-2.5 MPa which is significantly below the allowed
limit of the cladding resistance. About half of the pres-
sure increase can be attributed to the released helium.

Based on the obtained results of modelling one can
conclude that longer irradiation experiments (at least for
2-3 cycles) may be performed with the proposed design
of the target-fuel rods in the fast spectrum experimental
channels of the MYRRHA subcritical core. It should be
mentioned, however, that these results should be used
with caution, as first approach, because the reliable ex-
perimental data for the properties of the considered
actinide oxides mixtures are still missing and large un-
certainty exists in the used input data. Approximation of
the homogeneous ideal mixtures was used to estimate
the fuel properties, and high temperature restructuring
has not been taken into account yet. Development of
more advanced models and code validation is under
way.

6. Conclusions

The preliminary modelling of the behaviour of the
fuel-target rods, containing americium—plutonium oxide
fuel with different matrices (urania, thoria and yttria
stabilised zirconia), were performed under typical irra-
diation conditions of the research ADS MYRRHA de-
signed at SCK ® CEN. The new fuel performance code
MACROS, which has recently been developed, was used
for calculations.

The first obtained results reveal that representative
experiments on the americium burning in the
Amyg 25Pug25Ug 505, Amg5Pug25Tho 5O, AmgosYo -
Pug 571040, fuels can be performed in the MYRRHA
subcritical core. The results of modelling demonstrate
that neither fuel melting, nor cladding rapture can be
expected after irradiation time of 270 EFPD and suggest
that longer irradiation periods can be considered.

It was also shown that helium production in the
considered fuels can affect fuel behaviour and contribute
significantly in the internal pressure build-up, especially
if the fuel rods have been stored for a long time before
being re-irradiated. This effect has to be taken into ac-
count in all estimations concerning the TRU containing
fuels.

The experimental data needed for validation of the
used models and mixed oxide fuels properties are still
very scarce therefore a large uncertainty exists in the
obtained results of modelling. The validation of the
MACROS code with recently published and new ex-
perimental data on the properties of actinide oxides and
their compounds and on their behaviour under irradia-
tion is therefore the primary objective of the following
studies. In parallel, the modelling will be extended to

include the longer irradiation times and other fuel
compositions.
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