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Abstract

The models of the mechanistic code MFPR (Module for Fission Product Release) developed by IBRAE in collabora-
tion with IRSN are described briefly in the first part of the paper. The influence of microscopic defects in the UO2 crystal
structure on fission-gas transport out of grains and release from fuel pellets is described. These defects include point defects
such as vacancies, interstitials and fission atoms, and extended defects such as bubbles, pores and dislocations. The mech-
anistic description of chemically active elements behaviour (fission-induced) is based on complex association of diffusion–
vaporisation mechanism involving multi-phase and multi-component thermo-chemical equilibrium at the grain boundary
with accurate calculation of fuel oxidation. In the second part, results of the code applications are given to different situ-
ations: normal LWR reactor operation, high temperature annealing, loss of coolant accident (LOCA) and severe accidents
conditions.
� 2007 Elsevier B.V. All rights reserved.
1. Introduction

The MFPR code (Module for Fission Product
Release), currently being developed by IBRAE
(Moscow) in collaboration with IRSN (Cadarache,
France), describes mechanistically the fission prod-
uct (FP) behaviour in intact UO2 fuel under irradi-
ation regimes, annealing regimes and accidental
situations [1]. As a first objective, the code is used
for interpretation of complex large scale [2] or semi
analytical experiments [3], but is also used for
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benchmarking of more simplified reactor code
models and could be part of a fuel performance code
in near future. It is extensively validated against sep-
arate-effect tests, semi-analytical out-of-pile tests
and large scale in-pile tests. Trying to avoid any arbi-
trary tuning, the code self-consistently describes
evolution of the fuel microstructure and various
defects interactions with gaseous fission products.
The parameters characterizing the crystal defect
structure naturally arise and are determined from
available analytical experimental data.

In addition, as shown by many observations, the
release of various chemically-active fission products
strongly depends on formation and thermal beha-
viour of separate phases in various gas atmospheres.
Indeed, the stability of these phases is associated
.
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with the fuel oxygen potential. MFPR includes
detailed modelling of chemistry of FP’s within irra-
diated oxide fuel at high temperatures in the range
500–3000 K.

Models of the code were described in detail in [1]
and the present paper will overview them, better
focusing on examples of validation of individual
models against separate-effects experiments and
results of applications in the case of normal LWR
reactor irradiation conditions, high temperature
annealing, loss of coolant accident (LOCA) and
severe accidents situations.

2. Physical processes and models

It is assumed that FP elements are originally gen-
erated in the UO2 matrix in atomic (or ionic) form.
All atoms formed by fission processes migrate to
grain boundaries. In this way, fission gas atoms
can form intragranular gas bubbles in which they
might be further trapped. These bubbles can also
migrate to grain boundaries. Part of the captured
atoms can escape from bubbles by irradiation-
induced and thermal re-solution processes.

Chemical interactions between the FP elements
and the dissolved oxygen result in formation of
separate phases in solid precipitates on the grain
boundaries and vaporisation to the intergranular
gas bubbles considered as the major mechanism
for release of the fission products. Since distribution
of elements depends significantly on the oxygen
potential of the system, a model for fuel oxidation
in steam/air mixtures was also developed. Pro-
cesses of vapour formation affect significantly the
release rates of all FP elements including noble
gases.

In MFPR, intergranular bubbles are represented
by three groups: bubbles on grain faces (GF), on
grain edges (GE) and in grain corners (GC). The
GF bubble growth progresses up to the grain sur-
face saturation, when interlinkage of the GF bub-
ble and formation of grain face channels to the
grain edges and corners occurs. Growth of the
GE and GC bubbles leads to their interconnection
by tunnels and formation of an open porosity
structure.

2.1. Intragranular transport of FP elements

In the transport problem, a fuel grain is consid-
ered for simplicity as an isotropic sphere (of radius
Rgr).
2.1.1. Diffusion and release of chemically active

FP elements

In the MFPR chemistry model, irradiated oxide
fuel including fission products and dissolved oxygen
is considered as a multiphase system consisting of
multi-component phases. The list of FP elements
considered in the model consists of Sr, Zr, Nb,
Mo, Ru, Sb, Te, I, Xe, Cs, Ba, La, Ce, Nd and
Eu. According to experimental data [4] and
thermo-chemical calculations [5–8], the phases con-
sidered in the model are the solid solution of FP
elements and oxygen in UO2 matrix, the metal
phase consisting of Mo and Ru, the oxide
phase of complex ternary compounds including
molybdates, zirconates and uranates of Cs, Ba and
Sr, the solid phase of CsI and the gas phase. Formu-
lation of the model is based on the following
simplifying assumptions:

• Fission product elements migrate within the UO2

matrix in the atomic form, capturing of FP ele-
ments (except Xe) by intragranular bubbles is
not considered. Chemical interactions which
could result in formation of the FP oxides con-
tribute to the diffusion coefficients and concentra-
tion of the dissolved oxygen.

• Since the coefficient of solid state diffusion of
oxygen is significantly higher than that of the
fission product elements, the dissolved oxygen
being in the local equilibrium with FP elements
and oxides in the matrix has a spatially homoge-
neous concentration.

• Separate solid phases (precipitates) are formed
only at the gas/solid interface. Possibility of exis-
tence of such phase inclusions within the matrix
(or anywhere else in the fuel) is not taken into
account. It is assumed that existence of these
phases is determined by thermodynamic condi-
tions only. Kinetic limitations on formation of
solid phases or on vapour formation are ignored.

• Subsystem including the gas phase (intergranular
bubbles) and solid precipitates (SP/G) is in the
equilibrium state, and it is in equilibrium with
the boundary layer of solid solution.

To formulate the transport problem, the complex
system is separated into two subsystems. That is (1)
solid solution (SS) of FP elements, their oxides and
atomic oxygen dissolved in the UO2 matrix, and (2)
the subsystem ‘solid precipitates–gas phase’ (SP/G)
including the white and ‘grey’ phases and the phase
of condensed CsI(c). Concentration profiles of FP
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elements in SS are described by simple diffusion
equations, without any trapping because separate
phases are present only at grain boundaries:

o

ot
Cð1Þi ¼ Bi þ r�2 o

or
Dir2 o

or
Cð1Þi

� �
; ð1Þ

where Cð1Þi is the local volume concentration of the
ith element in the subsystem 1 – solid solution, Bi

is the build-up rate of the ith element due to fission,
Di is its diffusion coefficient. Boundary conditions
for these equations are determined by the thermo-
chemical equilibrium within the SP/G subsystem
and at the subsystem interface, which depends on
fluxes of elements out of SS. The problems of FP
transport and the phase formation are solved self-
consistently with the problem of fuel oxidation.
The equilibrium composition of the phases is trea-
ted in terms of semi-ideal chemistry model in which
phenomenological solid solubilities of FP elements
are used, and the chemical potential of dissolved
oxygen is described by the Lindemer–Besmann
correlation [9].

2.1.2. Transport of fission gas

The basic space-time dependent variables are the
volume concentrations of gas atoms Cg and bubbles
Cb, the average number of gas atoms within a
bubble Nb, and the average bubble volume Vb.

Additionally, MFPR includes self-consistent
consideration of point defects (vacancies and inter-
stitials) and dislocations, which mutually interact
with each other and with gas bubbles and as-fabri-
cated pores during their evolution under irradiation
or annealing conditions. These defects are described
by three additional variables: vacancy concentration
Cv, interstitial concentration Ci, dislocation density
(length per unit volume) qd, and concentration of
atoms captured by dislocations Yd.

Transport equations for Cg and concentration of
atoms-in-bubbles Yb = NbCb can be written as

oCg

ot
¼ DgDCg � F g!b � F g!d þ jG; ð2Þ

oY b

ot
¼ rðDbrY bÞ � xbmgY b þ F g!b � F b!d; ð3Þ

where

F g!b ¼ kggF nC2
g þ kgbðCg � Ceq

g ÞCb � bGY b;

kxy ¼ 4pðDx þ DyÞðRx þ RyÞ; x; y ¼ g; b
ð4Þ

with boundary conditions formulated in [1].
Different terms in the right hand side of these equa-
tions correspond to the following physical effects,
each being characterized by a particular kinetic
parameter:

• Diffusion (Dg and Db are the diffusivities of gas
atoms and bubbles, respectively).

• Gas atom generation by fission (G is the fission
rate and j is the probability of Xe formation
by fission).

• Bubble biased migration (xbmg) along the tem-
perature gradient.

• Bubble nucleation (with the nucleation rate Fn).
• Gas atom capture by bubbles (Rg is the gas-atom

radius and Rb is the bubble radius in the capture
kernel kgb).

• Thermal re-solution (Ceq
g ¼ PKSuðP ; T Þ) is the

equilibrium concentration of non-ideal gas with
parameters specified in [1].

• Radiation induced re-solution (b is the re-solu-
tion probability factor).

Modelling of these effects as well as sweeping
of gas and bubbles by climbing dislocations, Fg!d

and Fb!d (which are currently considered only in
annealing conditions) are described in [1]. Superpo-
sition of these effects (along with the Van-der-Waals
equation for the gas state) determines, in particular,
the intragranular bubbles concentration Cb and
mean radius Rb, as well as gas release to the grain
faces.

In growing grains, the boundary conditions of
Eqs. (2) and (3) are set at moving grain boundaries.
A detailed description of the mechanistic grain
growth kinetic models implemented in MFPR is
given in [10].

2.1.3. Evolution of point defects in irradiated

UO2 fuel

In the mean field approximation [11], cv and ci

(number of vacancies and interstitials per uranium
atom) are expressed as

_cv ¼ �ðk2
v þ k2

vgbÞDvcv � aDicicv þ Ke þ Kb

þ Kp þ ð1� nÞK; ð5Þ
_ci ¼ �ðk2

i þ k2
igbÞDici � aDicicv � Kd þ K; ð6Þ

where Dv and Di are the vacancy and interstitial dif-
fusion coefficients, respectively; a is the recombina-
tion constant; k2

v and k2
i are the total sink strength

of vacancies and interstitials into the extended
defects (gas bubbles, pores, vacancy clusters and
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dislocations), respectively; k2
vgb and k2

igb are the
grain-boundary sink strength for vacancies and
interstitials, respectively; K is the Frenkel pair pro-
duction rate proportional to the fission rate G; nK
is the rate at which vacancies are removed from
solution to form vacancy loops; Ke is the rate of
the vacancy thermal production; Kp is the rate of
the vacancy irradiation-induced re-solution (knock-
out) from pores; Kb is the rate of the vacancy irradi-
ation induced resolution from gas bubbles; Kd is the
rate of the interstitial absorption due to the intersti-
tial loop generation.

Each term of Eqs. (5) and (6) are described in
[1,12]. The total sink strength of vacancies and inter-
stitials due to the extended defects (bubbles, pores
(Cp), dislocations, vacancy clusters (Cvl)) are calcu-
lated as
k2
i;v¼ 4pRbCbþ4pRpCpþZ i;vðqdþ2pRlClþ2pRvlCvlÞ:

ð7Þ
The calculation of vacancy concentration has two
main important consequences. First, this concentra-
tion determines the gas bubble nucleation factor
Fn = cv leading to ‘saturation’ of the intragranular
bubbles concentration at high burn-up, see Section
3.1. Second, it influences evolution of extended
defects and relaxation kinetics of bubbles and pores.
Details for evolution of extended defects are given
in [1,12].

2.2. Intergranular transport of FP elements

2.2.1. Model of FP release by bubble interlinkage

The equations governing the FP transport from
the intergranular bubbles to the open porosity are
formulated based on a percolation type approach
close to that developed by White and Tucker [13].
In the case of the grain face bubbles, the rate equa-
tion takes the form
d

dt
CðiÞf ¼ F ðiÞf hf ; hf � hðA� � AfÞ; ð8Þ
where Af is the projected area coverage of the grain
face by the face bubbles, h(x) = 1 for x > 0 and
h(x) = 0 for x 6 0, and F ðiÞf is the flux of gaseous
species ‘i’ to the face bubbles. The critical area cov-
erage of the grain face A* = 0.5 determines the onset
of formation of the grain-face interconnected chan-
nels to the grain edges.
The rate equations for the concentration of the
gas component in the GE and GC bubbles have
the form

d

dt
CðiÞe ¼ F ðiÞe he;

d

dt
CðiÞc ¼ F ðiÞc he; ð9Þ

where F ðiÞe and F ðiÞc are the gas fluxes to the grain
edge and grain-corner bubbles, respectively; he be-
comes equal to 0 when saturation of the grain edge
and grain corner porosity takes place (i.e. when
these bubbles are just touching each other). Finally,
the release rate of the ith gas component is deter-
mined by

d

dt
Y ðiÞout ¼ F ðiÞe þ F ðiÞc þ F ðiÞf ð1� hfÞ

h i
ð1� heÞ: ð10Þ
2.2.2. Xe grain face diffusion transport

An advanced model for the grain face transport
based on the self-consistent consideration of gas
atoms diffusion, sinking to and resolution from bub-
bles on grain faces, is developed and implemented in
MFPR [1]. ‘Circulation’ of gas atoms collected by
growing intergranular bubbles from the grain face
and then returned back (by the re-solution process)
into the grain matrix, makes intergranular bubbles
much less effective sinks for gas atoms, since it
decreases their growth (i.e. approaching a balance
among absorbed and re-emitted atoms) and thus
continuously increases a fraction of the source term
flux (i.e. diffusion flux from grain to GF) eventually
transported to grain edges. In particular, this allows
prediction of a possible gas release from fuel when
the grain-face coverage is far below the saturation
value (at which interlinkage of face bubbles occurs),
as observed in the tests [14].

2.2.3. Intergranular swelling model
Random migration of grain face bubbles is con-

sidered as the main mechanism of their coalescence.
The coalescence frequency of bubbles randomly
moving on a surface can be represented by the
formula derived in [15]

-cls ¼
8pDbf

ln Dbs0

2R2
f

� � � 8pvDbf ; ð11Þ

where s0 is the characteristic time of the two-fold
increase of the mean bubble radius Rf. Being a weak
function of its argument (and thus, of Rf), logarithm
can be approximated by a constant value, i.e.
v � const.
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Fig. 1. Dislocations density, intra-granular bubbles concentra-
tion and bubble radius as a function of burn-up, calculated in
steady state irradiation conditions at 900 K.

Table 1
Calculated fractions (in vol.%) of FP gas in different locations for
two radial pellet zones of a high burnup fuel (60 GW d t�1)

Location Intragranular Intergranular Released

Hot zone 79 (73) 8 (13) 13 (14)
Cold zone 80 (87) 9 (7) 11 (6)

Experimental values from [19] are given in brackets.

M.S. Veshchunov et al. / Journal of Nuclear Materials 362 (2007) 327–335 331
Face bubble diffusion coefficient Dbf depends on
the dominating microscopic mechanism of bubble
migration, with parameters fitted on data from the
annealing tests [16].

3. Examples of applications of the MFPR code

MFPR code has been validated against a wide set
of analytical tests including, in particular, VER-
CORS 1, 2, 4 and 5 tests using respectively oxidising
and oxidising/reducing gas mixtures, and two
groups of high-temperature tests from HI-VI series
(ORNL), VI-1, VI-2, VI-3 and VI-4, VI-5, per-
formed respectively in steam and hydrogen atmo-
spheres. In this section, some MFPR applications
are discussed.

3.1. Irradiation conditions

The code has been applied to experimental data
[17,18]. In these experiments after reactor irradia-
tion in a wide range of burn-ups (6–83 GW d t�1),
the characteristics of intra-granular bubbles and dis-
locations in UO2 fuel pellets (middle part) were
examined.

Calculations performed on these analytical
results (Fig. 1) permitted to fit values of important
microscopic parameters like the vacancy loop for-
mation rate, the damage formation in fission tracks
rate, the interstitial bias factor, the vacancy-intersti-
tial recombination radius, which are further used
without additional tuning.

The code was also used for calculation of intra/
intergranular partition of fission gases after reactor
operations for a high burn up fuel of about
60 GW d t�1. In Table 1, we compare the results
to the experimental data presented in details in
[19]. Although the actual fuel conditions during
reactor operations were only approximated in this
calculation, the agreement is quite reasonable and
further developments will permit to improve it con-
cerning intragranular gas (interactions with disloca-
tions) and intergranular gas by considering possible
trapping of gas in remaining as-fabricated porosities
or more accurate reproduction of thermo-mechani-
cal behaviour of fuel during reactor operations,
notably stresses exerted on it.

The code predicts a complete suppression of the
intra-granular bubble nucleation at T > 2273 K, in
a qualitative agreement with observations of [20],
and a significant delay in the onset of the bubble
formation at low temperatures T < 973 K, as
observed in tests [21], owing to the thermal re-solu-
tion effect presented in Eq. (4) by the term
kgbðCg � Ceq

g ÞCb (see [1]). The equilibrium gas con-
centration Ceq

g associated with finite Xe solubility
in the fuel matrix exceeds the calculated steady state
gas concentration Cg at high (>2300 K) and low
(<1000 K) temperatures, as illustrated in Fig. 2,
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and thus results in suppression of bubble nucleation
process.

3.1.1. Fuel restructuring at high burn-up

As observed in [17] at �900 K, tangled disloca-
tion networks with low-angle grain boundaries were
formed by accumulation of dislocations in the
44 GW d t�1 fuel, when dislocation density attained
�6 · 1014 m�2. For the higher burnup fuel of
83 GW d t�1, dislocations further accumulated and
ultimately evolved into sub-divided grains with
high-angle boundaries. The sub-divided grains with
high-angle boundaries were postulated in [17] as the
nucleus for the recrystallization of fuel.

This result well correlates with other observa-
tions of the burnup threshold between 55 and
82 GW d t�1 [22].

In accordance with the general theory of cell
structure formation [23], dislocation structures tend
to develop with increasing dislocation density and
to form dislocation clusters in which neighbouring
dislocations mutually screen their stress field. The
cell structure terminates the structural evolution,
when dislocation density attains a certain ultimate
value.

From analysis of the above presented test obser-
vations [17], the transition from low-angle to large-
angle cells occurs in the range of dislocation density
from �6 · 1014 to �1015 m�2, Fig. 1. Application of
these ultimate criteria to higher temperatures is pre-
sented in Fig. 3, where dislocation density evolution
with burnup was calculated by the MFPR disloca-
tion model (with microscopic parameters fixed from
the analysis of the test [17]).
From these calculations it is seen that the temper-
ature threshold at which no restructuring occurs, at
least up to 100 GW d t�1, is at 1300–1400 K, in a
good agreement with various observations (see [22]).
3.2. Annealing regimes at high temperature

Under annealing conditions, non-stationary
vacancy-diffusion problem in the grain is considered:

ocv

ot
¼ 1

r2

o

or
r2Dv

ocv

or

� �
� 4pDvRbCb cv� cbs

v

� �
þ qdV db

ð12Þ
with equilibrium conditions at the grain boundary,
cVjr¼Rgr

¼ ceq
V , and at the intragranular bubbles

surfaces, cbs
V ¼ ceq

V expð�Xdp=kT Þ.
The results of MFPR calculation of annealing

tests [16] for a 25 GW d t�1 irradiated fuel are com-
pared with experimental data in Fig. 4.

During initial period of the tests when active
growth and coalescence of intragranular bubbles
occur owing to gas atoms sinking, dislocation loops
uniformly distributed in the grain bulk act as the
main sources of vacancies (necessary for equilibra-
tion of growing bubbles). This explains dislocation
creep (with velocity vd) and enhanced bubble
growth by dislocation sweeping under annealing
conditions, observed in [24].

In this situation a new mechanism for gas release
due to dislocation creep emerges [1,12]. This mecha-
nism considers sweeping of bubbles and delivery
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them to the grain boundaries by climbing dislocation
segments in the course of vacancy generation. After
some time, a strong pinning of dislocations by swept
bubbles occurs, and grain boundaries apparently
become the dominant source of vacancies during
the subsequent period of the annealing tests. In this
situation a vacancy flux directed from grain surface
to its interior arises that induces bubble biased
migration upward the vacancy gradient, V vac

b ðrÞ ¼
2Dvocv=or, as proposed by Evans [25].

3.3. Gas behaviour in LOCA accident

The code was applied to the calculation of fission
gas behaviour in LOCA transient for a standard
PWR UO2 pellet irradiated at 48.5 GW d t�1.
Experimental results are presented in [26] in detail.
Calculations were performed with a simplified irra-
diation history and without consideration of stresses
exerted on the fuel during the sequence. Even with
these simplifications, the code gives rather encour-
aging results in Fig. 5.

Notably the code reproduces correctly observa-
tions of [26] that the gas release comes from inter-
granular gas accumulated during irradiation,
Fig. 5. Underestimation of the release is associated
with underestimation of initial intergranular con-
tent, mainly in the inner hot zone of the pellet (see
Table 1). As shown in [26], stresses exerted on the
fuel during the tests by the cladding noticeably influ-
ence the kinetic release. Preliminary calculations
(not reproduced here) considering stresses during
reactor operations show much better agreement
with experiments.
3.4. Fission product behaviour in severe accident

An illustration of one chemically active element
behaviour under severe accident conditions is given,
i.e. the behaviour of caesium in the VERCORS 4
test. This test from the French VERCORS program
[3] was performed at high temperature and in pure
hydrogen during the final part, after clad pre-oxida-
tion in mixed atmosphere at an intermediate tem-
perature plateau. Results of the MFPR code
simulations are given in Figs. 6 and 7.

Fig. 6 shows that the calculated Cs release kinetic
is in good agreement with experimental data.

Additionally, it is shown in Fig. 7 that the behav-
iour of Cs during the experiments is mainly associ-
ated with stability of the ternary compound (grey)
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phase. In particular, during the clad oxidation
plateau (�4500–8500 s) some of the produced
hydrogen reacts with the fuel, resulting in a partial
Cs2UO4 destruction and Cs release. Then after com-
plete clad oxidation the remaining injected steam
interacts with fuel, producing some Cs2MoO4. In
the final step of experiment, in a pure hydrogen
atmosphere and at high temperature, Cs2MoO4

and the remaining part of Cs2UO4 become unstable,
giving the final release.

Another illustration is given by the molybdenum
behaviour reproduced by MFPR in typical severe
accident situations as those of PHEBUS FP tests [2].

For the high elevation of the bundle, Fig. 8 shows
that molybdenum is initially located in the metallic
phase (along with Ru mainly) in which it remains
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during the clad oxidation phase when the fuel oxy-
gen potential is low. Then, after clad oxidation, sig-
nificant fuel oxidation occurs, sufficient for total
transfer of Mo out of the metallic phase, under
oxides forms. Significant part of these oxides are
released through interconnected porosities but
another part form molybdates with Ba an Sr only,
because Cs is considerably released during clad oxi-
dation phase. These molybdates remain stable dur-
ing the final oxidising part of the experiment.

It is worth noting that this scenario is in agree-
ment with recent Electron Probe Micro Analysis
of metallic phases and dot mapping performed on
samples located at high elevation, where tempera-
ture did not exceed 2300 K, showing total removing
of Mo from metallic inclusions and strong associa-
tion with Ba notably.

4. Conclusions

The present paper briefly describes the models of
the MFPR code and provides examples of the code
applications to different regimes that a nuclear fuel
may undergo. Models are based on self-consistent
consideration of evolution of various point defects
(gas atoms, vacancies and interstitials) and extended
defects (gas bubbles, dislocations, vacancy clusters
and pores) and their mutual interactions under var-
ious irradiation and annealing regimes of UO2 fuel
operation. Concerning chemically-active elements,
the mechanistic approach of MFPR is based on
complex association of a diffusion–vaporisation
mechanism involving multi-phase and multi-compo-
nent equilibrium at the grain boundary in associa-
tion with accurate calculation of fuel oxidation.

The applications have shown the possibilities of
the code in various situations and permit to define
items for future developments. Among them, the
model extension toward high burn-up and MOX
fuel, the MFPR code coupling with thermo-
mechanical fuel rod models, in order, notably, to
take into account the strong interaction with the
mechanical characteristics of the fuel, are foreseen.

For chemically active elements, the models will
be improved by considering new separate phases
and by including reaction kinetics between phases.
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