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ABSTRACT

Design and safety assessment of fuel pins for application in innovative Generation IV fast reactors calls
for a dedicated nuclear fuel modelling and for the extension of the fuel performance code capabilities to
the envisaged materials and irradiation conditions. In the INSPYRE Project, comprehensive and physics-
based models for the thermal-mechanical properties of U—Pu mixed-oxide (MOX) fuels and for fission
gas behaviour were developed and implemented in the European fuel performance codes GERMINAL,
MACROS and TRANSURANUS. As a follow-up to the assessment of the reference code versions (“pre-
INSPYRE”, NET 53 (2021) 3367—3378), this work presents the integral validation and benchmark of the
code versions extended in INSPYRE (“post-INSPYRE”) against two pins from the SUPERFACT-1 fast reactor
irradiation experiment. The post-INSPYRE simulation results are compared to the available integral and
local data from post-irradiation examinations, and benchmarked on the evolution during irradiation of
quantities of engineering interest (e.g., fuel central temperature, fission gas release). The comparison
with the pre-INSPYRE results is reported to evaluate the impact of the novel models on the predicted pin
performance. The outcome represents a step forward towards the description of fuel behaviour in fast
reactor irradiation conditions, and allows the identification of the main remaining gaps.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the
CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

(coolant) conditions, allowing to collect the indications necessary
for the pin design and to evaluate the compliance with proper

The strategy for most of the Generation IV reactor concepts
foresees the use of mixed-oxide nuclear fuel (MOX), i.e., U-Pu fuel
potentially including a minor actinide (Am, Np) content for trans-
mutation and recycling purposes [1,2]. These fuels will be subjected
to harsh irradiation conditions in terms of fast neutron flux, fuel
temperatures and corrosive liquid-metal cooling environment [3].
The design and safety assessment of fuel pins for application in
these fast reactors (FRs) calls for a dedicated nuclear fuel modelling
and simulation, allowing for the accurate description of the pin
behaviour in the irradiation conditions foreseen. Fuel performance
codes (FPCs) have been developed since the 1980's to simulate the
evolution of fuel pins under determined irradiation and boundary
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safety margins (e.g., in terms of fuel melting or cladding plasticity)
[4.5].

The objective of the INSPYRE European H2020 Project (In-
vestigations Supporting MOX Fuel Licensing for ESNII Prototype
Reactors) [6] is to advance the simulation of MOX fuels by means of?:

1) The investigation of properties of these fuels and phenomena
occurring under irradiation using a combination of experi-
mental techniques and lower-length scale and thermodynamic
calculations.

2) The development of advanced models including the knowledge
obtained and their implementation in fuel performance codes,
extending the FPC predictive capabilities on fast reactor
conditions.

The fuel performance codes considered in the INSPYRE Project

1738-5733/© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
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are: GERMINAL, developed by CEA, France [7,8]; MACROS, from SCK
CEN, Belgium [9]; TRANSURANUS, developed by the JRC-Karlsruhe,
Germany [10—12] and used extensively by ENEA and Politecnico di
Milano. The assessment of the predictive capabilities of the codes
prior to the INSPYRE developments (“pre-INSPYRE” versions) on
MOX fuel pins irradiated in FR conditions during the SUPERFACT-1
experiment [13] was already published by the same authors [14].

The codes have been extended during the Project by imple-
menting comprehensive and physics-based models for the
thermal-mechanical properties of FR MOX fuels, including their
evolution under irradiation (i.e., as a function of burn-up), and for
the fission gas behaviour and release, as detailed in [15]. In
particular, GERMINAL and TRANSURANUS benefited from the
integration of:

- Novel correlations for the thermal conductivity, heat capacity
(in GERMINAL) and melting temperature of MOX fuels [16—19].

- Novel correlations for the thermal expansion and Young's
modulus of MOX fuels [20].

- The coupling with the SCIANTIX module for the mechanistic
modelling of inert gas behaviour [15,21].

The extension of the MACROS code concerned only the imple-
mentation of the novel correlations for the thermal expansion and
Young's modulus of MOX fuels [20].

The present paper focuses on the assessment of the versions of
GERMINAL, MACROS and TRANSURANUS extended in INSPYRE,
called “post-INSPYRE”.! This assessment aims at evaluating the
impact of the novel models developed and implemented during the
Project on the predicted fuel pin performance, validating the code
extensions for application to fast reactor and Generation IV case
studies.

The post-INSPYRE code versions are used to simulate two pins
irradiated in the Phénix sodium-cooled fast reactor during the
SUPERFACT-1 experiment: the SF13 fuel pin bearing 2 wt.% of 2>’Np
and the SF16 pin bearing 1.8 wt.% of 24'Am, both pertaining to the
homogeneous minor actinide transmutation strategy. They reached
a peak fuel burn-up at the end of irradiation of about 6.4 at.% (radial
average value) [22]. The reader is referred to [14] for complete
details about the SUPERFACT-1 irradiation experiment (i.e.,
description of the campaign, specifications of the pins, irradiation
history and boundary conditions). The simulation options are the
same as in [14], apart from the use of the new models developed
and implemented during INSPYRE.

The simulation results from the post-INSPYRE FPCs concerning
the fuel pins selected are herein presented and critically discussed,
as well as compared with the pre-INSPYRE code results [14]. As
in [14], the codes were validated against both integral and local
post-irradiation examination data ([13,22,23]: cladding profilom-
etry, fuel restructuring, radial profiles of Pu, Xe, Cs concentrations at
the end of life) and benchmarked on the evolution of quantities of
engineering interest, i.e., fuel central temperature, fuel restructur-
ing, fuel-cladding radial gap size, and fission gas release.

The paper is organized as follows. Section 2 describes briefly the
advanced models for properties of MOX fuels and mechanistic
fission gas behaviour developed in the INSPYRE Project and adop-
ted in the post-INSPYRE code simulations. The assessment and
benchmark of the post-INSPYRE versions of the fuel performance
codes GERMINAL, MACROS and TRANSURANUS is presented in

1 CEA performed the work presented here using GERMINAL V2.2.5, SCK CEN
using the MACROS code, while ENEA, JRC-Karlsruhe and Politecnico di Milano
employed version vim5j20 of the TRANSURANUS code, including the new models
developed in INSPYRE.
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Section 3. The comparison with the results of the reference (pre-
INSPYRE) code versions [14] is included to highlight the differences
in the pin performance results obtained. Section 4 identifies the
main remaining gaps related to the simulation of MOX fuels in FR
conditions and the key topics that should be the focus of future
improvements. Conclusions are drawn in Section 5.

2. Overview of the modelling advancements for MOX fuels
achieved in INSPYRE

The INSPYRE modelling efforts targeting fuel performance codes
focused on the development and implementation of physics-based
models and correlations for both thermal and mechanical proper-
ties of MOX fuels and for the description of fission gas and helium
behaviour in oxide nuclear fuels [15].

Concerning the thermal properties, novel models for the ther-
mal conductivity and melting (solidus) temperature of fast reactor-
type MOX fuels were developed from the best fit of suitable and up-
to-date experimental data, verified and validated against separate-
effect measurements [16,17,24,25]. Comprehensive and physically-
grounded laws depending on temperature, Pu and minor actinide
(Am, Np) contents, deviation from fuel stoichiometry (corre-
sponding to O/M = 2.00), porosity and burn-up were obtained and
validated. The assessment included a p-value statistical analysis of
the correlation coefficients (on the basis of the experimental
dataset fitted), confirming the suitability and representativeness of
the models proposed. Thanks to the fitting dataset selected, the
correlations cover the values of interest for FR MOX and envisaged
for Generation IV applications. In particular, the applicability ranges
extend up to high temperatures (2700 K, close to fuel melting, for
the thermal conductivity), as well as high Pu contents (50 at.%) and
burn-up (12 at.%). These correlations were implemented in the
GERMINAL and TRANSURANUS fuel performance codes [15] and
used in this work to account for the effect of the Am and Np con-
tents of SUPERFACT-1 on the fuel thermal properties.

For the sake of completeness, although not employed for the
post-INSPYRE simulations presented here, a novel law for the heat
capacity of U—Pu oxide fuels was developed during INSPYRE, pre-
liminarily implemented and tested in the GERMINAL and TRANS-
URANUS codes. It is applicable on the entire Pu content range (from
UO, to PuO;) and it represents the Bredig transition effect at high
temperature (> 2000 K, depending on the MOX Pu content)
through a heat capacity peak, on the basis of atomic scale calcula-
tions [18,19].

As for the mechanical properties, the modelling efforts of
INSPYRE focused on the Young's modulus and thermal expansion of
MOX fuels, which drives the decrease of the fuel-cladding gap size
(determined by the relative fuel and cladding deformation dy-
namics), and hence is an essential parameter to evaluate the gap
conductance. The correlations developed, based on literature data
for fast reactor-type MOX, cover a wide temperature range from
room to melting temperature and include the effects of Pu content,
fuel stoichiometry, porosity and burn-up (concentrations of fission
products) [20]. These correlations were implemented in the post-
INSPYRE versions of the three FPCs involved in INSPYRE [15].

In addition, the extension of the GERMINAL and TRANSURANUS
FPCs included the development of SCIANTIX [15,21] and its
coupling with the codes as a module. SCIANTIX is a grain-scale code
developed at Politecnico di Milano that models the behaviour of
inert gases (fission gases Xe, Kr, as well as helium) by using a cluster
dynamics (rate theory) approach [26], and solves the physics-based
master equations via fast and stable numerical techniques [27,28].
The current SCIANTIX modelling enables the treatment of both the
intra-granular and inter-granular behaviour of inert gases. It also
includes a fuel burn-up module targeting the helium production
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and allowing the tracking of the fuel composition evolution in
terms of the most relevant actinides [29]. Finally, it describes the
formation and gas depletion of the High Burn-up Structure (HBS) at
the fuel pellet periphery [30]. The intra-granular part of the overall
model considers single-gas atom diffusion, the three fundamental
mechanisms of gas bubble nucleation, re-solution of gas atoms
from bubbles and trapping of gas atoms at bubbles, and accounts
for the coarsening of intra-granular bubbles along dislocation lines
via vacancy inflow [31]. The inter-granular bubble evolution model
currently available in SCIANTIX is the one proposed by Pastore et al.
[32,33], which includes bubble interconnection allowing the fission
gas release in the fuel-cladding gap. It was extended to consider the
micro-cracking of grain boundaries during temperature transients,
which induce burst releases of the fission gas stored at the grain
boundaries [34,35]. Both the intra- and inter-granular components
of fuel gaseous swelling result from this mechanistic description of
fission gas behaviour, being connected to the evolution of the
bubble populations and calculated according to the bubble con-
centration and radius [21]. The modelling of helium behaviour re-
lies on the model by Cognini et al. [36] accounting for helium
diffusivity and solubility [37,38]. It was extended to couple the
inter-granular helium treatment to the intra-granular one [39].
Finally, the HBS modelling was recently improved with the inclu-
sion of the inter-granular porosity evolution under irradiation in
oxide fuels [40].

SCIANTIX was coupled with the GERMINAL and TRANSURANUS
fuel performance codes as an inert gas behaviour module. It is
called by the FPCs at each point of the adopted fuel radial mesh, in
each axial slice discretizing the fuel column. The coupling strategy
between the two codes and SCIANTIX, however, differs in some
aspects, i.e., some of the SCIANTIX models were adjusted in
GERMINAL by introducing limiting maximum thresholds (e.g., on
the fuel grain growth and on the grain-boundary gas concentration
upon saturation) [15,41]. The online coupling between TRANS-
URANUS and SCIANTIX has been achieved by means of a dedicated
Fortran95/C++ interface, based on modern Fortran features as
interface modules [15,42,43].

The novel, common models (among those described in this
Section) implemented in the FPCs and employed in the present
work for the simulation (post-INSPYRE) of the SUPERFACT-1 irra-
diation experiment are summarized in Table 1.

3. Assessment against experimental data and benchmark of
INSPYRE-extended codes

This Section presents the assessment of the post-INSPYRE code
versions on the available experimental data and the benchmark
between the three codes on relevant quantities not measured
during the SUPERFACT-1 experimental campaign, in line with the
analysis performed in [14] using the pre-INSPYRE code versions.
The comparison between pre- and post-INSPYRE code results is
given for all the results presented below (left and right plots,
respectively), to highlight and analyse the differences in the pin
performance determined by the novel INSPYRE models imple-
mented in the fuel performance codes.

3.1. Validation against integral and local experimental data

The most relevant integral code results on the Am-bearing pin
SF16 [13,14] are collected and compared to the experimental data in
Table 2. The values predicted by the pre-INSPYRE code versions,
presented in [14], are also reported in round brackets. The agree-
ment of the code results with the end-of-life fuel burn-up
measured and the amount of fission gas produced is satisfactory,
although the burn-up reached at the peak power node is (more)
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underestimated by post-INSPYRE TRANSURANUS and MACROS,
while still overestimated by GERMINAL. The predictions of final fuel
burn-up are still within the associated experimental uncertainty,
recalling that the experimental value is obtained from the neo-
dymium radial concentration at the end of irradiation, measured by
EPMA with an uncertainty of 8% [22,23]. The burn-up analysis
performed by Walker et al. [22] reveals an increase of the local fuel
burn-up at the end of irradiation, near the fuel central void formed
by restructuring, attributed to Pu and Am radial redistributions.
This local (maximum) burn-up corresponds to around 7.8 at.% and
is reproduced by GERMINAL and TRANSURANUS, equipped with
actinide redistribution models [7,44,45], with adequate accuracy
(within the experimental uncertainty). The deviation between
experimental and calculated end-of-life fuel burn-up could be
determined by the uncertainty on the SUPERFACT-1 irradiation
history, which however is not clearly indicated among the speci-
fications of the experiment accessible by the authors.

The most noticeable improvement from the pre- to the post-
INSPYRE simulation results concerns the fission gas release (FGR),
reflecting the adoption of the SCIANTIX fission gas behaviour
modelling in GERMINAL and TRANSURANUS. The fission gas pro-
duction, also tracked by SCIANTIX, remains consistent between the
two codes and accurate with respect to the value reconstructed
from measurements of fission gas release and retention [13]. For
both GERMINAL and TRANSURANUS, the fission gas release at the
end of life predicted by post-INSPYRE codes is higher than the pre-
INSPYRE one, leading to a remarkable agreement with the experi-
mental measurement. This is the result of the physics-based
modelling of the intra- and inter-granular fission gas behaviour
provided to the FPCs by SCIANTIX [21], and also of the SCIANTIX
model for burst releases of fission gases due to fuel micro-cracking
during power transients [35,46]. The burst release model acts on
the fission gas accumulated at the grain boundaries following
release from the grains, and enhances the gas release in the fuel-
cladding gap. This overcomes the direct (empirical) FGR driven by
temperature and fuel burn-up employed e.g., by the standard
version of TRANSURANUS for FR conditions. Further investigations
of the FGR calculated by the post-INSPYRE FPCs is provided in
Section 3.2 when analysing its evolution in time (Fig. 7). These
results already show the suitability of the SCIANTIX models for
fission gas production and behaviour adopted by the coupled
TRANSURANUS//SCIANTIX and GERMINAL//SCIANTIX suites and
applied to FR conditions.

The predicted axial length of central void formed in the fuel at
the end of life (accounting for the highest and lowest axial locations
where fuel restructuring is detected) is in line with the pre-
INSPYRE one by using the post-INSPYRE version of GERMINAL,
still underestimating the measurement. It is instead in line with the
experimental value according to post-INSPYRE TRANSURANUS,
whose result is lower compared to the pre-INSPYRE one consis-
tently with a lower fuel temperature regime yielded by the calcu-
lations especially at beginning of irradiation (reported below,
Fig. 5). The opposite effect is provided by MACROS calculations,
since the fuel central void extension higher from the post-INSPYRE
code and within the uncertainty range associated to the measured
data. The reliability of the code results, however, is influenced by
e.g., the axial fuel relocation, highly stochastic and not considered
at present in TRANSURANUS, while completely allowed in
GERMINAL [7,8,12].

Finally, the fuel column axial elongation at the end of life yielded
by the post-INSPYRE versions of MACROS and TRANSURANUS is
closer to the experimental value, but still overestimated. The axial
elongation is on the contrary underestimated by GERMINAL. The
axial relocation mechanism and the fuel-cladding gap closure and
mechanical interaction, which are predicted in the early irradiation
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Table 1
Summary of models for MOX fuels developed in the INSPYRE Project and implemented in the post-INSPYRE versions of the GERMINAL, MACROS and TRANSURANUS fuel
performance codes [15], for their assessment against the SUPERFACT-1 irradiation experiment.

Property/Phenomenon Model References
Thermal conductivity 1 D E [16,17,24,25]
(v DTN 25
kol [P, ). Np]p) = (- g+ g2 T) (1)
bu
Kire (T, [Pul, [Am), [Np].p.bu) = kint + (ko — kint) w€ ¢
Melting temperature Tmo([Pul,x,[Am]) = T yo, — Ypu [Pu] — vx X — Yam [Am] [16,17,24,25]
bu
T ([P, %, (A1), b ) = Toning + (Tino — Trning ) w € 0
Young's modulus Eo([Pu]) = Eyo, (1 — [Pu]) + Epyo, [Pu] [20]
) — Bl L2
TF CEVoD
1 0F
E(x) =Ep|1 — x(+ —
) 0[ (Eo dx> 20% Pu}
T T\?
E(T) = E [ao gt (ﬂ) }
Thermal expansion AL T T\?2 T\3 [20]
LM = bo+by (T—m> +bz(T—m) by (TTJ
d (AL)
dT \ Ly,
3l o, [1 +hy(2 - 7)}
L
Intra-granular fission gas behaviour 0 o« 10,0 [21,26,31]
a(c1 +m) ~a:p crjafrr a—r(cl +m) +yF
d
aNig =v—aNjg
ig: intra-granular
Inter-granular fission gas behaviour o 3 «a d [21,32,33]
&q = - [a chg (c1 + m)] a — Rterm
Inter-granular fission gas burst release dl __dm(T) dT [21,34,35]
de — dT dt
dfc _dF.  df
qt T dear Tace
Fuel swelling AV AV AV 4 3 34m 3 [21]
(7> = (7) (7> = 3 ™NigRig + 5 NgtRge

ig: intra-granular, gf: grain-face

Symbols: «: bubble re-solution rate; ay: volumetric thermal expansion coefficient (b, by, by, b3, by: correlation coefficients); : bubble trapping rate; »: bubble nucleation rate;
vo: Poisson's ratio; a: grain radius; [Am]: americium concentration; bu: burn-up; c; : single-atom gas concentration; cg: coefficient of the porosity-dependent Young's modulus
model; D.: single-atom diffusion coefficient; E: Young's modulus (ao, a;, a;: coefficients of the temperature-dependent correlation); Ep: Young's modulus of fully-dense,
stoichiometric MOX; F: fission rate; F.: grain boundary fractional coverage (diff: contribution from diffusion-controlled processes); f: intact fraction of grain faces; ko:

fresh MOX thermal conductivity (A, B, D, E: correlation coefficients); ki: irradiated MOX thermal conductivity (kinf, ¢: correlation coefficients); %: relative linear deformation;
0

m: gas concentration in intra-granular bubbles; m(T): micro-cracking function; N: bubble concentration; [Np]: neptunium concentration; w oxygen-to-metal ratio; p:
porosity; [Pu]: plutonium concentration; q: inter-granular gas concentration; R: bubble radius; r: radial coordinate; Rierm: inter-granular release term; T: temperature; t: time;
Tm: melting temperature; Ty, o: fresh MOX melting temperature (ypy, Yy, Yam: correlation coefficients); T, irradiated MOX melting temperature (Ty, ju¢, 0: correlation

coefficients); AVV: fuel pellet relative volume variation; x: deviation from fuel stoichiometry; y: fission yield of fission gas.

cycles by the post-INSPYRE GERMINAL version for the peak power cladding mechanical interaction, since gap closure is not predicted.
node, play a significant role in the estimated elongations of both MACROS also calculates a significant axial elongation of the fuel
fuel and cladding. Among the values calculated by the different stack, allowed by a gap closure occurring at mid-irradiation (during
codes, TRANSURANUS provides the highest fuel and cladding axial the fourth irradiation cycle). The cladding axial elongation is quite
elongations at the end of irradiation, linked to the absence of fuel- well reproduced by TRANSURANUS, while it is underestimated by

Table 2
Comparison of experimental/reconstructed data [13,22] and simulation results of integral quantities regarding the americium-bearing fuel pin SF16, as calculated by post-
INSPYRE codes. The values calculated by pre-INSPYRE codes are reported in round brackets [14].

Data Calculated TRANSURANUS Calculated GERMINAL Calculated MACROS
Final burn-up at peak power node, radial average (at.%) 6.4 6.32 (6.35) 6.60 (6.60) 6.34 (6.60)
Fission gas (Xe + Kr) produced (cm?) 225.03 228.9(226.4) 226.7 (226.7) 224 (236.4)
Fission gas release (%) 68.5 69.7 (47.0) 68.5 (53.2) 60.9 (53.8)
Central hole length (mm) 550—619 602.6 (691) 424.8 (424.7) 618.2 (541)
Fuel axial elongation (mm) 5.6—6.2 17.36 (25.50) 0.38 (0.47) 16.89 (39.13)
Cladding axial elongation (mm) 1.5-23 1.44 (1.43) 0.04 (—-0.01) 0.73 (1.76)
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Fig. 1. Comparison of the cladding axial profilometry calculated at the end of life for the Np-bearing pin SF13 (triangles, dashed lines) and the Am-bearing pin SF16 (circles, full
lines) with experimental measurements. The left plot reports the results from the pre-INSPYRE versions of the codes [14], while the right plot shows the post-INSPYRE code results.

both GERMINAL and MACROS. In general, the GERMINAL code
yields the most stable results between the pre- and post-INSPYRE
versions, as demonstrated by Table 2.

The cladding outer diameter results are shown in Fig. 1, along
with the cladding profilometry data available from post-irradiation
examinations. The cladding radial deformation at the end of life
obtained using the post-INSPYRE code versions is similar to the
pre-INSPYRE result for GERMINAL and TRANSURANUS. The post-
INSPYRE TRANSURANUS results for the end-of-life cladding pro-
filometry follow the axial profile of the linear pin power, for both
Am- and Np-pins, as for the pre-INSPYRE code version. Accurate
results are obtained around the peak power node, where the radial
cladding deformation is the highest. TRANSURANUS yields the
largest underestimations towards the ends of the fuel column,
especially near the bottom of the stack. The post-INSPYRE
GERMINAL calculations lead to slightly higher values than the
pre-INSPYRE ones, yielding the best agreement with the experi-
mental data for the Np-bearing pin but still underestimating
slightly the measurements on the Am-bearing pin. The most sig-
nificant difference between pre- and post-INSPYRE code results is
shown by MACROS, whose post-INSPYRE version provides profiles
almost superimposed for the Am- and Np-pins and more regular
compared to the pre-INSPYRE ones. The post-INSPYRE MACROS
version exhibits an acceptable agreement with the measured pro-
filometry at the bottom and top of the pin, despite the general
underestimation of the experimental profile. The post-INSPYRE
code results on the end-of-life cladding profilometry confirm the
outcomes of the pre-INSPYRE code assessment [14], i.e., that the
different models of cladding creep and swelling in the codes have a
noticeable impact on the simulation outcomes. This is enhanced by
the fuel-cladding gap closure, which is predicted at the axial peak
power node by GERMINAL and MACROS (for the Am-pin). The
correct simulation of the cladding deformation is challenging since
it is the result of the interplay between pellet-cladding interaction,
radiation-induced (and potentially thermal) cladding creep and
radiation-induced cladding swelling. The radiation-induced com-
ponents dominate in the correlations applied in the codes and lead
to an underestimation of the impact of the local temperature on the
cladding profilometry. The remarkable agreement of the
GERMINAL results with the data shows the importance of equip-
ping the codes with a refined cladding swelling model based on a
large experimental database, as that available in GERMINAL for 15-
15Ti claddings [7,14]. Since the cladding modelling was not a focus
of the INSPYRE Project, the discrepancies identified in the pre-
INSPYRE code versions [14] remain in the post-INSPYRE versions.

The comparison of the pre- and post-INSPYRE versions of the
MACROS code allows identifying the separate impact of the novel
models for the fuel mechanical properties, i.e., the MOX Young's
modulus and thermal expansion (since these are the only INSPYRE
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modelling advancements introduced in MACROS) [20]. In partic-
ular, the wider gap size evolving in time yielded by post-INSPYRE
MACROS (from a lower fuel thermal expansion predicted) sug-
gests a milder mechanical interaction between fuel and cladding,
occurring just during the last irradiation cycle. This contributes to
the lower radial deformation of the cladding at the end of life
compared to the pre-INSPYRE result (Fig. 1). The effect of the fuel
thermal expansion is not directly visible from GERMINAL and
TRANSURANUS calculation results, since it is combined with the
influence of the novel correlation for the MOX thermal conductivity
[17] and of the novel modelling of fission gas release in the gap
[15,21]. Anyway, the impact of the novel INSPYRE models (for the
MOX fuel) on the predicted cladding profilometry proves to be
limited since indirect, despite the different gap pressure calculated
by the post-INSPYRE codes and the gap closure according to
GERMINAL and MACROS (Section 3.2).

Figs. 2 and 3 show the code simulation results on fuel restruc-
turing, i.e., concerning the formation and development of the fuel
central void and of columnar grains, which are typical phenomena
observed experimentally in MOX fuels irradiated in fast reactors at
high temperature [47] and also in the SUPERFACT-1 fuels at the end
of life. The trends yielded by the codes are all mainly determined by
the axial pin power distribution, i.e., they exhibit peaks in both the
fuel central void and the columnar grain size around the axial peak
power node. Compared to the pre-INSPYRE results [14], the post-
INSPYRE code results correspond to generally lower fuel restruc-
turing, consistently with the lower fuel central temperature re-
gimes at beginning of irradiation (see Fig. 5), in particular in the
TRANSURANUS case. This leads to an underestimation of the
experimental fuel central void by TRANSURANUS, while the pre-
INSPYRE results were in excellent agreement with the measure-
ments available, as shown in Fig. 2. The post-INSPYRE GERMINAL
and MACROS versions still overestimate the data on the fuel central
void size around the axial peak power node, but are more accurate
at the upper part of the fuel column. The experimental values at the
top of the fuel column (i.e., absence of fuel restructuring) are
correctly caught by all the post-INSPYRE code versions, as a
consequence of fuel central temperature regimes below the
threshold for fuel inner void formation (1800°C, based on experi-
mental data [9,48]). This also determines a locally lower extent of
fuel restructuring predicted by post-INSPYRE TRANSURANUS and
the absence of central void re-opening in the Np-pin from post-
INSPYRE GERMINAL (Fig. 2 — right). The post-INSPYRE version of
the MACROS code still provides the highest fuel central void radius
at mid-column (~1.2 mm for the Am-pin, ~1.3 mm for the Np-pin),
which is not the case for the extension of the columnar grains, as
shown by Fig. 3. The radial extension of columnar grains calculated
by post-INSPYRE MACROS is also similar to the pre-INSPYRE ones
(due to the fact that only the novel models for mechanical
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properties have been adopted in MACROS, Section 2) and still the
most accurate with respect to the experimental data. The post-
INSPYRE models, however, allow for a homogenization of the
code results. In particular, the post-INSPYRE TRANSURANUS pre-
dictions are closer to the ones from GERMINAL and MACROS, again
due to the lower temperature regime at beginning of irradiation
(Fig. 5), and hence closer to the measurements available, despite
the global overestimation (Fig. 3 — right). The axial profile of
columnar grains from post-INSPYRE TRANSURANUS is less
extended, consistently with the axial shape of the fuel central void
(Fig. 2). Hence, among the novel models developed during the
INSPYRE Project (Section 2), the fuel restructuring results, which
are mainly driven by the fuel temperature regime, are affected
mostly by the fuel thermal conductivity and by the fuel thermal
expansion and fission gas release, which contribute to the gap size

and composition evolution, respectively. The similar pre- and post-
INSPYRE GERMINAL results on fuel restructuring are caused by the
similar evolutions of the fuel central temperatures. On the contrary,
the pre- and post-INSPYRE MACROS versions yield similar results
for the Am-pin despite the sensibly lower fuel central temperature
during irradiation emerging from the post-INSPYRE code (shown in
Fig. 5 — right for the peak power node).

The comparison of the post-INSPYRE code results with the
experimental radial profile of plutonium concentration at the end
of life is reported in Fig. 4 — right. Compared to the pre-INSPYRE
results (|14], Fig. 4 — left), the post-INSPYRE profiles are generally
similar for each code and GERMINAL still provides the stronger Pu
radial redistribution, corresponding to an overestimated Pu con-
centration at the central region of the pellets while underestimated
at intermediate radii. Moreover, the post-INSPYRE GERMINAL
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Fig. 4. Comparison of the plutonium radial concentration calculated at the end of life at the axial peak power node, for the Np-bearing pin SF13 (triangles, dashed lines) and the
Am-bearing pin SF16 (circles, full lines), with experimental measurements. The left plot reports the results from the pre-INSPYRE versions of the codes [14], while the right plot

shows the post-INSPYRE code results.
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profiles are still characterized by a concentration step in the
proximity of the central void, caused by numerical reasons already
reported in [14] (i.e., the different meshes used for the solution of
the central void — finite volumes, and for the dynamics in the fuel
material — finite elements). On the contrary, post-INSPYRE
TRANSURANUS provides a smaller Pu redistribution, again mainly
because of the lower fuel temperature regime at beginning of
irradiation yielded by the post-INSPYRE code version (Fig. 5 —
right). This leads to the underestimation of the Pu experimental
data close to the fuel central void, while the agreement with the
data in this pellet region was better by using pre-INSPYRE
TRANSURANUS. The accuracy of both GERMINAL and TRANS-
URANUS is satisfactory at the colder pellet periphery. The post-
INSPYRE MACROS results are radially flat as the pre-INSPYRE
ones, since the modelling developments made in MACROS during
INSPYRE did not involve the introduction of an actinide redistri-
bution module. The significant overestimation of the radial Pu
profiles at the end of life from post-INSPYRE MACROS is confirmed,
as obtained from the pre-INSPYRE code version.

3.2. Code benchmark on the evolution of relevant quantities during
irradiation

Fig. 5 shows the evolution during irradiation of the fuel central
temperature at the axial peak power node. The dynamics obtained
from post-INSPYRE code versions are consistent with those pre-
dicted by the pre-INSPYRE ones, but differences at the beginning
and at the end of irradiation emerge. Also, higher temperature
values towards the end of the SUPERFACT-1 irradiation are calcu-
lated particularly by post-INSPYRE TRANSURANUS, while lower
values throughout the entire irradiation emerge from post-
INSPYRE MACROS for the Am-bearing pin. The post-INSPYRE
TRANSURANUS results show the dominant effect of the novel
INSPYRE correlation for the fuel thermal conductivity (Section 2),
implemented and adopted by both GERMINAL and TRANSURANUS
for the outcomes presented in Fig. 5 — right. First, for fresh fuels or
low burn-up conditions it is in line with the main open-literature
correlation for FR oxide fuels (by Philipponneau [49], used as a
standard in pre-INSPYRE GERMINAL). This produces a harmoniza-
tion of the post-INSPYRE TRANSURANUS predictions at the begin-
ning of irradiation (until the third irradiation cycle) compared to
GERMINAL, whose results are slightly affected by the adoption of
the novel correlation. Second, both post-INSPYRE GERMINAL and
TRANSURANUS provide higher fuel central temperatures towards
the end of irradiation, due to a stronger burn-up degradation of the
thermal conductivity according to the novel model due to the
exponentially decreasing formulation. The fuel temperature regime
is also heavily impacted by the conductance of the fuel-cladding
gap, determined by the gap size and FGR. The higher FGR
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provided by post-INSPYRE codes (Fig. 7 - right) contributes to the
higher fuel temperatures during the final irradiation cycles of the
SUPERFACT-1 experiment, especially according to TRANSURANUS.
Nevertheless, the fuel still respects a margin to melting even from
the TRANSURANUS simulations, as represented by the grey curve in
Fig. 5 — right. The post-INSPYRE MACROS results show a much
colder fuel in the Am-pin compared to the pre-INSPYRE result,
which is not the case for the Np-pin whose fuel temperature is
similar (slightly higher) to that yielded by the pre-INSPYRE code.
The effect of the lower MOX thermal expansion (wider gap during
irradiation) provided by the novel INSPYRE correlation [20],
compared to the reference MACROS correlation [9], is hence
coherent with the MACROS result for the fuel temperature of the
Np-pin. Besides the effects of the novel models for fuel thermal
conductivity, FGR and thermal expansion, the post-INSPYRE
simulation results confirm some causes of discrepancy between
the various codes already identified in [14], in particular the
modelling of fuel relocation, fuel creep and swelling impacts on the
gap size and conductance. The generally lower fuel central tem-
peratures at the beginning of irradiation yielded by the post-
INSPYRE code versions lead to the reduced fuel restructuring
(Figs. 2 and 3) and plutonium radial redistribution (Fig. 4), already
presented in Section 3.1.

The evolutions of the fuel central void radius calculated at the
peak power node are shown in Fig. 6. The post-INSPYRE TRANS-
URANUS result is slightly sensitive to the SUPERFACT-1 power
variations, as the pre-INSPYRE one. The end-of-life values yielded
by the post-INSPYRE TRANSURANUS version are lower than the
pre-INSPYRE ones, consistently with the lower fuel central tem-
perature regime at the beginning of irradiation (Fig. 5 — right) and
with the axial profiles shown in Fig. 2 — right. On the contrary, the
lower temperature along irradiation predicted by the post-INSPYRE
MACROS version for the Am-pin does not impact the calculated
central void size at the peak power node, while the central void in
the Np-bearing pin results slightly larger than the corresponding
pre-INSPYRE result. The evolution of fuel restructuring according to
MACROS is still particularly impacted by the fourth start-up tran-
sient, leading to the highest power of the irradiation history, while
the other SUPERFACT-1 power transients do not induce any effect
on the fuel central void. Concerning the GERMINAL outcomes, the
post-INSPYRE ones show a fast central void formation at the
beginning of life, similarly to MACROS and TRANSURANUS but
differently from the gradual increase of the fuel central void radius
provided by the pre-INSPYRE calculations. Considering the same
discrete finite element mesh employed in GERMINAL to represent
the fuel pins [7,14] and the similar fuel temperature predictions at
the beginning of life (Fig. 5), the different kinetics of central void
formation (faster at beginning of irradiation) can be ascribed to the
link between the modelling of pore migration towards the pellet
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centreline and the gaseous swelling that causes an increase of the
porosity in fuel. This effect is determined by the novel inert gas
models provided by the coupling of GERMINAL with SCIANTIX,
which induces a lower fission gas release rate (hence, higher gas
retention in the fuel) at the beginning of irradiation. Despite the
different dynamics (more stable from post-INSPYRE GERMINAL
after the first power rise), the end-of-life value is comparable to
that of the pre-INSPYRE version for the Am-pin, while lower for the
Np-pin.

The fission gas release calculated during the various irradiation
cycles is shown in Fig. 7. The post-INSPYRE versions of the FPCs
prove capable of reproducing end-of-life values of FGR during FR
irradiations, in addition to the successful assessment against the
integral FGR value measured on the SUPERFACT-1 pins (Table 2).
These values correspond to an enhancement of the pre-INSPYRE
predictions, which were in the range 50—60%, as shown by Fig. 7
left. Also, the dynamics of FGR evolution during the
SUPERFACT-1 irradiation cycles are different between pre- and
post-INSPYRE codes, particularly concerning GERMINAL and
TRANSURANUS, whose pre-INSPYRE FGR results mostly follow the
power variations. Compared to the pre-INSPYRE result, the FGR
evolution calculated by post-INSPYRE GERMINAL presents an initial
incubation time for fission gas (longer than that shown by post-
INSPYRE TRANSURANUS), and the release then occurs in bursts
(i.e., sudden FGR bumps) associated to the micro-cracking of the
grain boundaries [34,35], which occurs during power (tempera-
ture) transients and mostly during the power shutdowns. This is
common also to post-INSPYRE TRANSURANUS and the same
behaviour was obtained from the simulation of the sodium-cooled
ASTRID case study, reported in [41]. Both the initial gas incubation
time and the sudden gas releases during the SUPERFACT-1 inter-
cycles are linked to the adoption of the SCIANTIX models for the
treatment of fission gas behaviour. The incubation time reflects the
processes of intra-granular diffusion of fission gases and their
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accumulation at the grain boundaries until saturation is reached
[21,26]. The dynamics of burst releases of fission gas modelled by
SCIANTIX and leveraged into fuel performance codes allows more
aligned FGR evolutions between codes, despite still different values
calculated during the irradiation cycles (determined by the many
other aspects of the pin thermal-mechanical behaviour not covered
in the present work, and modelled differently in different codes).
This represents a remarkable proof of the importance and effec-
tiveness of informing engineering-level FPCs with a physics-based
modelling of lower-length scale processes, as achieved during
INSPYRE via the coupling of FPCs with the SCIANTIX module for
fission gas behaviour. The evolution according to post-INSPYRE
MACROS resembles the pre-INSPYRE one, which could be ex-
pected since MACROS was not coupled with the SCIANTIX models.

The FGR in the fuel-cladding gap has a thermal feedback (via the
gap conductance) on the fuel temperature regime predicted by
post-INSPYRE codes (Fig. 5), especially GERMINAL and TRANS-
URANUS which benefited from the coupling with SCIANTIX. The
gap conductance is also determined by the residual width of the
fuel-cladding gap. GERMINAL predicts a fast gap closure during the
first irradiation cycle and a gap continuously closed until the end of
irradiation for both the Am- and Np-bearing pins, in line with the
pre-INSPYRE result presented in [14]. Instead, the post-INSPYRE
TRANSURANUS version yields a higher residual gap size at the
peak power node for both the Am- and Np-pins compared to the
pre-INSPYRE result [14], due to the enhanced FGR caused by the
fuel micro-cracking which corresponds to a lower fuel gaseous
swelling (i.e., determined by fission gas accumulation in intra- and
inter-granular bubbles). Hence, the post-INSPYRE TRANSURANUS
version still provides the slowest gap size reduction, leading to the
hottest fuel along irradiation. The correct estimation of the gap
residual width remains particularly challenging for fuel perfor-
mance codes, since determined by the differential thermal expan-
sion and radial deformations of fuel and cladding, induced also by
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fuel fragmentation and relocation, creep and swelling processes
(both depending on temperature and irradiation).

4. Remaining modelling gaps and further developments

The assessment of the capabilities of the GERMINAL, MACROS
and TRANSURANUS code versions developed during the INSPYRE
Project on two fuel pins (SF13 and SF16) from the SUPERFACT-1
irradiation experiment demonstrates some advancements in the
simulation of the MOX fuel behaviour under FR conditions. In
particular, the novel, mechanistic models for the fission gas
behaviour in oxide fuels, provided to the fuel performance codes
via the coupling with SCIANTIX [15,21], allow reproducing typical
end-of-irradiation values of FGR in FR pins and harmonizing the
predictions from different FPCs (Fig. 7). The consideration of the
burst release contributions to the FGR, caused by the micro-
cracking during power transients of FR fuels, proves to be impor-
tant in this respect. Additionally, the novel correlations for the
thermal-mechanical properties of MOX, particularly the thermal
conductivity and thermal expansion, show a relevant impact on the
fuel temperature results (Fig. 5) and related fuel restructuring
(Figs. 2, 3 and 6), which are more consistent between codes at least
at the beginning of irradiation, before substantial burn-up effects
emerge. Despite this, the benchmark of the post-INSPYRE codes
clearly evidences significant discrepancies in the evolution of the
pin thermal behaviour. The integral validation of the post-INSPYRE
versions of the three fuel performance codes exhibits a promising
agreement with the available experimental data [13,22,23]. The
radial concentration profiles in the fuel obtained at the end of life
for actinides (Pu, as shown by Fig. 4), fission gases and fission
products (presented for the pre-INSPYRE codes in [14]), however,
still exhibit accuracy gaps. Hence, the comparison of the pin per-
formance results obtained from the post-INSPYRE code versions
with both the pre-INSPYRE ones [14] and the experimental data
allows the identification of various improvement paths.

First, the current GERMINAL//SCIANTIX and TRANSURANUS//
SCIANTIX coupled suites [15] are open to further adaptations and
developments tackling FR irradiation conditions. Among the im-
provements needed, a proper modelling of the normal growth of FR
fuel grains seems dominant, currently limited in GERMINAL while
switched off in TRANSURANUS for FR irradiation conditions [15,41]
(since the model currently available in the code is tailored for
thermal - light water - conditions [50]). The fuel grain growth im-
pacts the diffusion of fission gases across the pellet radius and the
fuel gaseous swelling, by acting on the intra- and inter-granular gas
concentrations. In this respect, the analysis of the radial concen-
tration profiles of fission gases retained in the pellet, by comparing
the code predictions and the available experimental data, reveals
room for further improvements. The higher gas retention predicted
by the codes in the inner part of the fuel pellet suggests further
investigations on the equilibrium between the gas trapping and re-
solution mechanisms inside the grains. Moreover, the inaccurate
(lower) Xe retention predictions in the outer fuel region (i.e., at the
colder pellet periphery) also indicates the need of assessing the
athermal contribution to the fission gas diffusion coefficient [51].
The behaviour of fission gases at the pellet periphery could also be
improved by means of a physics-based model for the high burn-up
structure formation in the cold rim of oxide fuels, recently pub-
lished in [40]. The integration in FPCs of the mechanistic framework
offered by SCIANTIX paves the way for the inclusion of more and
more physics-based models of fuel properties and phenomena.

The feedback of fuel restructuring on the intra-granular diffu-
sion shall also be investigated, since the formation of columnar
grains in the central part of the pellet does not affect in the same
way the diffusion of the gases towards the grain boundaries, as in
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the fuel region under isotropic grain growth. Other modelling ad-
vancements that should provide an additional contribution to the
physics-based fission gas release predicted by the SCIANTIX mod-
ule is the consideration in the fuel performance code framework of
the grain boundary venting [52] and of the role of open fabrication
porosity (on the basis of e.g., [53]). Efforts along these directions are
ongoing for the TRANSURANUS code, to obtain a TRANSURANUS//
SCIANTIX coupled suite covering a wide set of physical aspects
affecting the behaviour of mixed U—Pu oxide fuels under FR irra-
diation conditions.

For what concerns the radial concentration profiles of actinides
at the end of life (e.g., Pu, Fig. 4), the results obtained from post-
INSPYRE codes highlight the need to acquire more reliable
mobility data for the GERMINAL and TRANSURANUS codes, and the
implementation of a redistribution module for the MACROS code.
Recent results on plutonium self-diffusion have been obtained in
the framework of INSPYRE and presented in [54,55], and the
consideration of these data for future versions of the GERMINAL
and TRANSURANUS codes is planned.

Other code improvements recognized from the present work
concern the modelling of the fuel-cladding gap dynamics, which
impacts significantly (together with the fuel thermal conductivity)
the fuel temperature profile and its evolution during irradiation.
Modelling discrepancies concern the way different codes
(GERMINAL and TRANSURANUS especially) treat fuel radial relo-
cation, both regarding the fuel displacement before gap closure and
the relocation accommodation after gap closure. GERMINAL ac-
counts for a complete accommodation of cracks opened by fuel
relocation after the gap closure [7], which is in line with a model
implemented in the recent FUTURE code targeting the design of an
ADS in China [56], while TRANSURANUS currently does not allow
any relocation recovery, neither in the axial nor in the radial di-
rection. Developments are ongoing to include in TRANSURANUS
the modelling of a partial recovery of fuel fragments based on an
empirical modelling approach [57]. Then, as pointed out by the
strongly different gap evolutions (and consequently, different gap
heat transfer), the modelling of gap conductance in the codes,
currently accounting in different ways for gap closure and fuel-
cladding mechanical interaction [7,58], would benefit from addi-
tional accurate separate-effect measurements, especially for
beginning-of-life conditions. A deeper analysis of the various gap
conductance models currently applied could also contribute to
further reduce the spread in the predicted fuel central tempera-
tures at the beginning of irradiation (Fig. 5). In addition, at high fuel
burn-up, the code comparison pointed out the need to implement a
model accounting for the JOG (Joint Oxide-Gaine) [59—61] forma-
tion and evolution in TRANSURANUS and MACROS, which is instead
already modelled in GERMINAL [7].

Finally, the substantial differences that remain between the
code results (in terms of both values and dynamics) concerning the
gap evolution under irradiation also call — besides fuel relocation —
for a more accurate description of the cladding, considering both
temperature- and irradiation-driven phenomena e.g., cladding
creep and swelling. The current and different cladding modelling in
fuel performance codes leads to significant discrepancies in the
predicted cladding profilometry, as shown by Fig. 1. In particular,
the code calculations lack accuracy with respect to the available
data at the colder pin extremities, pointing to a revision and
improvement of the current modelling of irradiation-induced
cladding deformations, which predominate at that pin locations.
The consideration of the 15-15Ti cladding behaviour in FR and
Generation IV conditions (i.e., high fast neutron fluxes and high
temperature gradients) is out of the scope of the INSPYRE Project,
which focuses on the MOX fuel itself, but it is the subject of the
ongoing H2020 European Projects GEMMA [62] and Il Trovatore
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[63]. The set of improvements needed in FPCs on the cladding side
would benefit from the exchange of information between European
Projects.

5. Summary and conclusions

We have presented in this paper an integral assessment and
benchmark of the latest versions of the GERMINAL, MACROS and
TRANSURANUS fuel performance codes, equipped with models
developed in the INSPYRE H2020 European Project, addressing the
thermal-mechanical properties and fission gas-related phenomena
of MOX fuels under irradiation in FR conditions. This work is the
second step after the first assessment [14] of the codes’ capabilities
prior to the INSPYRE developments (“pre-INSPYRE”). The model-
ling advancements implemented in the “post-INSPYRE” code ver-
sions concern the MOX thermal conductivity and melting
temperature, thermal expansion and Young's modulus, and the
physics-based treatment of fission gas behaviour (intra- and inter-
granular dynamics) and release, by means of the coupling of FPCs
with the SCIANTIX meso-scale tool.

The extended versions of the three codes are herein applied
again to two pins irradiated during the SUPERFACT-1 experiment.
These pins feature a homogeneous minor actinide-bearing MOX
fuel (doped with ~2 wt.% of Am and Np) and were irradiated up to
an intermediate fuel burn-up. The integral code validation is per-
formed against the available experimental data from post-
irradiation examinations, and the comparison between the pre-
INSPYRE and post-INSPYRE versions of each code is also pre-
sented, in order to evaluate the impact of the novel models on the
integral pin performance and to highlight further development
needs.

The code validation against local and integral experimental data
reveals harmonized predictions of fuel temperature at the begin-
ning of irradiation and hence of fuel restructuring (i.e., formation of
a fuel inner void and columnar grains), but still significant differ-
ences on the end-of-life cladding profilometry (especially at the
colder fuel column extremities) and on the radial profile of Pu
redistribution. Also, the evolution in time of the fuel temperature
predicted by the different codes is sensibly different at extended
burn-up when relevant irradiation effects emerge. The spread
among the results of different FPCs is fundamental to be considered
for future code applications to design studies targeting advanced
fuel pins for Generation IV reactors.

A substantial step forward is achieved for what concerns the
predictions of fission gas release during FR irradiation, in terms of
both kinetics and absolute values. The physics-based description of
fission gas behaviour and release provided to the FPCs by the
SCIANTIX module (coupled with GERMINAL and TRANSURANUS)
allows the coherent consideration of various phenomena related to
the behaviour of inert gases in oxide fuels, including the burst re-
leases related to the fuel micro-cracking. The result is both a
quantitative agreement with the reconstructed/experimental data
on fission gas production and release and an alignment of the
predictions from different FPCs. This achievement stresses the
importance of including in fuel performance codes mechanistic
models for as many material properties and pin phenomena as
possible. SCIANTIX offers a multi-scale approach and environment
designed to be easily extended and tailored by means of the model
parameters or by considering additional gas-related mechanisms.
Moreover, the combination of code developments and bench-
marking performed in the INSPYRE Project has allowed identifying
relevant gaps towards the reliable application of simulation tools to
the fuel pin performance under FR irradiation conditions.

The SUPERFACT-1 pins considered are representative of Gener-
ation IV FR designs in terms of fuel composition (including minor
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actinides for transmutation purposes), cladding material (15-15Ti
stainless steel) and irradiation conditions (i.e., temperature, linear
power and neutron flux levels). The continuous assessment of the
code simulation capabilities is key for their application to design
and safety evaluations of fuel pins for future Generation IV, liquid
metal-cooled reactor concepts. This is one main objective of fuel
performance code developments and will be pursued during other
European H2020 Projects, e.g, PuMMA [64], PATRICIA [65],
currently in progress.
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