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ABSTRACT

The sodium-cooled fast reactor is among the innovative nuclear technologies selected in the framework
of the development of Generation IV concepts, allowing the irradiation of uranium-plutonium mixed
oxide fuels (MOX). A fundamental step for the safety assessment of MOX-fuelled pins for fast reactor
applications is the evaluation, by means of fuel performance codes, of the integral thermal-mechanical
behaviour under irradiation, involving the fission gas behaviour and release in the fuel-cladding gap.
This work is dedicated to the performance analysis of an inner-core fuel pin representative of the ASTRID
sodium-cooled concept design, selected as case study for the benchmark between the GERMINAL and
TRANSURANUS fuel performance codes. The focus is on fission gas-related mechanisms and integral
outcomes as predicted by means of the SCIANTIX module (allowing the physics-based treatment of inert
gas behaviour and release) coupled to both fuel performance codes. The benchmark activity involves the
application of both GERMINAL and TRANSURANUS in their “pre-INSPYRE” versions, i.e., adopting the
state-of-the-art recommended correlations available in the codes, compared with the “post-INSPYRE”
code results, obtained by implementing novel models for MOX fuel properties and phenomena
(SCIANTIX included) developed in the framework of the INSPYRE H2020 Project. The SCIANTIX modelling
includes the consideration of burst releases of the fission gas stored at the grain boundaries occurring
during power transients of shutdown and start-up, whose effect on a fast reactor fuel concept is ana-
lysed. A clear need to further extend and validate the SCIANTIX module for application to fast reactor
MOX emerges from this work; nevertheless, the GERMINAL-TRANSURANUS benchmark on the ASTRID
case study highlights the achieved code capabilities for fast reactor conditions and paves the way to-
wards the proper application of fuel performance codes to safety evaluations on Generation IV reactor
concepts.
© 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

related safety assessment by means of fuel performance codes, in
order to verify the compliance of the simulation outcomes with

The sodium-cooled fast reactor (SFR) is among the innovative
nuclear technologies selected in the framework of the Generation
IV reactor concept development [1,2]. Gen-IV systems (liquid
metal-cooled) are designed as fast reactors (FRs) employing fuel
pins composed of uranium-plutonium mixed-oxide fuel (MOX)
wrapped in stainless-steel cladding materials (e.g., cold-worked
15-15Ti). A fundamental step for the design of MOX fuel pins for
Gen-1V irradiation is the prediction of their integral thermal-
mechanical performance under fast neutron spectrum and
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dedicated design limit criteria. The objective of this work is indeed
to analyse the behaviour under nominal irradiation of an inner-
core fuel pin representative of the ASTRID (Advanced Sodium
Technological Reactor for Industrial Demonstration) SFR design
[3,4], selected as case study for the benchmark between the
GERMINAL [5,6] and TRANSURANUS [7,8] fuel performance codes.
The fission gas behaviour and release in the fuel-cladding gap is
pivotal in impacting the overall pin performance with increasing
fuel burn-up, since it represents a potential limiting-life factor for
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the pin in-reactor permanence [9] and hence needs to be targeted
by dedicated modelling efforts. To this end, a particular focus here
is on the physics-based modelling and simulation of fission gas-
related mechanisms by means of the SCIANTIX grain-scale mod-
ule [10], allowing the coherent treatment of inert gas behaviour
and release obtained from the intra- and inter-granular dynamics
and coupled to both fuel performance codes [11].

The fuel pin design selected in this study corresponds to the
ASTRID French 600 MWe sodium-cooled fast reactor demonstrator
at the end of its Conceptual Design phase in 2015 [3]. The core
design studies have been conducted by the CEA (Commissariat a
I'énergie atomique et aux énergies alternatives) with support from
AREVA and EDF (Electricité de France). Innovative core design
choices have been made to comply with the Gen-IV reactor targets,
thereby marking a break with the former Phénix and SuperPhénix
French SFRs [3,12]. The main objective of improving the safety
levels compared to current Gen-II or Gen-III reactors has led to a
core design featuring an intrinsically safe behaviour in transients of
accidental conditions. In line with the technological solutions
employed to increase the ASTRID concept safety, the specific fuel
pin design consists in annular fissile pellets and a heterogeneous
axial composition of the fuel column (i.e., an alternation of fissile
and fertile axial zones) [ 13]. These design characteristics are related
to the margin to fuel melting (benefiting from annular pellets) and
to the CFV (Coeur a Faible effet de Vide) core design corresponding
to a negative or null sodium void reactivity effect [4,14].

The objective of this work is thus to assess the ASTRID fuel pin
behaviour in normal operation conditions by means of two fuel
performance codes (FPCs), TRANSURANUS and GERMINAL, whose
capabilities towards FR fuel and irradiation conditions have been
extended in the framework of the INSPYRE H2020 Project [15]. The
first step of the benchmark activity consisted in applying the
reference versions of both codes, prior to the modelling extensions
performed. Then, as a second step, the integral impact on the
ASTRID case study [16] of the advancements achieved during the
INSPYRE Project is discussed, particularly for what concerns the
mechanistic modelling of fission gas behaviour in oxide fuels
brought about by the coupling of both FPCs with the SCIANTIX
module. This joint activity is reflected in this paper, including a
detailed analysis of the effect on fission gas release of fuel micro-
cracking during operational power transients, providing burst re-
leases of gas in the fuel-cladding gap [17]. The engineering simu-
lation outcomes addressed in this study concern mainly the fuel
maximal temperature, the evolution of the fuel-cladding gap and
the cladding deformation at the end of irradiation, driven by fuel-
cladding mechanical interaction at gap closed but influenced also
by fission gas release and related pin inner pressure. The heat
transfer through the fuel-cladding gap and the degree of gap
composition pollution by fission gas release have a first-order effect
on the fuel temperature and on the fuel pin inner pressure, relevant
for two main design limits typically adopted for the pin safe irra-
diation, i.e., the margin to fuel melting and an absent/limited
cladding visco-plastic strain (ensuring the cladding integrity as a
first barrier against the release of radioactive fission products) [18].

The paper is structured as follows. Section 2 is dedicated to a
recall of the current capabilities of the SCIANTIX fission gas
behaviour module and of its coupling with the GERMINAL and
TRANSURANUS fuel performance codes. The ASTRID case study
considered in this work, including the specifications of the inner-
core fuel pin and irradiation history, is described in Section 3,
while Section 4 collects the main results of the code benchmark in
terms of relevant engineering quantities and fission gas-related
outcomes. A deeper analysis of the effect of the model for fission
gas burst releases implemented in SCIANTIX is provided in Section
5. Conclusions are drawn in Section 6 together with further
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Fig. 1. Sketch of the coupling scheme between GERMINAL/TRANSURANUS and
SCIANTIX.

developments of this work.

2. SCIANTIX application as fission gas behaviour module

SCIANTIX is an open-source code devoted to the physics-based
modelling of inert gas behaviour at the grain-scale [10,19]. It in-
cludes rate-theory models for the description of intra- and inter-
granular gas behaviour [17,20,21], for both fission gases and heli-
um [22,23]." The architecture of SCIANTIX is designed to ease
coupling with fuel performance codes, in which SCIANTIX plays the
role of fission gas behaviour module. Currently, its coupling has
been setup in TRANSURANUS, GERMINAL (for both codes, in the
frame of the INSPYRE Project [11,15]), and OFFBEAT [24,25].

This section aims at describing the integration of SCIANTIX in
TRANSURANUS and GERMINAL, applied to the simulation of the
ASTRID case study (Sections 3 and 4). For both fuel performance
codes, the coupling scheme involves the call of SCIANTIX at each
mesh point, during each time-step, and at each convergence iter-
ation. For each of these calls, SCIANTIX updates the physics-based
variables related to inert gas behaviour, either internally or by
transferring the updates to the external fuel performance code. The
general flow of information between the two fuel performance
codes and SCIANTIX is sketched in Fig. 1, with SCIANTIX receiving as
inputs the local fuel temperature, the local fission rate, the local
hydrostatic stress, and the time-step, and providing as outputs the
local contribution to the integral fission gas release and the local
gaseous swelling. These two outputs are directly connected to the
overall thermal-mechanical behaviour of the fuel pin.

As for the GERMINAL//SCIANTIX coupled suite, the coupling has
been achieved by introducing the module for fission gas behaviour
in the multi-physics convergence loop for each of the considered
axial slice of the fuel pin. The main improvements expected from
the coupling concern the simulation of the fuel pin behaviour at
intermediate power levels. As GERMINAL is devoted to the simu-
lation of fast reactor fuel pins [5,6], for which fission gas release is
typically high, the inclusion of SCIANTIX is expected to play a role in
the early and intermediate stages of irradiation, i.e., while fission

1 It is out of the scope of this work to present an in-depth description of the
models available in SCIANTIX, for which the reader is referred to Refs. [10,36].
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gas release is not preponderant. Consequently, it is critical to
evaluate it as precisely as possible since it is physically linked to the
contribution of gas swelling to the geometrical evolution of the fuel
pellet. From the fuel temperature point of view, the simulation of
the behaviour at the fuel pin extremities, where the fuel is colder
and therefore the kinetics of fission gas diffusion is slower, is ex-
pected to benefit from the inclusion of the SCIANTIX module.

As for the TRANSURANUS//SCIANTIX coupling, SCIANTIX has
been added to the available options for fission gas behaviour
modelling of TRANSURANUS, able to target both thermal and fast
reactor irradiation conditions [8]. The module is therefore called at
each point of the fine radial grid of the TRANSURANUS discretiza-
tion, at each node of the fuel axial discretization [7].

Preliminary testing of GERMINAL//SCIANTIX and TRANS-
URANUS//SCIANTIX identified model adjustments required for the
reliable application of SCIANTIX to fast reactor conditions:

e The grain size evolution (i.e., the fuel micro-structure) during
irradiation is currently estimated using temperature-dependent
empirical correlations, such as that proposed by Sari [26] in
GERMINAL or the model by Ainscough [27] (reviewed by Bota-
zzoli et al. [28,29]) in TRANSURANUS. These correlations tend to
overestimate the grain size in the hot (central) regions of the
fuel, whereas SCIANTIX requires sound values of the grain size
to model the intra-granular gas diffusion process. For these
reasons, upper bounds for the grain growth in the different
radial zones of the fuel pellets — columnar grains zone, equiaxed
grain zone, un-restructured zone — have been introduced in
GERMINAL. These bounds impact the gaseous swelling by
affecting the grain surface-to-volume ratio, connected to the gas
storing capacity of the grain boundaries [21,30].

e The model governing the growth and interconnection of grain
boundary bubbles currently available in SCIANTIX is tailored
and validated for application to light water reactor conditions
[10,21]. In fast reactor conditions, where fuel temperatures tend
to be higher, an upper limit to the size of grain boundary bubbles
has been introduced. This limit is numerically in line with the
development proposed to handle a similar problem in the BISON
code [30].

e The SCIANTIX solver for intra-granular diffusion has been
adapted to handle the coupled evolution of the fission gas in
solution and in intra-granular bubbles [31,32], overcoming the
quasi-stationary assumption [33,34].

e The state-of-the-art gas diffusivity by Turnbull [35] has been
extended with a thermally-activated term saturating faster
(hyperbolic tangent-shaped) and hence limiting the diffusivity
at high temperature. This contribution is intended to compen-
sate the observed dominance of the intra-granular bubble
trapping rate at high temperatures when compared to the
bubble re-solution rate.

e The treatment of the open paths for fission gas release, deter-
mined by the SCIANTIX modelling of burst releases [17], is
subject to an artifact associated to the current implementation
of the burst release model in the GERMINAL code. After the
occurrence of sudden (burst) releases of the inter-granular
fission gas during the power transients of shutdown and start-
up (corresponding to the ASTRID reactor inter-cycles), the
fission gas release is limited during the following power cycle
until the threshold for the storing capability of the grain
boundaries is reached again (which, if happening during a po-
wer cycle of normal operation, triggers the fission gas release
again).

All the above-mentioned modifications of the standard SCIAN-
TIX models have been implemented in the GERMINAL//SCIANTIX
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coupled suite, whereas SCIANTIX has been coupled to TRANS-
URANUS preserving the SCIANTIX original modelling features.
When applying TRANSURANUS//SCIANTIX, the impact of the
TRANSURANUS grain growth model and of the SCIANTIX modelling
of burst releases of fission gases (detailed in Section 5) coupled to
TRANSURANUS have been explicitly considered in the following
analyses (Section 4).

3. Description of the ASTRID applicative case study

The ASTRID fuel pin concept is based on an axially heteroge-
neous fuel column (i.e., active column composed by fertile and
fissile axial zones) and annular fissile pellets. Table 1 reports the
geometry and pin specifications of an inner-core fuel pin repre-
sentative of the ASTRID design [16]. The cladding material is an
austenitic stainless steel 15-15Ti (15% Cr, 15% Ni, 0.45% Ti) and the
fuel is made of uranium-plutonium mixed oxides for what concerns
the fissile pellets, while the fertile pellets are made of uranium
dioxide. Fig. 2 reports a schematic of the fuel pin section.

The scenario herein considered consists in the nominal irradi-
ation at the ASTRID operative power of 1500 MW4,. The sodium
inlet temperature is assumed to be constant and equal to 400°C,
with a pressure of 0.3 MPa. The sodium mass flow rate per pin is
also assumed constant and equal to 0.1 kg s~ L. The fuel residence
time is of 1440 EFPD (Equivalent Full Power Days), divided in four
cycles of 360 EFPD each, with a progressive linear power decrease
of 10% up to the end of irradiation. The irradiation history of the
inner-core ASTRID pin (based on [4,13] and shown in Fig. 3) pre-
sents a maximum linear heat rate of ¢’ = 46.3 kW m™! at the
beginning of irradiation (i.e., after the first power rise at reactor
start-up). The total neutron flux ¢ is defined as proportional to the
linear heat rate, i.e., ¢ (neutrons cm 25~ ') =7.31-10% ¢’ (kWm™),
in order to be consistent with the end-of-life cladding dose of 110
dpa NRT(Fe) given in Ref. [13].

As for the cladding damage, it is assumed that 70% of the
neutron flux has an energy above 0.111 MeV and is hence consid-
ered as fast. The axial shape factors for both the linear heat rate and
the fast neutron flux are reported in Table 2 and the corresponding
profile is shown in Fig. 4 [13].

The objective of this benchmark activity between TRANS-
URANUS and GERMINAL on the ASTRID concept is to simulate and
compare the predicted behaviour of a hot-channel (inner-core) fuel

Table 1

Design parameters of the ASTRID inner-core fuel pin.
Parameter Value
Lower fertile zone height (mm) 300
Lower fissile zone height (mm) 250
Inner fertile zone height (mm) 200
Upper fissile zone height (mm) 350
Lower plenum length (mm) 800
Upper plenum length (mm) 80
Inner diameter, fissile pellets (mm) 245
Fuel outer diameter (mm) 8.46
Cladding inner diameter (mm) 8.70
Cladding outer diameter (mm) 9.70
Wire spacer diameter (mm) 1
Filling gas (He) pressure (MPa) 0.1
Fuel grain size (um) 10
Porosity (%) 5
O/M, fissile pellets 1.97
0O/ M, fertile pellets® 2.00
Pu/M, fissile pellets® 0.23
Peak fuel burn-up at the end of irradiation (GWd tigh) 137.2

2 UO,, U-natural.
b pu-238/Pu = 0.23%, Pu-239/Pu
Pu = 4.62%, Pu-242/Pu = 1.2% (Wt.%).

67.87%, Pu-240/Pu = 26.07%, Pu-241/
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Fig. 2. Schematic of an ASTRID inner-core fuel pin (dimensions in cm) [3].
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Fig. 3. Linear heat rate evolution for the ASTRID inner-core fuel pin at the axial peak
power node, based on [13]. The evolution of the peak fuel burn-up (i.e., at the peak
power node, average on the section) is included on the secondary vertical axis.

Table 2
Peak factors defining the axial profiles of the linear power and fast neutron flux of
the ASTRID inner-core pin, based on [13].

Axial position from bottom of fuel column (cm) Shape factor (/) Pellet type

104.17 0.8460 Fissile
92.50 0.9945 Fissile
80.83 0.9293 Fissile
70.00 0.0509 Fertile
60.00 0.0416 Fertile
50.83 0.5807 Fissile
42.50 0.5270 Fissile
34.17 0.4253 Fissile
25.00 0.0208 Fertile
15.00 0.0069 Fertile
5.00 0.0000 Fertile

pin under nominal irradiation, to assess the code capabilities on a
sodium-cooled fast reactor case study representative of Generation
IV conditions. The focus of the analysis of the simulation results is
particularly on the fission gas behaviour as predicted by the
physics-based SCIANTIX module coupled to both GERMINAL and
TRANSURANUS ([11] and as outlined in Section 2), highlighting the
modelling novelties with respect to the state-of-the-art approach
adopted by the two fuel performance codes. Indeed, the code-to-
code benchmark involves also the application of the extended
FPC versions (inclusive of the coupling with SCIANTIX), herein
labelled “post-INSPYRE”, to show the impact on the pin perfor-
mance results of the modelling improvements for MOX fuel

Nuclear Engineering and Technology 54 (2022) 2395—2407
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Fig. 4. Graphical representation of the axial profiles of linear power and fast neutron
flux of the ASTRID inner-core pin, relative to their respective maximum values, based
on [13]. The axial profile of the fuel burn-up at the end of irradiation (average on the
sections) is included on the secondary vertical axis.

properties and behaviour developed in the framework of the
INSPYRE Project [15]. In particular, the INSPYRE modelling activities
concerned three main areas of properties/phenomena:

e Fission gas and helium behaviour in MOX, implemented in the
SCIANTIX module [10,36].

e MOX mechanical properties: thermal expansion, Young's
modulus [11,37].

e MOX thermal properties: thermal conductivity, melting tem-
perature [38,39].

In the following Section 4, the effect of the novel INSPYRE
models on the integral ASTRID pin behaviour is discussed in rela-
tion to selected figures of merit. The standard “pre-INSPYRE” code
results (prior to the modelling developments achieved in the
INSPYRE framework) are compared to the “post-INSPYRE” ones,
corresponding to the extended code versions as outlined in Ref. [11]
(i.e., employing the above-mentioned novel INSPYRE recommen-
dations instead of the code reference ones, and the coupling with
the SCIANTIX inert gas behaviour module). The impact of the novel
correlations for the MOX thermal and mechanical properties alone
on the simulation results is provided, aiming at decoupling it as
much as possible from the effect of the mechanistic modelling of
fission gas behaviour brought about by SCIANTIX. Moreover, addi-
tional model sensitivity analyses have been performed with
TRANSURANUS on the fuel grain growth, relevant for the fission gas
behaviour (input for the SCIANTIX module) and driving specific pin
performance outcomes, i.e., the fission gas release in the fuel-
cladding gap and related pin inner pressure. Therefore, the fig-
ures presented and discussed in Section 4 include further TRANS-
URANUS results, herein labelled as:

“pre-INSPYRE w/new MOX properties”: results obtained with
the same settings of the “pre-INSPYRE” simulation, but
employing the novel correlations for thermal and mechanical
properties of MOX fuel [11,37—39] instead of the code standard
models.

“post-INSPYRE w/o grain growth”: results obtained with the
same settings of the “post-INSPYRE” simulation, but without
considering the fuel grain growth process.

It is worth underlining the different “post-INSPYRE” strategies
adopted by GERMINAL and TRANSURANUS, reflecting on the
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results presented in the following Section 4. The post-INSPYRE
GERMINAL code already adopts the SCIANTIX burst release model
[17], while in the post-INSPYRE TRANSURANUS calculations this
model is not directly employed: it is activated separately to show its
impact on the fission gas release and gap pressure. Moreover, the
“pre-INSPYRE w/new MOX properties” set-up of the GERMINAL
code has been also tested on the ASTRID case study, revealing dif-
ferences with the pre-INSPYRE simulation results lower than 1%.
This indicates that the standard GERMINAL models (prior to the
modelling advancements for fast reactor MOX fuels achieved dur-
ing the INSPYRE Project [11]) prove already well suitable in
reproducing the herein considered thermal-mechanical properties
of FR fuels (GERMINAL is indeed a fuel performance code histori-
cally tailored for FR simulations [5]). For this reason, the corre-
sponding curves have not been added in the following Fig. 5 — 12,
being consistent with the pre-INSPYRE ones.

4. Integral pin performance results and discussion

The simulation outcomes on the ASTRID inner-core fuel pin are
provided in the figures of this Section, showing side by side the
GERMINAL results (left) and the TRANSURANUS ones (right).

4.1. Evolutions in time: fuel-cladding gap width and fuel central
temperature

As shown in Fig. 5, the fuel-cladding radial gap width predicted
by GERMINAL (both pre- and post-INSPYRE versions) is subjected
to a fast closure at the beginning of the first cycle (after ~ 400 h of
irradiation). The gap re-opens at the end of the second cycle due to
the formation of the Joint Oxyde-Gaine (JOG [5]), corresponding to
an additional layer of fission product compounds evolving between
the fuel and the cladding at sufficiently high fuel burn-up. The
evolution of the gap size resulting from the post-INSPYRE settings
is different after gap re-opening (i.e., a thinner JOG layer forms),
due to a lower amount of caesium release predicted by the
SCIANTIX module (the caesium release is correlated to the xenon
and krypton release [5], here referring to the release predicted by
SCIANTIX in the coupled suite GERMINAL//SCIANTIX).

Instead, TRANSURANUS predicts a slower fuel-cladding gap
closure during the first irradiation cycle (closing after around
5000 h of irradiation), which contributes to higher predicted
temperatures compared to GERMINAL, as shown by the following
Fig. 6. Apart from the sudden gap re-openings due to pin structure
relaxation caused by power shutdowns, the gap keeps always
closed from the second power cycle on (no gap re-opening as from
GERMINAL occurs, since e.g., the JOG layer in the fuel-cladding gap

180 50
— 160 = = 45 —
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'3 120 Linear Heat Rate | 2 3
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Fig. 5. Fuel-cladding gap width evolution at the peak power node,
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of FR pins is presently not accounted for by TRANSURANUS). The
differences in the TRANSURANUS predictions of the gap size
brought about by the novel INSPYRE models are generally signifi-
cant only at the beginning of irradiation (when the gap is still open).
The gap closure is faster during the first cycle (after the initial start-
up power increase where the fuel thermal expansion dominates),
mainly due to an enhanced fuel swelling predicted by the SCIANTIX
module involved in the post-INSPYRE simulation [10]. Indeed, the
novel correlations for the MOX thermal-mechanical properties
alone [11,37—39] prove to have a limited impact on the gap width
with respect to the pre-INSPYRE TRANSURANUS results. The fastest
gap closure is obtained by switching off the fuel grain growth,
which can be explained with a higher release of fission gases at the
grain boundaries contributing to the inter-granular fuel swelling.
The smallest fuel-cladding residual gap emerging from this simu-
lation case (before gap closure) reflects on the lowest fuel central
temperature at beginning of irradiation.

For what concerns the evolution in time of the fuel central
temperature at the axial peak power node (Fig. 6), the highest value
according to the pre-INSPYRE code versions is reached at the
beginning of the first irradiation cycle (just after the first power
increase — reactor start-up) and is equal to 2280°C according to
GERMINAL and 2105°C according to TRANSURANUS. The fuel cen-
tral temperature predicted by GERMINAL (Fig. 6 — left) rapidly
decreases at the beginning of irradiation due to the fast fuel-
cladding gap closure (Fig. 5 — left), followed by a slower decrease
during the first cycle due to the fuel central hole extension induced
by radial migration of porosity (as reported by Fig. 4, the peak
power node is located in the upper fissile zone of the column,
where an initial fuel inner radius is present in the as-fabricated
pellets). Instead, the fuel central temperature according to pre-
INSPYRE TRANSURANUS decreases more slowly, but still it can be
related to the fuel progressive swelling leading to gap closure,
although with different dynamics with respect to GERMINAL (Fig. 5
— right). From the second cycle on, the temperature increase pre-
dicted by pre-INSPYRE GERMINAL is mainly driven by the degra-
dation of fuel thermal conductivity and gap conductance (due to
fuel burn-up and pollution of the gap composition caused by fission
gas release, respectively), partially compensated by the beneficial
effect of the oxygen-to-metal ratio increase towards fuel stoichi-
ometry (i.e., O/M = 2.00) and the power decrease. The same kind of
analysis holds for the pre-INSPYRE TRANSURANUS calculation,
although the beneficial thermal effect of gap closure on the fuel
temperature regime prevails. The fuel thermal conductivity is
modelled by both pre-INSPYRE codes with the Philipponneau's
correlation [40] for the MOX fissile pellets. The sudden fuel tem-
perature decrease predicted by GERMINAL at the end of the second
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Fig. 6. Fuel central temperature evolution at the peak power node, as predicted by GERMINAL (left) and TRANSURANUS (right).

irradiation cycle is linked to the JOG formation, which improves the
fuel-cladding gap conductance [5] (not accounted for at present by
the TRANSURANUS code).

The post-INSPYRE version of GERMINAL leads to a similar result
in terms of maximal fuel central temperature reached at the
beginning of irradiation, and the evolution during the irradiation
cycles shows only slight differences with the pre-INSPYRE calcu-
lation results. These discrepancies are supposedly ascribable to a
different treatment of the fission gas behaviour in SCIANTIX [10,36]
(involved in the post-INSPYRE code strategy) leading to a different
fuel swelling and gas release from the fuel pellets impacting on the
gap conductance and hence on the fuel temperature regime (Fig. 6
— left). Moreover, a correlation between the trends of gap width
(after its re-opening due to JOG formation and evolution) and of the
fuel central temperature can be noticed, since the latter increases as
the gap width increases from the pre-INSPYRE simulation, while it
remains almost constant like the fuel-cladding gap size from post-
INSPYRE GERMINAL. For what concerns TRANSURANUS, the post-
INSPYRE outcome is an increasing fuel central temperature
already from the first irradiation cycle, as from GERMINAL but
mostly driven by the burn-up degradation of the thermal conduc-
tivity represented by the novel correlation [38], despite the closure
of the fuel-cladding gap. The introduction of the novel correlation
for the MOX thermal conductivity [38] provides more aligned re-
sults between the post-INSPYRE codes at least in terms of fuel
central temperature dynamics (Fig. 6). The additional sensitivity
analysis performed with post-INSPYRE TRANSURANUS (i.e.,
switching off the fuel grain growth model) reveals a sensibly lower
fuel temperature reached as a consequence of the first power in-
crease (Fig. 6 — right), due to the combined effect of a higher fuel
thermal conductivity at beginning of irradiation [38] and a higher
fuel swelling from SCIANTIX [10] causing faster gap closure. After
these initially dominant effects, the prevented fuel grain growth
provides the highest fuel temperature regime during the interme-
diate cycles, determined by the enhanced degradation of both fuel
thermal conductivity (due to the effect of the porosity and inter-
granular gas dynamics predicted by SCIANTIX [10]) and gap
conductance due to a higher amount of fission gas release than in
the post-INSPYRE case. The “post-INSPYRE w/o grain growth”
simulation case corresponds to the maximum fuel central tem-
perature, reached at the beginning of the third power cycle and
equal to 2110°C, only slightly higher than the beginning-of-
irradiation one according to pre-INSPYRE TRANSURANUS and still
not of concern for the safety margin to fuel melting. The TRANS-
URANUS post-INSPYRE simulation strategies lead to higher tem-
peratures at the end of irradiation, i.e., ~ 2000°C compared to ~
1760°C from the pre-INSPYRE code version.

2400

4.2. Evolutions in time: fission gas release and pin inner pressure

Figs. 7 and 8 show the evolutions in time of the integral fission
gas release (FGR) and of the pin inner pressure, respectively. From
both codes (and both pre- and post-INSPYRE versions), the pin
pressure progressively increases as the FGR leads to an accumula-
tion of gas in the fuel pin free volume. Nevertheless, the dynamics
and final values reached are sensibly different, although consistent
between pressure and FGR for each code.

According to pre-INSPYRE GERMINAL, both evolutions of inner
pressure and FGR smoothly increase as fuel irradiation proceeds, up
to final values (at the end of the fourth cycle) equal to 2.8 MPa for
the pressure and 75% for the fission gas release. Compared to
GERMINAL, pre-INSPYRE TRANSURANUS predicts a much lower
FGR and consequently pin pressure in the fuel-cladding gap (Figs. 7
and 8 — right). Also, the evolution during the four irradiation cycles
shows some differences, i.e., the peak FGR (slightly more than 30%)
is predicted during the first cycle, then slightly decreases to 30% at
the end of irradiation. The corresponding maximum value of the
pin pressure reached at the end of irradiation is around 1.25 MPa,
which is lower than the typical end-of-life values predicted for fast
reactor pins (e.g., in the case of the irradiation experiments
considered in INSPYRE [41,42]). The evolution of the fuel temper-
ature regime predicted by pre-INSPYRE TRANSURANUS (Fig. 6 —
right), which is the main driver of the fission gas release, limits the
FGR (and corresponding gap pressure) from the middle of the first
power cycle on when it steadily decreases as explained above. As a
result, both FGR and pressure results from pre-INSPYRE TRANS-
URANUS are lower compared to expected predictions on FR fuel
pins (e.g., FGR ~ 75% from heterogeneous fuel columns).

The post-INSPYRE GERMINAL result is significantly different
from the reference one in terms of FGR dynamics (Fig. 7 — left),
reflecting on the pin pressure evolution (Fig. 8 — left), although the
end-of-irradiation value is only slightly lower (~ 72%). The SCIAN-
TIX fission gas behaviour model [10,36] coupled to GERMINAL leads
to a lower FGR rate during the nominal power cycles, contributing
to the decrease of the integral FGR, and to sudden FGR bursts during
the inter-cycles, essentially during the reactor shutdown phases.
This dynamics during the steady-state reactor operation is linked to
the coupling artifact mentioned in Section 2, i.e., the current
modelling of the evolution of the open paths for fission gas release
from the pellets, allowing for the accumulation of fission gases at
the grain boundaries after a burst release effect. Hence, the FGR is
limited during a power cycle until the threshold for the storing
capability of the grain boundaries is reached again, triggering the
fission gas release again during a power cycle of normal operation.
This is evident from the grey line in Fig. 7 - left towards the end of
the second cycle, when the FGR starts to increase again. This FGR
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Fig. 7. Integral fission gas release evolution as predicted by GERMINAL (left) and TRANSURANUS (right).

behaviour has a direct impact on the fuel pin inner pressure,
characterized by consequent pressure jumps between power cy-
cles. Coherently with the integral fission gas release, which is not
interrupted during the power cycles of reactor operation, the
pressure in the gap continuously increases but with a lower rate
compared to the burst release events. The TRANSURANUS post-
INSPYRE simulation provides a lower integral FGR and pin inner
pressure (maximum values around 23% and 1.2 MPa, respectively),
both compared to pre-INSPYRE TRANSURANUS and to GERMINAL.
This is not the effect of the novel correlations for the MOX prop-
erties [11,37—39] since they provide a FGR behaviour similar to the
pre-INSPYRE one, with higher FGR and gap pressure at the end-of-
irradiation, mainly due to the stronger degradation with burn-up of
the novel thermal conductivity which reflects in higher fuel tem-
peratures enhancing the fission gas dynamics. The reason for the
dumped fission gas-related results is identified in the current fuel
grain growth model available in TRANSURANUS [10,27,43], which is
tailored on LWR irradiation conditions and does not feature an
upper limit for the grain size. The application of the present model
to fast reactor irradiation conditions hence prevents a FGR typical
of fast reactor fuel pins. This supports the need of performing a
sensitivity analysis on the fuel grain growth model, whose results
are also shown in the previous (and following) figures. The green
curves of Figs. 7 and 8 show how both results are higher than the
pre-INSPYRE ones (predicted end-of-irradiation values of 31% for
the FGR and ~ 1.5 MPa for the pin inner pressure) if the grain
growth model is switched off in the post-INSPYRE simulation. The
sensitivity of the FGR and pin pressure results to the burst releases
of inter-granular fission gas from the fuel to the fuel-cladding gap
has been tested by activating the novel burst release model
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implemented in SCIANTIX [10,17] (post-INSPYRE simulations). The
effect consists in sudden step increases of both FGR and pin pres-
sure during the inter-cycles (Figs. 7 and 8 — right, respectively), like
those observed also from GERMINAL simulations, leading to the
highest final values of pin pressure around 1.83 MPa and FGR
around 41%. These outcomes reveal more consistent with the
GERMINAL ones and more representative of values expected from
the operation of FR fuel pins. Despite the sensitivity analyses per-
formed with TRANSURANUS, the simulation results in terms of
both FGR and pin inner pressure reveal still strongly different, and
therefore identify open points concerning the safety assessment of
heterogeneous pins designed for irradiation in the ASTRID reactor
and the different strategies adopted by the two codes for the
coupling with the SCIANTIX mechanistic fission gas behaviour
module. A more detailed analysis and interpretation of the mech-
anism of burst release of fission gases, as simulated by the SCIANTIX
module, is provided in the following Section 5.

4.3. Axial profiles: fuel central temperature and fuel-cladding gap
width

The axial profiles of the fuel central temperature predicted by
both codes, shown in Fig. 9, are clearly correlated to the peculiar
axial profile of the linear power of the heterogeneous fissile-fertile
fuel column. The impact of the INSPYRE models (post-INSPYRE
code versions) is visible especially on the TRANSURANUS results
(Fig. 9 — right), reflecting the adoption of the novel thermal con-
ductivity correlation [38] but also of the SCIANTIX module coupled
to TRANSURANUS [10,11], whose effect depends on the fuel grain
growth modelling. If no grain growth is considered besides the
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Fig. 9. Axial profiles of the fuel central temperature at the end of the fourth irradiation cycle, as predicted by GERMINAL (left) and TRANSURANUS (right).

post-INSPYRE modelling options, smaller fuel grains imply a higher
fission gas diffusion to the grain boundaries, and consequently a
higher fission gas release in the fuel-cladding gap. This results in
higher fuel temperatures (coherently with the evolution in time
shown by Fig. 6 — right) caused by a lower gap conductance, since
the gap composition is more polluted by fission gases.

The axial profiles of fuel-cladding radial gap size at the begin-
ning of irradiation (Fig. 10, just after the reactor start-up) are strictly
related to the axial profile of the linear power as they are driven by
the fuel and cladding relative thermal expansions, for both codes
and both pre- and post-INSPYRE code versions (providing similar
results). The gap after the first reactor start-up is slightly wider
according to the GERMINAL predictions, i.e., ~ 20 pm higher in the
upper fissile zone of the column (around the peak power node).
Although limited, the effect of the novel correlation for the MOX
fuel thermal expansion [11,37] in TRANSURANUS is visible from
Fig. 10 — right, i.e., determining a slightly lower gap width than the
pre-INSPYRE one in the hotter (upper) part of the fuel column.
Considering the gap width axial profiles predicted by pre-INSPYRE
codes at the end of irradiation (Fig. 11), the gap size is reduced in
the fertile zones of the active column, while fuel-cladding contact
occurs in the fissile zones (only partially in the lower fissile zone
where the power is lower). According to GERMINAL, the gap is
opened at the end of the fourth irradiation cycle in the upper fissile
zone due to the presence of the JOG layer formed between the
pellets and the cladding [5] (coherently with the gap evolution in
time shown by Fig. 5 — left, Section 4.1).

The post-INSPYRE GERMINAL code predicts a different (lower)
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gap re-opening due to the JOG in the upper fissile zone of the active
column, at the end of irradiation (Fig. 11 — left), due to a different
caesium migration and release in the fuel-cladding gap predicted
by means of the inert gas model implemented in the SCIANTIX
module, leading to a different estimation of the JOG thickness
(namely, lower). Instead, according to post-INSPYRE TRANS-
URANUS (Fig. 11 — right), the gap is completely closed in the upper
zone of the pin (where the linear power values are the highest,
axially), while the gap is only partially closed in the lower fissile
zone at the end of irradiation. Both the TRANSURANUS post-
INSPYRE results (also preventing the fuel grain growth),
compared to the pre-INSPYRE one, show wider predicted gap sizes
in the lower fissile zone which result in locally higher fuel central
temperatures, as shown by Fig. 9 — right. The wider fuel-cladding
gap size is determined by the fuel swelling provided by SCIANTIX
in that axial zone of the fuel column, i.e., a locally lower fuel
swelling with respect to what predicted by pre-INSPYRE TRANS-
URANUS (according to an empirical, burn-up driven correlation
[44]), mainly due to the lower linear power and temperatures
experienced by the fuel in the lower fissile zone. The consequent
limited diffusion of the produced fission gas to the grain boundaries
limits the (dominant) contribution of inter-granular bubbles to fuel
swelling, according to the SCIANTIX modelling coupling mecha-
nistic fission gas behaviour and swelling.

4.4. Axial profiles: cladding swelling

The axial profiles of cladding swelling predicted by the
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Fig. 10. Axial profiles of the pellet-cladding gap width at the beginning of the first irradiation cycle, as predicted by GERMINAL (left) and TRANSURANUS (right).
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GERMINAL and TRANSURANUS codes at the end of the fourth
power cycle (Fig. 12) correspond to similar shapes, although they
are substantially different in values. It is worth noting that the
swelling profile predicted by TRANSURANUS is mainly driven by
the axial pin power, with the peak of swelling in the lower part of
the upper fissile zone (at an axial position slightly below the peak
power node), due to the combination of high fast neutron fluence
and cladding temperature in the critical range for the swelling of
15—15Ti. GERMINAL provides a consistent prediction determined
by the dose damage rate on the cladding counterbalanced by an
annealing rate induced by the temperature. The cladding swelling
is much more pronounced as predicted by TRANSURANUS, ac-
cording to the best-estimate correlation recommended in the
code for 15-15Ti austenitic stainless steels (the ASTRID cladding
material according to the current pin design), reported in Ref. [45].
A higher swelling is coherent with a higher cladding outer radius
than the one calculated by GERMINAL. Although both codes
employ swelling models tailored on 15-15Ti steel data, the two
correlations differ e.g., in the temperature and dose thresholds
triggering the swelling, or also in the dependency on the irradi-
ation damage. These prove to be the main causes of discrepancies
in the cladding swelling predictions provided by the two codes.
Nevertheless, the same axial shape of the volumetric swelling at
the end of irradiation suggests a deeper joint investigation of the
dependences of the GERMINAL and TRANSURANUS models on the
cladding damage (dpa) or on the neutron fluence. The cladding
swelling profile proves to be slightly affected by the choice of the
novel INSPYRE correlations for MOX fuel properties, which have
only an indirect influence by affecting the predicted fuel-cladding
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gap width and consequently the calculated temperature on the
cladding inner bound, that may deviate from the peak tempera-
ture for the enabling of swelling. A maximal swelling value of
around 1.7% is predicted by GERMINAL, while ~ 5.5% is obtained at
most by TRANSURANUS (from the post-INSPYRE simulation with
the fuel grain growth switched off). Besides the stress-free strain
nature of the irradiation swelling of the cladding, driven by the
local temperature and fast neutron fluence, the cladding radial
deformation is also directly impacted by stress-dependent creep
due to FCMI (Fuel-Cladding Mechanical Interaction) when gap
closure occurs. This effect, determined mainly by fuel thermal
expansion and swelling due to retained fission gases, and result-
ing in significant contact pressures on the cladding inner surface,
proves to be particularly relevant from TRANSURANUS calcula-
tions (while limited in GERMINAL due to the JOG layer between
fuel and cladding implying a softer fuel-cladding contact).

5. Further insights on the fission gas behaviour: burst release
effects

Since this work focuses on the inclusion of SCIANTIX as a fission
gas behaviour module in both GERMINAL and TRANSURANUS fuel
performance codes, it is worth to provide a deeper interpretation of
the peculiar kinetics of fission gas release observed in the post-
INSPYRE simulations performed with both codes, i.e., the steep
(burst) increases of fission gas release and related pin inner pres-
sure between the irradiation cycles (Figs. 7 and 8).

Fig. 13 provides a zoom on the first ASTRID reactor shutdown,
occurring between the first and the second irradiation cycle. The
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Fig. 12. Axial profiles of the cladding swelling at the end of the fourth irradiation cycle, as predicted by GERMINAL (left) and TRANSURANUS (right).
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increase in the fission gas release occurs mainly along the power
transient down, with a more limited contribution provided by the
subsequent heat-up transient. Besides the quantitative difference
between GERMINAL//SCIANTIX and TRANSURANUS//SCIANTIX, the
predicted trend is common to both codes. This behaviour repre-
sents an extension of the results obtained by Barani et al. [17], who
performed a cross-validation of BISON [46] and an earlier version of
TRANSURANUS.

Figs. 14 and 15 shed light on the physics-based mechanism to
which the burst release kinetics is ascribed, i.e., the micro-cracking
of grain boundaries [17,47,48]. The model currently available in
SCIANTIX is based on a semi-empirical approach, involving a micro-
cracking function m(T) tailored on data from separate-effect ex-
periments. The model acts by reducing the fractional coverage F,
i.e., the surface porosity on grain faces, during each temperature
transient, through the variation of the intact fraction of grain faces f,
according to:

df  dmdr

a- _ﬁﬁf (1)
dF _df

T dr (2)

Thus, each temperature transient dT/dt progressively reduces
the fraction of intact grain faces, and by consequence the fractional
coverage linked to the amount of gas stored at the grain boundaries,
triggering a burst contribution to the fission gas release. Each
temperature variation is empirically weighted by the local tem-
perature derivative of the micro-cracking function dm/dT. The

micro-cracking function m is defined as non-symmetrical during
heating and cooling transients, exhibiting higher fission gas release
during cooling, in agreement with the available experimental data
provided by Ref. [49] and accounted for by Ref. [17]. Moreover, it is
defined to trigger the maximum gas release around a specific
central temperature, which is ~ 1500°C and defined as a function of
the local fuel burn-up. Although the burst release model herein
described is based and validated on LWR data, it is deemed
extendable to FR fuels since it involves the micro-cracking of grain
boundaries determined by power (and temperature) transients.
The high power rates typical of fast reactors during base irradiation,
and the strong power variations during FR inter-cycles (power
shutdown and start-up), are favourable conditions for burst re-
leases to occur also in FR fuels, considering the micro-structural
differences with respect to LWR fuels (e.g., the significant amount
of paths for fission gas release formed in the early stages of irra-
diation). An adjustment of the parameters of the burst release
model for its application to FR fuels has not been performed at this
stage, given the lack of dedicated data/indications in the current
literature. This, together with the results presented in Section 4
(Figs. 7 and 8 in particular), opens the need for a revision of the
model targeting specific FR materials and applications, by e.g.,
acting on the temperature triggering the burst release or allowing a
direct release of fission gas to the fuel-cladding gap in light of the
typically well-developed microstructure of FR fuels (in terms of

2 The referenced, currently available data were obtained from light water reactor
fuel subjected to power ramps (hence, thermal reactor irradiation conditions) or to
annealing tests up to 1800 °C [49].
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Fig. 15. Radial profiles of the inter-granular fission gas concentration at the axial peak power node, at different times representative of the inter-cycle between the first and the
second irradiation cycles, as predicted by GERMINAL (left, in mol) and TRANSURANUS (right, in mol mm~3).

restructuring and porosity, as shown e.g., by Refs. [50,51]). The
availability of novel data, either experimental or from micro-scale
calculations, would be highly beneficial to support further model-
ling advancements.

Figs. 14 and 15, showing the radial profiles of xenon concen-
tration predicted by SCIANTIX inside the fuel grains and at the grain
boundaries, respectively, confirm that the observed fission gas
release kinetics are indeed ascribed to the micro-cracking of grain
boundaries. The evolution of the xenon radial profiles along the
inter-cycle between the first and the second irradiation cycles (but
similarly occurring during every ASTRID inter-cycle) clearly shows
that almost no additional transfer of gas from inside the grains to
the grain boundaries is predicted, whereas the amount of gas at the
grain boundaries decreases, i.e., is released. In particular, the release
occurs mainly during the cool down transient, as imposed by the
non-symmetrical formulation of the micro-cracking function
[17,47,48].

6. Conclusions and future development paths

A benchmark between the GERMINAL and TRANSURANUS fuel
performance codes has been proposed and performed on the Gen-
IV sodium-cooled ASTRID case study, considering an axially het-
erogeneous fuel pin featuring fertile and fissile fuel zones (i.e., UO;
and (U, Pu)O, fuel pellets, respectively). The simulation results in
terms of integral pin performance indicators have been presented
and discussed as obtained by both codes, in their reference state-of-
the-art versions (“pre-INSPYRE”) and corresponding to their
extended versions (“post-INSPYRE”) in which the novel models for
MOX fuel properties and for fission gas behaviour (via SCIANTIX),
developed in the framework of the INSPYRE Project, have been
implemented.

The herein performed analysis of the code simulation outcomes
is devoted to the main quantities and processes related to two
engineering design criteria fundamental for the pin safety under
irradiation, i.e., the margin to fuel melting and the cladding integ-
rity. In particular, the focus is on the predicted fuel maximal tem-
perature and on the pin inner pressure evolution as resulting from
the physics-based description of fission gas behaviour and release
in the fuel-cladding gap provided by the SCIANTIX code, coupled as
a module to both GERMINAL and TRANSURANUS. Moreover, the
impact on the fission gas release and related gap pressure of the
fuel micro-cracking and burst release model provided by SCIANTIX
is assessed for the first time under fast reactor irradiation
conditions.

From the comparison and assessment of pre-INSPYRE and post-
INSPYRE code results, a first conclusion concerns the SCIANTIX
modelling leading to different fission gas release kinetics from
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GERMINAL or TRANSURANUS (already dissimilar as calculated by
the reference code versions). The SCIANTIX fission gas behaviour
predictions are strongly related to the modelling of fuel grain
growth, currently tailored on LWR fuel data in TRANSURANUS, and
underline the importance of a coherent description of the micro-
structure evolution in MOX fuels for fast reactor applications for a
properly-working physics-based description. This work clearly al-
lows to identify that the current overestimations of the FR MOX
grain growth lead, especially in the restructured zone of the fuel, to
an increase of the intra-granular gas diffusion time, consequently
increasing the gas predicted as retained into the fuel pellets and
decreasing significantly the calculated gas release in the fuel-
cladding gap. Additional modelling efforts should focus on the
onset of FGR at beginning of life predicted by SCIANTIX, currently
providing a fission gas incubation time in the fuel. Also, the effects
of the rapid micro-structure evolution of FR MOX after reactor
start-up need to be targeted, to achieve a FGR kinetics more
consistent with that expected after the first power ramp under FR
irradiation conditions (i.e., with the pre-INSPYRE code predictions
herein reported, see also [41]).

Another highlight of this work concerns the prediction of burst
releases of inter-granular gas during power transients of reactor
start-up/shutdown, made available by the SCIANTIX module and
representing a step forward in the extension of fuel performance
codes with respect to their reference versions. A deep interpreta-
tion of the burst release effects on the fission gas release and related
pin inner pressure, as provided by SCIANTIX coupled to both fuel
performance codes and occurring prevalently during power shut-
down ramps, is herein proposed. The burst releases predicted
during the shutdown phases at the end of each ASTRID irradiation
cycle, step-increasing the fission gas release and gap pressure, are
linked to the SCIANTIX modelling of fuel micro-cracking, leading to
the release of the inter-granular fission gases accumulated in that
fuel region during the previous power cycle. Despite the clear need
of further extension and validation of the SCIANTIX module tar-
geting phenomena typical of fast reactor fuels, its coupling with
fuel performance codes and the first results herein presented pave
the way towards a reliable representation of the fission gas dy-
namics in FR pins on a mechanistic basis.

The first application of fuel performance codes and of the
coupled SCIANTIX module to predictions of fission gas dynamics in
the ASTRID SFR case study, performed and discussed in this work,
suggests various future development paths, needed by the current
codes to continuously improve their predictive capabilities towards
fast reactor fuels and irradiation conditions. Following the focus on
fission gas-related results, surely the implementation in codes of an
appropriate model for the grain growth of fast reactor MOX fuels is
essential, reflecting in higher fission gas release predictions as
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expected from the high temperatures experienced by fuels under
fast neutron spectrum. The SCIANTIX mechanistic description of
fission gas behaviour would benefit from e.g., a limited grain
growth as a starting point for further modelling refinements, in
absence of dedicated in-pile data measured on fast reactor fuels
with increasing burn-up. Moreover, dedicated efforts and knowl-
edge are required to extend the modelling and validation of the
fission gas burst releases, currently tailored on light water (ther-
mal) reactor fuel and conditions on which data are available at
present. The authors are aware that the representativeness of the
burst release model herein presented can be improved for what
concerns the ASTRID pin irradiation conditions (experiencing
stronger power transient, in principle enhancing the micro-
cracking effect), despite the generally valid physics-based
approach adopted in SCIANTIX and introduced in the fuel perfor-
mance code framework. The parameters of the FGR and burst
release model of SCIANTIX are open to be updated as soon as
additional experimental data or lower-length scale information will
become available, to improve the model suitability for fast reactor
MOX. Further important modelling extensions of fuel performance
codes can be identified from this benchmark activity. An additional
needed development concerns the introduction in TRANSURANUS
of a model for the JOG formation and evolution in the fuel-cladding
gap, to harmonize the predicted evolution of the gap width at high
burn-up and to account for both the JOG thermal feedback on the
fuel and its effect on the fuel-cladding mechanical interaction.
Furthermore, the consideration in the SCIANTIX module of the
grain boundary sweeping effect, associated to the restructuring of
FR fuels and contributing significantly to the fission gas release, is
planned towards a more comprehensive description of the inter-
granular dynamics.

Besides the identified open needs from the modelling point of
view, additional analyses to complete the safety assessment pro-
cess are necessary and of interest in perspective. For what concerns
specifically the ASTRID case study, the path forward foresees the
consideration of specific design limits on the ASTRID pin behaviour,
not introduced in the present work (although the discussion
focused on integral simulation outcomes related to the pin safety
under irradiation). As already mentioned, these design criteria
should concern primarily an upper limit on the maximal fuel
temperature and allowed cladding stress levels/visco-plastic strain,
in order to avoid pin failures related to fuel melting or loss of
integrity of the cladding. Lastly, extending the present case study
(devoted to normal operation conditions) accounting for opera-
tional transients or accidental conditions is required to demon-
strate in full the safety of SFR reactors and of Generation IV
concepts in general.
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