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A B S T R A C T   

This work focuses on the performance analysis of driver fuel pins under transient irradiation conditions in the 
MYRRHA reactor, which must be considered besides the normal operation towards the design optimization and 
licensing of the facility. The considered transient scenario is a Beam Power Jump (BPJ) caused by a trip of the 
MYRRHA accelerator coupled to the sub-critical reactor core. Based on the outcomes of the analysis of the 
nominal MYRRHA irradiation - NED 386 (2022) 111581, the impact of this over-power scenario on the pin 
response is investigated both at the beginning and at the end of irradiation as the most critical moments for the 
fuel maximum temperature and for the potential fuel-cladding mechanical interaction, respectively. The simu
lation results are achieved with the TRANSURANUS fuel performance code equipped with advanced models for 
thermal–mechanical properties of U-Pu mixed-oxide (MOX) fuels, for inert gas behaviour and for the specific 
mechanical response of DIN 1.4970 cladding. The comparison with design limit criteria adopted highlights the 
safety of the MYRRHA fuel pins under irradiation, complying with satisfactory margins even considering the 
occurrence of BPJ transients.   

1. Introduction 

The MYRRHA facility (Multi-purpose hYbrid Research Reactor for 
High-tech Applications) (Aït Abderrahim et al., 2020; Aït Abderrahim 
et al., 2019) is under design and construction at the Belgian nuclear 
research centre SCK CEN as a flexible irradiation facility for research and 
development purposes (MYRRHA Consortium, 2022). It is part of the 
ESNII (European Sustainable Nuclear Industrial Initiative) roadmap for 
the development of Generation IV nuclear reactors (Locatelli et al., 
2013; GIF (Generation IV International Forum), 2018, 2020) and it is 
conceived as an experimental accelerator driven system (ADS) coupled 
to a fast reactor cooled by lead–bismuth eutectic (LBE). The aims of the 
facility are to demonstrate the ADS concept itself at an industrial level 
and to study the technological feasibility and efficiency of transmuting 
minor actinides and long-lived fission products under fast neutron 
irradiation (Aït Abderrahim et al., 2020). This matches the R&D needs 
and expectations related to fast reactors of Generation IV (SNETP, 
2020). Further objectives of MYRRHA consist in allowing the investi
gation of the behaviour under irradiation of materials for Gen-IV and 

fusion reactors (enabled by the high-energy shoulder offered by the 
MYRRHA spectrum (Romojaro et al., 2017, 2019), and in producing 
radioisotopes for medical and industrial applications. 

The design optimization and safety analyses phases, fundamental 
towards the licensing of the facility, include the consideration of tran
sient scenarios besides the normal operation conditions. Indeed, the 
compliance with safety requirements must be guaranteed in any sce
nario of reactor operation. Hence, besides the irradiation conditions 
designed for the MYRRHA normal operation (composed by 12 power 
cycles and already analysed in Magni et al. (2022), Beam Power Jump 
(BPJ) transients are considered in this work. These fast over-power 
ramps, of concern for the MYRRHA sub-critical core configuration 
coupled to an external accelerator, could occur at any moment during 
the normal reactor operation but are herein investigated at beginning- 
of-life conditions (cycle 1) and at end-of-irradiation conditions (cycle 
12). These scenarios are deemed as the most critical for the fuel 
maximum temperature and for the pellet-cladding mechanical interac
tion under eventual fuel-cladding gap closure conditions, respectively, 
based on the results of MYRRHA normal operation already obtained 
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with TRANSURANUS and previously published in Magni et al. (2022). 
Hence, they require dedicated evaluations to ensure the safe operation 
of MYRRHA during any irradiation condition. In fact, the ultimate goal 
of this activity is to evaluate the overall safety under irradiation, even 
under operational transients, of the MYRRHA pins by verifying the 
compliance with the current MYRRHA design limits. The main ones 
concern an upper limit for the fuel maximum temperature, in order to 
avoid failures related to fuel melting, and an allowed maximum cladding 
plasticity, to ensure cladding integrity under the potential joint action of 
gap pressure and eventual gap closure. 

The pin performance assessment under transient conditions for the 
MYRRHA reactor is presented in this work, referring to the pin and core 
specifications associated to the MYRRHA design “Revision 1.6” (De 
Bruyn et al., 2016; Magni et al., 2022). The driver fuel to be employed in 
MYRRHA for the normal reactor operation consists of U-Pu mixed- 
oxides (MOX), cladded within DIN 1.4970, a stainless-steel of the 15- 
15Ti family (Magni et al., 2022). The thermal–mechanical behaviour 
of the MYRRHA pins is simulated by means of the TRANSURANUS fuel 
performance code (Lassmann, 1992; Magni et al., 2021). An upgraded 
version of the code is applied here, equipped with recent models 
developed for MOX thermal properties (thermal conductivity, melting 
temperature), MOX mechanical properties (thermal expansion, Young’s 
modulus), and for the mechanistic treatment of fission gas behaviour 
and release from MOX fuels. This TRANSURANUS version corresponds 
to that reported and assessed against the SUPERFACT-1 fast reactor 
irradiation experiment in Luzzi et al. (2023). Besides the advanced fuel 
modelling, specific correlations for the mechanical behaviour under 
irradiation of the DIN 1.4970 cladding are applied, already used for the 
analysis of the MYRRHA normal operation (Magni et al., 2022). 

Moreover, as in Magni et al. (2022), the performance under irradi
ation of the MYRRHA hottest pin is analysed in this work under the same 
conservative assumption of this pin being in the hottest position during 
each of the 12 irradiation cycles designed for the normal reactor oper
ation.2 This approach guarantees that cautious conclusions are drawn 
from the analyses, holding for every pin under irradiation in the MYR
RHA core since the worst possible conditions and scenarios associated to 
the current reactor design are here taken into account. 

The paper is structured as follows. Section 2 outlines the BPJ scenarios 
analysed and the safety criteria adopted for the transient irradiation of 
MYRRHA pins. The set-up and results yielded by the pin performance 
simulations are presented in Section 3, while the assessment of the pin 
safety against the design limits is provided in Section 4. Conclusions are 
drawn in Section 5, complemented by perspectives beyond this work. 

2. Description of the MYRRHA irradiation scenarios 

MYRRHA is designed as a pool-type fast reactor cooled by 
lead–bismuth eutectic (LBE), able to operate both in critical and sub- 
critical mode (i.e., as an ADS) (Aït Abderrahim et al., 2012). In the 
ADS configuration, the MYRRHA sub-critical core is coupled to a proton 
accelerator delivering its beam to a liquid LBE spallation target localized 
in a dedicated assembly at the core centre. The optimal solution for the 
ADS design and performances turned out to be a 600 MeV linear 
accelerator (LINAC) with an average proton beam current up to 4 mA 
(De Bruyn et al., 2015; Engelen et al., 2015). For details about the design 
of the MYRRHA LBE-cooled reactor, the reader is referred to (Fernandez 
et al., 2017; Toti et al., 2018). The reference for this work is the MYR
RHA “Revision 1.6” design, sub-critical core configuration, already 
outlined and analysed (normal operating conditions) by the same au
thors (Magni et al., 2022). 

As far as the selection of pin materials is concerned, the employment 
in MYRRHA of mature technologies in terms of readiness level and less 
demanding technologies from the research and development point of 
view is favoured (Aït Abderrahim et al., 2005). Following this approach, 
an austenitic, 15-15Ti stainless-steel (specifically, the DIN 1.4970 alloy 
annealed and cold worked) has been selected as pin cladding. The U-Pu 
MOX driver fuel contains 30% of plutonium and 70% of natural ura
nium, a composition already considered in Magni et al. (2022). 

The designed MYRRHA operating schedule consists of 90 Effective 
Full Power Days (EFPD) and the nominal driver fuel irradiation is 
composed by 12 cycles (Van Den Eynde et al., 2015). After each irra
diation cycle, a core reconfiguration is foreseen: batches composed by 
six fuel assemblies are shuffled towards outer regions of the MYRRHA 
core, while fresh fuel is added close to the central spallation target (in 
the first ring of the core (Magni et al., 2022)), in order to compensate the 
core reactivity loss. In this way, the final fuel burnup at the end of the 
driver irradiation for each fuel element is homogenized and is expected 
to be around 70 GWd/tHM, both in critical and sub-critical core 
configurations. 

2.1. Beam Power Jump transient 

The over-power transient scenario considered in this work is specific 
for the ADS configuration of MYRRHA and consists of a Beam Power 
Jump (Magni et al., 2022). The initiating event for the BPJ transient is an 
accelerator over-current, i.e., a sudden increase by (maximum) 70% of 
the proton source while the accelerator is working in nominal conditions 
(beam intensity: 4 mA, beam energy: 600 MeV, reactor core power: 70 
MW). The accelerator control system reacts to the beam trip, increasing 
by 70% the feeding power in order to keep the beam energy constant at 
the target operational value. The maximum feeding power is limited to 
170% of the nominal value by the fault tolerance scheme implemented 
in the high-energy section of the accelerator. Consequently, the power of 
the MYRRHA ADS core also increases by 70% due to the proportionality 
between the proton current and the core power (neutron flux). 
Neglecting conservatively the effect of delayed neutrons on the core 
power evolution, it is here assumed that the reactor power reaches the 
limit value of 170% of the operating power in 1 ms by effect of the BPJ, 
without affecting the peak factors for the axial pin power profile. The 
high neutron flux signal prolonging for more than 3 seconds triggers the 
accelerator shut-off, for which a scram time of 3 seconds is conserva
tively assumed. In fact, a tolerance of 3 seconds is designed for the 
duration of the MYRRHA accelerator beam trips, while shorter beam 
trips are allowed without limitations in terms of frequency of occur
rence. Nevertheless, in terms of extent of the fault, just power oscilla
tions lower than +70% of the nominal power are accepted. A sketch of 
the BPJ trips accounted for in this work is reported in Fig. 1, with 
reference to the peak power node of the hottest pin during each MYR
RHA irradiation cycle. 

The BPJ scenario can occur at any instant of time during the MYR
RHA normal operation composed by 12 irradiation cycles. Based on the 
performance results of MOX driver fuel pins during the nominal irradi
ation history (Magni et al., 2022), two BPJ scenarios of major interest in 
terms of critical fuel pin performance are identified. The first one cor
responds to a BPJ occurring at the end of the first cycle (BPJ1), when the 
fuel is at beginning-of-life conditions in the first ring of the MYRRHA 
core and the fuel pin is irradiated at the highest linear power, providing 
the highest fuel (and cladding) temperatures. Consequently, the smallest 
margin to fuel melting is expected from this transient scenario. The 
second one is the BPJ occurring at the end of the 12th cycle (BPJ12, 
before reactor shutdown and final batch discharge from the core), 
representative for end-of-irradiation and high burnup conditions when 
the fuel-cladding gap width is reduced and the effects of fuel-cladding 
mechanical interactions are potentially the strongest if gap closure is 
reached. Hence, BPJ12 corresponds to significant cladding damage 
conditions when potentially cladding plasticity can be reached. 

2 It is called hypothetical hottest pin in Magni et al. (2022), identified on 
purpose for a conservative evaluation of the pin performance under irradiation 
since experiencing the worst irradiation conditions in terms of power, neutron 
flux, temperature. 
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2.2. Design limit criteria 

The main concern for the pin integrity and safety during over-power 
transient scenarios (as the BPJ of interest for MYRRHA) is represented 
by phenomena connected with fuel melting or by cladding mechanical 
failure (enhanced by pellet-cladding mechanical interaction). Hence, 
the following criteria are considered here for the assessment of the safety 
under transient irradiation of the thermal–mechanical behaviour of 
MYRRHA pins, in line with those already identified in Magni et al. 
(2022), Magni et al. (2022):  

• Maximum fuel temperature conservatively limited at 2600 ◦C to 
prevent failures caused by fuel melting.  

• Cladding plastic strain allowed up to 0.5% to guarantee structural 
integrity. 

The pin performance under normal operating conditions must also 
comply with appropriate design limits (Magni et al., 2022), in particular 
maximum cladding temperatures both at the outer and inner surfaces, to 
prevent coolant-side corrosion and fuel-side corrosion in case of gap 
closure, respectively. The assessment of these criteria is already 
demonstrated in Magni et al. (2022), while they are not relevant in the 
present analysis due to the fast dynamics of the BPJ scenarios, shorter 
than the time scales on which corrosion acts and hence limiting in any 
case eventual corrosion-related issues. 

The objective of the pin performance analysis performed in this work 
is to conservatively assess any pin failure potentially caused by a BPJ 
occurring in the MYRRHA sub-critical core. This is achieved by means of 
a combination of approaches, i.e., by considering the hottest MYRRHA 
pin during each irradiation cycle, by analysing the worst BPJ transients 
(i.e., occurring at the most critical irradiation cycles) in terms of the 
main safety criteria and by accounting for conservative design limit 
values. This kind of analysis allows providing the most careful code 
predictions in terms of pin safety even under transient operation. In 
particular, the selected design limit for the fuel melting is deliberately 
lower than the actual melting temperature of the MYRRHA fuel, 
considering its composition and irradiation conditions (Magni et al., 
2022, 2020). 

3. Simulation results 

3.1. Simulation set-up 

The present analysis of the MYRRHA pin performance under BPJ 
transient conditions is performed by applying the TRANSURANUS code 
(Lassmann, 1992; Magni et al., 2021), in its version v1m4j22 equipped 
with recent and upgraded models for the properties / behaviour of MOX 
fuels and for the mechanical response of the MYRRHA cladding.3 

Specifically:  

• The models employed for the MOX fuel properties include recently 
developed, physically-grounded and comprehensive correlations for 
thermal properties (thermal conductivity and melting temperature) 
(Magni et al., 2020, 2021), together with advanced correlations for 
mechanical properties (thermal expansion and Young’s modulus) 
(Lemehov, 2020). These models have been already integrally 
assessed against fast reactor irradiation experiments (Luzzi et al., 
2023) and applied to the fuel design for the sodium-cooled Genera
tion IV concept (Magni et al., 2022).  

• The coupling of TRANSURANUS with the SCIANTIX code (Pizzocri 
et al., 2020; Pizzocri et al., 2021; Van Uffelen et al., 2020), used as 
inert gas behaviour module, is herein applied for a physics-based 
description of fission gas behaviour in MOX fuel pellets, providing 
a coherent description of fuel gaseous swelling and fission gas release 
(FGR) in the fuel-cladding gap.  

• Advanced models of thermal and irradiation-induced creep strain, 
thermal creep time-to-rupture and void swelling of the specific 
MYRRHA cladding material (DIN 1.4970), developed / reviewed in 
Magni et al. (2022), are also used for the present analysis. 

Fig. 1. Sketch of the MYRRHA power excursion in a BPJ scenario (Magni et al., 2022) (left) and linear power histories of the MYRRHA hottest pin (peak power node 
values) inclusive of the BPJ transients occurring at the end of cycle 1 and at the end of cycle 12 (right). 

3 The performance analysis of MYRRHA driver fuel pins under normal 
operation, published in Magni et al. (2022), was already achieved by means of 
the TRANSURANUS fuel performance code (version v1m1j20) employing the 
code recommended models for MOX fuel properties and fission gas behaviour. 
In particular, as for fission gas behaviour under fast reactor conditions, version 
v1m1j20 includes a treatment of the intra- and inter-granular dynamics of 
fission gases, but relies on a correlation-based approach for fission gas release 
and fuel gaseous swelling. 
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Hence, the model choices correspond to those adopted in Luzzi et al. 
(2023) for what concerns the fuel side, complemented by dedicated 
cladding property models, for the most appropriate simulation of the 
thermal–mechanical performance of MYRRHA pins. For what concerns 
all the remaining pin properties and phenomena, the best-estimate 
TRANSURANUS models for the MYRRHA fuel, cladding and coolant 
materials are used, i.e., those currently recommended inside the code to 
describe the behaviour under irradiation of fast reactor MOX fuels, 15- 
15Ti cladding steel (European Commission, 2022; Luzzi et al., 2014) 
and liquid LBE coolant (OECD/NEA, 2015). This corresponds to the 
approach already followed for the analysis of the MYRRHA normal 
operation (Magni et al., 2022), where a model for the corrosion of the 
outer cladding by the flowing LBE was not considered, although it im
pacts both the thermal performance of the pin (including the fuel tem
peratures) and the mechanical performance (and structural integrity) of 
the cladding. The formation and growth of an outer oxide layer on the 
cladding can be relevant during normal operation, but this has been 
already excluded for MYRRHA in Magni et al. (2022) by comparison 
with the design limit preventing corrosion issues. Moreover, corrosion 
acts on longer time scales compared to the fast BPJ transients, hence it is 
not relevant during the over-power transient scenarios addressed in this 
work. The modelling of corrosion effects requires dedicated experi
mental knowledge as a support, but it is challenging to obtain these data 
due to e.g., the specificities of the cladding-coolant material couple and 
the wide spectrum of possible test conditions in terms of temperature 
and oxygen content in the liquid LBE. For these reasons, and since a 
specific model for the corrosion of DIN 1.4970 cladding by LBE coolant 
is not currently available in the TRANSURANUS fuel performance code, 
the potential oxidation of the outer surface of the MYRRHA cladding is 
still not considered by the present simulations but it is recalled as a 
generally important modelling advancement for the assessment of liquid 
metal-cooled systems. 

3.2. BPJ at the beginning of irradiation (cycle 1) 

The most relevant impact of a BPJ occurring at cycle 1 (when the 
assembly is in the first ring of the MYRRHA core, at the highest MYRRHA 
linear power ~ 22.7 kW m− 1) is the sudden increase of the fuel, cladding 
and coolant temperatures, as shown in Figs. 2 and 3. The bottom part of 
Fig. 2 provides a zoom on the step-wise dynamics of the temperature 
evolutions during the fast BPJ ramp, followed by the new temperature 
levels associated to the highest linear power ~ 38.7 kW m− 1 reached 
with the BPJ1. These increased fuel and cladding temperatures are 
sustained for 3 s before automatic accelerator shut-off and reactor 
scram. 

The TRANSURANUS calculation yields a fuel central temperature at 
the axial peak power node of ~ 2455◦C in case of a BPJ occurring at the 
end of the first cycle, i.e., when the fuel central temperature during 
normal operation is the highest (Magni et al., 2022) (Fig. 2 – top left). 
That is the overall highest temperature potentially reached by the driver 
MOX fuel during the MYRRHA reactor operation, according to the 
TRANSURANUS simulation. It is sensibly impacted by the large tem
perature jump caused by the BPJ1, corresponding to ~ 930◦C. 

Compared to the result presented in Magni et al. (2022), obtained 
with a previous TRANSURANUS code version (v1m1j20) equipped just 
with the DIN 1.4970 models, the results presented here correspond to 
lower fuel temperatures during the first cycle of MYRRHA normal 
operation, i.e., ~ 1525◦C instead of 1680◦C for the fuel central tem
perature at the end of the nominal irradiation cycle 1. This is related to 
the upgraded correlation for the MOX thermal conductivity (higher at 
low fuel burnup compared to the correlation by Schubert et al. (2004) 
employed in Magni et al. (2022) for the reference simulation case), the 
effect on the gap conductance of the novel correlation for the MOX 
thermal expansion (providing a slightly lower residual gap width during 
cycle 1), and to the physics-based treatment of fission gas behaviour and 
release obtained here via the SCIANTIX module coupled to 

TRANSURANUS. A lower FGR during cycle 1, coherent with the intra- 
and inter-granular dynamics of gas in the fuel, degrades less the con
ductivity of the gas mixture in the gap at low fuel burnup levels. The 
impact of fission gas release on the pin performance during the entire 
driver fuel irradiation designed for MYRRHA is analysed in more detail 
in Section 3.3, dedicated to the BPJ12 occurring at high fuel burnup. 

Fig. 3 shows the axial profiles of fuel central temperature (following 
the axial distribution of pin linear power) and residual fuel-cladding gap 
width before and after BPJ1. The radial gap width progressively reduces 
during cycle 1 from the as-fabricated size of 115 μm to ~53 μm at the 
peak power node. At this axial location, the BPJ1 causes an additional 
reduction of the gap width down to ~34 μm driven by the sudden 
thermal expansion of the fuel pellet. TRANSURANUS does not predict 
any gap closure by effect of BPJ1 and hence no fuel-cladding interaction 
occurs. Compared to the results of the standard code version (Magni 
et al., 2022), a slightly lower gap width is provided by the correlation for 
MOX thermal expansion applied here, which in turn contributes to lower 
fuel temperatures during the first irradiation cycle, as previously 
mentioned. 

The cladding inner and outer temperatures, at the top of the fuel 
column where coolant and cladding are the hottest, jump from ~ 450◦C 
and 434◦C before the BPJ at the end of the first irradiation cycle to ~ 
595◦C and 568◦C after the BPJ1, respectively (Fig. 4 in terms of axial 
profiles, coherent with the evolution in time shown by Fig. 2 - right). The 
coolant correspondingly jumps from ~ 418◦C to ~ 542◦C. The fast in
crease of the cladding temperature during the BPJ1 transient causes a 
step-wise cladding radial deformation due to thermal expansion, besides 
the sudden thermal expansion of the fuel. Nevertheless, the total fuel 
deformation, inclusive of thermal creep and gaseous swelling (comple
mentary to fission gas release), is higher than the cladding one mainly 
due to the higher temperature regime. This determines the dynamics of 
gap width reduction towards the end of the first irradiation cycle, where 
BPJ1 occurs. 

3.3. BPJ at the end of irradiation (cycle 12) 

Fig. 5 - left shows the TRANSURANUS results of fuel central tem
perature during the complete, 12-cycles irradiation history designed for 
the MYRRHA driver fuel. The increase of the fuel central temperature 
towards the end of irradiation is attributable to the decrease of the gap 
conductance determined by fission gas release (degrading the thermal 
conductivity of the gas mixture in the gap, Fig. 6 – right), besides the 
lowering of the fuel thermal conductivity with increasing burnup. The 
fuel temperature evolution is driven mostly by the effect of FGR in the 
fuel-cladding gap rather than by the gap width progressive reduction 
(Fig. 6 – left), especially from the fourth irradiation cycle on when the 
cumulated FGR becomes important. The occurrence of BPJ12 leads the 
fuel central temperature at the peak power node from ~ 1635◦C to ~ 
2135◦C. Both the temperature jump caused by BPJ12 and the maximum 
temperature reached are lower than the results yielded by the code 
simulation of BPJ1 (Section 3.2), since the linear power of normal 
operation at cycle 12 is ~ 12 kW m− 1 instead of ~ 22.7 kW m− 1 at cycle 
1. The 12th irradiation cycle is indeed performed in the outer ring of the 
MYRRHA sub-critical core, the farthest location from the central core 
spallation channel. Consequently, the linear power reached after BPJ12 
is just ~ 20.5 kW m− 1. In terms of axial profile (Fig. 7), the fuel central 
temperature is still mostly determined by the axial linear power distri
bution, hence the highest temperature is predicted around the fuel mid- 
plane where the peak power node is located, despite the lowest residual 
width of the fuel-cladding gap. 

Fig. 5 – left shows that the predicted fuel central temperature during 
normal operation is actually higher at mid-irradiation and towards the 
end of irradiation (from cycle 4 on) than at cycle 1, mainly due to two 
combined effects: a progressively lower gap conductance driven by an 
increasing fission gas release in the gap (Fig. 6 – right), and the degra
dation of the fuel thermal conductivity with increasing burnup, 
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according to the model employed (Magni et al., 2020, 2021). Never
theless, the BPJ1 scenario analysed in Section 3.2 is confirmed as the one 
leading to the highest MYRRHA fuel temperature under operational 

transient conditions. Indeed, the peak pin linear power of the hottest pin 
during normal operation is decreased below 15 kW m− 1 from cycle 4 on, 
due to irradiation positions in more peripheral MYRRHA core rings. 

Fig. 2. Top: Evolution of the maximum fuel central and outer temperatures (left, at the peak power node) and of the maximum cladding inner and outer tem
peratures (right, at the top of fuel column), during the first irradiation cycle and the BPJ at the end of cycle 1 (BPJ1). Bottom: Zoom of the temperature evolutions 
(left: fuel, right: cladding) during the transient BPJ1 irradiation, before reactor shutdown is performed. 

Fig. 3. Axial profiles of the fuel central temperature and fuel-cladding gap width before and after the BPJ at the end of cycle 1 (BPJ1).  
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Hence, BPJ transients occurring there lead to a peak linear power below 
25.5 kW m− 1, while more than 38 kW m− 1 is reached with BPJ1 when 
the pin is in the irradiation position closest to the central core spallation 
target. The linear power level dominates on irradiation effects in 
determining the maximum fuel temperature reached under operation in 
the considered MYRRHA design. 

Fig. 5 - left also reports the evolution of the cladding inner temper
ature experienced by the MYRRHA hottest pin during the 12 cycles 
normal operation before BPJ12 occurs, at the top of fuel column where 
the cladding is the hottest, extending the result of Fig. 2 - right. From the 
value during cycle 1 (~ 450◦C), it decreases during irradiation down to 
~ 332◦C at cycle 12 being stable during each cycle according to the 
associated power level. The BPJ12 causes its sudden jump to ~ 392◦C. 
Correspondingly, the cladding outer temperature at the hottest axial 
location jumps from ~ 320◦C to ~ 372◦C, while the bulk coolant 

temperature from ~ 306◦C to ~ 349◦C. These values are confirmed by 
the axial profiles of the coolant and cladding temperatures before and 
after BPJ12, shown by Fig. 5 – right. The thermal conditions of coolant 
and cladding, relevant in terms of cladding corrosion, are hence of even 
less concern at the end of the MYRRHA irradiation compared to the 
beginning of irradiation (cycle 1, Fig. 4). 

The evolution of the fuel-cladding gap width is presented in Fig. 6 – 
left, determined by the differential dynamics of fuel outer and cladding 
inner radii. TRANSURANUS yields a progressively decreasing gap width 
up to the fifth cycle of the MYRRHA nominal irradiation,4 mainly driven 
by fuel thermal expansion and temperature- / irradiation-driven 

Fig. 4. Axial profiles of cladding inner temperature, cladding outer temperature and coolant bulk temperature, before and after the BPJ at the end of cycle 1 (BPJ1).  

Fig. 5. Left: Evolution of the maximum fuel central temperature (at the peak power node) and cladding inner temperature (at the top of fuel column), during the 
entire driver fuel irradiation and the BPJ at the end of cycle 12 (BPJ12). Right: Axial profiles of cladding inner temperature, cladding outer temperature and coolant 
bulk temperature, before and after the BPJ12. 

4 Sudden increases of the fuel-cladding gap width are predicted during the 
irradiation inter-cycles, when a batch of fuel pins is moved from the previous to 
the next irradiation position in the MYRRHA core. 
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deformations (e.g., swelling) of both fuel pellets and cladding.5 Then, 
this evolution trend of the residual gap width is compensated by a 
simultaneous high rate of fission gas release (Fig. 6 – right) which limits 
the fuel swelling coherently calculated via the SCIANTIX physics-based 
approach. The fuel micro-cracking model implemented in SCIANTIX, 
causing burst releases of gas from the grain boundaries of the fuel 
ceramic material opened during power (and temperature) transients,6 is 
responsible for the stepwise increase of the FGR up to almost 75% at the 
end of irradiation. The FGR proves to have the dominant impact on the 
gap conductance degradation up to the end of cycle 12, while the 
occurrence of BPJ12 causes a step-increase of the gap conductance 
linked with the sudden decrease of the gap size due to the thermal 
expansion of the hotter fuel during the fast transient. As shown by both 
Fig. 6 – left and Fig. 7, the gap never reaches closure during the MYR
RHA driver fuel irradiation (similarly to the reference calculation per
formed in Magni et al. (2022)) and not even after the final BPJ12. A 
residual gap size of minimum ~ 20 µm is yielded after the BPJ12, from a 
gap of ~ 33 µm before BPJ12.7 

Finally, despite the fact that the occurrence of the BPJ12 transient 
causes a sudden increase of the stress levels in the cladding calculated by 
TRANSURANUS, the equivalent Von Mises stress values remain low and 
far from any concern related to cladding plasticity or integrity (by 
comparison with the DIN 1.4970 yield stress as a function of tempera
ture, Section 4). The highest Von Mises stress in the cladding (radially 
averaged) actually occurs at the beginning of cycle 1 of the MYRRHA 
normal operation, equal to ~ 32 MPa at the peak power node, while the 
value reached with the BPJ12 is ~ 20 MPa. The occurrence of a BPJ at 
the beginning of cycle 1, when the cladding equivalent stress is the 
highest, would cause its jump to ~ 50 MPa (again, averaged at the peak 
power node). For what concerns local stress values, the maximum Von 
Mises stress after BPJ12 is ~ 35 MPa at the cladding outer radius at the 
peak power node, while it would reach ~ 110 MPa after a BPJ at the 
beginning of cycle 1, at the cladding inner radius at the peak power 
node. The latter is the highest equivalent stress locally experienced by 
the cladding during any operative condition (both nominal and tran
sient) of the MYRRHA driver pins, according to the best-estimate 
TRANSURANUS calculations performed. The absence of gap closure 
and consequently of fuel-cladding contact pressure helps in limiting the 
stress state inside the DIN 1.4970 cladding material. This outcome is in 
line with the analysis of the MYRRHA cladding stress during normal 
operation already performed in Magni et al. (2022). 

4. Compliance with design limits 

The fuel performance results presented and discussed in Section 3 
must be compared with design limit values for relevant thermal
–mechanical quantities, to assess the safety of MYRRHA driver fuel pins 
even under potential operational transient conditions. Table 1 summa
rizes the TRANSURANUS predictions against the main design limits 
adopted in this work (Section 2.2), in case of both over-power BPJ 
transients of concern for MYRRHA considered. 

The beam power jump occurring at the end of irradiation cycle 1 
(BPJ1) corresponds to the transient scenario of most concern for the 
maximum fuel temperature, considering the corresponding highest pin 
linear power during the MYRRHA driver operation. Indeed, the mini
mum margin to fuel melting is reached according to TRANSURANUS 
calculations, at the axial peak power node of the hottest pin, still of ~ 
145◦C with respect to the design limit preventing fuel melting issues. It 
must be noted, however, that this design limit is conservatively set at 
2600◦C, but the fuel melting (solidus) temperature is actually higher (of 
~ 100◦C, i.e., a realistic value is ~ 2700◦C (Magni et al., 2020)) even 
accounting for the 30% Pu content in the as-fabricated MYRRHA MOX 

Fig. 6. Evolution of fuel outer radius, cladding inner radius, fuel-cladding gap width at the peak power node (left) and of integral fission gas release and gap 
conductance at the peak power node (right) during the entire driver fuel irradiation and the BPJ at the end of cycle 12 (BPJ12). 

5 Fuel relocation also contributes to the evolution of the fuel-cladding re
sidual gap width, under transient conditions and especially at beginning of 
irradiation, e.g., during the first rise to power that already causes fuel cracking 
and the consequent displacement of the fuel fragments, inducing an increase in 
the pellet diameter (Oguma, 1983). Hence, together with the mentioned fuel 
deformation mechanisms under irradiation (thermal expansion, swelling, 
creep), relocation impacts on the predicted gap conductance via the gap size, 
influencing in turn the calculated fuel temperature. In general, fuel relocation 
depends on the irradiation conditions (linear power level above the threshold 
for fuel cracking) and on the fuel burnup level. A model suitable for fast reactor 
conditions is available in TRANSURANUS (European Commission, 2022; Pre
usser and Lassmann, 1983; Lassmann and Hohlefeld, 1987) and employed for 
the present simulations, although relocation is a phenomenon stochastic in 
nature and despite the associated modelling uncertainties (which is reflected by 
the different modelling approaches adopted by different fuel performance 
codes, as discussed in Luzzi et al. (2023, 2021)). The uncertainty on the extent 
of fuel relocation can play a role in predicting the occurrence of fuel-cladding 
mechanical interaction, although this is still not expected in the MYRRHA 
pins considering the residual open gap even after BPJ12 (~ 20 μm, Fig. 6 - left).  

6 The SCIANTIX model for the micro-cracking of the fuel grain boundaries is 
described in Pizzocri et al. (2020) and already assessed/applied to fast reactor 
irradiation conditions in Luzzi et al. (2023), Magni et al. (2022).  

7 The residual gap at the end of cycle 12 calculated here is wider than ~ 10 
µm obtained in Magni et al. (2022). The present results is due to a reduced fuel 
swelling linked to the higher fission gas release at extended burnup provided by 
the fuel micro-cracking model. 
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fuel and for the final burnup of about 75 GWd tHM
− 1 at the end of irradi

ation according to the designed reactor operation. Hence, no pin failure 
related to fuel melting is foreseen in the case of any BPJ transient 
occurring during MYRRHA irradiation. 

For what concerns the cladding thermal behaviour, the BPJ1 leads to 
cladding inner and outer maximum temperatures of ~ 595◦C and 568◦C, 
respectively. Despite these cladding temperatures, any risk of cladding 
inner corrosion is avoided due to the absence of fuel-cladding interac
tion (gap still open), and also no concerns arise due to cladding outer 
corrosion by the LBE coolant flow, since the transient duration is limited 
by design to just 3 seconds. The tolerance time of 3 seconds under BPJ 
conditions before the MYRRHA accelerator shut-off and reactor scram 
effectively hinders the action of corrosion, occurring on longer time 
scales. Risks related to the thermal behaviour of the MYRRHA fuel or 
cladding are even more prevented in the case of the BPJ at the end of 
irradiation (BPJ12), since the maximum temperatures reached are lower 
than during BPJ1 (both inner and outer cladding temperatures remain 
lower than 400◦C), due to the lower nominal reactor power. Wider 
safety margins are hence respected, although this BPJ still causes the 
fuel and cladding temperatures to increase sharply. 

The beam power jump occurring at the end of irradiation (BPJ12) is 
in principle the most critical scenario in terms of fuel-cladding me
chanical interaction and cladding integrity, since this BPJ occurs when 
the residual gap width is the lowest due to thermal and irradiation- 
driven fuel deformations prevailing on the cladding dynamics. This 
situation could lead to cladding plasticity especially in case of gap 
closure, hence due to the contact pressure exerted by the fuel pellets on 
the cladding inner surface. Despite this, TRANSURANUS never predicts 
gap closure even considering both the BPJ transients analysed here, 

hence no fuel-cladding interaction occurs during any MYRRHA irradi
ation condition. As a consequence of this and of a limited gap pressure 
(maximum 2.9 MPa after BPJ12), during both BPJ1 and BPJ12 the 
cladding stress levels (in terms of equivalent Von Mises stress) are still 
limited to tens of MPa as during normal operation (Magni et al., 2022). A 
conservative (underestimated) value for the yield stress of DIN 1.4970 
coherent with the MYRRHA BPJ conditions is estimated as ~ 400 MPa at 
the highest cladding temperatures reached with the BPJ1, based on 
(Holmstrom et al., 2017; Strafella et al., 2017, 2017; Weir et al., 1968; 
Nakatsuka, 1991; Luzzi et al., 2014) and accounting for the cold- 
working of the steel (Magni et al., 2022). This value accounts for the 
worst cladding temperature and also for MYRRHA irradiation effects on 
the cladding yielding behaviour. Values of equivalent stress of tens of 
MPa imply that the MYRRHA cladding mechanical performance is in the 
elastic regime during any operative condition and cladding plasticity is 
avoided. 

Hence, it can be concluded that the compliance of the MYRRHA 
driver pin performance with design limits is satisfactory even under 
operational transient scenarios triggered by the coupling of the reactor 
with the MYRRHA accelerator, guaranteeing the pin safety under any 
possible irradiation condition (nominal and over-power) within the sub- 
critical core. This is even more true considering that the performance of 
the hottest pin (experiencing the worst irradiation conditions in terms of 
linear power, neutron fluxes and coolant temperature) is evaluated in 
the present analysis, against conservative safety criteria. This approach 
is selected on purpose to provide conservative indications useful for the 
development of the MYRRHA reactor, whose design shows a remarkably 
high safety. 

Table 1 
Maximum fuel temperature and cladding plastic strain calculated by TRANSURANUS during the driver fuel operation of MYRRHA accounting for the BPJ1 and BPJ12 
scenarios. The design limits assumed (Magni et al., 2022) are recalled for a direct comparison.  

Quantity Maximum value – BPJ1 scenario Maximum value – BPJ12 scenario Adopted design limit 

Peak fuel temperature 2455◦C 
(after BPJ1) 

2135◦C 
(after BPJ12) 

2600 ◦C 

Cladding equivalent plastic strain 0 0 0.5%  

Fig. 7. Axial profiles of the fuel central temperature and fuel-cladding gap width before and after the BPJ at the end of cycle 12 (BPJ12).  
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5. Conclusions and further developments 

This work consists of the first safety assessment of MYRRHA “Revi
sion 1.6” driver fuel pins under operational over-power (Beam Power 
Jump) transient scenarios triggered by the external accelerator coupled 
to the sub-critical reactor core. This represents a complement to the 
analysis of the MYRRHA normal operating conditions already achieved 
in Magni et al. (2022). The simulations are performed with the 
TRANSURANUS fuel performance code, equipped with dedicated 
models for the mechanical behaviour of the specific MYRRHA cladding 
(DIN 1.4970) and with comprehensive, physically-grounded correla
tions for thermal–mechanical properties (thermal conductivity, melting 
temperature, thermal expansion, Young’s modulus) of the MOX fuel 
used as a driver fuel in the MYRRHA design considered here. Moreover, 
the coupling of TRANSURANUS with SCIANTIX as a fission gas behav
iour module, enabling a physics-based, coherent calculation of gas 
release and fuel gaseous swelling, is herein applied. The effectiveness of 
these modelling advancements is demonstrated by their application to 
the integral pin performance analysis under MYRRHA irradiation sce
narios. The level of separate-effect validation of the models (docu
mented in literature) and their mechanistic nature ensure that the 
outcomes of this work can be deemed as the best-estimate ones at the 
state of the art concerning the MYRRHA pin performance under reactor 
operative conditions. 

For conservative evaluations, the thermal–mechanical behaviour of 
the hottest fuel pin in the MYRRHA core (i.e., experiencing the hottest 
conditions in every irradiation position during the 12-cycles driver 
operation) is compared with main design limits currently adopted for 
MYRRHA. The occurrence of BPJ transients at the beginning and at the 
end of irradiation is analysed, since these BPJs are identified as the most 
critical for the fuel temperature and for the potential cladding plasticity 
due to eventual fuel-cladding mechanical interaction, respectively. The 
simulation outcomes reveal a comfortable safety of driver fuel pins 
designed for MYRRHA even in over-power transient conditions. Indeed, 
satisfactory safety margins from limiting values are still respected, 
indicating the suitability of the U-Pu MOX-fuelled pin design under any 
irradiation scenario. No concerns related to fuel melting or cladding 
plasticity / integrity emerge from the advanced TRANSURANUS simu
lations performed. The results presented in this paper provide first in
dications supporting the design development of the MYRRHA reactor 
concept, besides further demonstrating the state-of-the-art capabilities 
of the TRANSURANUS fuel performance code on fast reactors and 
extending its applicative range to operational transients in LBE-cooled 
systems. Nevertheless, from both the fuel performance code and MYR
RHA scenarios points of view, additional needed developments and 
analyses are identified from this work. 

Advancements towards considering the corrosion of the DIN 1.4970 
austenitic stainless-steel, selected as cladding for the MYRRHA pins, 
from the LBE coolant is of sure interest for the optimization of both the 
core design and irradiation conditions. Although not considered by the 
present simulations due to the current lack of a specific and reliable 
model, as discussed in Section 3.1, outer cladding corrosion is a critical 
issue for the cladding performance since it impacts both the cladding- 
coolant heat transfer as well as the cladding structural integrity. This 
represents a general MYRRHA-oriented modelling development, 
important especially for advanced assessments of the normal operating 
conditions from which BPJs can develop. A MYRRHA-specific and reli
able description of the LBE-DIN 1.4970 corrosion process should benefit 
from dedicated experimental data currently missing, in support of the 
modelling activity. Moreover, related to the inner (fuel-side) corrosion 
of the cladding, more insights on the potential gap closure would come 
from the proper consideration of fuel relocation and its accommodation. 
This would impact on the fuel-cladding mechanical interaction and on 
the cladding stress levels via the contact pressure, leading to improved 

evaluations of the safety margins concerning the cladding mechanical 
behaviour. Linked to the proper modelling of the gap width evolution, 
additional work should be devoted to the mechanical models for the 
MYRRHA cladding steel used in this work, e.g., the modelling of 
irradiation-induced creep which is based on a limited experimental 
dataset and hence still open for refinements and validation. 

Lastly, sensitivity analyses are recognized as a fundamental step to 
complement the deterministic analyses performed in this work. The 
calculation results presented here rely on the best-estimate models 
currently available in the TRANSURANUS fuel performance code 
coupled to the SCIANTIX inert gas behaviour module, for the properties 
and phenomena of fuel, cladding and LBE coolant, on the basis of a first 
model sensitivity analysis already performed in Magni et al. (2022) for 
the normal operation of MYRRHA. Further sensitivity analyses should 
extend this work and focus on e.g., occurrences of BPJ transients at 
different irradiation times, the potential normal operation of MYRRHA 
at increased power, the uncertainty associated to relevant properties as 
the fuel thermal conductivity or the fuel-cladding gap conductance. This 
will be explored in follow-up works. 

From the MYRRHA system point of view, the critical configuration of 
the reactor core should be also explored besides the sub-critical one 
analysed in this work, towards the complete investigation of the possible 
scenarios. This involves the assessment of the driver (MOX) fuel pin 
performance under both normal operation and accidental scenarios of 
concern for a critical core, e.g., Reactivity-Initiated Accidents (RIAs). 
Finally, advanced fuel designs, specifically minor actinide (Am, Np)- 
bearing MOX, are currently under consideration aiming at actinide 
burning and transmutation via fast reactor irradiation. The feasibility of 
this option in MYRRHA is being studied within the PATRICIA European 
H2020 Project (European Union, 2020). Hence, the performance under 
irradiation (both normal and transient operation) of Am-bearing MOX 
fuel pins in the MYRRHA sub-critical / critical reactor core will be the 
subject of future assessment studies. 
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