Nuclear Engineering and Design 444 (2025) 114372

FI. SEVIER

journal homepage: www.elsevier.com/locate/nucengdes

=% Nuclear Engineeriﬁg
and Design

S —

Contents lists available at ScienceDirect

Nuclear Engineering and Design

L))

Check for

Off-centering effects on MOX fuel behavior™ | e

D. Jaramillo-Sierra >, V. Blanc®, T. Barani®, A. Cammi?, A. Del Nevo"

2 Politecnico di Milano, Department of Energy, Nuclear Engineering Division, via La Masa 34, 20156 Milano, Italy
® ENEA, NUC-ING, Localita Bacino del Brasimone 1, Camugnano, 40032 Bologna, Italy
¢ CEA, IRESNE, DEC, SESC, Cadarache Center, 13108 Saint-Paul-lez-Durance, France

ARTICLE INFO

Keywords:

Fuel performance
Off-centering
Eccentricity
PuMMA
TRANSURANUS
GERMINAL
MFEM

High plutonium mixed-oxide fuel
CAPRIX
TRABANT-2/2

ABSTRACT

Standard fuel performance models often assume concentric alignment of fuel pellets within the cladding,
overlooking the potential effects of pellet eccentricity on reactor performance and safety. This paper investigates
the thermal and porosity dynamics of hollow MOX fuel with off-centered pellets under irradiation, using a Finite
Element Method (FEM) model implemented via the MFEM library. Simulations replicate experimental conditions
from the PuMMA Horizon Europe project, considering the CAPRIX and TRABANT-2/2 experimental pins with
high plutonium content MOX fuel. Results reveal that pellet eccentricity induces asymmetrical temperature
peaks, significantly reducing the margin to melt compared to the results of axisymmetric modeling, and drives
anisotropic pore migration, phenomena with critical implications for the safety and design of Gen-IV reactor
fuels. Comparisons against post-irradiation examinations (PIE) confirm the model capability to semi-
quantitatively replicate the observed behavior. These findings highlight the need to integrate pellet eccentric-
ity into safety assessments and advanced fuel design strategies, especially for hollow fuels for Gen-IV reactors.

1. Introduction

The standard fuel performance analysis typically assumes axial
symmetry of the fuel rod, with the fuel pellet remaining concentric
relative to the cladding throughout irradiation. This assumption is
largely based on studies of Light Water Reactors (LWRs), where solid
pellet off-centering is found to have beneficial temperature effects
(Cunningham et al., 1979). However, applying these results to advanced
fuels for Generation IV reactors (Generation IV International Forum,
2014) requires careful consideration due to differences in geometry,
irradiation conditions, and material properties.

Early studies by Nijsing (1966) first addressed the effect of off-
centering on gap conductance, providing an analytical solution for a
non-uniform heat generation distribution and exploring how fuel-
cladding eccentricity influences gap conductance. Similarly, Williford
and Hann (1977) demonstrated that eccentricity significantly increases
the average gap conductance in cases of high thermal gradients across
the gap.

Experimentally, Cunningham et al. (1979) studied the effects of
pellet off-centering and gas composition on the fuel rod performance in
two HALDEN reactor assemblies. They concluded that the eccentric

region of a xenon-filled fuel rod exhibited lower temperatures than the
concentric region, suggesting improved azimuthal average gap
conductance.

Mcnary and Bauer (1981) indicate that centered pellets represent the
minimum azimuthally average gap conductance, with asymmetrical
conductance effects becoming more significant in high-conductivity
fuels. In contrast, Tao et al. (2023) argue that eccentricity has a mini-
mal impact on the safety of high-conductivity metal fuels. This is ex-
pected, as sodium-bonded metallic fuels exhibit a lower thermal
gradient both within the fuel and across the gap, reducing the gap’s
relevance.

Wiesenack (1996) evaluated high burn-up conditions in LWRs and
confirmed that off-centered, solid pellets operate at lower temperatures
than concentric ones. Williamson et al. (2021) validated 3D FEM sim-
ulations using BISON against LWR experimental data, specifically ac-
counting for pellet eccentricity. The validation includes integral non-
hollowed LWR experiments such as the IFA-431 rod 4 (Williamson
et al., 2016), which explicitly considered pellet offset, as reported by
Hales et al. (2013). The results indicate that the temperature difference
between concentric and off-centered pellets arises not only because
concentric pellets tend to reach higher temperatures, but also because
the peak temperature in off-centered pellets is shifted away from the
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Nomenclature

BoL Beginning of Life

BFC Bottom Fuel Column
EFPD Equivalent Full Power Day
EoL End of Life

FEM Finite Element Method
FPC Fuel Performance Code
FR Fast Reactor

HFR High Flux Reactor

LHR Linear Heat Rate

LWR Light Water Reactor

MFP Maximum Flux Plane

MOX Mix Oxide

MTR Material Test Reactor

PIE Post Irradiation Examination

PuMMA Plutonium Management for More Agility

centerline.

Maeda et al. (2011) analyzed the B14 short-term irradiation test with
Am-MOX fuel, which resulted in significant fuel relocation and off-
centered fuel restructuring. Building on these findings, Ozawa et al.
(2021) applied a new BISON model to study pore migration and its role
in fuel restructuring. However, neither study observed an increase in the
maximum fuel temperature.

Further evidence involving full MOX fuel comes from Harp and
Chichester (2017). In the AFC-2C experiment, the fuel reached up to 8 %
burn-up, and rodlet 2CR3 exhibited off-centering. The authors suggest
that this off-centering is likely due to the rodlet not being exactly
centered in the capsule. Despite the off-centering, the non-hollowed fuel
still reached the temperatures required for restructuring.

Novascone et al. (2018) investigated porosity migration in oxide
fuels using FEM. In their validation, they observed that the central void,
in addition to being off-centered, exhibited an elliptical shape, with the
major axis of the ellipse oriented orthogonally to the temperature
gradient.

Fewer studies have focused on hollow pellets. Harayama and Kyoya
(1986) evaluated annular pellets, demonstrating that hole eccentricity
shifts the maximum temperature opposite to the displacement, which
increases both the peak temperature and the extent of the high-
temperature region.

Studies made on annular fuel geometries include Deng and co-
authors study (Deng et al., 2019) on the Internally and eXternally
cooled Annular Fuel (IXAF) design (Carpenter et al., 2006) using BISON,
which concluded that off-centering can significantly increase peak fuel
temperatures and cladding hoop stress, factors that could jeopardize fuel
integrity under both operating and transient conditions. Because the
IXAF concept features both internal and external cooling as well as
higher fuel thermal conductivity, its thermo-mechanical behavior
cannot be assumed valid for hollow MOX pins operating in a fast neutron
spectrum; it therefore remains to be established whether Deng et al.’s
conclusions hold for fast reactor (FR) MOX hollow fuel.

Similarly, Blanc and co-authors (Blanc et al., 2017) simulated hollow
MOX fuel using the LICOS code (Helfer et al., 2015) and identified ec-
centricity and hole misalignments as two of the main parameters that
reduced the margin to fuel melting during early irradiation stages. Their
assessment, however, was limited to beginning-of-life conditions and
did not capture the overpower periods that arise later in the irradiation
history, such as those experienced by the TRABANT-2/2 pin, addressed
in the present work.

These findings suggest that off-centering effects should be included
in safety assessments, especially for hollow fuels with low thermal
conductivity and high-power density. While off-centering generally
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reduces pellet temperatures in solid LWRs and high-conductivity
metallic fuels, the overall impact on fuel performance and safety is
complex. The literature suggests that off-centering increases stress and
loading asymmetry in the cladding, adversely affecting cladding
integrity.

This is particularly relevant for Gen-IV designs using MOX fuel,
where the presence of minor actinides and low thermal conductivities
could amplify off-centering effects. Therefore, this work explicitly in-
vestigates these effects, and their implications should be incorporated
into design and safety evaluation of advanced fuels, especially for hol-
low geometries and high-Pu content fuels.

1.1. PuMMA project and PIE observations

The EU-funded PuMMA (Plutonium Management for More Agility)
project focuses on evaluating the impact of high plutonium content MOX
fuels on reactor safety and performance (Chauvin et al., 2022). Recent
post-irradiation examinations (PIE) of two experimental fuel pins,
CAPRIX (45 % Pu) and TRABANT-2/2 (40 % Pu), revealed significant
off-centering of the central hole (Fayette et al., 2022; Van Til et al.,
2024; van Til et al., 2025). Although the pellets were fabricated by JRC
(CAPRIX) and CEA (TRABANT-2/2) using best-practice procedures to
ensure concentricity of both the central void and the pellet-to-cladding
alignment, considerable eccentricities nonetheless developed during
irradiation. The PIE at Maximum Flux Plane (MFP) for CAPRIX and
TRABANT-2/2 are reported in Fig. 1: these results underscore the
importance of modeling off-center fuel behavior to assess its impact on
melting margins under normal and incidental conditions.

As part of the PuMMA effort, this work aims to model fuel behavior
under eccentric conditions by employing advanced asymmetrical
models. The objective is to reproduce the dynamics between tempera-
ture profiles and pore migration and to validate the results based on the
PIE findings.

2. Irradiation experiments description

Table 1 summarizes the key specifications of the CAPRIX and
TRABANT-2/2 irradiation experiments, which serve as the input pa-
rameters for analyzing the performance of the two fuel pins. These ex-
periments provide valuable context for understanding the irradiation
conditions, which are critical for evaluating the behavior of MOX fuel,
particularly with high plutonium content, under reactor-relevant
conditions.

The CAPRIX experiment was conducted in the PHENIX fast reactor,
spanning from 1995 to 2006, with an equivalent full power duration of
approximately 620 days (Venard and Deveaux, 2021), whereas the
TRABANT-2/2 experiment — part of the Transmutation and Burning of
Actinides in TRIOX series - took place in the High Flux Reactor (HFR) in
Petten. This experiment aimed to assess the feasibility of burning
plutonium and transmuting minor actinides in fast breeder reactors. The

CAPRIX
At 361.5 mm/BFC

TRABANT-2/2
At 213.9 mm/BFC

Fig. 1. Post-irradiation examination of CAPRIX (left) and TRABANT-2/2 (right)
at MFP.
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Table 1

Irradiation experiments specifications.
Pin specifications CAPRIX TRABANT-2/2
Reactor PHENIX (FR) HFR (MTR)
Equivalent irradiation time (days) 620.4 74.1
Max. LHR (W/cm) 354 465
Max. Cladding temperature (K) 750 839
Fuel type MOX MOX
Manufacturer JRC CEA
Active length (mm) 850 340
Fuel central hole diameter (mm) 2.0 2.39
Fuel pellet diameter (mm) 5.42 5.426
Initial gap width (mm) 0.115 0.112
Total porosity (%) 5.47 6.5
Oxygen to metal ratio 2.00 1.995
Heavy metal composition U: 55 % U: 60 %

Pu: 45 % Pu: 40 %

Cladding material AIM1 15-15Ti SS
Cladding outer diameter (mm) 6.55 6.55
Cladding inner diameter (mm) 5.65 5.65
Filler gas pressure (bar) 1 1
Filler gas composition He: 95 %, Nu: 5 % He: 100 %

irradiation was conducted over multiple cycles between 2001 and 2005
but was ultimately discontinued due to significant fuel axial displace-
ment observed through neutron-radiography (Van Til et al., 2021). The
nominal cladding temperature and linear heat rate (LHR) at the peak
power position are illustrated in Fig. 2 for both the considered
experiments.

3. Model description

This work builds on the research by Barani and co-authors (Barani
et al., 2022), who developed an engineering-scale model for porosity
migration using the open-source C++ library MFEM (Anderson et al.,
2021). MFEM serves as the foundation for efficiently solving partial
differential equations via the finite element method, supporting arbi-
trary high-order finite elements, scalable parallelization, and compati-
bility with external tools such as GMSH (Geuzaine and Remacle, 2009)
and ParaView (Ahrens et al.,, 2005). These tools were employed
throughout this study. The model aims to couple the heat diffusion
equation with pore advection into a solvable system, as described below:

oT 1-
P~ Ve k(T,p)VT] - Qz)?; =0 @
op _
E"FVO[V(T}})] =0 (2)

In this set of equations, the terms are defined as follows:

e p (kg-m~3): fuel density
e Cp (J-kg 1K™ 1): heat capacity

CAPRIX | Irradiation history
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e T (K): temperature

o q,(W em3): volumetric heat source

e Do, p(—): initial and current porosity

o k(T,p)(Wem! e K!): thermal conductivity
e v(T)(mes1): pore velocity

In this work, the thermal conductivity k(T,p) is described using the

Kato (KATO et al., 2011) formulation with a porosity correction based
on the Maxwell-Eucken model (Eucken, 1940):

1 C D
k(T):AJrBTJ’EeXp(_T) ®

with the coefficients defined as:

e A = (2.713x+3.583 x 107! x z; +1.595 x 1072)
e B = (—2.625x+2.493) x 10~

e C = 1541x 10"
e D =1522x 10*

The effective thermal conductivity, corrected for porosity, is given
by:
kHe + Zk(T) — 2p(k(T) — kHe)
ke + 2k(T) + p(k(T) — kne)

k(T,p) = k(T) 4

The formulation captures two dominant conduction mechanisms: a
hyperbolic term accounting for the lattice conduction by phonons and
an Arrhenius-type term associated with electron-vacancy pair mobility.
The correlation includes the effects of stoichiometry (x) and americium
content (2;), while neglecting corrections for neptunium. The porosity is
treated by assuming that all pores are filled with helium, using a con-
stant thermal conductivity kg, equal to 0.69 W-m™1-K1.

Various correlations for pore velocity are available in literature,
considering different physical dependencies. In this study, the expres-
sion proposed by Sens (Sens, 1972) is adopted:

AH;\ ..
[v| = co(c1 4 c2T +c3T* + ¢4 T*) AH Py sexp < - ﬁ) T25|VT| (5)

Here ¢y, ¢1, ¢35, c3 and ¢4 are constants, AHS(Jmol’l) is the heat of
vaporization, P,; is a characteristic material parameter and
R(Jmol 'K!) is the universal gas constant.

The system of equations is solved using the Streamline Upwind sta-
bilization technique for the pore advection equation, to limit the spatial
oscillations in the solution of this advection-dominated PDE. However,
the presence of non-uniform source terms and asymmetries can lead to
an excessive introduction of diffusivity by this stabilization approach.

As discussed in detail in section 6.3, the present MFEM model in-
cludes several simplifications that define its scope and limitations: It
uses a 2-D representation with assumed symmetry and does not account
for any axial coupling. Solid mechanics effects, such as elastic or plastic

TRABANT-2/2 | Irradiation history
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Fig. 2. CAPRIX (left) and TRBANT-2/2 (right) Cladding nominal temperature and LHR at the peak power position.
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deformation and cladding creep are not explicitly modelled. The fuel
thermal conductivity is kept constant, not accounting explicitly for burn-
up degradation. Other effects, including redistribution, oxygen-to-metal
(O/M) ratio changes are also neglected. Finally, boundary cladding
temperatures are taken directly from the fuel performance codes,
without experimentally measured angular data.

3.1. Mesh generation

The displacement of the pellet within the cladding can be described
as in Fig. 3. It is possible to derive the analytical solution for an inde-
pendent displacement in the x and y directions. However, a simpler and
equivalent solution is to change the reference coordinate system,
through rotation, forcing it to overlap with a new x axis. In this way,
after rotating the reference frame, it is possible to represent any
two-dimensional displacement in an equivalent new x-directional
displacement in the new reference system. This approach simplifies the
number of case studies relevant to consider, allowing for the assumption
of symmetry along the new x-axis for all possible displacements.
Therefore, it is possible to consider a half-pellet domain, reducing by
half the number of mesh points and the overall computational cost.

All the meshes used in this work are produced using the open-source
code GMSH, starting with a simple uniform mesh, the following opti-
mization process led to the reference meshes used in this work:

1. Identification of the regions of big discontinuities (pore velocity and
porosity).

2. Mesh refinement in the identified regions.

3. Verification of the quality of the mesh by comparing the aspect ratio
of the elements, the number of elements and their size.

4. Iterate the previous steps until the mesh is satisfactory.

The reference mesh for CAPRIX is presented in Fig. 4 (left). In the
outer region the element size is set to be equal to half outer arc, while in
the innermost part of the pellet it is fixed to one twentieth of inner arc.
The transitions between elements are imposed using a radial threshold
field, up to a radius of expected porosity discontinuity the element sizes
are set to minimum, for increasing radius the size increases gradually up
to the maximum size at the outermost boundary (fuel pellet surface).

A second version of this mesh is made for TRABANT-2/2, presented
in Fig. 4 (right) as higher linear heat rates produce significant pore ve-
locity discontinuities. Therefore, the resulting mesh extends the mini-
mum size band to the region where the maximum pore velocity is
expected. The results improve significantly and even if computational
cost increased, the simulation times remain reasonable for the scope of
this work.

The Table 2 provides a detailed comparison of mesh statistics for the
two cases, including key metrics such as element counts and quality
indicators.
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3.2. Boundary conditions

The MFEM model requires data for the fuel surface temperatures,
which are obtained from the fuel performance calculations conducted as
part of the PuMMA benchmark Phase I (Jaramillo-Sierra et al., 2025).
The reference results (centered pellet) for TRANSURANUS (Magni et al.,
2021) and GERMINAL (Lainet et al., 2019) codes are reported in Figs. 5
and 6.

It is important to note that, although both codes were supplied with
harmonized irradiation inputs, including irradiation history, cladding
temperature, fuel composition, and geometry, the predicted outer fuel
temperatures differ significantly. These discrepancies derive from dif-
ferences in material property correlations and in the treatment of key
thermal-mechanical phenomena such as gap conductance, fuel reloca-
tion, and Joint-Oxide-Gaine formation.

These divergences were already evident in the blind phase of the
PuMMA benchmark and are described in detail in its corresponding
publication, which includes a detailed description of the models and
material properties used by each code (Jaramillo-Sierra et al., 2025).
The most relevant differences and their implications for MFEM simula-
tion outcomes are further analyzed in Section 6.2.

To consider a non-homogeneous angular boundary condition, the
coordinate reference system is fixed at the center of the fuel pellet where
the distance of the displacement is ¢ and the angle considered is 6, as
shown in Fig. 7. The gap distance g between the fuel outer radius ry and
the cladding inner radius r, is then a function of the displacement and
the angle considered g (e, 0). Following simple geometry reasoning it is
possible to derive the analytical function as follows:

g(e,0) = /12 — e2sin*(0) — ecos(6) — 1y (6)

To calculate the pellet surface temperature as function of the angle, a
gap size sensitivity is performed in for both the codes involved. The gap
size is calculated for 11 equally spaced angles from 0° to 180°, and the
corresponding values are implemented in the codes by increasing the
inner cladding radius.

The initial ramp to achieve the nominal LHR takes one hour. At this
time, the angular temperature distribution determined by gap size
sensitivity is analyzed while the gap remains open. Fig. 8 illustrates the
outer fuel temperatures as a function of angle. It is noteworthy that the
temperature variation between the two codes reaches approximately
500 °C, primarily due to the different fuel radial relocation models
employed by each code.

According to the GERMINAL results, the gap between the fuel and
cladding closes during the first cycle. After gap closure, the angular
temperatures shown in Fig. 12 become uniform, aligning with the
reference (centered) case. In contrast, the TRANSURANUS simulations
do not predict gap closure, implying that the angular temperature dis-
tribution applied in the MFEM model will maintain the same shape as
depicted in Fig. 8 throughout the entire irradiation.

Fig. 3. Scheme of directional displacement equivalency.
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Fig. 4. Mesh for CAPRIX (left) and TRABANT-2/2 (right) simulations.

Table 2

Comparison of mesh statistics for CAPRIX and TRABANT-2/2 cases.
Property CAPRIX TRABANT-2/2
Nodes 2272 2923
Triangles 4328 5635
SIGN! 0.9443 (0.7416 — 1) 0.9445 (0.717 - 1)
Gamma? 0.9347 (0.657 — 1) 0.9348 (0.623 — 1)
SIGE® 0.9761 (0.8416 — 1) 0.9761 (0.8215 - 1)

ISICN: signed inverse condition number.
2Gamma: inscribed radius / circumscribed radius.
3SIGE: signed inverse error on the gradient of FE solution.

4. MFEM calculations results

This section presents and analyzes the outputs of the MFEM simu-
lations to evaluate the impact of off-centering on pore migration under
boundary conditions from two reference FPCs: GERMINAL and
TRANSURANUS. The analysis focuses on directional pore migration and

temperature distributions. The two times considered were intentionally
selected: the 1-hour mark (BoL) corresponds to the peak of the linear
heat rate ramp, before gap closure occurs, and represents the most
conservative condition for assessing the melting margin, since
GERMINAL predicts the highest fuel temperatures at this stage. The EOL,
by contrast, captures the cumulative effects of porosity migration and is
therefore relevant for comparing the final state between both cases and
with experimental observations.

Additionally, two parametric cases are detailed in the appendix: one
exploring the effect of a 10 % variation in the thermal conductivity
within the MFEM model, and the other examining the behavior under
central hole misalignment. These cases provide further insights into the
robustness of the model and its response to modeling and manufacturing
uncertainties.

4.1. CAPRIX

4.1.1. Centered case
According to the reference fuel performance calculations, the

CAPRIX | Fuel Surface Temperature | MFP
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Fig. 5. CAPRIX Fuel surface temperatures at MFP: reference simulation.

TRABANT-2/2 | Fuel Surface Temperature | MFP
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Fig. 6. TRABANT-2/2 Fuel surface temperatures at MFP: reference simulation.
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Fig. 7. Schemes for directional displacement gap size (left) and sensitivity (right).
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Fig. 8. Angular temperature profile for CAPRIX (left) and TRABANT-2/2 (right).

maximum fuel temperature for GERMINAL was reached after 1 h of
irradiation. As anticipated, higher temperatures led to increased pore
velocities, resulting in more pronounced porosity migration, as illus-
trated in Fig. 9. In contrast, for MFEM-TRANSURANUS (MFEM-TU), the
imposed boundary conditions resulted in both lower temperatures and
reduced pore migration.

4.1.2. Off-centered case

In the off-centered case, the MFEM model predicts higher tempera-
tures on one side of the pellet after 1 h of irradiation under both
boundary conditions, with MFEM-GERMINAL (MFEM-GE) exhibiting
the highest temperatures. The temperature distribution is highly sensi-
tive to the boundary conditions; consequently, at the End of Life (EoL),

Irradiation time = 1h

2000 -
1800 A
=
<4
2 1600
[
[
Q
E
£ 1400 A
1200 A
—— MFEM-GE
—— MFEM-TU
1000 A } , :
-2 -1 0 1 2
X [mm]

the MFEM-TU model presents a higher temperature profile. Notably, in
the MFEM-GE simulation, the region of higher temperature shifts to the
opposite side. This behavior can be attributed primarily to the gap
closure predicted by GERMINAL during the first cycle. From a thermal
perspective, the gap closure enhances its conductance, leading to a
global reduction in temperatures. However, since anisotropic pore
migration occurs prior to gap closure, the homogenization of surface
temperatures results in a higher temperature profile in the non-
restructured region. At EoL, both simulations demonstrate significant
directional pore migration, with local porosity values reaching 100 %
for MFEM-GE and 60 % for MFEM-TU. All these trends are illustrated in
Fig. 10.

Irradiation time = 1h

5.475 1
5.474
5.473 1
&
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Fig. 9. CAPRIX Centered case temperature, and porosity at 1 h.
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4.2. TRABANT-2/2

4.2.1. Centered case

Similarly to the CAPRIX case, the centered pellet reference case for
TRABANT-2/2 exhibited higher temperatures for MFEM-GE, as ex-
pected, after 1 h of irradiation, as shown in Fig. 11. In contrast, MFEM-
TU resulted in lower initial porosity migration, consistent with its cor-
responding temperature profile.

4.2.2. Off-centered case

In the off-centered case, the MFEM model at one hour of irradiation
shows both higher temperatures on one side of the pellet and anisotropic
pore migration for MFEM-GE. As expected from previous analyses,
MFEM-GE initially produces higher temperatures, consistent with the
imposed boundary conditions. However, this trend does not persist
throughout the entire irradiation period. Since GERMINAL predicts gap
closure early in the first irradiation cycle, the temperature profile be-
comes less sensitive to conditions during the third cycle, when the pin
undergoes over-power conditions. Consequently, at EoL, MFEM-TU ex-
hibits a more pronounced final porosity distribution, along with a higher
temperature profile. Notably, the behavior observed in the MFEM-GE
simulation for the CAPRIX pin is replicated here: after gap closure in
an already directionally restructured pellet, the region of higher tem-
peratures shifts to the opposite side. All these results are illustrated in
Fig. 12.

5. Comparison against PIE

Based on the PIEs of PUMMA, a semi-quantitative validation of the
MFEM model can be established. This semi-quantitative approach is
chosen to provide a balanced evaluation of the phenomena, recognizing
both the strengths and limitations of the model. Figs. 13 and 14 present a
direct comparison between the model’s predictions and the behavior
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observed in the CAPRIX and TRABANT-2/2 fuels, respectively.

The primary validation parameter is the directional enlargement of
the central hole, consistently observed in all off-centered case studies.
This enlargement is reproduced with reasonable accuracy by the MFEM-
GE model in the CAPRIX case and by the MFEM-TU model in the
TRABANT-2/2 case. Table 3 provides a direct comparison of the central
hole enlargement across the studied cases.

These geometrical results should be interpreted considering the
model limitations, particularly its inability to fully replicate the per-
manent and non-elastic deformation that the fuel pellet undergoes
during normal irradiation. Such deformations arise from complex in-
teractions between thermal, mechanical, and irradiation-induced phe-
nomena, which are not captured within the assumptions and
formulations of the MFEM model.

While validating the temperature profile directly is not feasible, the
porosity reduction serves as a useful proxy for assessing the model
ability to simulate this quantity. For CAPRIX, the PIE data show a
porosity reduction that aligns well with the results of both MFEM sim-
ulations. However, this agreement is not observed in the TRABANT-2/2
case, where experimental images do not exhibit comparable behavior.

6. Discussion and safety implications

This section discusses the impact of off-centering effects on fuel
safety, focusing on the reduction of the margin to melt and its stochastic
relevance, as well as the spread introduced by different FPCs and the
strengths and limitations of the proposed modeling approach.
6.1. Margin to melt reduction and stochastic relevance

This work successfully replicates the anisotropic enlargement of the
central hole observed in PuMMA experiments and provides a deeper

understanding of the dynamics leading to increased temperatures. As

Irradiation time = 1h

5.600

5.575 -

5.550 -

o
w
N
o

Porosity [%]

o
wu
o
=]

5.475 4

5.450 - —— MFEM-GE
— MFEMTU

X [mm]

Irradiation time = EoL

100 - r

80

60

Porosity [%]

S
S

204

—— MFEM-GE
—— MFEM-TU

-2 -1 0 1 2
X [mm]

Fig. 10. CAPRIX Off-centered case temperature and porosity at 1 h and EoL.



D. Jaramillo-Sierra et al.

Irradiation time = 1h

2000 A
1800 -
5
g
S 1600
2
e
'
Q
§
F 1400
1200 4
= MFEM-GE
- MFEM-TU
-2 -1 0 1 2
X [mm]

Nuclear Engineering and Design 444 (2025) 114372

Irradiation time = 1h

6.5020 4

6.5015 1

6.5010 1

Porosity [%]

6.5005 -

6.5000 +

6.4995 1 —— MFEM-GE

- MFEM-TU

[
N

-2 -1 0
X [mm]

Fig. 11. TRABANT-2/2 Centered case temperature, and porosity at 1 h.

Irradiation time = 1h

2200 -

2000

1800

1600

Temperature [K]

1400

1200

1000 4 —— MFEM-GE

Irradiation time = EoL

2200

2000

1800

1600

Temperature [K]

1400

1200

—— MFEM-GE
1000 —— MFEM-TU

-2 -1 o 1 2
X [mm]

Irradiation time = 1h

6.56

Porosity [%]
o
o
g

o
0
~

6.50

Irradiation time = EoL

100 4 (

80

60 1

Porosity [%]

20

o T
-2 -1 [ 3 2
X [mm]

—— MFEM-GE Xv_

—— MFEM-TU

Fig. 12. TRABANT-2/2 Off-centered case temperature, and porosity at 1 h and EoL.

noted in the introduction, off-centering and hole misalignments were
identified as critical factors reducing the margin to melt during early
irradiation stages (Blanc et al., 2017). Quantifying and understanding
these dynamics are essential, as the margin to melt (the temperature
difference between the fuel and its melting point) is a critical parameter
for the safe operation of nuclear fuel, particularly for fuels with lower
thermal conductivity.

Fig. 15 illustrates how off-centering leads to localized temperature
increases across all simulations, with the highest temperatures observed
opposite the fuel-cladding contact point. This effect is particularly pro-
nounced in hollow fuel pellets, such as those studied in the CAPRIX and
TRABANT-2/2 experiments. The temperature increase (AToff.centering) iS
substantial, ranging from 73-95 °C in MFEM-TU and 224-235 °C in

MFEM-GE. Such increases elevate the risk of fuel melting during oper-
ational transients or unanticipated power spikes. In fact, these effects are
not limited to the first stages or the irradiation; as shown in the
TRABANT-2/2 case, they can significantly impact fuel behavior
throughout subsequent cycles.

The exact causes of off-centering are challenging to identify and may
be influenced by factors such as fuel shuffling between cycles, the
roughness of MOX pellets, or misalignment during the mounting phase
of the fuel pin. Given the small dimensions involved, assembly toler-
ances could also contribute to off-centering. While directly determining
the cause is challenging and the phenomenon may appear stochastic, its
apparent randomness arises from insufficient input data and incomplete
boundary conditions necessary for accurate simulation and prediction. It
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The variability in the FPCs output originates from several factors,
including user-defined reference models, correlations specific to each
code, and differences in operating principles, underlying physical
models, and the emphasis placed on competing phenomena. This
divergence is evident when comparing the behavior of the GERMINAL
and TRANSURANUS.

In the case of CAPRIX, GERMINAL predicts a rapid temperature in-
crease, with the fuel surface reaching 1300 K within the first hour of
irradiation. This leads to early gap closure after the initial 20 days of the
cycle, reducing surface temperatures to approximately 900 K for the
remainder of the cycle. On the contrary, TRANSURANUS does not
exhibit such a temperature spike. Instead, it predicts a consistent surface
temperature of 1000 K throughout the first cycle, delaying gap closure
until the fifth cycle.

Key differences between the codes can be attributed to their
respective fuel fragment radial relocation and gap conductance models.
TRANSURANUS employs a straightforward relocation model that bases
changes on the initial gap size. In contrast, GERMINAL’s model accounts
for the complete evolution of the free volumes created by cracking at the
beginning of life. Its empirical formulation includes a dependence of the
fragment relocation on the thermal gradient within the pellet, which is
indeed the main driver of gap closure in the fuel (Lainet et al., 2019).

After GERMINAL gap closure, the two codes diverge further.
GERMINAL predicts lower overall temperatures due to enhanced gap
conductivity from fuel-cladding contact, while TRANSURANUS predicts
higher temperatures, not only because it assumes an open gap but also
due to elevated FGR, which degrades gap conductance. These differ-
ences critically influence analyses of pore migration, especially during
scenarios of high LHR.

For CAPRIX, GERMINAL predicts conservatively high temperatures,
which aligns with high LHR at the BoL (time = 1 h). However, in cases
like TRABANT-2/2, where the highest LHR occurs during the third cycle,
early gap closure predicted by GERMINAL can underestimate tempera-
tures. PIEs corroborate these findings in both CAPRIX and TRABANT-2/
2 cases.

6.3. Strengths and limitations of the proposed method

The results demonstrate that the proposed model effectively repli-
cates non-axially symmetric pore migration, establishing itself as a
valuable tool for interpreting PuMMA PIEs and for semi-quantitatively
predicting the effects of off-centering phenomena. However, the
model accuracy is constrained by the limited physics included in the
description (i.e., no mechanics, redistribution of constituents or isotopic
evolution).

Key limitations include neglecting significant long-term irradiation
effects such as thermal conductivity degradation due to burn-up, and
power distribution changes induced by plutonium and americium
redistribution. While incorporating thermal-mechanical coupling and
cladding behavior could significantly enhance the model predictive
capabilities, it would also increase its complexity and computational
demands.

Accurate predictions are further complicated by the conditions under
which the fuel pins are irradiated. The absence or non-availability of
angular cladding temperature measurements makes it challenging to
define precise boundary conditions. Additionally, irradiation in a ther-
mal/epithermal reactor (e.g., HFR) can significantly impact power
deposition within the material, further complicating the analysis. Fac-
tors such as the decreasing effectiveness of the neutron shield and the
evolving neutron spectrum can alter the fuel’s effective cross-sections
over time. In the TRABANT-2/2 case, PIE reveals that the axial profile
of central hole enlargement is not directionally uniform but exhibits an
oscillatory pattern. This suggests that the phenomenon may be influ-
enced by evolving irradiation conditions and underscores the need for
angular data to refine the model and improve its reliability.

10

Nuclear Engineering and Design 444 (2025) 114372

7. Conclusion

This work investigates the effects of pellet off-centering on the
behavior of hollow MOX fuel with high plutonium content, using a FEM
model implemented through the MFEM library. The model couples heat
conduction with pore migration equations to simulate anisotropic
porosity evolution and temperature distributions under fast reactor
irradiation conditions. The analysis focuses on two experimental fuel
pins from the PuMMA project, CAPRIX and TRABANT-2/2, both of
which exhibited significant eccentricity in PIE. The simulations suc-
cessfully reproduce these conditions and compare results with PIE
findings to assess the impact of eccentricity on melting margins and fuel
behavior.

The key findings of this work include:

1. Off-centering effects on temperature distribution: Pellet eccen-
tricity induces localized temperature peaks in hollow pellets,
reducing the margin to melting under both normal and transient
operational conditions. In some cases, this effect leads to tempera-
ture increases of up to 235 °C. These results highlight the necessity of
considering eccentricity in fuel performance models, especially for
reactors operating at high temperatures and LHRs.

2. Directional pore migration: The model successfully replicates the
asymmetric porosity observed in PIE, particularly in the enlargement
of the central hole. While the MFEM-GERMINAL model aligns well
with CAPRIX PIE results, the MFEM-TRANSURANUS model captures
better the behavior observed in TRABANT-2/2, emphasizing the
strong dependency on FPC boundary conditions.

3. Sensitivity to FPC modeling approaches: Differences in fuel per-
formance modeling significantly influence the predicted temperature
distribution and porosity migration. The analysis highlights the
variability in fuel-cladding gap dynamics, gap conductance and fuel
fragmentation models, which lead to divergent predictions of gap
closure and subsequent thermal conditions. This highlights the need
for standardized approaches to fuel modeling to reduce uncertainties
in safety assessments.

4. Safety implications: Off-centering leads to significantly tempera-
ture increases and directional porosity migration, potentially
impacting the integrity of the fuel and cladding. Given the uncertain
origin of pellet eccentricity, possibly caused by assembly tolerances
or pellet roughness, these phenomena should be systematically in-
tegrated into safety evaluations and design optimization of Gen-IV
reactors. This is particularly important for reactors featuring hol-
low ceramic fuels or other designs with high-power densities,
elevated temperatures, and low thermal conductivities.

7.1. Future perspectives

While this work advances the understanding of off-centering effects
of off-centering in hollow MOX fuels, it also highlights areas requiring
further investigation:

e Incorporation of thermal-mechanical coupling: Future models
should integrate mechanical behavior, including stress-strain in-
teractions, pellet-cladding mechanical contact, and fuel cracking, to
improve predictive capabilities.

Evolution of fuel properties over irradiation: The current model
does not capture phenomena such as fuel redistribution and thermal
conductivity degradation over extended burn-up periods. Incorpo-
rating in the model the redistribution of plutonium, americium, and
oxygen would improve the accuracy of thermal and porosity pre-
dictions. These elements influence local heat generation and fuel
restructuring, making their inclusion essential for a more compre-
hensive assessment of fuel behavior under irradiation.
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Appendix:. Parametric analysis on thermal conductivity and hole misalignment

Understanding the sensitivity of the model to key parameters such as thermal conductivity and hole misalignment is essential for evaluating its
robustness and predictive accuracy. These parameters significantly impact the temperature distribution and the evolution of the central hole, both of
which are critical for assessing the safety margins of high-Pu content fuels. This appendix examines the model’s dependence on variations in thermal
conductivity and its ability to replicate off-centering effects when accounting for initial hole misalignment.

Parametric analysis on thermal conductivity

The parametric analysis on thermal conductivity was performed using GERMINAL boundary conditions for the TRABANT-2/2 simulation. The
variation range was defined as +10 % relative to the Kato formulation (KATO et al., 2011), following the uncertainties outlined in Magni’s study
(Magni et al., 2020).

The results for EoL porosity are presented in Fig. 16. As expected, the model demonstrates a direct dependence on thermal conductivity, with a
maximum temperature increase of 70 °C observed compared to the reference simulation. These results underscore that neglecting thermal conduc-
tivity degradation significantly limits the directional pore migration.

porosity
00e+00 02 04 06

08 1.0e+00
|

Fig. 16. TRABANT-2/2 MFEM-GE parametric results on thermal conductivity: —10 % (left), reference (center) and + 10 % (right).

Parametric analysis on central hole misalignment

Tolerances in the central hole position during MOX fuel fabrication can result in eccentric effects. To evaluate this, a significant central hole
misalignment was considered by producing a new mesh with a 10 % displacement of the hole, maintaining the same quality approach as previously
described. The simulation used the centered boundary conditions from the CAPRIX study with GERMINAL.

Consistent with the results from pellet off-centering, deviations from symmetric conditions (characteristic of hollow pellets) produced significant
localized temperature increases, with peaks up to 150 °C. The corresponding temperature and pore migration results are shown in Fig. 17.

These findings highlight the importance of considering geometric deviations such as hole misalignment when modeling fuel behavior, as they can
critically impact localized temperatures and pore migration, thereby affecting overall fuel performance and safety margins.

11
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Fig. 17. CAPRIX MFEM-GE results on hole misalignment: Temperature (left), pore velocity (center) at 1 h and porosity (left) at EoL.
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