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1. Introduction
The investigation of nuclear fuel rod behavior
under irradiation is fundamental for the safe de-
sign, licensing, and operation of nuclear reac-
tors, as well as for studies on final reposito-
ries. One such crucial aspect is the behaviour
of fission gas, particularly Xenon and Krypton.
Fission gases precipitate into bubbles, causing
fuel swelling and promoting pellet-cladding me-
chanical interaction. Additionally, fission gas re-
lease to the rod’s free volume results in pressure
buildup and thermal conductivity degradation.
Various mechanisms of fission gas release exist,
however, in this study the focus will be centered
around athermal fission gas behaviour.
Athermal fission gas release holds prime impor-
tance in reactors that operate at low tempera-
tures and, also, for fast neutron reactors using
fuels with high thermal conductivity. Various
mechanisms of athermal fission gas release ex-
ist. This study focuses on the athermal FGR
induced by the presence of open channels in the
fuel matrix. The as-fabricated porosity (Pfab)
contributes to a system of open tunnels of poros-
ity at the grain edges, providing an easy es-
cape path for gas atoms produced within the
fuel grains. This system of percolated networks
framing the grain is referred to as open poros-

ity (Pop). While a prior model, developed by
Claisse and Van Uffelen [1], accounting for the
impact of open porosity on inter-granular fission
gas release, is available in the open literature, it
is believed to overestimate the release of fission
gas due to oversimplifying assumptions. This
investigation seeks to expand upon this model
by incorporating physics-based approaches and
machine-learning techniques.
The advancements resulting from the present
work are incorporated into the SCIANTIX code
[2] to enhance its predictive capabilities. Testing
against literature data and benchmark scenarios,
particularly in base irradiation cases, confirms
the model’s consistency and accuracy.

2. Methodology
2.1. Model development
The athermal fission gas release can be regarded
as a venting process. This involves the release of
gas by subtracting a portion of the gas concen-
tration at grain boundaries, indicated as q (at
m−3), resulting from diffusion and governed by
Equation 1. This specific fraction is defined as
the athermal venting factor (fath).
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where: D (m2s−1) is the single-atom diffusivity,
a (m) is the spherical grain radius, c (at m−3)
is single-atom gas concentration and R (at m−3

s−1) is the released rate.
The nature of fath, according to Claisse and Van
Uffelen (2015), is purely geometrical and relies
on the polyhedral structure of the fuel grains.
In this investigation, a corrective factor λath for
fath is defined to account for the real shape of the
gas flux within the grain, including its depen-
dency on the grain-edge inclination angle. This
factor represents the ratio between the average
integral flux exiting from the grain within the ra-
dius of the open porosity tunnel (

〈
φout〉

op) and
the total average integral exiting flux (

〈
φout〉

tot).

λath :=

〈
φout〉

op〈
φout

〉
tot

(2)

where:
〈
φout〉

op = −2
r

∫
r D∇c(x, y, t)dxdy

〈
φout〉

tot = −1
l

∫
l D∇c(x, y, t)dxdy

(3)

Here, the specific value of r depends from Pop,
which, in turn, a function of Pfab. To achieve a
more physical interpretation of the relationship
between Pop and Pfab the linear interpolation
inferred by Claisse and Van Uffelen (2015)[1]
was replaced by a new semi-empirical fit of the
shape:

Pop = αPfab︸ ︷︷ ︸
Isotropic term

+
a

1 + e−c(Pfab−b)︸ ︷︷ ︸
Anisotropic term

(4)
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Figure 1: Comparison between this work’s fit
with the one inferred by Claisse and Van Uffelen
[1]

With the scope of computing λath, a numerical
approach using finite element methods (FEM) is
employed to solve the diffusion equation within
a designated domain representing a 2-D section
of the grain. Conducting a sensitivity analy-
sis on the computed value of λath in relation to
the mesh coarseness revealed minimal variation.
This suggests high fidelity of the computational
method. Ultimately, the chosen value for mesh
coarseness ensures accurate modeling of gas dif-
fusion dynamics within the grain.

2.2. AI-enhanced model
In Section 2.1, we presented the fundamental
physical conceptualization underlying our work.
We introduced a corrective factor to the orig-
inal formulation proposed by Claisse and Van
Uffelen [1], accounting for the solution of the
diffusion equation in a domain dependent on
the grain-edge inclination angle. To compute
this corrective factor, denoted as λath, we uti-
lized a high-fidelity (HF) MATLAB code to solve
the diffusion equation, considering parameters
such as grain-edge inclination angle (θ), fab-
rication porosity (Pfab), grain edge length (l),
burn-up (β), temperature (T ), gas generation
rate (Ḟ ) and gas initial concentration (C0). Of
particular importance was the investigation of
the grain-edge inclination angle θ and its im-
pact on gas diffusion. We inferred a validity
range for θ based on scanning electron micro-
scope (SEM) images of nuclear fuel grains, span-
ning from approximately 90 to 135 degrees. By
conducting simulations across various geome-
tries, we observed how the gas diffusion gra-
dient shape evolved with different values of θ
(Figure 2). As θ increased, the concentration
gradient within the grain became more uniform,
eventually resembling the gradient in a spher-
ical grain. The behavior of λath was found to
align with the trend of the concentration gradi-
ent, being small for θ ≈ 90 and gradually in-
creasing with higher values of θ. Eventually, as
θ approached 135°, λath tended towards unity,
indicating an alignment with Claisse and Van
Uffelen’s treatment of uniform gas diffusion. In
addition to θ, we discussed other factors influ-
encing this phenomenon, including fabrication
porosity, grain edge length, burn-up, tempera-
ture, and gas generation rate. These interdepen-
dencies highlighted the complexity of gas diffu-
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sion within the fuel grain, necessitating a com-
prehensive approach in understanding and mod-
eling its behavior.

(a) θ = 120°, SEM image from [3] .
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(b) θ = 120°, λath = 0.4573 .

Figure 2: Evaluation of the gas diffusion gradi-
ent shape, accounting for the grain-edge inclina-
tion angle with the high-fidelity code.

Nonetheless, navigating these dependencies and
their intricate physical interconnections posed
complex challenges. Despite the precision
achievable through the utilization of the HF
code, the computational cost associated with its
implementation proved to be burdensome and
impractical for FPC applications. For these rea-
sons, it was decided to encompass all the in-
formation relating to the aforementioned depen-
dencies, feeding into the computation of the fac-
tor λath, into a surrogate model. For the sake
of explainability, a feed-forward neural network
(FNN) was developed and integrated via a ded-
icated routine in the SCIANTIX code. The
FNN was constructed featuring ten neurons and
trained using synthetic data generated from the
HF simulations, incorporating the various de-
pendencies as input features. Furthermore, we

defined the validity ranges for each feature in-
cluded in the surrogate model, ensuring that
the model remains applicable within realistic
operating conditions. The dataset was parti-
tioned into training (70%), validation (15%),
and test(15%) data according to a random sam-
pling. The network’s training was optimized
using the Levenberg–Marquardt algorithm, and
its performance, evaluated in terms of mean
square error (MSE), demonstrated its efficacy in
capturing the complex relationships within the
data.

3. Connected Phenomena
Various other phenomena significantly influ-
ence fuel behavior in low-temperature applica-
tions and impact the evolution of open porosity.
Among these phenomena are solid swelling and
fuel densification, both of which are crucial to
comprehensively understanding fuel behavior.

3.1. Solid Swelling
Solid swelling, as defined by Olander [4], quan-
tifies the fractional increase in solid volume con-
cerning the initial volume of fresh fuel. This
phenomenon primarily stems from the replace-
ment of heavy metal atoms by fission-product
(FP) atoms, with contributions from both fis-
sion gases and other solid fission products. Typ-
ically, fission gases like xenon and krypton form
bubbles within the fuel, while most other fis-
sion products exist as solids. However, at very
low temperatures (T<1000°C), fission gases may
lack mobility to form bubbles, thus contribut-
ing to swelling similar to other fission products.
In contrast with Olander in this work, this con-
tribution, driven by the presence of Xenon and
Krypton in intragranular solution, was kept sep-
arate from the one induced by FPs.

3.2. Densification
As irradiation progresses, it’s expected that the
initial open porosity in fuel diminishes due to
in-pile densification. This process, influenced
by factors like temperature, burnup, and fission
rate, reduces the total porosity and consequently
the open porosity. Empirical expressions, such
as the one proposed by Van Uffelen [5], have
been used to characterize the fraction of original
fabrication porosity that anneals out due to den-
sification. However, these empirical approaches
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lack a deep understanding of the underlying
physics. To address this, a semi-empirical ap-
proach was proposed in this study. Dependency
on grain radius was disregarded for simplicity, as
its influence on densification is uncertain in nor-
mal grain-sized grains. Instead, the densification
process was modeled as burnup-dependent, with
a temperature-dependent source term according
to the following Ordinary Differential Equation
(ODE):

dfdens

dβ
= kβfdens + S(T ) (5)

where kβ is a constants and S(T ) is a source
term, assumed exponential in nature. In this
work, experimental data from a comprehensive
study on UO2 fuel densification [6] were em-
ployed to tune the values of the constant kβ
and refine the functional form of the source
term. The densification factor is monotonically
increasing with burnup to reflect the irreversible
nature of densification. To account for residual
porosity, a constant value of 75% of the initial
fabrication porosity was assumed. Furthermore,
the model addressed the densification of open
porosity. Unlike previous assumptions, the frac-
tion of original porosity and open porosity an-
nealed out during irradiation were not assumed
to be equal. Instead, Equation was enforced to
dictate the new value of open porosity after den-
sification. Overall, the proposed semi-empirical
approach provides a comprehensive understand-
ing of fuel densification, incorporating depen-
dencies on burnup and temperature while con-
sidering the complexities of fabrication and open
porosity evolution.

4. Results
The models developed in this work, integrated
into the SCIANTIX code, were evaluated for
consistency and predictive capabilities using
open literature data. Separate effect tests were
conducted to assess SCIANTIX’s performance,
employing Kashibe [7] and Baker [8] experimen-
tal cases as benchmarks. Furthermore, to ex-
pand the exploration of our AI-enhanced ather-
mal fission gas release model, a synthetic dataset
was generated. Covering the same fuel com-
position as the Baker tests, it spans temper-
atures from 373 to 2073 K and reaches a fi-
nal burnup of 50 MWd/kgUO2. The test cases
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Figure 3: Experimental and synthetic cases em-
ployed in the separate effect tests of the AI-
enhanced athermal fission gas release model de-
veloped in this work

are illustrated in Figure 3. Two reference
cases were employed to effectively test the semi-
empirical models for porosity densification and
solid swelling. Namely, the Baker test case at
1273K and the Kashibe test base-irradiated un-
der Pressurized Water Reactor (PWR) condi-
tions were used with this scope. On one hand,
this analysis underscored, in line with equation
4, the dual nature of the relationship between
fabrication porosity and open porosity. Indeed,
while the Baker case revealed the isotropic term
of this linkage, the Kashibe one highlighted the
anisotropic effect. On the other hand, the re-
sults of the solid swelling model noted how this
quantity, during irradiation, closely follows the
gas concentration in intragranular solution. The
significance of integrating an athermal model
into SCIANTIX was underscored through com-
parisons of fission gas release results, particu-
larly with the model developed in [1] and with
SCIANTIX without an athermal model. It was
noted that the model developed in this study
closely matched experimental observations of fis-
sion gas release across various scenarios, consis-
tently maintaining levels well below 1%, except
for the Kashibe case at 83 GWd/t. This devi-
ation, however, was ascribed to the particular
composition of the fuel employed in the test.
Notably, variations were observed in the bur-
nup values at which saturation occurs among
the three models. The model without ather-
mal release reached saturation first, followed by
our prediction, and then by the Claisse model.
This discrepancy in predicted burnup values for
the onset of grain boundary saturation is note-

4



Executive summary Arianna Pagani

worthy. Although SCIANTIX operates as a 0-D
code at a local level, this effect may carry impor-
tance for assessing regions within the fuel pellet
where grain boundaries reach saturation. Hav-
ing assessed the potential of the athermal fission
gas release model developed within our research,
our focus shifted towards examining its behav-
ior across a wider spectrum of separate effect
test cases, encompassing the Baker and Kashibe
cases alongside a collection of synthetic cases, as
mentioned before. To ensure clarity in our pre-
sentation, we truncated results concerning fis-
sion gas release histories upon reaching satura-
tion. This approach facilitated a focused ex-
amination of athermal fission gas release, given
that thermal diffusion dominates once satura-
tion is achieved. Our findings were expressed
in terms of a unique unit: the square root of
burnup, aligning with the nature of FGR diffu-
sion described by the Boot model. This met-
ric provided a suitable approximation for short
timescales, particularly relevant to low irradia-
tion scenarios.
In evaluating the performance of our model
across varying temperatures and low burnup lev-
els using the Baker test cases, distinct trends
emerged. Notably, an inverse relationship be-
tween incubation time and temperature was ob-
served, alongside non-linear behavior in inter-
granular fractional coverage. Unexpected ef-
fects of temperature on fission gas release were
also noted, such as peaks around 1700-1800 K,
attributed to the mixed behavior of intragran-
ular bubbles. The impact of densification on
fission gas release was evident, resulting in a
peak before the incipit of densification. How-
ever, the intertwining effects of temperature on
densification and fission gas release hindered the
establishment of temperature-bounds for this
peak. Moving on to the Kashibe test cases,
we explored our model’s performance in low-
temperature scenarios across extended burnup
levels. Similar to the Baker cases, predomi-
nantly linear trajectories of fission gas release
were observed, indicative of a primarily diffusive
phenomenon. However, as burnup increased,
this trend gradually diminished, particularly ev-
ident in the PWR test case. This was at-
tributed to the short irradiation time approxi-
mation becoming invalid, as diffusion alone can-
not fully explain the behavior of fission gas. Ad-

ditionally, the observations from these synthetic
simulations mirrored those from the Baker and
Kashibe cases, emphasizing the consistency of
our model across the entire range of exploration.
The results are reported in Figure 4.
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Figure 4: Athermal fission gas release, model
evaluation across different separate effect test
cases.

5. Discussion
Having studied in detail the behaviour of the
AI-enhance model for athermal fission gas re-
lease developed in this study across a wide spec-
trum of temperatures and burnup levels, we
turned our attention to the significance of our
model for experimental cases utilized in validat-
ing the SCIANTIX code, including AN3, RE-
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GATE, HATAC-C2, and CONTACT1. These
experimental scenarios were evaluated at their
respective average temperature. Results un-
veiled a compelling trend between the model’s
predictions and experimental observations, par-
ticularly in delineating the temperature and bur-
nup levels at which saturation occurs. In our
analysis of the temperature-burnup space map-
ping, distinct patterns were observed across var-
ious experimental cases. The Baker cases pre-
dominantly reside in a region characterized by
low burnups and high temperatures, where sat-
uration occurred rapidly upon irradiation onset.
As temperatures increased, the incubation time
exponentially decreased, followed by a slower
linear trend observed in the Kashibe test cases.
At higher burnup levels, this linearity dimin-
ished, indicating a threshold burnup value of ap-
proximately 77-78 MWd/kgUO2 at which, across
all temperatures, saturation is anticipated. Our
model predicted that experimental points would
predominantly lie in a region governed by ather-
mal release, consistent with their observed fis-
sion gas release values.
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(a) Mapping of the temperature-burnup space based on
the coordinates at which fission gas release exceeds 1%
for the different studied cases.
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for the different studied cases, compared to the Halden
threshold.

Figure 5: Fission gas release maps.

Furthermore, we constructed a similar map
highlighting temperature and burnup values
where fission gas release exceeds the 1% thresh-
old. The Vitanza criterion - also known as
the Halden threshold - was also incorporated
for comparison and it consistently acted as an
upper limit for the region of athermal release
defined by our model. Once again, all experi-
mental cases under consideration occupy a por-
tion of the space governed by athermal fission
gas release. Upon comparing the two maps
(Figures 5), their similarity becomes evident.
They describe the two-headed nature of fission
gas release assessment. One pertains to the
saturation of grain boundaries and dwells in
the mesoscale. The other is centered on the
engineering-oriented threshold of 1% fission gas
release and inhabits the macro-scale. Thus, the
convergence of these trends underscores the in-
terplay between engineering and physical limits,
revealing the intrinsic connection between the
mesoscale and the macroscopic scale. All the ex-
perimental cases, consistent with their empirical
data, were predicted to fall within the athermal
release region, as delineated by both physics-
based and engineering-oriented limits. As previ-
ously mentioned, these experimental data points
were evaluated based on average temperatures.
The SCIANTIX code operates at the mesoscale
in a 0-D manner. Consequently, in the context
of integral effect tests, it is not expected that the
entire fuel rod will remain below the saturation
limit. However, when considering a localized de-
scription of fuel behavior, the aforementioned
observations remain relevant. Therefore, these
maps can serve as a tool for assessing the pre-
dicted region of fission gas release, whether in-
fluenced primarily by athermal behavior or ther-
mal diffusion. Ultimately analysis highlighted
the relevance of an accurate model for athermal
release, which is crucial for informing the design
of experimental setups and fuel rods, as well as
for the operation and licensing of nuclear reac-
tors and final repositories.

6. Conclusions and Future De-
velopments

This study investigated the significance of incor-
porating a model for athermal fission gas behav-
ior in fuel performance applications. By focusing
on the mechanism driven by open pore struc-
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tures in the fuel matrix, we aimed to improve
predictive capabilities using both physics-based
models and machine learning techniques. We in-
troduced a new quantity, λath, to account for the
real shape of gas flux exiting the fuel grain, con-
sidering factors like grain-edge inclination angle
and diffusion dynamics. By incorporating a wide
range of dependencies, a high-fidelity code pro-
vided accurate estimations of λath, which were
then used to train a feed-forward neural net-
work for computational efficiency. In addition to
the athermal release model, semi-empirical mod-
els for fuel solid fission products swelling and
porosity densification were presented. Separate
effect tests, including benchmark scenarios and
synthetic cases, assessed the performance of the
SCIANTIX code augmented by these models.
Experimental data on fission gas release were
further studied to explore the model’s behav-
ior, showing good agreement in base-irradiated
scenarios. This study underscores the impor-
tance of developing a model for athermal release
comprehensive of other relevant phenomena at
low-temperature conditions, to inform both ex-
perimental setups and fuel rod design. Further-
more, the application of machine learning tech-
niques in fuel performance codes offers signifi-
cant potential for enhanced predictive capabili-
ties without sacrificing computational efficiency.
To advance this investigation, integral validation
is crucial, along with efforts to enhance the ex-
plainability and interpretability of artificial in-
telligence techniques used. Additionally, uncer-
tainty assessment and sensitivity analysis of in-
troduced quantities would further improve the
investigation’s depth. Lastly, considering addi-
tional phenomena impacting on athermal fission
gas release, could improve performance and ac-
curacy.
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