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SCIANTIX is a 0D, open-source code designed to model inert gas behaviour within nuclear fuel at the scale of the
grain. The code predominantly employs mechanistic approaches based on kinetic rate-theory models to calculate
engineering quantities, such as fission gas release and gaseous fuel swelling. Since its release, SCIANTIX has
undergone significant improvements, including the incorporation of new modelling and numerical capabilities.

The code architecture has been revamped, embracing an object-orientated structure improving the overall ef-
ficiency and usability. This work provides a concise overview of the current state of the SCIANTIX code, high-
lighting recent updates and advancements. Each SCIANTIX model is presented along with the corresponding
separate-effect validation database, which is used to assess its accuracy and predictions.

1. Introduction

Understanding and predicting the behaviour of inert gases in nuclear
fuel is vital to ensure reliable and efficient operation of fuel rods, and the
safety of light water and fast reactors [1-5]. Physics-based approaches
based on kinetic rate-theory models [6-11], and corresponding codes
[12-24], have been developed to capture the intricate inert gas behav-
iour (IGB) in nuclear fuel. The use of kinetic rate-theory models is
motivated by several inherent advantages. First of all, description with a
limited set of differential equations governing different phenomena
[25-28]; the natural application of the simulation to a wide range of
operational and accidental transient scenarios [7,9,12,29-32]; the
direct benefit from new separate-effect experimental data available,
hence extending the separate-effect validation database of the imple-
mented models [28,33,34]. Lastly, by bridging information from
lower-length scales (e.g., by definition of specific model parameters [12,
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35-42]) to engineering scale of the nuclear fuel rod, easing the appli-
cability to different fuel materials (e.g., by modifying specific material
properties) with minor modifications. Among the developed mesoscopic
codes dealing with physics-based IGB modelling, none are open source
[12,20,43], hindering their applicability in the frame of multi-scale and
multi-physical projects involving different software. Therefore, SCIAN-
TIX was developed with the goal of being an open-source, standalone
code for IGB physics-based modelling, applicable to simulations of ex-
periments with separate effects on the fuel-grain scale, or generally for
samples in uniform conditions, supporting both the design of the
experiment itself and the interpretation of the results [22].

On the engineering scale, fuel performance codes (FPCs) are funda-
mental to predict the behaviour of fuel rods, encompassing different
operating conditions such as normal operation, accidents, and dry
storage [3,44-50]. Notably, FPCs are currently being developed to
enable multi-dimensional simulations (1D, 1.5D, 2D, 3D) and
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physics-based modelling by coupling with dedicated meso-scale mod-
ules [50-52]. The coupling of FPCs with the SCIANTIX code has proven
to be beneficial for the integral fuel rod simulation [51,53-57], since
SCIANTIX is able to effectively bridge lower-length scale information (e.
g., by informing/updating parameters from experiments, or molecular
dynamics/phase field simulation [58,59]) to the rod engineering scale,
acting as physics-based IGB module (online coupling) within the FPC,
with an emphasis on maintaining a limited CPU time on the overall
integral simulation [53,55,60]. For this reason, separate ongoing work
by the authors will focus on the validation of the SCIANTIX code,
coupled with FPCs, against integral irradiation experiments.

SCIANTIX is currently available as an open-source code under MIT
license, greatly easing its usage as IGB module in existing FPCs. Because
of this licensing choice, all the implemented models are already pub-
lished and validated against separate-effect experiments. The choice of
such license is a fundamental point for the application of SCIANTIX as
IGB module: typically, FPCs are not available as open-source software,’
and sharing development within the context of collaborative interna-
tional projects and educational initiatives, including mobility programs
for students and young researchers, can pose challenges. The integration
of open-source tools like SCIANTIX within the FPC infrastructure offers a
promising solution to this limitation. Given the open-source nature of
SCIANTIX, standardised qualification and quality assurance guidelines
are being considered and directly integrated in the source code and in its
online repository [61-65]. The code repository is available online at [66,
67], including the validation database of the implemented SCIANTIX
models, and non-regression testing tools and continuous integration
services. These services are going to be further extended and developed,
to improve the process of testing new code versions and branches, and to
clarify guidelines for contributors.

This work is organized as follows. Section 2 explains the structure of
the code and its numerical features. Section 3 collects the physics-based
models available in SCIANTIX. Section 4 illustrates the results of
SCIANTIX calculations against experimental data. Section 5 discusses
simulation results, including important model parameters and current
code limitations, and future developments as well. Finally, Section 6
draws conclusions of the work.

Nomenclature ?

Age Inter-granular bubble projected area m? bub~!
a Spherical grain radius m

b Intra-granular irradiation-induced resolution rate s

c Single-atom gas concentration atm™3
Clim Solubility atm 3

D Intra-granular diffusivity m?s7!

Dg, Average grain size m

f Intactness of grain faces /

F Fission rate density fiss m 3 s~
Fys Fractional coverage of grain faces /

Fof, sar Saturation fractional coverage of grain faces /

g Intra-granular trapping rate st

ki Henry’s constant atm > MPa !
k* Grain growth rate constant m?s7!

m Gas concentration in intra-granular bubbles atm™3
Nig Intra-granular bubble concentration bub m~®
Ny¢ Inter-granular bubble concentration bub m~2
p Pressure MPa

q Inter-granular gas concentration atm™>

R Release rate atm 357!
Rig Intra-granular bubble radius m bub !
Ryt Fission fragment influence radius m

Ryt Inter-granular bubble radius m bub !

r Radial coordinate m

S Intra-granular gas production rate atm 357!

(continued on next column)

1 Some exceptions are worth mentioning, e.g., the OFFBEAT code [52],
already coupled to SCIANTIX, and in general the ONCORE/IAEA involved codes
[81,138].
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(continued)

Nomenclature ?

T Temperature K

t Time H

y Cumulative fission yield at fiss !

Z Compressibility factor /

a Precursor enhancement factor /

B Burnup MWd kgU™?
4 Intra-granular thermal re-solution rate s
(AV/V);q Intra-granular swelling /

(AV/ V) Inter-granular swelling /

kp Boltzmann constant JK1

A Decay rate st

M Fission fragment range m

v Intra-granular nucleation rate bubm~3s7?

on Hydrostatic fuel stress MPa

2. at stands for atoms, fiss for fissions, bub for bubbles.
2. Code structure and numerical features

The current release of SCIANTIX (version 2.0) marks a significant
advancement with respect to the first release of the code [22]. The code
architecture has been revamped, embracing an object-orientated struc-
ture that improves overall efficiency and usability, providing a stream-
lined and organised structure. An intuitive and modular inclusion of
several quantities relevant to the SCIANTIX simulation has been real-
ised, representing fuel matrix properties (e.g., UOq lattice parameter),
specific gas atoms (xenon, krypton, helium), IGB models, and numerical
solvers. This modular design enhances flexibility and extensibility of the
code, enabling the expansion of its capabilities, e.g., by incorporating
new material properties via available experimental data or atom-
istic/molecular dynamics simulation. Fig. 1 illustrates the flow chart of
the SCIANTIX code. On the left side, basic features of SCIANTIX are
represented. At the beginning of the simulation, SCIANTIX elaborates
the input quantities provided by the user. Fuel matrix (e.g., UO3), gas
atoms (e.g., xenon and krypton) and corresponding systems of gas atoms
inside the fuel matrix are prepared. Afterwards, each IGB model is
constructed, including model parameters. In an independent way, nu-
merical solvers required by the models are declared. The separation of
the SCIANTIX models from the numerical solvers allows carrying out
independent verification and separate-effect validation phases.

The right side of Fig. 1 shows the SCIANTIX external driver, the latter
being the external user in the code standalone version or the FPC if
SCIANTIX is used as IGB coupled module. SCIANTIX retains the same
interface to preserve the coupling currently in place with FPCs (e.g.,
TRANSURANUS [53,56] and GERMINAL [68], OFFBEAT [49,52,69]
and FRAPCON/FRAPTRAN [49,69]). A separate work of the authors
(under preparation) will deepen the aspects related to the SCIANTIX
coupling with FPCs.

Since SCIANTIX is also designed to be coupled with FPCs, the
computational time taken by the simulation is an important aspect. Each
SCIANTIX model includes a set of ODEs/PDEs, as it is described in the
next sections. In order to reduce the computational time taken by the
simulation, the solution of the set of the fully-coupled differential
equations is approximated by using a segregated solution scheme? (or
operator split approach) [70]. The differential equations considered in
SCIANTIX are solved with an implicit L-stable scheme of the first order, i.
e., backward Euler. As a results, all numerical solutions are consistent.
The numerical solvers belong to an independent class, which depends
only on the user input (e.g., in the choice of the specific solver, as shown

2 The operator-splitting scheme simplifies the treatment of non-linearities in
state variables and model parameters and complies with the computational
time typical of a meso-scale module. Even if the operator-splitting represents a
numerical approximation, experience with SCIANTIX has shown that it is
suitable for fission gas behaviour modelling in constant and transient
conditions.
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Fig. 1. Flowchart of SCIANTIX 2.0. The external driver (parent code, on the right) preserves the coupling currently in place with fuel performance codes. The
meso-scale module (on the left) schematically shows how the construction of specific objects for inert gas behaviour modelling is developed. It is also emphasized the
logic by which the SCIANTIX simulation is obtained after the communication of specific solvers with the constructed models.

in Fig. 2 where the objects hierarchical approach is illustrated) and can
be recalled in the different models. Furthermore, comprehensive veri-
fication processes have been realized for each solver through the method
of manufactured solution (MMS) [71,72], and made available on the
code repository [66,67]. This organic verification approach allows de-
velopers of physical models to prioritize their attention on the under-
lying physical phenomena, disregarding errors of numerical nature.
Concerning the coupling of SCIANTIX with FPCs working as an IGB
module, the coupling has been positively carried out and demonstrated
with TRANSURANUS [74] and GERMINAL [75] in the frame of the
INSPYRE Project [76], with applications to fast reactor conditions.
Currently, SCIANTIX coupled with TRANSURANUS is extensively
adopted in the PATRICIA project [77], with application to
americium-bearing nuclear fuels [78], and developments towards the
helium production rate modelling [79]. In the frame of the R2CA project
[80], SCIANTIX has been successfully coupled with FRAPCON [69] and
FRAPTRAN [49], where it has been applied to LWR nominal and acci-
dental conditions. The open-source code OFFBEAT employs SCIANTIX
as standard fission gas behaviour module [51,52], playing a key role in
the OperaHPC project [81]. Description and discussion of the integral
validation (i.e., against integral irradiation experiments) of SCIANTIX
coupled with the abovementioned FPCs is out of the scope of the present
work and will be the object of a separate ongoing work of the authors.

2.1. Physics-based models

The current section presents rate theory models available in
SCIANTIX to describe the evolution of inert gases (xenon, krypton, and
helium) within the nuclear fuel, considering fundamental intra- and
inter-granular processes. Specifically, the processes considered comprise

intra-granular gas diffusion, bubble nucleation, growth by trapping and
interactions of gas bubbles with high-energy fission fragments, which
may give rise to re-solution events of xenon and krypton atoms, other-
wise insoluble, from the bubbles back into the ceramic matrix. After-
wards, accumulation of gas atoms in grain-face bubble is considered,
together with phenomena of bubble growth, interconnection, coales-
cence, and grain-face saturation. As a result, SCIANTIX calculates the
fission gas release (FGR) and local gaseous swelling of the fuel, as an
inherently coupled phenomenon. This description is applied both to
stable fission gas isotopes (to evaluate FGR and gaseous fuel swelling),
and to radioactive fission gas isotopes (to evaluate the radioactive
release from the fuel). Additionally, IGB modelling is sided with the fuel
microstructure evolution, following the average grain size increase and
peculiar phenomena relevant for high-burnup structure (HBS)
description.

2.2. Intra-granular gas behaviour

SCIANTIX considers the behaviour of inert fission gases (xenon and
krypton) at the grain scale via physics-based models, by assuming uni-
form temperature T, fission rate F, and hydrostatic stress oy (units of
measure are reported in the Nomenclature).

In particular, the code models intra-granular fission gas diffusion in a
spherical fuel grain of radius a (i.e., Booth approach [82]). The system of
equations considers the diffusion equation for the fission gas concen-
tration in the fuel matrix, available as single gas-atoms c, the rate
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Fig. 2. Inheritance diagram (made with the Doxygen tool [73]) for the SCIANTIX simulation-object. The diagram illustrates the current internal SCIANTIX archi-

tecture and the hierarchical classification among defined objects.

equation for gas trapped within intra-granular bubbles m,> disregarding
the diffusivity of intra-granular bubbles,” and the intra-granular bubble
concentration Njg [83]:

6C_D1 828c+b 4

a Por o T8
%’f;bmm(; e)
d;g:l/*bNig

D is the single gas-atom diffusivity (Table 1), b is the re-solution rate
(Table 2), g is the trapping rate® (Table 3), S is the source rate (equal to
yF, y being the cumulative yield and F the fission rate density, respec-
tively), r is the radial coordinate within the grain, and t is the time. The
evolution of the intra-granular bubble concentration Nj; assumes that
bubbles are formed at a nucleation rate v (Table 4) and destroyed due to
the irradiation induced re-solution with a rate b [22,84].

Table 1
Options available for intra-granular fission gas diffusivity D.
Option  Correlation Reference
0 Trial constant value -
1 D (m%s7!) =7.6 x 10 %exp(— 4.86 x 1071° /kgT) +
5.64 x 10725\/Fexp(— 1.91 x 10719 /kgT)+ 8 x 10~4°F  [85]
2 D (m%s7!) =5.0 x 10~%exp(— 40262 /T) [86]

3 In SCIANTIX it is possible to solve Eq. (1) for the gas concentrations ¢ and m
adopting the approach proposed by Speight [140], i.e., assuming the
quasi-stationary hypothesis for m and following the evolution of the total
intra-granular gas concentration (c+m) [29,108,111]. This leads to the

following equation: 2 (c + m) = z2.D% 2r22 (c + m) + yF. Alternatively, it is

~ btg
possible to overcome the quasi- stationary approximation and solve Eq. (1) for
the gas concentrations ¢ and m with a direct matrix approach. The latter
approach is necessary to simulate annealing experiments with nonzero intra-
granular concentration.

4 The intra-granular bubble mobility has been investigated in past works [13,
31,141-145]. It has been considered to explain large fission gas releases at high
temperatures (above 1600 °C) under annealing conditions and during tran-
sients, whereas it provides a negligible contribution to the fission gas release
under normal reactor conditions [13]. Recent modelling analyses debated the
role of the sole intra-granular bubble mobility on the observed fission gas
release [141,144]. Therefore, because of the inherent uncertainty associated
with this phenomenon, we disregard this effect for the time being.

5 The default trapping rate adopted (Table 3) is the one from Ham [88], valid
in the assumption that the trapping centre density is dilute enough.

Table 2
Options available for intra-granular resolution rate b.
Option  Correlation Reference
0 Trial constant value -
1 (Irradiation-induced resolution rate)
b (s7!) = 2mug(Rig + Rer)’F [85]
Hg = 6.0 x 107 m, fission fragment track length
Ri = 1 nm, fission fragment track radius
2 (Irradiation-induced resolution rate) [871
b(s7!) =3.0 x 10°BF
3 (Irradiation-induced and thermal resolution rate for helium
behaviour)
b (s71) = 2mug(Rigne + Rr)*F+ 7
7 (s71), thermal resolution rate (Eq. (8))
Table 3
Options available for intra-granular trapping rate g.
Option Correlation Reference
0 Trial constant value -
1 g (s7!) = 42D(Rig +Reg)Nig [88]
Ug = 6.0 x 10-° m, fission fragment track length
Ryg (m) atom radius in the fuel lattice
Table 4
Options available for intra-granular bubble nucleation rate v.
Option Correlation Reference
0 Trial constant value -
1 v (bub m3s71) = 2)F [29,89,90]

n = 25 bubbles per fission fragment

From the numerical point of view, in Eq. (1), the concentrations c and
m are calculated by exploiting the spectral diffusion algorithm [84,91,
92] over the radial coordinate and the implicit Euler scheme in time.
This approach makes SCIANTIX a mesh-free code and provides an a
priori control on the numerical error depending on the time-step size and
the number of modes selected for the spectral decomposition [91].

To calculate the intra-granular gaseous swelling, (AV/V),,, the intra-
granular bubble radius R;; is first calculated by assuming that each
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bubble contains m/Njg fission gas atoms.® Eventually, the intra-granular
component of the gaseous swelling is calculated as:

AV 4
(7). = 37Nk, @
ig

When fuel behaviour modelling implies the use of the physical fuel
grain, average grain size evolution must be considered. Indeed, two
mechanisms are considered as a consequence of the grain growth: (i) the
intra-granular diffusion rate D/a® decreases, (ii) the grain-boundary
sweeping can act as an additional contribution to the release of insol-
uble atoms at the grain boundary.

Given the importance of modelling grain growth for predicting FGR
and gaseous fuel swelling, SCIANTIX includes laws of the following
form, for the average grain size evolution:

dDy K

dr Dy 3)

where D, (m) is the average grain size and k* (m? s 1) is the rate con-
stant. The conversion between average grain size and spherical grain
radius (1.56D,; = 2a) is due to Mendelson [93]. The exponent n and the
rate constant k* are usually determined through fitting with experi-
mental data. Semi-empirical laws of this type turn out to be easily
applicable to codes that analyse single-grain behaviour of nuclear fuels
and are compatible with the required short computation times. The
models available in SCIANTIX are listed in Table 5.

Complementary to the grain growth, it is possible to consider the
phenomenon of grain-boundary sweeping. This is crucial when consid-
ering the behaviour of intra-granular helium under annealing conditions
[8,33,34]. Hence, the grain-boundary sweeping can be considered by
modelling the swept volume fraction as in the TRANSURANUS code
[21]. Ultimately, the fraction of intra-granular gas concentration ¢ swept
is dc/c = — dV/V, V being the swept volume due to grain growth.

2.3. Inter-granular gas behaviour

The inter-granular bubble evolution model currently available in
SCIANTIX is the one proposed by Pastore et al. [7,96], extended to
consider the micro-cracking of grain boundaries during temperature
transients [9,97]. First, the fission gas arriving from the intra-granular
diffusion is accumulated directly within bubbles. The rate equation for
the inter-granular fission gas concentration g is:

Table 5
Options available for the grain growth.
Option  Correlation Reference
0 The grain growth is not considered. -
1 The grain growth is modelled according to the Ainscough [94]
et al. work.
Dyl S0
dt Dgr  Dgylim
2 The grain growth is modelled according to the Van Uffelen [95]
et al. work.
dDgr  k
dt — 4D3

6 It is assumed that each xenon and krypton atom in UO, lattice occupies a
Schottky trio volume (Q = 4.09 x 10%° m® at™). Afterwards, the volume of an

intra-granular bubble is given by Vi; = m/Nj; and the radius Rig = (% N’; Q)ﬁ.

This hypothesis is in line with the previous publication of SCIANTIX, where it is
deeply justified [22].
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dg (3 b _d(c+m)
5——(5h—+gDT);R )

The source term of Eq. (4) is the flux of single atoms arriving at the
grain boundaries from within the fuel grain, evaluated from Eq. (1).
Fission gas atoms that by diffusion reach the grain boundaries are
immediately collected in inter-granular bubbles. It is assumed that gas
atoms exist only in grain-boundary bubbles, and re-solution events from
grain-boundary bubbles (back to the grain) are neglected. The thermal
(or diffusional) release rate R is modelled by considering the evolution of
bubbles on grain boundaries. The inter-granular bubble behaviour
considers the following aspects. It is assumed that grain boundaries are
populated with an initial number of bubbles Ny (one-off nucleation).
Grain-edge bubbles are not considered. Fission gas is continuously
collected in grain-boundary bubbles, while bubble growth and coales-
cence occur. Bubble growth is related to the fact that grain-boundary
bubbles are over-pressurized due to fission gases, hence in a non-
equilibrium state, and tend to restore the equilibrium by absorption/
emission of vacancies [98]. As bubbles grow, they interconnect and
coalescence, resulting in a decreasing inter-granular bubble concentra-
tion Ny, as their size increases. The net result of the inter-granular
bubble growth, interconnection, and coalescence is the increase of the
grain-face fractional coverage Fg = NgAg (/). When the fractional
coverage reaches the saturation value Fy = Fg g = 0.5, it is assumed
that the grain faces are vented, allowing for the (thermal or diffusional)
release of gas from the grain boundaries.

To represent non-diffusional fission gas release during rapid tem-
perature transients, known as burst fission gas release, SCIANTIX in-
cludes a semi-empiric description of the grain-face separation due to fuel
micro-cracking. The model is based on the work of Barani et al. [9] and
exploits typical quantities related to the mechanistic behaviour of
grain-boundary bubbles. First, the model introduces the intactness of the
grain faces f (/) and an empirical micro-cracking parameter,
temperature-dependant m.(T). Then, when a temperature transient oc-
curs (dT/dt # 0), the fractional coverage Fy¢ and saturation fractional
coverage Fyr g, are scaled accordingly. The model is also able to repre-
sent the progressive healing of the grain-face as a purely
burnup-dependant process. A complete description of model equations
and performance can be found in Ref. [9].

Intrinsically tied to the mechanistic description of grain-boundary
bubbles and FGR, the inter-granular component of the gaseous
swelling is calculated as

AV 34n
(), 2
g

where Ry is the radius of inter-granular bubbles and 3/a is the surface-
to-volume ratio of a spherical fuel grain.

2.4. High-burnup structure

The SCIANTIX code capabilities to describe fission gas behaviour in
high burnup fuels have been progressively extended since the release of
the code [22]. As previously stated, SCIANTIX operates at the grain
scale, where the assumption of uniform temperature, fission rate, and
hydrostatic stress are reasonable. This working hypothesis requires
caution when SCIANTIX simulates the rim region of pellets in light water
reactors, in which the self-shielding of thermal neutrons generates high
gradients of fission rate.

As for behavioural models, several developments have been put into
place targeting improved simulation capabilities of high burnup fuels. In
synthesis:

e A fuel material representing the high burnup structure has been
added to SCIANTIX, incorporating the properties of the restructured
fuel (e.g., grain size and lattice parameter).
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e The formation of the high burnup structure is based on a combina-

tion of an empirical threshold based on effective burnup [14,99,100]

and Kolmogorov-Johnson-Mehl-Avrami (KJMA) model describing

the fraction of fuel that undergoes restructuring [10].

The high burnup structure porosity is based on an empirical model

and predicted based on the local burnup [21,101].

o A physics-based model is considered for the evolution of the porosity
distribution in terms of pore number density, average number of gas
atoms per pore, and variance of the number of gas atoms per pore
[11]. This model is derived from a Fokker-Planck approximation of
the cluster dynamics master equations of pore-size evolution [83].

e The size of the high burnup structure pores is derived semi-
empirically as a function of the porosity and the number density of
pores, in line with state-of-the-art models available in similar codes
[102].

With these developments, SCIANTIX simulates an abrupt transition
from the standard UO, matrix (0 % HBS) to HBS matrix (100 % HBS). In
the 100 % HBS matrix, SCIANTIX simulates fuel grains with a radius of
150 nm. Fission gas diffusion and release problems neglect intra-
granular and inter-granular bubbles, whereas the HBS porosity is
considered.

2.5. Helium behaviour

Given the importance of helium behaviour for fast reactor and
storage conditions, mechanistic rate-theory models have been devel-
oped, implemented, and validated [8,103-105]. This section describes
model and parameters currently available in the new SCIANTIX version
to describe the helium behaviour, that follows essentially the work of
Cognini et al. [8]. To provide satisfactory and applicable helium
mechanistic modelling, the helium solubility in nuclear fuel must be
considered, following Henry’s Law [8,104,106,107]:

Ciim = kup (6)

where ky is the Henry’s constant for the system He-UO; and ¢y, is the
solubility achieved at a pressure p. Intra-granular helium behaviour is
formulated according to the generalization of the Speight’s rate theory
proposed by Van Uffelen et al. [33,108], disregarding the mobility of
intra-granular bubbles [8]:

dc 10,0
LA Dye— —r’—Cye — §Cue + e + YF
ot r* or or %)
aWlHe o
o 8CHe — VMHe

Eq. (7) share a similar structure to the fission gas diffusion problem
of Eq. (1), including intra-granular diffusivity Dy, (Table 6), trapping
rate (Table 3), irradiation-induced and thermal re-solution of helium
atoms from intra-granular bubbles (Table 2). Indeed, from the numerical
point of view the problem is tackled with the spectral diffusion algo-
rithm, already in place for Eq. (1). The suggested intra-granular helium
diffusivities Dy are best-estimate correlations from the work of Luzzi

Table 6
Options available for helium intra-granular diffusivity (m? s™?).
Option  Correlation Reference
0 Dye (m2s71) =0 -
[103]
1 Dye (m?s71) =2 x 1071%xp( — 24,603.3 /T)
Best-estimate correlation for samples with no or very limited
lattice damage.
2 Dye (m?s7!) = 3.3 x 10 %xp( - 19,032.8 /T) [103]
Best-estimate correlation for samples with significant lattice
damage.
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et al. [103].
The thermal re-solution rate y can be written as:
y = 3DyckuksTZ / R e (8)

Z being the compressibility factor (evaluated from the Van Brutzel
et al. [59] equation of state). The adopted Henry’s constant for helium in
U0 is the best-estimate correlation for UO; single crystals selected after
the review of Cognini et al. [104]:

ky = 4.1 x 10%exp(—7543.5/T) (©)

In the temperature range of 1073-1773 K, helium solubility within
the UO; fuel grain is reasonably described by Eq. (9).

2.6. Radioactive fission gas behaviour

Accurate prediction of the radioactivity potentially released due to
cladding failure is important, for example, to assess the radiological
consequences of postulated accidental scenarios in nuclear reactors or to
identify cladding failures during normal operation (e.g., due to fretting
[109,110]). Therefore, it becomes important to evaluate the amount of
radioactive gaseous and volatile fission products that accumulate in the
free volume of the fuel rod, potentially available to be released into the
primary circuit of a light water reactor. This section describes the
mechanistic model available in the new version of SCIANTIX, to describe
the behaviour of radioactive fission gases. The model, outlined in [91,
111], was developed as a mechanistic alternative to the semi-empirical
ANS-5.4-2010 approach [112], and has been tested in SCIANTIX, both
in its standalone version and coupled with TRANSURANUS [53,111].

As proposed for stable fission gases (Sections 3.1 and 3.2) and helium
(Section 3.4) behaviour, radioactive fission gas modelling includes the
intra-granular and the inter-granular behaviour. The intra-granular gas
behaviour starts from the time-dependant diffusion-decay equation
within an ideal spherical grain. With the same assumptions used to
formulate Eq. (1), the starting point for the intra-granular problem is the
diffusion-decay equation for the gas concentration, available as single-
atom (c), and the rate equation for gas within intra-granular bubbles
(m),” disregarding the diffusivity of intra-granular bubbles:

%:aD%£r2%+bm—gc—ﬂc+yF
aa—r:l = —bm+gc—Am

In Eq. (10), the combined effect of trapping-in (g) and irradiation-
induced re-solution (b) from intra-granular bubbles is included along
with the radioactive decay (1 is the decay rate of the radioactive
isotope).

The intra-granular diffusivity is corrected through the precursor
enhancement factor o (/), a corrective factor which takes into consid-
eration the diffusivity increase that was observed for some radioactive
gaseous and volatile fission product [113]. As reported in the ANS
5.4-2010 methodology [112] and based on the work of Friskney et al.

(10)

7" As mentioned earlier for the numerical solution of Eq. (1), In SCIANTIX it is
possible to solve Eq. (10) adopting the quasi-stationary approach proposed by
Speight [141], extended for radioactive isotopes. Contrary to what is reported
in previous works [29,111], the quasi-stationary hypothesis for the concen-
tration of gas trapped in bubbles m in Eq. (10), reading as bm = gc, leads to an
effective diffusivity Deg = aﬁD for the total concentration of intragranular gas
cot = €+ m. It is also possible to overcome this quasi-stationary approximation
and solve Eq. (10) for the gas concentrations ¢ and m with a direct matrix
approach, in other words solving the system of two coupled equations. Both
methods apply a spectral diffusion algorithm in space, over the spherical
domain of the ideal fuel grain, while using the first order Euler scheme in time
[84,91,92].
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[114], for the first precursor a = <<1 _ <%>3>/ (1 B (i’—‘;)2>>2 "

this expression, yo = /D, /4, and xo = \/Dq/44, Where A, and /4 are the
decay rates of the precursor (p) and daughter (d) isotope, respectively.
Similarly, D, and Dy are the intra-granular diffusivities of the precursor
(p) and daughter (d) isotope, respectively. Values of a for radioactive
gaseous and volatile fission products are available in literature, [111,
112]. We report values for two short-lived fission gases of interest: 133Xe
is characterised by a = 1.25, and ®™Kr by a = 1.31.

As for the evolution of intra-granular and inter-granular bubbles, it is
assumed that their behaviour is mainly driven by stable fission gases (i.
e., stable xenon and krypton). In other words, the assumption exploits
the fact that short-lived fission gases are negligible in mass with respect
to stable fission gases, hence not relevant in determining the onset for
diffusional release.® As a closure for Eqg. (10), the concentration of
radioactive fission gases in grain-boundary bubbles obeys to:

dg (3 b _d(c+m)
a (a“b+gD o) ~HMR an

In Eq. (11), the release rate R (at m3sis computed with the same
approach for Eq. (4).

3. Results

This section illustrates the results of SCIANTIX calculations,
compared against the results of separate-effect irradiation experiments.
Following the behavioural models described in Section 3, we consider
the experimental data in terms of intra- and inter-granular gaseous
swelling, high-burnup structure porosity, helium release and release of
short-lived fission gas isotopes.

3.1. Intra-granular gas behaviour

In line with the first SCIANTIX validation [22], calculations of the
intra-granular gaseous swelling are re-assessed against the
separate-effect experimental results provided by Baker [90], and shown
in Fig. 3. More precisely, irradiated fuel samples belonging to this
database were analysed by means of transmission electron microscopy
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Fig. 3. Comparison of intra-granular gaseous swelling as calculated with
SCIANTIX 1.0 (red triangles) and SCIANTIX 2.0 (green circles) against the
experimental data by Baker [90]. Black dashed lines identify the double and
half of the bisector of the graph (black solid line), respectively.

8 This assumption is acceptable considering that the total mass inventory of
fission products consists mainly of stable and long-lived fission products [145].
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to measure concentration and radius of intra-granular bubbles. SCIAN-
TIX simulations are set up with irradiation histories of 5500 h, at a
constant fission rate (F = 10'° fiss m—> s~!, resulting in a burnup of
approximately 6.5 GWd tUO3%), constant temperatures and null hy-
drostatic stress. Default fission gas behavioural models and parameters
are used, i.e., Turnbull’s diffusivity [85], heterogeneous nucleation [29,
89,115], heterogeneous re-solution rate [29], diffusional trapping [88].
Lastly, intra-granular calculations benefit from the use of the Ainscough
et al. model for the fuel grain growth [94].

As a robust statistical figure merit, we choose the median of the
absolute deviations (MAD) of the experimental data with respect to the
code calculations. With respect to previous code calculations (red tr in
Fig 3), MAD = 0.041), new SCIANTIX calculations better agree (MAD =
0.024) with the experimental data. This agreement is mainly due to
swelling calculations above 0.1 %, induced by the grain growth process
at high temperatures (> 1400 K), which allows more fission gas to be
retained in larger grains and trapped due to diffusional trapping
(Table 3).

3.2. Inter-granular gas behaviour

As for inter-granular gaseous swelling, and the application of
SCIANTIX in fast transient conditions, the separate-effect validation
database for the inter-granular model includes experimental cases from
the database by White and co-workers [116]. The database consists in
measurements performed on uranium dioxide AGR (Advanced Gas
Reactor) samples of fuel rods irradiated up to burnup between 9 and 21
GWd/tyo2 in the Halden reactor, followed by power ramp tests or power
cycle histories. With respect to the original discussion about gaseous
swelling calculations, i.e., the IGB during the transient as well as the
simulation history set up, previous arguments hold [22]. The default
fission gas behavioural models and parameters are used, i.e., Turnbull’s
diffusivity [85], heterogeneous nucleation [29,89,115], heterogeneous
re-solution rate [29], diffusional trapping [88], Ainscough et al. model
for the fuel grain growth [94], and Barani et al. grain-boundary
micro-cracking [9]. Calculations of the new version of the code (green
circles) and the experimental data are in good agreement (Fig. 4). With
respect to the previous calculations (red triangles), the new calculations
differ because of modifications concerning the more accurate imple-
mentation of the vacancy absorption/emission mechanisms at lenticular
grain-boundary bubbles.

To conduct a thorough statistical analysis, required in this case given
the number and dispersion of calculated and experimental points, we
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Fig. 4. Comparison of the experimental data for inter-granular gaseous
swelling (from the database of White et al. [116]) against calculations obtained
with SCIANTIX 1.0 (red triangles) and SCIANTIX 2.0 (green circles). Black
dashed lines identify the double and half of the bisector of the graph (black
solid line), respectively.
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evaluate the MAD, the distribution of the experimental data as well as
the distributions of SCIANTIX 1.0 and SCIANTIX 2.0 calculations
(Fig. 5a), and the distribution of the error (predicted - measured)
(Fig. 5b). Concerning the characteristics of the data distributions, it is
noticeable how the new SCIANTIX version better represents the inter-
granular gaseous swelling distribution, hence the physical phenomenon,
with respect to the calculations of the previous code version. Indeed,
both first and third quartiles decrease, whereas the median keeps
approximately the same value, providing a more centred distribution
such as that obtained from the experimental data. Fig. 5b shows the
distribution characteristics of the error between predicted and measured
data. The MAD decreases from 0.52 (SCIANTIX 1.0) to 0.41 (SCIANTIX
2.0). Fig. 5b illustrates that SCIANTIX 1.0 provided a narrow over-
estimation of the experimental results, whereas SCIANTIX 2.0 includes
regions below the bisector. Moreover, the two outliers are here super-
posed, suggesting a common reason for their overestimation.

3.3. High-burnup structure

Fig. 6 collects a set of representative results of the HBS model,
compared with recent experimental data [117]. The semi-empiric na-
ture of the model is clear in Fig. 6a, in which the porosity increase is
assumed proportional to the local effective burnup up to 15 %. The
nucleation of pores (Fig. 6b) is correlated with the KJIMA-based rate of
formation of the HBS (increase in pore number density from 50 to 100
GWd tHM™1), followed by pore interconnection as the average pore
radius increases (decrease in the pore number density above 100 GWd
tHM D).

The current model also includes a physics-based description of the
evolution with burnup of the HBS pore-size distribution (Fig. 6¢). This
feature is currently considering a one-dimensional phase space repre-
sented by the number of gas atoms per pore but can be extended towards
a two-dimensional phase including the number of vacancies per pore.
This extension is going to be critical in the future since it is linked with
the capability of predicting a pressure distribution, which in turn allows
physics-based modelling of fuel fragmentation. Lastly, from the pore
number density and porosity calculations we obtain a semi-empirical
description of the pore radius, depending on the local effective burnup
(Fig. 6d).

As shown, the current version of SCIANTIX includes all the capa-
bilities required for a semi-empirical description of high burnup struc-
ture formation and porosity evolution. These modelling capabilities are
suitable for direct coupling within FPCs, in terms of numerical robust-
ness, computational time, verification, and validation.

3.4. Helium behaviour

The physics-based model for helium behaviour has been applied to
simulations of five separate-effect annealing experiments, illustrated in
the work of Talip et al. [33]. Specifically, these experiments are char-
acterized by a heating phase (about 30 min, 10-30 K min 1), followed
by a holding at the annealing temperature (about 1-3 h). In two of the
five annealing histories (1320 K, 1400 K case a) there are two temper-
ature plateaux with the second heating phase up to 2200-2300 K, while
in three histories (1400 K case b, 1600 K, 1800 K), the temperature
decreases after the plateau. These experiments constitute an indepen-
dent separate-effect validation database for the SCIANTIX code when
modelling helium behaviour, release, and release rate. Helium behav-
ioural models and parameters are used, i.e., Luzzi et al. [104] diffusivity
for samples with significant lattice damage diffusivity [85], diffusional
trapping [88]. Van Uffelen et al. model for the fuel grain growth [95]
including grain-boundary sweeping. Below, (Figs. 7-11) the perfor-
mance of the new SCIANTIX version in terms of helium release and
release during annealing conditions is illustrated.
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3.5. Radioactive gas behaviour

The radioactive gas behaviour model has been re-assessed against
the CONTACT 1 experiment [118,119], an irradiation experiment
belonging to the IFPE open-access database.’ The radioactive gas model
adopts the default fission gas behavioural models and parameters, i.e.,
Turnbull’s diffusivity [85], heterogeneous nucleation [29,89,115],
heterogeneous re-solution rate [29], diffusional trapping [88], Ain-
scough et al. model for the fuel grain growth [94], and Barani et al.
grain-boundary micro-cracking [9]. The simulation result is shown in
Fig. 12. Similarly to Section 4.2 for the calculated intergranular gaseous
swelling, the calculations of the new SCIANTIX version differs from the
calculations of the version 1.0 because of modifications concerning the
implementation of the vacancy absorption/emission mechanisms at
lenticular grain-boundary bubbles. Considering the medians of the ab-
solute deviations, SCIANTIX 2.0 calculations improve with respect to the
previously published results [111], with lower medians of the absolute
deviations of about 0.042 (133Xe) and 0.0085 (85mKr) against previous
values 0.071 (**3Xe) and 0.013 (5>™Kr).

4. Discussion and future work

The previous section showcased simulations of separate-effect ex-
periments, complemented by statistical analyses, which indicated that
the SCIANTIX code manages to reproduce the behaviour of stable,
radioactive fission gas, and helium in UOj grains, both qualitatively and
quantitatively. It is worth emphasizing that we employed default values
for all model parameters (e.g., single-atom diffusivity, trapping rate,
etc.) without any calibration. The capability of the code to reproduce the
IGB in nuclear fuel is of paramount importance for the development,
verification, and validation of behavioural models. Additionally, it plays
a crucial role in the calculation of engineering quantities (e.g., local
gaseous swelling and gas release) for use in the version of SCIANTIX
coupled with FPCs.

However, limitations in the present version of SCIANTIX lead to
discrepancies in the simulated results. When modelling the development
of intra-granular gaseous swelling (Fig. 3), the overall underestimation
of the calculated swelling is supposedly ascribable to the lack of a
physics-based model in SCIANTIX, describing the irradiation-induced
re-solution mechanism of fission gas atoms from grain-boundary bub-
bles to the grain [120]. Similarly, it contributes to the general over-
estimation of the calculated inter-granular gaseous swelling (Fig. 4).
Moreover, the two outliers in Fig. 5 stem from two experiments (4064-1
and 4064-2) belonging to the database by White and co-workers [116].
These experiments exhibit peculiar conditions due to relatively high
irradiation time and local fuel temperature [116,121]) which presum-
ably induce substantial growth of grain-face bubbles that could be
mitigated by the re-solution process.

To address these limitations, the development of a rate-theory
physics-based model describing the irradiation-induced re-solution of
fission gas atoms from grain-face bubbles is a future development of
potential interest for the SCIANTIX code. Models already available in the
open literature, as the one developed by Losonen [120] includes pa-
rameters affected by large uncertainties. In this direction, atomistic and
molecular dynamics studies on the re-solution of xenon gas bubbles may
be crucial in accurately determining lower-length scale parameters, as

9 The SCIANTIX input quantities required to perform the surrogate OD
simulation of the CONTACT 1 experiment (fuel temperature, fission rate den-
sity, and fuel hydrostatic stress) were derived by averaging radial quantities
obtained from the TRANSURANUS simulation. Previous works [53,54,111]
have shown that the use of lumped parameters (e.g., radial average of the fuel
temperature and of the fuel hydrostatic stress) instead of radial profiles mainly
influences the onset of thermal release, without influencing the asymptotic
release-to-birth ratio of radioactive isotopes.
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Fig. 5. (a) Distribution characteristics for the experimental data of inter-granular gaseous swelling from White et al. [116], SCIANTIX 1.0 [22] and SCIANTIX 2.0. (b)
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average pore radius. The data are extracted from [117].
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for the re-solution of intragranular xenon bubbles [122-124].

As for the helium behaviour, the SCIANTIX code preserves the
modelling capabilities presented in the work of Cognini et al. [8] to
describe the helium behaviour in nuclear fuel. Because Talip et al.
annealing experiments were conducted on polycrystalline samples in
vacuum conditions, the model predictions are driven by the sole intra-
granular helium behaviour equation (Eq. (7)), neglecting the
grain-boundary behaviour. Given that the model parameters (e.g., he-
lium diffusivity) are independent of the validation database (e.g., not
calibrated on experimental data), calculations provide a promising ki-
netic description of the helium released. Most of the observed differ-
ences are supposedly ascribable to the experimental uncertainty of key
parameters that determine the helium thermal re-solution (e.g., the
Henry’s constant, for which few experimental data are available in the
open literature [104]), and the lack of models for additional release
mechanism, e.g., intra-granular bubble mobility, grain-boundary
retention, pipe diffusion along grain boundaries, evaporation at higher
temperatures (> 1700 K) with associated stoichiometry variations [125,
126].

Future development concerning behavioural models described in

10

this work are going to include:

e A more mechanistic approach to describe the grain size evolution
[127] and grain size distribution [128].

e A more mechanistic modelling of the grain-boundary microcracking
due to sudden temperature variations, including a description of the
pore-pressure distribution, in connection to the modelling of fuel fine
fragmentation at high burnup.

e A physics-based model of the vacancy concentration in the HBS
porosity, to overcome the empirical description currently in use in
the code (Fig. 6a).

e The modelling of the dislocation network evolution [129], paired
with considerations on the effect of the grain size in postponing HBS
formation (e.g., in Cr-doped fuels [130]), overcoming the
semi-empirical nature of the KIMA model.

o The implementation of a gradual transition from the UO2-0 %HBS
matrix and the UO2-100 %HBS matrix, i.e., considering two fuel
matrices simultaneously in the code.

e The implementation in the code of surrogate models trained on
synthetic dataset, e.g., to capture the helium production rate in
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uranium-plutonium mixed oxide fuels or americium-bearing fuels in
fast reactor or storage conditions. The use of surrogate models equips
SCIANTIX with fast-running correlations, inherently numerically
stable, and with an accuracy level that satisfies the requirements of
engineering tools such as fuel performance codes [79].

New model parameters, as they become available either from ex-
periments or lower-length scale calculations (e.g., re-solution rates
[122], single-atom diffusivities [131], or equation-of-state parame-
ters for helium-xenon mixture [132]), given the physics-based
formulation of the models and the new SCIANTIX code structure
that facilitates their implementation.

In addition, further developments of interest for the SCIANTIX
modelling capabilities are:

e A comprehensive description of the fuel porosity, including the
contributions from as-fabricated porosity, open porosity, and its
evolution during irradiation [133,134].

e The description of standard UO, nuclear fuel doped with small
amounts of metal oxides, such as Cry0s, including its peculiarities
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such as the description of chromium solubility, and its impact on the
fission gas behaviour [131,135].

e The description of chemically active radioactive volatile fission
product behaviour (e.g., iodine, caesium and tellurium), including
thermochemistry calculations, in conjunction with an underway
modelling of fission gases in hyper-stoichiometric fuel [12,136,137].

These developments are currently being targeted in synergy with
international partners and in the framework of international research
projects [80,81,138,139]. Moreover, the validation of SCIANTIX
coupled with integral FPCs, against integral irradiation experiments will
be the object of a separate paper under preparation by the authors.

5. Conclusions

This work describes the status of SCIANTIX, a 0D, open-source code
designed to model inert gas behaviour within nuclear fuel at the grain
scale. The code is hosted online at [66], and it can be used both as a
standalone module or coupled with integral codes, e.g., fuel perfor-
mance codes. Since its first release, the code architecture has been
revamped, and the numerical and modelling capabilities have been
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and original calculations by Cognini et al. work [8], referred to the experimental test with the first temperature plateau at 1800 K.
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Fig. 12. Calculations of new SCIANTIX version for release-to-birth ratios of short-lived isotopes 1**Xe (left) and ®™Kr (right), against data from CONTACT 1 [118,

119] experiments and original calculations by Zullo et al. [111].

extended. Physics-based models adopt kinetic rate-theory models to
describe the evolution of inert gases (xenon, krypton and helium) within
the nuclear fuel, considering fundamental intra- and inter-granular
processes. This description is applied both to stable fission gas iso-
topes (to evaluate fission gas release and gaseous fuel swelling), and to
radioactive fission gas isotopes (to evaluate the radioactive release from
the fuel). Lastly, the inert gas behaviour modelling is sided with the fuel
microstructure evolution, following evolution of the average grain size
and peculiar phenomena relevant for high-burnup structure description.
Physics-based models are presented together with the corresponding
separate-effect validation.

Given the open-source nature of SCIANTIX, international stand-
ardised qualification and quality assurance guideline are being consid-
ered and integrated directly in the source code, e.g., concerning the code
documentation via automated software documentation systems. In
addition, the online code repository includes non-regression testing
tools and continuous integration services that are going to be further
extended and developed, to improve the process of testing new code
versions and branches. The online repository also hosts the verification
of the SCIANTIX numerical solvers, which facilitates separate
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developments on the numerical and physical aspects of the code.
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