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Abstract

The deliverable D4.2 encompasses a thorough review and of behavioural models for accurate fuel
performance calculations. The activities of the task contributors (POLIMI, EPFL. PSI) are outlined here below:

e POLIMI is responsible for review and select fission gas behavioural models in SCIANTIX, an
open-source code for fission gas behaviour, which is coupled with OFFBEAT. The focus is on
advancing high-burnup structure models, the modelling of chromia-doped fuels and
athermal fission gas release.

e EPFLreviewed and selected models relevant to the OperaHPC project objectives, addressing key gaps
in OFFBEAT's capabilities. In particular, EPFL focused on RIA, implementing anisotropic viscoplasticity
and a failure criterion for hydrided cladding; LOCA, introducing large-strain and high-temperature
models; and contact modelling, developing an implicit algorithm for pellet-to-pellet and pellet-to-
cladding interactions during PCMI. Plans have also been made to develop a 3D gap heat transfer
model to assess the impact of traditional 1D heat conductance models in wide-gap conditions such
as during cladding ballooning.

e PSI undertakes the development of models for cladding oxidation, hydrogen transport, and
geometric imperfections. Additionally, PSI conducted a comprehensive review of multidimensional
macroscopic fuel behaviour models in international codes such as ALCYONE (CEA), BISON (INL),
DIONISIO (CNEA), and Falcon (EPRI). This review identified key models for implementation in
OFFBEAT to enhance its predictive capabilities for fuel performance analysis.
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1. Introduction

Accurate fuel performance modelling is essential for ensuring the safety, reliability, and efficiency of nuclear
fuel rods under various operating and transient conditions. The need for enhanced predictive capabilities in
fuel performance codes (FPCs) led to the continuous development and refinement of behavioural models.
This deliverable addresses this necessity by providing a comprehensive review and selection of models
relevant to fission gas behavior (FGB), high-burnup structure (HBS) evolution, cladding oxidation, and
hydrogen transport.

The work presented in this deliverable includes contributions from POLIMI, EPFL, and PSI. POLIMI focused on
refining and implementing (FGB) models in SCIANTIX, an open-source meso-scale code coupled with
OFFBEAT, with a particular emphasis on HBS formation, chromia-doped fuel modelling, and athermal fission
gas release (FGR). EPFL reviewed and selected models aligning with OperaHPC objectives, addressing
limitations in OFFBEAT current capabilities. The research emphasized RIA (Reactivity-Initiated Accident)
scenarios, introducing anisotropic viscoplasticity and failure criteria for hydrided cladding, as well as LOCA
(Loss-of-Coolant Accident) conditions, incorporating high-temperature and large-strain models. Additionally,
EPFL advanced 3D methodologies for gap heat transfer modelling. PSI contributed by developing models for
cladding oxidation, hydrogen behaviour, and geometric imperfections, as well as conducting a review of
multidimensional macroscopic fuel behavior models in international codes such as ALCYONE, BISON,
DIONISIO, and Falcon.

This document is structured as follows:

e Section 2 details the selection and implementation of advanced models in SCIANTIX, focusing on
high-burnup structure evolution, chromia-doped fuel modelling, and athermal fission gas release.

e Section 3 presents the review of physical models for OFFBEAT, including those for LOCA, RIA, contact
modelling, and 3D gap conductance methodologies.

e Section 4 outlines the models developed for cladding oxidation, hydrogen transport, and hydride
behavior in OFFBEAT.

e Section 5 provides concluding remarks summarizing the advancements achieved in this deliverable.

e Appendix A offers a review of state-of-the-art multidimensional fuel behaviour modelling, discussing
the capabilities and possible extensions of international codes such as BISON, ALCYONE, DIONISIO,
Falcon, and OFFBEAT.

2. Selection and development of advanced models in SCIANTIX

Within Task 4.2, POLIMI reviewed behavioural models to be developed and implemented in SCIANTIX. The
focus was on models for fission gas behaviour in high-burnup structures (HBS), chromia-doped UO; fuel, and
the effect of the open porosity of fuel pellets on athermal fission gas release.

2.1 Modelling HBS formation, transition and xenon depletion

Properly modelling the formation and evolution of the HBS is critical for a reliable modelling of the fuel rod
fuel performance. HBS affects material properties (e.g., thermal conductivity, elastic modulus) and fission
gas behaviour (FGB). In addition, HBS represents a potential concern for the safe operation of nuclear fuel to
extended burnups. For instance, microstructure evolution and fission gases accumulation at burnup values
above 60 MWd/kgU can increase the risk of fine fuel fragmentation phenomenon, which has to meet safety
criteria during design-basis accidents, such as reactivity-initiated accidents and loss-of-coolant accidents [1],

(2], [3], [4], [5], [6], [7], [8], [9].
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POLIMI, in collaboration with EPFL and CEA, targeted a novel modelling approach for the fission gas (FG)
depletion problem, this being the fundamental starting point to provide a solid representation of the
distribution of fission gas that accumulates inside inter-granular cavities and HBS porosity, and the smooth
phase transition from the non-restructured UO, matrix to the restructured one. Both semi-empirical [10],
[11], [12] and mechanistic models [7] are available in the literature, representing the fission gas depletion of
HBS in UO,. A mechanistic approach was provided in the work of [7], in which the authors started from the
description of the restructured volume fraction and then solved two intra-granular problems, one for each
phase, considering two different integration domains, characterised by their grain size (e.g., micrometric in
the as-fabricated region and sub-micrometric in the restructured region). The two intra-granular problems
were solved simultaneously with an HBS sweeping condition, given by the conservation of the total
concentration of gas in the considered control volume.

As a model improvement, it is here proposed a more natural description of the intra-granular gas evolution
in uranium dioxide during the restructuring process. Firstly, we derived a sweeping term that is responsible
of the mass exchange from the non-restructured to the restructured HBS matrix. The sweeping term can be
included in the intra-granular gas diffusion equations, avoiding additional constraints. Secondly, by leveraging
the spectral diffusion algorithm for the intra-granular fission gas problem, we avoid dealing with two different
integration domains (a micrometric one and a sub-micrometric one) and solve a single spatial dimensionless
problem (i.e., considering the same eigenfunctions), this being more effective from a numerical point of view.
The model developed is implemented in SCIANTIX, a OD meso-scale code for physics-based modelling of
fission gases in nuclear oxide fuel and the calculations are compared with both experimental data [13] and
semi-empirical models.

2.1.1 Model

The model derivation starts from the definition of the restructured volume fraction a that describes the HBS
formation rate in uranium dioxide. Hence, a unidirectional phase change from a non-restructured phase (N)
to a restructured one (R) is considered, with the corresponding evolution of the two fission gas
concentrations Cy and Cg. The full derivation is described in the relative publication, disseminated in the
OperaHPC project [14]. Here, only the main results are reported.

From the definition of the restructured volume fraction as the ratio of the restructured fuel volume (i.e.,
developed HBS) over the considered fuel volume (¢ = Vi /V), the total concentration of fission gas atoms Cr
(both in restructured and non-restructured regions) is given by the weighted sum:

Cr=aCg + (1 — a)Cy @

It is more convenient to introduce the following quantities:
e (; = (1— a)Cy, concentration of gas atoms in the non-restructured region over the total volume V.

e (, = aCy, concentration of gas atoms in the restructured region, over the total volume V.

Because both concentrations are referred to the same volume. From the mass conservation principle, it is
possible to write two partial differential equations (PDEs) describing the behaviour of the fission gas
concentrations C; and Cy:

1 Oa
—— = DyV?(, 1zt 1-a)s (2)
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(3)
ot a ot €y +as

Where S = yF is the source term of fission gases is the fuel grain, y being the cumulative fission yield and F
the fission rate density. In particular, Eq. (2) describes the production and diffusion mechanisms (with a
diffusivity Dy) of gas atoms in the non-restructured (i.e., as-fabricated) fuel grains. Eq. (3) describes the

production and diffusion mechanisms (with a diffusivity D) of gas atoms within the restructured (i.e., sub-

micrometric, HBS) fuel grains. The additional term iﬁ %Cl has been analytically derived in and

represents the transfer of gas atoms from the non-restructured fuel grains to the restructured one during
the restructuring process, determined by the increase of the restructured volume fraction a.

2.1.2 Implementation and assessment in SCIANTIX

Egs. (2) and (3) have been used in the SCIANTIX code [15] to obtain a complete description of the transition
from the as-fabricated fuel to the HBS fuel region. In line with the state-of-the-art representation of fission
gas behaviour (FGB) [6] [7] [16] the working hypotheses are the followings:

o  The fuel grains are modelled as spherical domains.

e Inline with the new SCIANTIX (version 2.0) code structure, two phases of the UO, fuel are considered:
the non-restructured (UO;) and restructured UO, (i.e., UO2-HBS). Each phase features its physical
properties, e.g., different grain sizes.

e  Each UO; phase forms a dedicated system (e.g., Xe-in-UO, and Xe-in-UO,-HBS), each one with its
specific properties (e.g., the diffusivity of xenon in the fuel matrix).

Conventional symmetric boundary conditions at the centre of the spherical domain and perfect sink
boundary conditions at the border of the spherical domain are applied. On top of the standard fission gas
behaviour description operated by SCIANTIX (e.g., the evolution of the intra-granular bubble population), we
consider the following diffusion problem:

¢y Dy _, Jda
- == _ - - 1— 4
> a%v Ci—gCy+bm ———C+(1-a)$ 4)
om; C—b 1 Oa ()
gt 9T PTG ™
0C, Dy ., 1 c’)a(c )+ aS (6)
ot a2 P 1-adt ! )T

With a; = 5 um and a, = 150 nm representative values of the radii of the fuel grains in non-restructured
UO; and in restructured UO,, respectively. The diffusivity D; of the fission gas in non-restructured UO, comes
from the classical Turnbull formulation [17], also employed as default option in SCIANTIX [15]. The diffusivity
D, of the fission gas in restructured UO; is set as D,(m?s™1) = 4.5 x 10™*2F (fiss m~3s™1), according to
the works of Pizzocri et al. [12] and Barani et al. [7]. The intra-granular trapping rate g and irradiation-induced
re-solution rate b are given by the standard formulations from Ham [18] and Olander et al. [19], respectively.
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The system of equations (4)-(5)-(6) represent the extended intra-granular problem that is solved in SCIANTIX,
tailored to represent a smooth transition from UO, to UO»-HBS phase. In particular,

e (; represents the concentration of fission gas in dynamic solution within the non-restructured
matrix.

e M, represents the concentration of fission gas trapped in intra-granular bubbles within the non-
restructured matrix.

e (, represents the concentration of fission gas in dynamic solution within the restructured matrix.

Since the intra-granular diffusion problems in SCIANTIX are discretised with the spectral diffusion algorithm
(SDA), we avoid solving the first two differential equations (Eg. 4-5) on the non-restructured micron-sized
fuel grain and the third one (Eq. 6) on the restructured nanometric fuel grain by non-dimensionalising the
Laplace operator. In other words, we solve the diffusion problem on the unit-radius sphere without changing
the system eigenvalues. The restructured volume fraction proposed by Barani and co-workers (Barani et al.,
2020, Barani et al., 2022) is:

o =1 - exp(—2.77 x 1077 B254) (7)

The restructured volume fraction a is proportional to the local effective burnup B.rr (MWd/kgU), used as a

virtual threshold to define the HBS formation at temperature lower than the healing temperature threshold
(Ten= 1273.15 K):

Berr = jH(Tth)dﬂ (8)

where 3 (MWd/kgU) is the fuel local burnup and H is the Heaviside function. To evaluate the calculations of
the model, we applied the previous modelling approach to simulate the behaviour of a representative light
water reactor (LWR) fuel pellet rim portion with SCIANTIX. Namely, we considered a steady-state irradiation
history up to 200 MWd/kgU at low temperature (723 K) and high fission rate (2 10*° fiss/m3s) Figure 1 and
Figure 2 show the results obtained from solving Eqs 4-5-6. To evaluate the impact of the sweeping term,
Figure 1 is obtained by neglecting such term while it is considered in Figure 2.

Moreover, Figure 1 and Figure 2 include separate contributions for xenon concentrations retained in UO,
matrix:

e The contribution from the xenon retained in non-restructured UO; grains (C; + m;).
e The contribution from the xenon retained in restructured UO,-HBS grains (C,) and their sum.
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Figure 1: Intra-granular xenon concentration calculated with the present model, without the sweeping term,
as a function of local effective burnup. The comparison with the model from [10], is reported (purple dotted
line), together with experimental data measured by EPMA on several samples (black dots, from [13].
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Figure 2: Intra-granular xenon concentration calculated with the present model, including the sweeping term,
as a function of local effective burnup. The comparison with the model from Lassmann et al. (1995b), is
reported (purple dotted line), together with experimental data measured by EPMA on several samples (black
dots, from Walker, 1999).

The purpose of Figure 1 is to clarify the impact of the sweeping term which ensures a more realistic
representation of the xenon depletion process together with advantages of numerical and implementation-
wise nature. In particular, moving from Figure 1 to Figure 2, it can be noted that the mass transfer between
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the two matrix phases is responsible for the smooth decrease of the retained gas in reasonable agreement
with available measured data. Moreover, the tail of the calculated intra-granular xenon concentration
depends on the grain size of the UO2-HBS matrix (i.e., asymptotic gas concentration). We use a value of 150
nm ( Table 1), that is in line with experimental observations [9] and previous modelling approaches [8] [10],
and that agrees with the experimental data considered in Figure 2. On the other hand, such grain size has its
degree of intrinsic uncertainty [7] [8]. The experimental data in Figure 1 and Figure 2 come from different
irradiation conditions and initial fuel characteristics. Considering the scattering of the considered data, the
agreement can be regarded as acceptable. Some degree of uncertainty must be also taken into consideration,
for instance, in the single-atom diffusivities of the xenon in the fuel matrices (reported in Table 1), regarding
the experimental characterisation, which in principle could allow us to consider different (but reasonable)
initial fuel grain sizes. Most importantly, some uncertainty must be ascribed to the 0-dimensional simulation
we are performing with the SCIANTIX code, considering that a constant temperature and constant fission
rate are not fully representative of the local temperature and burnup gradients. For instance, uncertainty is
brought to the predicted position of the peak of the retained xenon (~ 60 MWd/kgU in the considered
simulation), which depends on the restructured volume fraction @, and on the local burnup itself. Further
refinement of this feature is to be considered in a more detailed representation of the restructured volume
fraction, possibly including other quantities like the dislocation density as it was done in other works [4] [20].
Issues of this kind have been addressed and detailed in previous, and a similar examination and comparison
are valid for the present work.

In conclusion, this section outlines a modelling approach to describe the intra-granular fission gas behaviour
in UO,, considering the evolution of the non-restructured and restructured fuel matrices. The model
leverages the definition of the restructured volume fraction, which currently depends on the local effective
burnup. The primary outcome of the model is a simple yet effective description of two intra-granular gas
diffusion problems interconnected by an exchange term, sweeping gas atoms from one phase to the other.
In addition, by leveraging the spectral diffusion algorithm for the intra-granular fission gas problem, we
avoided dealing with two different integration domains (micrometric and sub-micrometric grains) and solved
a single spatial dimensionless problem. The model developed has been implemented in SCIANTIX, a 0D meso-
scale code for physics-based modelling of fission gases in nuclear oxide fuel and compared with experimental
data and semi-empirical models. The model results are consistent with the experimental data and past semi-
empirical models, with the sweeping term providing a smooth representation of the xenon depletion in
forming HBS.

2.2 Model for chromium solubility and fission gas diffusivity

Accumulation of fission products (FPs), particularly FGs, is among the primary causes limiting the
performance of the UO; fuels due to deteriorating safety and operational margins at high burnup. A possible
solution for controlling the fission gas release (FGR) with burnup consists in modifying the initial fuel
microstructure during the manufacturing process by using some additives that promote the crystalline
growth of the fuel grains during sintering. Such alteration of the initial fuel microstructure modifies the
diffusion phenomena inside the fuel pellets, leading to an increased effective retention of the fission gas.
Among the numerous additives considered, chromium oxide appears as one of the most promising, since
most of the thermal-mechanical properties of the unirradiated Cr,0s-doped fuel are fundamentally the same
as the UO; fuels, such as thermal diffusivity and melting temperature. Besides the enhanced fission gas
retention, the increased average grain size, which was detected up to 7 times greater than the undoped fuel
one, i.e. up to 50 um of grain radius, experimental data confirmed that Cr,0s-doped fuel exhibits enhanced
pellet-cladding interaction (PCl) resistance, which was attributed to an increased viscoplasticity and the
development of favorable crack patterns [21] [22]. During fabrication, chromium oxide is typically added, as
a powder, to UO; powder in quantities of around ~1000 wt. ppm, which is then sintered at high temperature
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(1600—1800°C) under a controlled atmosphere. It is convenient to limit dopant content to the solubility limit
to minimize the potential impact on other materials and neutronic fuel properties while maintaining the
benefits of large grains. In fact, Chromium is a neutronic absorber, hence it could be combined with
Aluminium, during the sintering process, to reduce this effect. In this way, in the final product, chromium can
be found mostly in a soluble fraction in the solid solution in UO; and, minimally, in an insoluble fraction as
separate Cr oxide precipitates.

At POLIMI, we review the chromium solubility model proposed by Riglet-Martial et al. [23], optimizing it to
better reproduce available EPMA data [24], together with simple modelling of chromium phase evolution
during irradiation based on the work by Curti and Kulik [25]. Then, a new description of the fission gas
diffusion coefficient is derived, based on defect concentration induced by doping, consistent with the recent
work by Murphy et al. [26]. All models are implemented in SCIANTIX. A separate-effect comparison against
experimental data is performed, for all models proposed. An integral assessment is discussed, considering
results obtained with the Fuel Performance Code (FPC) TRANSURANUS coupled with SCIANTIX [15].

2.2.1 Solubility and phase evolution models

A solubility model for Chromium in UO; was proposed by Riglet-Martial. Due to the lack of experimental
information in the literature in some key areas of the Cr-O phase diagram, additional measurements were
collected by authors to obtain a full description of the system in the whole range of temperature and oxygen
partial pressure Po; relevant to nuclear fuels. Four phases are highlighted in the phase diagram:

L] Cr203(s)
L Cr304(s)
e Cro(l)

e Cr(s)

The phase Crs04(s) is neglected since it is characterized by a small area in the phase diagram. In addition,
authors also report that the CrO(l) phase (oxidation state +2) is still hardly evidenced, due to its narrow
stability area only at high temperature. Moreover, experimental synthesis of pure CrO(l) phase encounters
difficulties when trying to accurately adjust and maintain the sintering parameters during the whole process
[15]. For these reasons, and since the stability region of CrO(l) is defined by conditions of oxygen potentials
and temperature far from typical reactor operating conditions, this phase was neglected in the
implementation of the solubility model in the SCIANTIX code.

As a result, a simplified solubility thermodynamic model has been developed combining all the relevant
experimental data. The solubility law was obtained by thermodynamics considerations, leading to the
following formula:

U
log1o(Ver) = q log1o(Po2) +V + T (9)

where e y, is the chromium solubility, Py, is the oxygen partial pressure, T is the temperature, V and U are
coefficients coming from the linearization of the Gibbs' free energy and q is a function of the stoichiometry
of the soluble species. Coefficients were determined by fitting the experimental data, leading to solubility
laws for oxide and metal phases shown in Figure 3. The oxygen potential has a primary role in determining
the stable chromium phase at a certain temperature. Few studies have been carried out to model from a
thermo-chemical perspective and accounting for the FP evolution in the LWR fuel conditions to determine
oxygen potentials and its variation during irradiation. Curti and coauthors focused on the thermodynamic
description of chromium-doped fuel systems. The final model calculates complete thermodynamic
equilibrium in a conventional or Cr-doped UO, fuel rod irradiated in a PWR, using detailed model inventories
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with a defined average burnup. It includes, besides stoichiometric solids and ideal gas, a complex UO;
solution with U>*, Cr3* Pu, minor actinides and lanthanides as minor solutes, a quinary (Mo, Pd, Rh, Ru, Tc)
solid solution representing e-particles, a binary (Ba, Sr)ZrOs solid solution representing a very simplified “grey
phase”. The main results of this work are thermodynamic equilibrium calculations for PWR Cr-doped UO;
fuel at 60 GWd/tHM burnup. Curti and coauthors found that, between 400°C and 1400°C, the speciation of
chromium is dominated by a separate pure Cr,0s(cr) phase. At higher temperatures, a phase transition
between the oxide phase and the metal one is observed. The phase exchange between Cr - Cr,0s was
modelled with the following function:

f(T) =1—exp(A,(T — 4y)) (10)

where A; and A; are appropriate coefficients, and f(T) describes the molar fraction of Cr; then the molar
fraction of Cr,03 is obtained by subtracting f(T) from 1. The effect of the burnup is taken into account
considering that:

e A higher burnup and, thus, a higher production of FPs, would make the phase transition faster.
e Atthe beginning of the irradiation life, the function should be a horizontal straight line since no phase
transition is in place.

In this way, it is possible to consider how the presence of FPs can remove oxygen from chromium oxide
molecules. This is done by weighting the endpoint of the function, represented by C,, by the burnup [27].

The chromium content in the UO; lattice depends on both phase distribution and solubility laws. To increase
the fidelity of the above-proposed models an optimization process was performed against experimental data
by [24]. Only the solubility law of Cr(s) was optimized, together with the phase-change function, since this
law was obtained by less experimental data concentrated in a small temperature region. On the other hand,
the solubility law for the oxide phase was considered reliable, given the greater availability of experimental
data. This optimization process aimed to properly describe the amount of chromium in the lattice for
different temperatures and burnup conditions. In addition, acting only on the U, and V parameters is possible
to account for different fabrications that influence the oxygen partial pressure. From these results some
conclusions can be drawn:

o In the low-temperature range of the pellet, between the periphery and the radial position that
reached approximately a temperature value of 1400°C, the soluble fraction of chromium in the UO;
matrix is measured around a constant value of 0.1 wt% Cr, independent of temperature. The
chromium fraction in excess is found as precipitate in UO; as an oxide secondary phase. The
chromium speciation (both soluble and insoluble forms) in the cold section of the rod is comparable
to the one recorded on a pre-irradiated rod of the same type under nominal operating conditions
(with temperatures between 500°C and 1000°C).

o In the intermediate-temperature range of the pellet, between the radial position that reached
1500°C and the one that reached 1620°C-1790°C, the soluble fraction of chromium in UO, decreases
significantly down to the range of 0.04 wt.% - 0.06 wt.% and, thus, abundant precipitation of metallic
chromium is found as a secondary phase.

e Inthe high-temperature range of the pellet, between the radial position that reached 1620°C-1790°C
and the centre of the pellet, the soluble fraction increases up to values in the range of 0.06 wt.% -
0.09 wt.%. Abundant precipitates are still observed.

It should be emphasized that the data are highly dispersed, and the considerations made about the average
trend must take this uncertainty into account. This uncertainty is probably related to the experimental
technique used for the experiment (EPMA), considering that the dopant concentration is quite low.

To reproduce the sudden decrease in the chromium content above ~1450°C, optimization was carried out
only on the Cr phase, as this is the one for which less experimental data are available and about which there
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is therefore more uncertainty. Results are shown in Figure 3. The results obtained downstream of the
optimization process suggest a faster transition between Cr,0s(s) and Cr(s) and lower solubility of the Cr(s)
phase. Parameters of the optimized models are shown in Table 1.

Table 1. Parameters value obtained from the optimization process compared with nominal ones. The
U and V coefficients refer to the solubility law for the Cr metal phase

Quantity |[Nominal values||Optimized values
U (J/mol) (28160 22989.0
V (J/K mol)||-6.0760 -5.9483
C1(-) 0.0050 0.0017
C2(-) 1800 1502

—0175{|— Cr20s

8 — Cr

20 0.150{ —— Cr optimized

?E e Cr phase experimental values

% 0.125 e Cr;03 phase experimental values

= 0.100

S

= 0.075 1

£ 0.050 1

b

0.025 -

1500 1600 1700 1800 1900
Temperature [°C]
Figure 3: Comparison between the solubility model from literature [23] and the optimized one [27] against
experimental data [24].

2.2.2 Fission gas diffusivity model
FGR is a complex multi-step process:

1. FGis produced by fissions in the bulk UO, lattice.

2. Trapping of the insoluble gas in intragranular bubbles and its resolution back into the lattice by
irradiation occurs and can be assumed to rapidly reach equilibrium under most conditions of practical
interest.

3. The resultant concentration of gas in the bulk diffuses to the grain boundaries (with the diffusion
rate during equilibrium trapping and resolution captured by an effective diffusion coefficient) and
forms inter-granular bubbles.

4. Growth of the inter-granular bubbles leads to fuel swelling, bubble interconnection, and gas release
upon the formation of percolating pathways to a free surface.

Due to considerations about chromium precipitates at the grain boundary and considering that the probable
chromium concentrations of commercial interest are rather low (~1000 - 1200 ppm), the effect of
precipitates on intragranular diffusion was neglected. It may be relevant only in the case of doping with large
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concentrations consequently, the only effect related to grain boundaries is their reduction, since the doped
fuel has larger grains.

Here, the focus is on the intra-granular gas behaviour, which is controlled, among other factors, by the grain
size and the gas diffusivity. The fission gas diffusivity for undoped UQ; is given by the Turnbull model [32]:

D = D01 + DOZ + D03 (11)
10—19

Dy; = 7.6 10710 exp (—4.86 )
01 kT (12)

: 1071°

— -25 —

Dy, = 5.64 10 \/Fexp< 1915 — ) (13)
D03 = 8 10_40F (14)

where Dy, D,, and D3 represent the intrinsic, irradiation-enhanced, and athermal contributions to fission gas
diffusivity, respectively. According to the fact that the equilibrium between Cr,03 and Cr occurs at an oxygen
potential that is commensurate to a hyper-stoichiometric fuel, as found in the work by Cooper [28], this
formula was modified by adding a term accounting for uranium vacancy excess, retrieving a formulation
discussed in [29], by adding the term D, = h?j,V,, where h is the interatomic jump distance (m), j, the
vacancy jump rate (-), and Vy the vacancy induced by doping. The uranium vacancy concentration is
expressed by

2

Vy = (;) (%) [Cr3+]? (15)

In which it is assumed that all the oxygen introduced as chromium-oxide in the fuel is retained in interstitial
positions, leading to the formation of an equal number of oxygen vacancies. Another possibility, according
to the recent work by Murphy et al. [26], is to consider one single oxygen vacancy per chromium atom in the
lattice, leading to the following expression

vy = (3 ler 1 (16)

The results of calculations are shown in Figure 4. It must be stated that the uncertainty associated with the
intra-granular (lattice) gas atom diffusion coefficient plays an important role in limiting the accuracy of FGB
predictions. White and Tucker [30] postulated that the main cause of the observed discrepancies between
the model and experiment in terms of FGR lay in the uncertainties in the lattice diffusion coefficients. Matzke
[31] demonstrated a scatter of about two orders of magnitude, depending on the considered temperature,
between different experimental data sets. In fact, a factor of 100 was considered also by Pastore and
coauthors [32] to make a sensitivity analysis on FGR. Therefore, the comparison presented must be
considered qualitatively, noting that the correction is considerable at intermediate temperatures and that it
is associated with a physical process of creating uranium vacancies.
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Figure 4: Value of diffusion coefficient (logscale) compared to the standard undoped one and the one derived
by Cooper and coauthors [28]. It is highlighted the amount of chromium oxide, in wt ppm, used to dope the
U0, fuel.

2.2.3 Separate-effect assessment

Here, model results are compared with separate-effect experiments available in literature. The comparison
between results obtained with the Cr-solubility model implemented in SCIANTIX and experimental data by
Riglet-Martial et al. is presented in Figure 5. The added value of the optimized model compared to the
standard one is the capability of reproducing the rapid decrease in chromium content. In contrast, the
calculated results have a different trend in the high-temperature region (purple colour in Figure 5); this can
be attributed to the fact that the optimized laws have a monotonic trend in temperature. The data which are
used to optimize the Cr-solubility and phase evolution models, can be well reproduced by the new SCIANTIX
model. However, this approach is limited and does not allow a proper understanding and description of the
behaviour of chromium in the UO2 Ilattice during irradiation. To address these limitations, the
implementation of a surrogate model for describing the Cr-U-O phase diagram, obtained through CALPHAD
calculations, is a future development of potential interest for the SCIANTIX code.
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Figure 5: Plot of the experimental data from the work by Riglet-Martial and coauthors [24], in blue
(experimental values 1 and 2), results obtained with the optimized model, in red and results obtained from
the model with nominal parameters, in green. Three regions are highlighted: the green one, representing the
area in which chromium solubility is independent of the temperature, the yellow one, in which a sudden
decrease of the chromium in the lattice is observed, and the violet one, where an increase in the chromium
content is observed. The dark area around the blue lines represents the uncertainty related to the dispersed
experimental data. Note that data related to experiment 1 stops at a lower temperature, due to different
experimental conditions.

In addition, results obtained with the new model for the diffusion coefficient implemented in SCIANTIX have
been compared with FGR experimental data by Killeen [33]. The author considered six small cylindrical
samples, 2.1 mm diameter by 10 mm long, prepared with 2% enriched UO; pellets by cutting and centreless
grinding. Three of the samples were undoped and the other three were prepared from material that had
been sintered using 0.5 wt.% (5000 ppm) of Cr,03 as a dopant. Both sets of samples were prepared from the
same original batch of UO, powder, the dopant being added only to one portion of this material. The grain
size obtained at the end of the process was 6 um for the undoped sample while for the doped one is in the
interval 50 - 55 um. Samples were electrically heated at a nominal temperature of 1460°C and irradiated in
a neutron flux of 3.3 10 n m™2 s, The samples were irradiated in pairs, with a reference sample and one
doped sample in each pair, to three differing burnups, 0.14% FIMA, 0.30% FIMA, and 0.45% FIMA. After
irradiation, the quantity of ®Kr released into the capsules from each specimen was measured.

The comparison between the results obtained with the new diffusion coefficient and the experimental data
is shown in Figure 6, with a reasonable good agreement with the experimental results and the corresponding
empirical model. It should be understood in a purely qualitative sense because of the limited experimental
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data and the high uncertainty of the diffusion coefficient. Regarding the experimental results obtained by
Killeen [31], since the sample considered in this experiment was doped with a large amount of chromium
(5000 ppm), well above the solubility limit, there might be an effect of reduced intergranular diffusion, due
to chromium precipitations at grain boundaries. This could explain why the model predictions are slightly
higher than the experimental data. The key aspect that one is able to capture, going from a simulation with
standard-size fuel grains (5 um) to one with bigger-size grains (~ 50 um), is that the FGR begins later and
continues more gently during the irradiation time. This is explained by the lower surface-to-volume ratio: the
saturation at grain boundaries occurs earlier, due to the presence of fewer grain boundaries, as a direct result
of larger grains. Thus, grain boundaries are less able to store FGs in fuel with bigger grains. At the same time,
this is counterbalanced by the greater distance to travel for each gas atom, which causes the release to
proceed at a slower rate, ultimately leading to greater retention of FGs, resulting in reduced pressure in the
fissure/plenum but greater gaseous swelling.

61 — FGR Killeen
—— FGR SCIANTIX
51 e Experimental data

0.0 0.1 0.2 0.3 0.4 0.5
Burnup (%FIMA)
Figure 6: Comparison of FGR values obtained with the diffusion coefficient derived in this work, in red,
experimental values, represented with black dots, and their interpolation, in blue.
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2.2.4 Integral-scale assessment

Here it is presented the description of Rod 1 from the Instrumented Fuel Assembly (IFA)-677 that was
irradiated in the OECD Halden Boiling Water Reactor (HBWR). The High Initial Rating Test IFA-677.1 was
performed with the aim of investigating the performance of modern fuels subjected to high initial rating with
respect to thermal behaviour, dimensional changes (densification and swelling), FGR, and PCMI. All rods were
instrumented with pressure transducers and fuel centreline thermocouples on both ends. The test was
loaded in the HBWR in December 2004 and completed six cycles of irradiation under HBWR conditions in
September 2007, achieving a rig average burnup of ~26.3 MWd/kgUO? IFA-677.1 Rod 1 contained UO,
doped with 900 ppm of Cr,03 and 200 ppm of AlpOs. Fabrication characteristics of the rod considered in this
work are illustrated in Table 2.

Table 2 Fabrication characteristics of IFA-677.1 Rod 1.

Cladding material Zircaloy-4
Fuel material UO02 with additives
Fill gas He

Total rod length (mm) 456.0
Total active fuel stack length (mm) 398.6
Drilled active section length, top (mm) 109.2
Drilled active section length, bottom (mm) 109.7
Pellet inner diameter, drilled sections (mm) 1.8

Pellet outer diameter (mm) 9.13
Diametral gap (p) 170
Cladding thickness (mm) 0.725
Cladding outer diameter (mm) 10.75
Free volume (cm?3) 5.34

Fill gas pressure (MPa) 1.35

Fuel Cr,03 content (ppm) 900

Fuel Al,03 content (ppm) 200

Fuel U-235 enrichment (%) 4.94
Initial fuel density (kg/m?3) 10690
Fuel grain radius (um) 28

The new model for the gas diffusion coefficient has been fully implemented in SCIANTIX. SCIANTIX receives
input temperature history, fission rate, fuel hydrostatic stress, and fabrication data, then performs a 0D
simulation of the fuel behaviour. The comparison of the predicted gas releases with the experimental results
is crucial to assess the accuracy of the model. Results obtained with TRANSURANUS stand-alone and
TRANSURANUS coupled with SCIANTIX are also shown, highlighting the added value of SCIANTIX models. The
calculated FGR as a function of rod irradiation time is shown in Figure 7 along with the measured data (which
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are inferred from the inner rod pressure on-line measurement) and with BISON prediction, that are present
as a comparison.

One can clearly see the contribution of SCIANTIX models, which allow for a more physical description of FGB,
with sudden increases in conjunction with power ramps. This is possible through different models for intra-
granular gas diffusion, with different trapping, resolution rates and intra-granular bubble evolution and grain
boundary microcracking. Thus, results obtained with TRANSURANUS coupled with SCIANTIX are considered
as references and are described in the following. FGR is well predicted during the first 300 days, which
corresponds to a burnup of ~17 MWd/kgU. After that, FGR is underpredicted, with the calculated value at
the end of life being 10.3% and the experimental value being 22%. As a comparison, BISON underpredicts
less during irradiation but reaches a similar value after the last cycle. Two main spikes in the experimental
FGR are identified in correspondence of two power increases, the first occurring at 280 days and the second
at 450 days. In the simulations they are qualitatively present but there is a discrepancy of a factor 2 in the
final FGR. Overall, the deviation can be considered acceptable, given the inherent modelling uncertainties
for FGR [32].

35
—— Experimental data LHR
—— TRANSURANUS stand-alone - 50
30 1 — Bison
—— Present work (one ox interstitial per Cr atom)
25 - * TRANSURANUS//SCIANTIX Turnbull - 40
~ 20 - E
2 -30
& —
O
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-
- 20
10 A
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Figure 7. Comparison between FGR as a function of rod irradiation time for IFA-677.1 Rod 1: in blue the
experimental data, in black results obtained in this work with TRANSURANUS coupled with SCIANTIX
considering the new diffusion coefficient for gas diffusion, in yellow results obtained with TRANSURANUS
coupled with SCIANTIX using the diffusion coefficient by Turnbull [33], in green results obtained with
TRANSURANUS stand-alone, and in purple results obtained with BISON from the work by Cooper and
coauthors [27]. The Linear Heat Rate values are also reported, in light grey, in the background.

For what concerns the integral assessment, the impact of the new model is limited on the global fuel
performance analysis, but it paves the way for a more refined analysis of the diffusivity variation (e.g., by
using defect balance equation or through an evaluation of the microstructure of the doped fuel from the
complete phase diagram analysis). In addition, downstream of a performed sensitivity analysis, the
discrepancy in the FGR results cannot be explained by uncertainty on input data. As an example, a typical
factor of uncertainty of 5% in the input linear heat rate was considered in additional TRANSURANUS
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simulations [27], with a negligible increase of 2% on the calculated FGR. Likely, the explanation for the
discrepancy between the experimental FGR and (both BISON and) TRANSURANUS calculations is to be found
in the physical models describing the intragranular fission gas diffusivity in the fuel, and in the possible
decreased capability of grain boundaries to store fission gas due to the presence of chromium precipitates
at grain boundaries.

2.3 Model for athermal gas release

Several mechanisms of FGR exist, that are relevant in different temperature ranges. At high temperatures
the thermal diffusion of fission gas dominates. At moderate temperatures, the irradiation-enhanced defect
concentrations drive the fission gas diffusion, whereas at low temperatures, the athermal contribution is
most relevant. The athermal fission gas release holds prime importance in reactors that operate at low
temperatures, e.g., some designs of small modular reactors (SMRs), and, also, for fast reactors using fuels
with high thermal conductivity, such as nitride fuels. Athermal fission gas release may occur via recoil or
knockout mechanisms or be induced by the presence of open channels in the fuel matrix, i.e., the open
porosity. Within the OperaHPC project, POLIMI focused on the latter.

Numerous endeavours have been undertaken to characterise athermal FGR, encompassing diverse
methodologies from purely empirical approaches to the exploration of percolation phenomenon along grain
boundaries. A mechanistic model considering the open porosity as a mean-field quantity was developed by
Caisse and Van Uffelen [34], but it is expected to over-predict FGR since the athermal venting factor was
described as a purely geometrical quantity and the fuel grain was treated as a spherical domain, therefore,
neglecting the effects of the grain shape of the gas concentration gradient along the grain edge (Figure 8).
Here, we describe a development of this model for the athermal FGR. The athermal FGR, defined as the
fraction of gas vented from the fuel through its open porosity, is evaluated from the solution of the diffusion
problem within tetrakaidecahedron (TKD)-shaped fuel grain [35], evaluating the fraction of the concentration
gradient in the proximity of grain edges. The results were implemented in the SCIANTIX code thanks to a
dedicated neural network, aimed at encapsulating the complex dependencies affecting the athermal release,
whilst ensuring a computational time in line with FPC applications. Additionally, in the context of this analysis,
semi-empirical models for solid FP swelling and fuel densification were incorporated as well, both relevant
phenomena in low-temperature conditions. The consistency of the model is tested with data available in the
literature.
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Figure 8: Comparison between the gas concentration in a section of a sphere (left) and in a section of a
tetrakaidecahedron (right), from the solution of the gas diffusion problem. In the latter case, the gas
concentration along the edge is non uniform.

2.3.1 Athermal venting factor

This section introduces the model for athermal fission gas release, built on the mechanistic framework
developed by Claisse and Van Uffelen. To account for the complex dependencies influencing this process
while maintaining computational efficiency suitable for fuel performance applications, artificial intelligence
techniques are employed. Specifically, a synthetic dataset is generated using a high-fidelity finite element
method code that solves the diffusion equation. This dataset is then used to train a feed-forward neural
network. We considered the following equation for the accumulation rate of FG at grain boundaries:

dq_ . N D36c R
E_( _fath ath)( aa,ca)_ (17)

where D is the intra-granular FG diffusivity, a is the grain radius, c is the intragranular FG concentration, R
is the release rate due to grain-boundary bubbles interconnection. Considering a fuel grain represented as a
TKD, the athermal venting factor was defined in [34] as:

Sop

where S, is the surface of the open-porosity and Srkpis the surface of the TKD. In order to account for the
concentration gradient along the edges, we introduced the corrective factor 4,5, defined as the ratio of the
average integral flux exiting from the grain within the radius of the open-porosity tunnel ¢,, over the total
average integral exiting flux ¢

_ ¢op
T e (19)

A

To compute the corrective factor A4, a high-fidelity code, written in MATLAB, was employed to solve the
2D gas diffusion equation in a section of a TKD (Figure 8, right) for several values of the grain-inclination
angle, the fabrication porosity, the grain edge length, the burn-up, the temperature, the fission rate density
and the initial gas concentration. Details and range of these parameters are illustrated in Table 3.

Given the involved non-linearities in the solution of the 2D gas diffusion equation (e.g., the dependence of
the diffusivity from the temperature and the fission rate), a surrogate model for A,;, was developed to
encapsulate all the dependencies. A feed-forward neural network (FNN) was chosen for its simplicity and
interpretability. The FNN architecture features ten neurons and was trained on a synthetic dataset generated
by high-fidelity simulations. The dataset contains 10,348 observations with a seven-dimensional feature
space representing the dependencies. The data was randomly split into training (70%), validation (15%), and
test (15%) subsets. The network training was optimized using the Levenberg—Marquardt algorithm, and its
performance was evaluated using the mean square error (always lower than 0.0043). The surrogate model
for A, has been implemented and SCIANTIX and used for the solution of (Eg. 17) in the grain-boundary
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Table 3. Definitions, ranges and units of the parameters used in the solution of the 2D gas diffusion equation.

Quantity Definition Range Unit of Measurement
0 Grain-edge inclination angle 90 - 135 °
Ptab As-fabricated porosity 2-9 %
| Grain-edge length 3.67-11 pum
B Burnup 0-50 MWd/kgU02
T Temperature 300 - 1600 K
S Gas generation rate

- Irradiation 1018-10%

at/m3-s

- Annealing 0
Co Initial gas concentration

- Irradiation 0 at/m3-s

- Annealing 101%-10%

2.3.2 Connected phenomena

To achieve a more physical interpretation of the relationship between the open porosity F,, and the
fabrication porosity Pr,y, the linear interpolation inferred in [34] was replaced by the following new semi-
empirical fit (Figure 9):

a

1+ exp (—c(Prap — b)) (20)

Pop = anab +

With a= 2.8 %, b= 5.5 %, and a = 0.05. We can highlight the relation between the open porosity and the
fabrication porosity as the co-occurrence of two effects. The first one is isotropic in nature and characterized
by the linear term, the second one is anisotropic and ascribable to the percolation mechanism that occurs at
a threshold value of Pg,.

In addition, we included the effect of the solid FPs on the fuel density (p), through the following equation:
TD
p= AV
1-P)(1+ (5~ (21)
a-n(1+(%),.)

Where the swelling due to solid FPs is evaluated according to the legacy Olander model [35], TD is the fuel
theoretical density, and P is the total porosity.
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Figure 9: Comparison between this work’s fit with the one inferred by Claisse and Van Uffelen, and
experimental data [35]

Lastly, we introduced a burnup dependence for the densification process given by:

df,
d—[j = kpfy + k1 (exp kr,T)

(22)

Where f; is the densification factor, kg =2, ky; = 0.006, kr, = 0.002 are determined from the
experimental data in Figure 10. The densification factor is then employed to reduce the fabrication porosity
up to a constant residual porosity taken as 75% of the initial fabrication porosity.
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Figure 10: Densification factor as a function of the burnup according to Eq. (20) evaluated at different
temperature levels, compared to experimental data [36].

These three additional phenomena (dependence of the open porosity from the fabrication porosity, solid
fuel swelling and densification) have been implemented in SCIANTIX, on top of the correction of the athermal
venting factor by 4.y, to have a meso-scale, yet comprehensive, description of the athermal FGR.
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2.3.3 Separate-effect assessment

The predictive capabilities of the presented model are tested using data available in the open literature.
Specifically, a set of separate effect tests was conducted to first assess the performance of SCIANTIX in
standalone conditions, against the Kashibe and Baker separate-effect experimental cases. Additionally, to
further explore the behavior of the athermal FGR model across a broader range of temperatures and burnup
values, a synthetic dataset was generated. This dataset was build considering the same fuel composition of
the Baker tests and spanning a temperature range from 373 to 2073 K and irradiating until a final burnup
level equal to 50 MWd/kgUO2. The test cases are mapped in Figure 11. A summarising result of the three

models presented in the previous section is depicted in Figure 12, while an illustrative athermal FGR
prediction is shown in Figure 13.
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Figure 11: Experimental and synthetic cases employed in the separate effect tests of the athermal FGR model.
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Figure 12: Evolution of the open porosity, alongside the fabrication and total porosity in the Baker test case
at 1273 K. For the sake of readability, the values of the open porosity have been enlarged by a factor of 10.
With irradiation, the fabrication porosity undergoes densification according to our model until a residual
porosity value is reached. After, the total porosity increases due to FG/FP swelling contributions.
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Figure 13: Athermal FGR, model comparison for the Baker test case at 1273 K. The FGR predicted by our

model is lower than the Claisse and Van Uffelen model, as expected from the application of the corrective
factor Ag¢p.

We used the developed athermal FGR model to map a temperature-burnup space based on the coordinates
at which FGR exceeds 1% for the different studied cases, compared to the legacy Halden threshold. As
depicted in Figure 14, the Halden threshold slightly surpasses the athermal boundary outlined in our
mapping, consistently serving as an upper limit for the region of athermal release as defined by our model.
This trend persists throughout the entire domain where the Halden threshold remains valid, with exceptions
found in sections of the graph influenced by the highest temperatures encountered in the Baker cases. This
observation aligns with the fact that the Halden threshold is formulated based on the fuel centerline
temperature, whereas our analysis considers local temperature values, which are more representative of the
separate-effect tests in the SCIANTIX database. Consequently, the thermal gradient in the fuel pellet would
lead to a vertical shift of the red (Halden) curve on the y-axis. Once more, all the experimental cases under
consideration (base irradiations of AN3. CONTACT1, REGATE, HATAC-C2, with low FGR) occupy a portion of
the temperature-burnup space governed by athermal FGR. Therefore, this map can serve as a tool for
evaluating the predicted region of FGR, whether influenced primarily by athermal behavior or thermal
diffusion.
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Figure 14. Mapping of the local temperature-burnup space based on the coordinates at which fission gas
release exceeds 1% for the different studied cases, compared to the Halden threshold. For comparison,
average temperature-burnup points from the base-irradiations of AN3, CONTACT1, HATAC-C2 and REGATE
have been included.

2.4 Conclusive remarks

The selection and implementation of advanced behavioural models for FGB at POLIMI, in the context of Task
4.2, have enabled a more accurate description of:

1. HBS evolution: A novel modelling approach has been developed to simulate the transition to and
depletion of fission gases in HBS. The assessment against experimental data and previous semi-
empirical models confirm its reliability.

2. Chromia-doped UO; fuels: The chromium solubility and phase evolution models have been refined
and extended to better align with experimental data, including EPMA datasets. A new fission gas
diffusion coefficient, consistent with doping-induced defect concentrations, has been implemented,
providing an improved representation of fission gas retention in doped duel. The coupling of
SCIANTIX with the TRANSURANUS fuel performance code has demonstrated the integral applicability
of these advancements.

3. Athermal FGR: A mechanistic model incorporating grain geometry effects for athermal FGR was
developed. This model, supported by a neural network for computational efficiency, and meso-scale
semi-empirical models for solid FP swelling and fuel densification has been assessed against
literature data, demonstrating its relevance for base irradiation conditions of LWR and low-
temperature reactor designs.

The incorporation of these advanced models into SCIANTIX improves its meso-scale modelling capabilities
and pave the way for integral-scale applications by applying the coupled suite SCIANTIX-OFFBEAT developed
and assessed in the frame of the current OperaHPC project.
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3. Review of physical models for OFFBEAT and 3D methodology for gap
conductance

In the context of Task 4.2, EPFL reviewed and selected a set of models to be implemented in OFFBEAT
specifically within Task 4.4 and, more generally, throughout the project. The focus was mainly on Loss of
Coolant Accidents (LOCAs), Reactivity Initiated Accidents (RIAs), contact modelling and fuel-to-cladding gap
heat transfer.

3.1 Selection of models for LOCA scenarios

In LOCA scenarios large cladding deformation and ballooning might occur, making the traditional small-strain
approximation insufficient. Therefore, two different large-strain solvers were implemented in OFFBEAT: a
Total-Lagrangian and an Updated-Lagrangian solver. The two differ for the approach used to account for the
domain geometric non-linearity, that is the deformation of the computational domain as transient
progresses. In the Total-Lagrangian method, the momentum conservation equation is solved on the
undeformed geometry with initial volume Q, and boundary [, as shown in (23).

[ 2(02)at, =i ar
0, 0t Poae A g

=¢ (JFT-ng)-adl
To

(23)

In the equation above, Nanson’s relation (i.e. idl" = JF~Tng dI) are used to relate the initial area vector
ng dI, with the deformed area vector ndr’, with | representing the Jacobian determinant of the deformation
gradient (i.e.] = det(F) ). Inthe Updated-Lagrangian method the computational domain is updated at every
time-step (using OpenFOAM’s native mesh-update capabilities) and the momentum balance equations are
solved on the so-called “updated” configuration as shown in Eq. (24):

J _a< 9b >dQ =¢ (jfT-my)- -adl
p ] ‘ny) - 24
Quat uat u Fu u u ( )

Here the Nanson’s relationship (dl' = jf~T - 7m,dl;,) use the relative deformation gradient f and its
Jacobian determinant j. Further details on the dynamic mesh feature can be found in (Brunetto et al., 2021).
Despite being equivalent from the mathematical point of view, the Total- and Updated-Lagrangian
approaches can differ in terms of numerical performances. As documented in (Cardiff et al., 2017), their
numerical implementation in a Finite Volume framework with a segregated solution algorithm like the one
of OFFBEAT can produce some differences in robustness and convergence. For most cases relevant to LOCA
analysis, the Updated-Lagrangian approach used in OFFBEAT was found to provide more stable results
(Cardiff et al., 2017).

Besides addressing the geometric non-linearity, large-strain analysis requires a coherent formulation of the
strain tensor. Hence, apposite large-strain tensor definitions were implemented in OFFBEAT. The main ones
are the Green-Lagrange and the Euler-Almansi definitions of strain (see Eq. (25) and Eq. (26) respectively).

The Green-Lagrange strain tensor E:
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E= %(FTF D= %[vﬁ + (VD) +(vD) - vD| (25)

is easily recognizable as the direct generalization of the strain tensor in the small-strain approximation, the

—\T —
only difference being the presence of the non-linear term (VD) - VD. Analogously to the small-strain tensor,
E is a measure of the deformation of the body with respect to its initial configuration.

The Euler-Almansi strain tensor e:
1 T 1r - T T -
e=-(—FTF™) =§[VD+ (VD) — (VD) -VD| (26)

Is instead a metric for the deformation of the body with respect to its current configuration. The Green-
Lagrangian and the Euler-Almansi formulations are therefore two different metrics for strain because of the
different reference configuration considered (initial and deformed respectively), but they both reduce to the
small-strain definition in case of infinitesimal deformations.

To summarize, OFFBEAT now includes four different mechanical solvers, listed in Table 4. These can be
categorized as either total or incremental solvers, depending on whether their primary unknown is the total
displacement field 5, or the incremental displacement ﬁm occurring during the current time step At. The
Small Strain Updated solver was implemented in OFFBEAT as an incremental version of the traditional small-
strain approach. Similar to the Large Strain Updated-Lagrangian approach, this solver solves the momentum
continuity equation for the incremental displacement field and updates the computational domain at each
time step. However, it retains the main assumptions of small-strain theory, meaning it does not incorporate
Nanson’s formula and employs a linear strain tensor. The Small Strain Updated solver enables the
consideration of geometric non-linearities in large deformation scenarios to a certain degree of
approximation. However, its accuracy remains limited due to the linear definition of the strain tensor and
the simplified formulation of the momentum continuity equation.

Table 4: Summary table of the mechanical solvers available in OFFBEAT

Mechanical Solver Solver Type Mesh Update Strain Tensor Definition
Small Strain Total X Linear
Small Strain Updated Incremental v Linear
Large Strain Total-Lagrangian Total X Euler-Almansi, Green-Lagrange, Hencky or Linear
Large Stramn Updated-Lagrangian Incremental v Euler-Almansi, Green-Lagrange, Hencky or Linear

3.1.1 High-temperature creep model

For standard operating conditions, OFFBEAT applies the creep model developed by Limback and Andersson
(Limback & Andersson, 1996) for Zircaloy cladding. This model provides the creep rate as a combination of
primary and secondary creep rate, where the secondary creep rate is in turn obtained by summing a thermal-
induced and an irradiation-induced component. The validity of this model is limited to temperatures below
700 K.

The OFFBEAT Zircaloy creep model is extended to high temperature conditions by following the work of
Pastore et al. (Pastore et al., 2021). The model defines three different temperature regimes:
e A normal operation regime for temperatures below 700 K;
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e A high temperature regime for temperatures above 900 K;
e Atransitional regime for temperature between 700 and 900 K.

Different creep rate correlations are used for the low- and high-temperature regimes, while a linear
interpolation is used to evaluate the creep rate in the transitional regime. Below 700 K, the standard Limback
model is used, while the high temperature creep strain rate correlation has the form of a Norton power
equation, as shown in Eq. (27):

. Q
Ecreep = Aexp (_ ﬁ) O':ff (27)

where €.¢¢p is the effective creep strain rate, A is a strength coefficient expressed in MPa™"s1, Q is the
activation energy expressed in ﬁ, T is the temperature, Ocfr IS the effective Von Mises stress in MPa, and

n is a dimensionless correlation parameter. The value of 4, Qand n depend upon the volumetric fraction of
[B-phase present in Zircaloy, for which a specific model is introduced, and are summarized in Table 5. These
model parameters are sourced from (Erbacher et al., 1982a) and (Markiewicz & Erbacher, 1988).

Table 5: Table of A, Q and n parameters dependence on the volumetric fraction of Zircaloy phases.

Zircaloy Phase A (MPa™s™1) Q (J/mol) n(-)
a 8737.00 3.21e5+24.69(T-923.15) 5.89
fe < 3e—3 0.24 102366.00 2.33
a, B (50%-50%) ., ¢ ) . .
if écreep > 36 — 3 Lin. Interp. of In(A) Lin. Interp. Lin. Interp.
B 7.90 141919.00 3.78

3.1.2 Phase transition model for Zircaloy

Beyond an onset temperature of around 1080 K, the hexagonal crystal structure (i.e. a-phase) of Zircaloy
progressively transitions towards a more stable cubic crystal structure (i.e. f-phase). The dynamics of this
transition depends mainly on the heating or cooling rate of the cladding. One of the main effects of the
crystallographic transition from a- to f-phase is the enhancement of the thermal creep rate during a LOCA.

For this reason, OFFBEAT has been provided both with a static and a dynamic model for the [-phase
transition of Zircaloy. The static model, derived from Forgeron (Forgeron et al., 2000), is valid when the
kinetics of the transition can be neglected (i.e. during slow temperature transients) and consists of a simple
correlation that relates the local cladding temperature T to a specific f-phase volumetric fraction y,,. The
Forgeron’s equation is expressed by means of Eq. (28):

Yeq = 1 — e~ lCT-ToI"

(29)
where C = 8.4 x 10723 1/°C, Ty = 749 °C and n = 2.9 (Forgeron et al., 2000).

For the study of LOCA transients, where temperature ramps in the cladding are generally rapid, a better
estimation of the volumetric fraction of §-phase is typically obtained through a dynamic phase transition
model. According to the model by Massih (Massih, 2009) implemented in BISON (Pastore et al., 2021), the
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evolution of the volumetric fraction of S-phase in Zircaloy is governed by the differential equation shown in
Eq. (30):

dy _
i k(T)[ys(T) — y] (31)

where y is the volumetric fraction of 5-phase, k is a rate parameter expressed in s ™1 :

E
k(T) = ky exp (— ka(t)> +k,, (32)

with ko = 60457 + 18129 |-

, kib = 16650 K, and k,,, = 0 (if the transition is from a to ), or k,, = 0.2

(if the transition goes in the opposite direction). y,, the equilibrium value of y, is computed as:

Vs = %[1 + tanh (T ; TC)] (33)

N

where T, = 1159 — 0.096w and T; = 44 + 0.026w, with w being the hydrogen concentration in ppm. Both
k and y; depend on the temperature rate of change, thus allowing the dynamic model to more accurately
reproduce the kinetics of the production of S-phase. The difference between the static and dynamic
approaches can be visualized in Figure 15, that shows the verification of the model implemented in OFFBEAT
against the reference model by Massih (Massih, 2009).

[S—
-

| —— Massih ref.
=== OFFBEAT

= e o
+~ o)} co
T T T T T T T T

<
o
T

B phase volumetric fraction (-)

<
o

1000 1100 1200 1300

Temperature (K)
Figure 15 : Verification of the OFFBEAT model for B-phase transition of

Zirconium compared to the model from Massih. The curve shown in the plot
are obtained for a hydrogen concentration of 0 ppm.
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3.1.3 Cladding burst failure model

The accurate prediction of the moment of cladding failure during a LOCA transient is of primary importance
for fuel performance analysis. The assessment of cladding burst occurrence is typically performed by means
of simplified burst criteria rather than with fracture dynamics, which would require an accurate modeling of
fractures propagation and therefore a significant computational overhead to fuel performance
computations.

As part of Task 4.2, OFFBEAT was thus provided with different failure criteria derived from BISON (ldaho
National Laboratory, n.d.) for the Zircaloy material: an overstrain criterion, an overstress criterion and a
plastic instability criterion.

e Overstrain. According to this failure criterion, the cladding is considered to fail as soon as the radially-
averaged creep hoop strain (expressed as engineering strain) overcomes the limit of 40%.

e Plastic instability. The criterion considers the material to fail when the radially-averaged effective
plastic strain rate reaches a limiting value of 2.78 - 1072 s~ 1.

e Overstress. The material is considered failed as soon as the local hoop stress overcomes a burst value
computed as a function of temperature and oxygen concentration in the cladding (Erbacher et al.,
1982b).

3.2 Selection of models for RIA: cladding visco-plasticity and failure criteria

To extend OFFBEAT’s capabilities for Reactivity Initiated Accident (RIA) scenarios, which are essential for WP5
validation tasks, EPFL identified the most important gaps in the code modelling capabilities for this type of
scenarios. To address these limitations, models were implemented to capture the anisotropic viscoplasticity
of Zircaloy-4 cladding under high temperatures and strain rates, as well as PCMI-induced failure during RIA
conditions. This work was partly conducted in the framework of a collaboration with CEA Cadarache,
motivated by the common participation in the HERA benchmark (Reymond et al., 2024).

3.2.1 Cladding visco-plastic model for hydrided and unirradiated Zircaloy-4 cladding

During a RIA scenario, cladding experiences high temperatures, stresses, and strain rates. To account for this,
the anisotropic viscoplastic model by M. Le Saux et al. (Le Saux et al., 2015) was implemented in OFFBEAT.
This model describes the anisotropic mechanical behavior of unirradiated and hydrided Zy-4 (up to 1200
wt.ppm hydrogen) across relevant temperature (25-1100°C) and strain rate (3x10™* to 5 s™) ranges. It
employs a unified viscoplastic formulation, eliminating a stress threshold between elastic and viscoplastic
regimes. The plastic anisotropy induced by the crystallographic texture of stress-relieved Zy-4 is captured

using Hill’s quadratic criterion:
H _ ..
Oeq = |2 g (34)

where aqu is the equivalent stress linked to the stress tensor ¢ via Hill’s tensor H. In a cylindrical coordinate

system (r, 6,z), we can express the equivalent stress as given in Eq. (35), where Hyr, Hop , Hzz, Hro , Hyz and
Hyg; are Hill’s parameters.

O—el-iz = \[Hrr(aee - Uzz)z + Hee(Uzz - Urr)z + sz(grr - 069)2 + 2Hr901~29 + 2Hr201‘22 + ZHGZUGZZ (35)
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The model further defines the viscoplastic strain rate p as a function of the equivalent stress, cladding
temperature, hydrogen concentration and the cumulated equivalent viscoplastic strain p as follows:

1/m(T)

(36)

osq(a.T) )

o=
K(T; CSS’ Cpp) X L(p’ T’ CPP)

where T is the temperature in Kelvin, oefg is the equivalent stress in MPa, m is the strain sensitivity exponent
(unitless), K is the strength coefficientin MPa and L is the strain hardening coefficient (unitless). The strength
coefficients K depends on the hydrogen concentration (wt.ppm) in solid solution Css and in solid precipitates
Cpp while the strain hardening coefficient L is only a function of C,p. The parameters of the model are
described in details in Table 6.

Simulations of the hydrogen distribution (dissolved or precipitated) during a NSRR pulse, by considering an
instantaneous dissolution mechanism or by using the kinetics term measured by (Lacroix et al., 2018), have
shown negligible differences. Therefore, in this viscoplasticity model, hydride nucleation, growth, and
dissolution are assumed instantaneous, with hydrogen solubility following Kearns’ correlation:

TSS = 99000 exp(—34523/RT) [wt.ppm]  (37)

where R is the gas constant in J/mol/K and T the temperature in Kelvin. Hydrogen in the cladding is assumed
to be constant during simulations, with no diffusion considered. For each computational cell, the split
between solid solution and solid precipitates, for a given hydrogen concentration Ci, is given using the
following correlations (function of the temperature T in Kelvin):

CSS(T) = min(Ctot: TSS(T)) [Wt' ppm] (38)

Cop(T) = Cyor — Css(T)[wt. ppm] (39)
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Table 6: Cladding mechanical model parameters, from (Le Saux et al., 2015). T is the temperature in Kelvin, Css
and Cpp are the hydrogen concentrations in solid solution and in solid precipitates, in wt.ppm.

Strain rate sensitivity exponent m:

m = (77.68M; + 4.11(1 — M) !

-1
where My = (1 +exp (10. 2 (é - 1)))

Strain hardening coefficient L:

L=(p+1x10")"exp(-ayp) + (1 — exp(a,p))
withng = (1+1.45 X 107C,,,)[4.86 X 10"2Nyr + 2.35 x 107%(1y,,)]

1

t+exp|12(—Ft — 1
810-9.19x10~2Cpp

and @, = (53.16 + 1.27 X 1072C,,,) <1 + exp (11. 1(o-- 1)))

where Nyt =

Strength coefficient K:

K=[1-1.175%x10"*Cs + (6.15x 1075 — 4.38 x 107°T)C,,,|[(1.409 x 10° — 8.952 x 10°T)K,
+4.05x 107(1 — Ky)|
1

1+exp(1.77(ﬁ—1))

Plastic anisotropy coefficients:

where Kt =

0.485+ 9.5 x 1072
1+ exp <12 (% - 1))

H00 =1-H,,

rr T

052+ (—0.23 +4 x 107*T)
zZzZ —
1+ exp (12 (?TO - 1))

HTB = Hrz = ng =1.5

3.2.2 Failure criterion for RIA

To assess clad failure during a RIA, the strain criterion proposed in (Jernkvist et al., 2004) is implemented in
OFFBEAT. The model defines a hoop plastic strain threshold for failure, accounting for temperature, strain
rate, hydrogen embrittlement, irradiation damage, and zirconia spalling:

f 3Sspating€66 f1f2f3
€99 =
fifa + fifs + f2f3

(40)
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where sgg is the hoop plastic strain at failure of as-fabricated cladding, and f1, f>, f3 are correction factors
for strain rate, hydrogen content, and irradiation damage, respectively. The expressions 539, fiand f; are
given in Table 7. The additional parameters Sy, q11ing is @ ductility reduction factor for cladding tubes with
spalled zirconia.

This failure criterion is relevant for geometries and loading conditions typical of RIA scenarios (i.e., biaxial
loading 0../d¢¢ = 1). Therefore, for the interpretation of out-of-pile experiments such as burst tests, the hoop
plastic strain at failure of as-fabricated cladding must be corrected to account for the stress-biaxiality ratio
of these experiments that differs from the one of typical of RIA conditions. For normal burst tests where
02z/000 = 0.5, the hoop plastic strain at failure 539 must be divided by the following factor

(2=
_te Ogg
ZZ
Ete ( = 0.5)
— \0Ogg
with &, the average hoop total elongation evaluated from the experimental data presented by (Andersson
& Wilson, 1979; MAKI & OOYAMA, 1975).

Table 7: Parameters of the failure criterion proposed by (Jernkvist et al., 2004)

Hoop plastic strain at failure for as fabricated cladding tubes (equi-biaxial conditions) :

£9o(T) =2.82 +1.22 x 1072T [%)]

f1 ductility reduction factor (effect of strain rate):

0.046 — 0.31 x logyo & if & < 1571

fl(é):{ 0.046 if £ > 157!

f 2 ductility reduction factor (effect of hydrogen content):
f2(Cpp, T, &) =0.01 4+ 0.99 x exp(—y(T, £)Cpp)
with C,,, the hydrogen concentration in wt.ppm, T the temperature in Kand & the strain rate in s 1,

The hydride concentration is given by:
Cpp = max (0, (Cyo — TSS(T)))

with T the temperature in K, C;,; the total hydrogen content in wt.ppm and TSS the terminal solubility limit in
wt.ppm:

TSS = 99000 exp(—34523/RT)
with T the temperature in K, R the gas constant in J/K/mol.

The y function is given by:

T-T .
Y(T, £) =6.52- 1074 +2.21- 10—3(6 + 10810 &) (1 _ tanh( :;;nsztwn))

With T ransition €quals to 298 K and wf equals to 8.5.
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3.2.3 Hydride rim effect on cladding failure

The failure criterion described above was derived for samples with a uniform hydride distribution and did
not account for hydrogen concentration gradients or the presence of a hydride rim. Based on (NAGASE &
FUKETA, 2005), it was extended in OFFBEAT to incorporate the effect of rim thickness on cladding strain at
failure. In (NAGASE & FUKETA, 2005) burst tests were conducted on hydrogen-charged low-tin Zircaloy-4
cladding tubes. The samples were hydrogenated at 620 K in a hydrogen-argon mixture, producing hydride
rims between 100 and 170 um. Tests were performed at 293 Kand 623 K under pressurization rates of 0.002,
0.2, and 2 GPa/s, corresponding to strain rates of 5x107%, 5x102 and 0.5 s*. The study found that:

e At room temperature, increasing hydrogen concentration and pressurization rate reduced the
residual hoop strain.

e At 300 wt.ppm hydrogen, the presence of a hydride rim slightly decreased residual strain from 1.33%
(without a rim) to 0.5%.

e At 623 K, the impact of the hydride rim was more pronounced: for 600 wt.ppm hydrogen, residual
hoop strain dropped from 12% (without a rim) to 0.5% (with a rim structure).

These results show that total hydrogen content, temperature, and strain rate influence mechanical
properties, while a dense hydride rim significantly reduces ductility in certain conditions. At low
temperatures, the original Jernkvist et al. criterion reasonably matches experimental results, but at 623 K, it
fails for hydrogen concentrations above 500 wt.ppm (Figure 16, left).

e Bursttests 0.002 GPa/s e Jernkvist's model 2 GPa/s
Jernkvist's model 0.002 GPa/s —— Modified model at 2 GPa/s
m  Burst tests with hydride rim (2 GPa/s) - Stim
§ 16 F1.0
Y 201 141
2 0.8
© 124
g | T e
BISTT e 10 1
£ ¢ o | | TTTTEHR ro6
o n 8 £
5 101 @
o 61 L 0.4
3
= 5 4 1
o
=] s 2] 0.2
g 0 m . = 0-
0 250 500 750 1000 1250 0 250 500 750 1000 1250
Hydrogen concentration [wt.ppm] Hydrogen concentration [wt.ppm]

Figure 16: Left: Plastic hoop strain at failure reported by (NAGASE & FUKETA, 2005) for the burst tests
conducted at 623 K. The lines plots correspond to the predicted failure strain according to the failure
criterion proposed by (Jernkvist et al., 2004). Right: Failure strains from the modified failure criterion for
the burst tests that presented a hydride rim. The red dotted line shows a plot of the S,;,reduction
factor computed with Eqgs. (43)(44)(45).

To correct for this effect, a rim reduction factor S, is introduced in OFFBEAT:

Srim = So(trim) X Srecovery (Trim' Css,rim) (42)

where:
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e So(tyim) accounts for rim embrittlement, decreasing from 1 to 0.05 as hydrogen increases (200-500
wt.ppm).

*  Srecovery Models ductility recovery at high temperatures as a function of rim temperature T, and
hydrogen content Cg i, in solution.

The Sy and Syecopery functions are reported here:

1-0.05
So(trim) = min (max <0.05,% X (tyim — 50) ),1) (43)
_ Css,rim
Srecovery(Trim) - SO + C— X (1 - SO) (44)
tot,rim

Finally, a correlation is needed to relate the rim thickness to average hydrogen content. In the context of the
HERA benchmark, the following empirical correlation was adopted (NAGASE & FUKETA, 2005):

trim = 86.40 - In(Crop avg) — 415.63 [um] (45)

This equation is specific to the hydrogenation protocol in (NAGASE & FUKETA, 2005), which is similar to that
used for HERA samples, and may require adjustments for different experiments. Figure 17 compares the
predicted rim thicknesses with Nagase and Fuketa’s data and the HERA test matrix.

Failure predictions using this corrected model match experimental burst test data from (NAGASE & FUKETA,
2005), especially for high-hydrogen rimmed samples.
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Figure 17: Estimated hydride rim thickness as a function of the mean hydrogen content obtained
with Eq. (45), compared with the rim thicknesses of the samples of (NAGASE & FUKETA, 2005)
and of the HERA test matrix (Finally, a correlation is needed to relate the rim thickness to
average hydrogen content. In the context of the HERA benchmark, the following empirical
correlation was adopted (NAGASE & FUKETA, 2005):

trim = 86.40 - In(Cpop avg) — 415.63 [um] (45)

This equation is specific to the hydrogenation protocol in (NAGASE & FUKETA, 2005), which is similar to
that used for HERA samples, and may require adjustments for different experiments. Figure 17 compares
the predicted rim thicknesses with Nagase and Fuketa’s data and the HERA test matrix.

Failure predictions using this corrected model match experimental burst test data from (NAGASE &
FUKETA, 2005), especially for high-hydrogen rimmed samples.

3.3 Ongoing developments in implicit contact modeling

The high-fidelity simulation of pellet-cladding mechanical interaction (PCMI) requires robust methodologies
to model contact, both between the fuel pellets in the stack and between the fuel and cladding. Various
approaches have been developed to enforce contact constraints in computational solid mechanics. The most
common formulations used in the Finite Element Method (FEM) community include:

e Penalty Method: A straightforward approach in which a force proportional to penetration depth is
applied to enforce contact. This method is computationally cheaper than exact constraint
enforcement but depends on a penalty parameter. Choosing an excessively high penalty can lead to
ill-conditioning of the system matrix, while a low penalty may result in noticeable interpenetration.
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e Lagrange Multiplier Method: Enforces contact constraints exactly by introducing additional
unknowns for each constraint, increasing accuracy compared to the penalty method. However, this
approach increases computational cost and can cause convergence issues due to abrupt transitions
between contact and separation states. Improper constraint application may also lead to ill-
conditioning or singular system matrices.

e Augmented Lagrange Method: A combination of the penalty and Lagrange multiplier methods,
where the contact force is adjusted iteratively to improve accuracy. This method balances constraint
enforcement and numerical stability but requires iterative updates, increasing computational effort.

e Mortar Method: A more advanced approach that accurately enforces contact between non-
matching meshes using a variational formulation. It improves accuracy for complex contact problems
and large deformations. However, it requires more computational effort and is more complex to
implement.

3.3.1 Contact handling in OFFBEAT: current status

Since OFFBEAT is based on the FVM rather than the FEM, the boundary conditions for enforcing contact differ
somewhat from those used in FEM codes. The original version of OFFBEAT implemented a penalty-based
contact method as part of its custom boundary conditions, closely resembling the penalty approach in FEM.
While this model performs well for base irradiation simulations, it inherently allows small interpenetrations,
which can be problematic for high-fidelity PCMI simulations where minimal penetrations are crucial for
accurately predicting cladding expansion and ridge height.

Furthermore, the penalty method is an explicit approach, meaning the contact force depends on the previous
iteration's solution and is applied as a source term in the system of equations resulting from the discretization
of the governing mechanics equations. This approach makes it difficult to handle multi-body contact
scenarios, such as fuel pellet stacks, as the solver struggles to maintain stability without excessive under-
relaxation.

To overcome these limitations, an initial version of an implicit contact model was developed, and it is
described in (Scolaro et al., 2022). In this formulation, the contact traction discretization is handled semi-
implicitly when bodies are in contact, introducing diagonal and off-diagonal coefficients into the system
matrix, instead of resulting solely in a source term. This improves stability, particularly in cases involving
multiple bodies in contact, and naturally allows for friction modelling while enabling negligible penetration.

3.3.2 Brief overview of the OFFBEAT implicit contact treatment

In OFFBEAT, the traction £}, at the boundary b can be expressed as:

ty = Qu, + A,)n - Vu, +n - (aexp)b

U, — Up
= Cpp + 4p) —sn
P

+ 1 (Cewp), (46)

where p;, and 4, are Lame’ constants, u is the displacement, 67 is the distance between the cell-center P
and the face center b, and Oexp I the explicit component of the stress. In the penalty method, the traction
tp is calculated based on interpenetration between two opposing faces (if any) at the previous iteration. Then
Eq. (46) is then used to update the normal gradient and face displacement based on the calculated traction
for the next iteration of the mechanics solver.
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The implicit contact takes a different approach. It moves from the fact that when two faces belonging to
separate bodies with cell centers P and N come into contact, the traction £, must be identical on both faces.
Thus, by assuming continuity of traction and enforcing identical incremental displacements (since the faces
are in contact), the following discretization is obtained (the detailed derivation is not shown):

I u
ty = Cup + Ap) '% + Qup + )0 - ngp (47)

where § = &p + dy is the sum of the two cell-center to face center vectors, (Zyb + Ab) is the

harmonically interpolated stiffness coefficient at the contact face, and a’gxp is the reverse linear interpolated

explicit component at the face. A correction for the initial gap between two faces is included in the explicit
term to account for the fact that cells do not initially coincide.

In summary, this approach leads to a formulation of the contact stress that is a function of the displacement
solution on the two contacting cells. Indeed, besides the use of specific interpolation algorithms for the
stiffness and explicit components, Eq. 55 closely resembles the traction at any internal face within the
domain. The new discretization no longer results in a single explicit source term but is split into an implicit
component, adding diagonal and off-diagonal coefficients to the system matrix, and an explicit source
component.

It should be noted that Eq. 55 is written for the total traction; however, in the code, the traction is split into
normal and tangential components, as the amount of transmitted tangential component depends on the
friction coefficient, which is typically a user-defined parameter.

3.3.3 Planned extensions for implicit contact algorithm

The original implementation in (Scolaro et al., 2022) relied on a blending coefficient function to transition
between open and closed gap states but setting appropriate contact parameters proved challenging. Also,
the method proved robust only for bodies starting already in contact (like in a punch test, or the pellets in a
fuel column) while the alternation between open and closed gap states (as for the fuel and the cladding)
often led to numerical difficulties.

To address this, EPFL plans to refine the original implicit contact algorithm in Task 4.2, eliminating the need
for a blending coefficient. Instead, the full contact discretization of Eq. 55 will be directly applied gradually

growing the contact stiffness (2yb + Ab) until a certain user defined penetration threshold is reached. A
relaxation factor will be used for this purpose, ensuring a smooth transition from the open gap condition to
contact. This simplification reduces the number of parameters to be set, requiring only a relaxation factor
and a threshold penetration value. The use of a low penetration threshold will enable penetration levels that
are nearly zero or, in any case, negligible compared to the mesh size. Minimizing pellet-to-cladding
penetration through these improvements will significantly enhance OFFBEAT’s predictive capabilities for
ridging and PCMI simulations.

Furthermore, in the previous implementation described in (Scolaro et al., 2022), the friction component of
the force was handled fully explicitly. In the planned extensions, it will be implicitly incorporated alongside
the normal component, enhancing both stability and accuracy. This improvement will enable a more accurate
representation of the frictional stress components in the hoop direction arising in PCMI, as well as the
cladding’s axial elongation.
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3.4 3D gap conductance modelling

A limitation of modern high-fidelity fuel performance codes is that they still often rely on simplified
correlations or models that were originally developed for traditional 1.5D codes. This is true for the gap
conductance model for instance, where the heat is assumed to pass radially (1D) from the fuel to the clad
through three parallel thermal resistances, one for conduction through the gas, one for radiative heat
transfer, one for contact conduction when the gap is closed. This assumption remains reasonable during base
irradiation, as the fuel-to-cladding gap is much smaller than the characteristic radial dimension of the fuel
rod, and the temperature gradient is predominantly radial. However, it becomes questionable in LOCA
scenarios, particularly when the cladding ballons significantly and the temperature of the rod increases
considerably, increasing the relative importance of the radiative heat transfer component. In such cases, a
purely 1D conductance model may no longer accurately represent the thermal response, and understanding
the magnitude of the error introduced by this assumption might be of interest for advanced codes.

Additionally, an open challenge exists regarding heat conservation as the gap widens. Traditional gap
conductance models assume direct heat flux transfer between fuel and cladding axial slices, but when the
surfaces move apart significantly, the spatial mapping of heat transfer may become problematic. In OFFBEAT,
for instance, the standard Arbitrary Mesh Interface (AMI) method in OpenFOAM - designed for cases where
surfaces remain relatively close and overlapping - may introduce errors in heat flux conservation when
applied to surfaces separated by a large gap.

To address these concerns, EPFL has investigated in Task 4.2 the feasibility of developing a 3D gap
conductance model in which the gap is explicitly meshed, allowing for a more physically representative heat
transfer simulation. This will include:

¢ Modeling gas conduction and/or convection through the gap using a finite-volume discretization.

e Simulating radiative heat transfer using view factors, which are already available within OpenFOAM’s
thermal radiation framework.

3.4.1 Radiation modeling and view factors in OpenFOAM

OpenFOAM provides several radiation modeling capabilities, including the P1 model, the Finite Volume
Discrete Ordinates Method (fvDOM), and other approaches designed for participating media. However, for
wide-gap heat transfer scenarios, the view factor model is likely the most suitable choice, as absorption,
emission, and scattering of radiation in the gas itself can most probably be neglected.

In OpenFOAM, the view factor model computes radiative heat exchange by generating rays between surface
faces using the viewFactorsGen utility. Energy transfer is then determined by summing contributions along
these rays, ensuring that only directly visible surfaces interact thermally. This method is particularly effective
for complex geometries where some surfaces may be shielded from radiation.

The identified plan is to implement view factor-based radiation combined with conduction in the meshed
gap. This approach will provide a more physically representative heat transfer model and allow an
assessment of whether additional refinements are necessary.

3.4.2 Potential challenges

While a 3D gap conductance model could provide a more accurate representation of heat transfer in LOCA
scenarios, several technical challenges must be addressed. One key question is how to handle the additional
mesh - whether to introduce a separate thermal-only region (i.e. without mechanical solution in this region)
or to explore OpenFOAM’s dynamic meshing capabilities for automatic gap detection and refinement of the
gap mesh. Initially, the simplest approach would be to model the gap as an additional thermal region between
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a smeared fuel column and the cladding, applying the radiative heat transfer model to the two opposing
surfaces.

The applicability of this 3D approach to normal irradiation conditions is uncertain as during steady-state the
gap remains thin, and 1D heat conductance models are usually sufficient. However, a 3D modeling of the gap
heat transfer may be beneficial in asymmetry cases such as missing pellet surface (MPS) defects or eccentric
pellets, where the gap size on one side of the pellet might be non-negligible. Nevertheless, even if this
method proves impractical for routine fuel performance calculations, it will provide valuable insights into the
limitations of 1D gap models under extreme conditions.
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4. Review and selection of models for cladding oxidation and hydrogen
transport in OFFBEAT

At PSI, a thorough state-of-the art review of the models for multi-dimensional macroscopic fuel behaviour
analysis was carried out (see Appendix A). The review focused on the models implemented in various multi-
dimensional codes around the world, with the aim of identifying the models that can be implemented in
OFFBEAT for a comprehensive fuel performance analysis. The codes that were reviewed included ALCYONE
from CEA, BISON from INL, DIONISIO from CNEA, and Falcon from EPRI (reference fuel behaviour analysis
code used at PSI). The review of the models associated with the fuel, gap and cladding related phenomena
was done. A non-exhaustive list of the models available/used in BISON, ALCYONE, and Falcon, based on the

review, are presented in Tables 1, 2 and 3, respectively.

Table 8: Models used/available in BISON.

Physical property

Models used/available

Fuel related | Thermal conductivity MATPRO; NFIR
models Solid swelling MATPRO
Fuel Densification ESCORE
Fuel Cracking & Relocation | Smeared cracking; ESCORE
UO; Creep MATPRO (FCREEP)
Radial power profile Soba et al. (DIONISIO)
Gap related | Gap heat transfer Ross and Stoute, MATPRO
models Gap contact Heinstein and Laursen

Fission gas release

Forsberg—Massih; Pastore

Cladding related

Irradiation Growth

ESCORE; Franklin

Zr Creep Limbéack and Andersson
Oxidation (Normal | EPRI/KWU/CE
operating temperature) PFCC EPRI/SLI
Oxidation (High | Leistikow; Cathcart
temperature) Schanz;

Prater-Courtright

Table 9: Models used/available in ALCYONE.

Physical property

Models used/available

Fuel properties

Thermal conductivity

Modified Lucuta’s formulation

Thermal expansion

Martin

Fuel Densification,
swelling

Solid

MATPRO

Fuel Cracking & Relocation

Smeared cracking

U0, Creep Monerie & Gatt
Radial power profile PRODHEL
Gap properties Gap heat transfer URGAP

Gap contact

Coulomb’s friction law

Fission gas release

MARGARET, CARACAS

Cladding properties

Thermal conductivity

MATPRO

Zr Creep

Hill’s criterion

https://www.operahpc.eu/



https://www.operahpc.eu/

D4.2 - Review and selection of state-of-the-art models for advanced fuel performance analysis

Table 10: Models used/available in Falcon.

Physical property

Models used/available

Fuel related Thermal conductivity MATPRO v11; NFIR
Specific heat capacity MATPRO
Solid swelling Literature
Thermal expansion MATPRO
Fuel Densification MATPRO v11; ESCORE
Fuel Cracking Isotropic cracking
& Relocation ESCORE; HEDL
UO; Creep MATPRO
Radial power profile RADAR-G; TUBRNP
Gap related Gap heat transfer Ross & Stoute (Open)
Modified Mikic & Todreas
(Closed)
Fission gas release ANS-5.4; Forsberg-Massih;
ESCORE; EPRI/CE
Cladding related Thermal conductivity MATPRO v11
Specific heat capacity MATPRO
Thermal expansion MATPRO
Zr Creep (Low temperature) MATPRO v1l; ESCORE;
MATPRO; Limback and
Andersson
Zr Creep (High temperature) MATPRO v11
Zr Irradiation Growth MATPRO v11; ESCORE;
Franklin
Zr Plasticity MATPRO v11
Oxidation (Low temperature) MATPRO v11 (CORROS); PFCC
EPRI/SLI
Oxidation (High temperature), | MATPRO vlil (COXIDE);
Literature
Zr phase transformation MATPRO v11

A more detailed review along with the references can be found in Appendix A. The available models in
OFFBEAT at the time of the review are presented in Table 4. Since OFFBEAT is currently being developed,
newer models are incorporated from time to time and thus, this list is non-exhaustive.
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Table 11: Models used/available in OFFBEAT.

Physical property Models used/available
Fuel related Thermal conductivity MATPRO (FTHCON); NFIR
Specific heat capacity MATPRO v11
Solid swelling MATPRO (FSWELL)
Thermal expansion MATPRO v11
Fuel Densification MATPRO (FUDENS)
Fuel Cracking Isotropic cracking
& Relocation FRAPCON4.0
UO; Creep MATPRO (FCREEP)
Radial power profile TUBRNP
Gap related Gap heat transfer FRAPCON4.0
Gap contact Cardiff; Scolaro
Fission gas release Forsberg-Massih; SCIANTIX
Cladding related Thermal conductivity MATPRO (CTHCON)
Specific heat capacity IAEA-TECDOC-1496
Thermal expansion MATPRO (CTHEXP)
Zr Creep Limbéack and Andersson
Zr Irradiation Growth ESCORE, MATPRO v11
Zr Plasticity Von Mises
Oxidation (Normal | EPRI/KWU/CE
operating temperature)
Oxidation (High | Leistikow;
temperature) Schanz;
Prater-Courtright

Based on the review, some phenomena have been identified to be incorporated into OFFBEAT. These include
models for cladding oxidation, hydrogen transport and uptake, hydride precipitation, dissolution and
reorientation, and models for liner claddings. The models for these phenomena are presented in brief here:

4.1 Cladding oxidation

The zirconium cladding oxidation models in OFFBEAT are categorized into two temperature regimes: normal
operation between 523 K and 673 K, and a higher temperature regime up to 1900 K.

Currently, the EPRI/KWU/C-E oxidation model [37] [38] is used for normal operating temperatures below 673
K. BISON and Falcon fuel behaviour codes have the EPRI SLI Model [39] as another model for normal
operating temperatures. It uses enhanced model parameters by considering factors that are a function of
coolant lithium content, alloy tin and iron content, hydrogen content, and fast flux. The EPRI SLI Model can
be added as an option to choose for normal operating temperature regime oxidation in OFFBEAT.

For the high temperature range, similar to as in BISON, the Leistikow correlation [40] is used for temperatures
from 673 K up to 1800 K. For temperatures between 1800 K and 1900 K, a linear interpolation between two
correlations is made using the procedure from Schanz [41]. For temperatures above 1900 K, the Prater-
Courtright correlation [42] is used. The Cathcart-Pawel correlation [43] is also available in BISON and Falcon
fuel behaviour codes and can be added as an option to choose from for the high temperature cladding
oxidation in OFFBEAT. Moreover, currently OFFBEAT does not make a distinction between Zr-2 and Zr-4
cladding types and the correlations are different for different cladding types. The option to select different
types of cladding can be added to OFFBEAT and the corresponding oxidation correlations can then be used.
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4.2 Hydrogen transport and uptake

Currently, hydrogen transport behaviour in the claddings is not modelled in OFFBEAT. The hydrogen that
enters the cladding due to waterside corrosion can respond relatively quickly to established driving forces
which can drive a hydrogen flux to regions of the solid. The hydrogen flux is due to the combined effects of
Fick's law of diffusion, the Soret effect and stress gradients [44] as:

CesQ* CesVy
J = Dy (vcss+%w— ;fT VO'H)

(48)
where J is the hydrogen flux in mol/m?/s, Dy is the diffusion coefficient in m?/s, Css is the hydrogen
concentration in solid solution in wppm, Q* is the heat of transport in J/mol, R is the gas constant in J/K/mol,
T is the temperature in K, V4 is the partial molar volume of hydrogen in zircaloy in m3/mol and oy is the
hydrostatic stress in Pa.

Most existing codes that model hydrogen transport, often neglect the stress-driven diffusion term. However,
the impact of stress-driven diffusion becomes important, especially during dry storage of spent nuclear fuel.
The hydrogen transport in the cladding will be modelled in OFFBEAT using the hydrogen flux. Furthermore,
the models for hydrogen pickup are different for the different types of claddings. For now, as OFFBEAT has
only Zr-4 cladding material properties, the hydrogen uptake will be considered as a user-specified fixed
instantaneous hydrogen pickup fraction, so that the average total concentration of hydrogen including
dissolved hydrogen and hydrogen as Zr-hydride in the cladding, which is roughly proportional to the thickness
of the oxide layer, can be determined. In the next steps, as material properties for other claddings like Zr-2,
would be implemented in OFFBEAT, the hydrogen pickup models for BWRs using either the concentration of
hydrogen calculated as a function of local axial burnup, or the hydrogen flux based on the linear heat rate or
linear power will be used.

4.3 Hydride precipitation and dissolution

To model the dissolution and precipitation of hydrides, the Hydrogen Nucleation Growth and Dissolution
(HNGD) model [45], as implemented in BISON, is being incorporated into OFFBEAT. The hydrides dissolve or
precipitate (by nucleation and growth) depending on the solubility (TSSD) or super-solubility (TSSP) limits.
The dissolution of hydrides occurs according to the equation:

0Css
ot

= —Kp(Cys — TSSD) (Css < TSSD & Cppp > 0) (49)

Hydrides are formed by nucleation according to the equation:

0Css

5t = —Ky(Css — TSSP) (Css = TSSP) (50)

Hydrides are formed by growth in the hysteresis region according to the equation:

acC _1
a_;s = —K;(Cyor — TSSD)p(1 — x)(=In(1 — x))' P (TSSD < Cg5 < TSSP & Cpy, > 0) (51)
_ Ctot
X = —————
CtOt - TSSD
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where Kp, Ky and Kg are the kinetic coefficients for dissolution, nucleation, and growth, respectively, and p is
a model parameter. These equations are being implemented in OFFBEAT for the precipitation and dissolution
of hydrides.

4.4 Hydride reorientation

The fraction of radial hydrides and the reorientation of hydrides is being modelled in OFFBEAT by utilizing
the model by Desquines et al. [46]. The precipitation of radial hydrides depends on the temperature, stress,
and hydrogen concentration. The hoop stress limits for radial hydride precipitation as obtained in [46] will
be used in OFFBEAT. According to the model, 100% of the hydrides are radial if the hoop stress reaches:

C
100% __ _ __“tot\ | —
or =110+ 65|1 —exp( o5 )] + 20 [MPa] (52)
and the threshold for radial orientation is:
ag% = 0.02C;o; — 0.3862(min[T, TSSD]) + 186.9 [MPa] (53)

Then the fraction of radial hydrides can be determined as:
Og — O'g%

fr = 100% _ 0%
Og Og

(O'g% <o0g < 0'9100%) (54)
Another model for hydride reorientation proposed by Cinbiz et al. [47] can be included in OFFBEAT. The
orientation depends on the biaxial stress and temperature gradient in the cladding.

4.5 Liner claddings

While the conventional claddings comprise a homogeneous zirconium alloy, the liner claddings consist of two
layers, a thick substrate providing the mechanical strength of the cladding and a thin liner with chemical
composition designed to influence hydrogen distribution within the cladding. These liner claddings are
characterized by a different hydrogen behavior compared to non-liner claddings. The difference in the
hydrogen solubility in the substrate and liner drive hydrogen towards the substrate-liner interface. The limits
for dissolution and precipitation are referred as the terminal solid solubility for dissolution (TSSD) and
precipitation (TSSP), respectively.

The different models for TSSP and TSSD for the substrate and the liner will be implemented in OFFBEAT. For
the inner liner claddings, the substrate is Zr-2 and the coefficients for TSSD and TSSP from the work of Une
et al. [48] have been adopted. For the liner, due to unavailability of solubilities for each material, pure
Zirconium coefficients from Une et al. [48] will be implemented in OFFBEAT.

For the outer liner claddings, the substrate is Zr-4, and several correlations are available in literature, one
among which is from Kammenzind [49]. However, the data for hydrogen solubility in the liner material has
not been measured. Following the work of Gong et al. [50], the TSSD and TSSP for the liner can be expressed
in terms of the TSSD and TSSP of the substrate and the chemical potential difference between the liner and
the substrate. The correlations for the TSSD and TSSP for the substrate and liner in the outer and inner liner
claddings are presented in Table 5.

Table 12: TSSD and TSSP correlations for the outer and inner liner claddings.
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Cladding | Region TSSD (wppm) TSSP (wppm)

Type

Outer Substrate 4 (—32144> . (—25239)

Liner 6.6 X 10%exp RT 3.1 x 10%exp R
Li —656
ner TSSBI/”;S"‘“‘B X exp <—RT )

Inner Substrate 5 (—36686) . (—25042)

Liner 1.43 X 10”exp RT 3.27 X 10%exp R
Liner 5 (—38104) 4 (—27291)

41 % _ .39 x _—
1.41 X 10”exp RT 3.39 x 10%exp RT

4.5.1 Material models for liner claddings

As was mentioned for the cladding oxidation as well as hydrogen pickup models, the need to have the
material properties of the different claddings like Zr-4 or Zr-2 is important as the correlations vary according
to the cladding type. This becomes even more significant for the liner claddings, which have different
materials (or different chemical compositions for the same alloy) for the substrate and liner. Currently,
OFFBEAT has the material models (for claddings) only for Zr-4, which is the typical cladding material for PWRs.
The BWRs use Zr-2 claddings. Then the liner claddings use different compositions of zirconium alloys. As was
noted for the liner claddings, the hydrogen diffusion is strongly influenced by its solubility in the liner and the
substrate. Having the correct models for these materials would ensure more accurate results using OFFBEAT.
So, apart from the Zr-4 (for PWRs), the material models for Zr-2 (BWRs), pure Zirconium (outer liner), and Cr-
coated claddings, looking forward towards ATFs, are needed in OFFBEAT and will be implemented depending
on the availability of these material properties.

4.6 Failure Criteria for DHC and Embrittlement

Following the implementations in HYPE [51], the failure criteria for delayed hydride cracking (DHC) and
embrittlement will be incorporated into OFFBEAT. For the DHC modelling, the stress intensity is calculated
and compared with the stress intensity threshold for DHC onset. The stress intensity threshold can be
modelled using either the models from Shi and Puls [52] or from Aliev and Kolesnik [53]. The stress intensity
factor can be calculated using the equation:

K, = Fogyma [MPaym|  withF = [12/Q (55)

where a is the user-defined pre-existing crack size and Q = 1.5 is the shape factor.

For the radial hydride induced embrittlement, the degree of embrittlement depends on the continuity of
radial hydrides. A factor called Radial Hydride Continuity Factor (RHCF) has been defined by Billone et al. [54]
which can be used to determine the Ductile to Brittle Transition Temperatures (DBTT) using the correlation:

DBBTgest gstimate = (34.05V0.9RHCF — 73.83) + 273.15 [K] (56)

The parameter RHCF cannot be obtained with HYPE. Instead, the tool calculates the fraction of the cladding
thickness in which radial hydrides occur. This is based on a conservative assumption of the perfect continuity
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of radial hydrides. The implementation for the failure criteria for DHC and Embrittlement based on the
described models will be carried out in OFFBEAT.
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5. Conclusive remarks

The advancements made by POLIMI, EPFL, and PSI within Task 4.2 contribute to identify and develop to the
development of accurate models for nuclear fuel behaviour, addressing key challenges in fuel performance
and safety analysis.

POLIMI work focused on enhancing SCIANTIX with novel physics-based models for high-burnup structures,
chromia-doped fuels, and athermal fission gas release. The developments provided a robust framework for
understanding and predicting the behaviour of fission gases, porosity evolution, and microstructural changes
in these systems. By leveraging advanced numerical techniques and neural networks, POLIMI ensured that
the implemented models were computationally efficient and compatible with coupled thermo-mechanical
simulations in the SCIANTIX and OFFBEAT codes.

EPFL contributed by supporting the review of physical models and developing advanced modelling including
large strain for clad ballooning, implicit contact for pellet-cladding mechanical interaction and 3D
methodologies for gap conductance. The implementation of a view-factor approach for radiative heat
transfer further improves the accuracy of heat transfer modelling in multidimensional simulations, enhancing
the predictive capabilities of the fuel performance codes.

PSI efforts were directed towards the development of models for cladding oxidation, hydrogen transport,
and geometric imperfections. These contributions address critical aspects of cladding behaviour, ensuring a
more comprehensive description of the fuel-cladding-gap system. The extensive review of state-of-the-art
multidimensional codes provided valuable insights into model selection and integration, further
strengthening the foundation of OFFBEAT for advanced simulations.
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Appendix A. Review of state-of-the-art in multi-dimensional fuel behaviour
analysis

A.1 Fuel behaviour modelling

Most of the fuel performance codes used for fuel behaviour analysis typically use the one-dimensional (1-D)
modelling approach. More precisely, a 1.5-D approach is used to approximate the fuel rod analysis by
assuming axisymmetric one-dimensional radial representation with subdivision of the rod into a stack of
mechanically independent axial slices. The axial coupling is ensured by iterating the solution of the code over
those slices. Most notable fuel performance codes adopting this 1.5D approach include TRANSURANUS [A1]
developed at the JRC, Germany; the FRAP series including FRAPCON [A2] and FRAPTRAN [A3] developed by
the US-NRC; the FEMAXI code [A4] developed by the JAEA, Japan; and the ENIGMA code [A5][A6] developed
by the BNFL-CEGB in the UK.

A 2-D modelling approach enables to have the analysis for both the r-z (radial-axial) and r-8 (radial-azimuthal)
planes. For the r-z analysis, an axisymmetric rod is still assumed but unlike the 1.5D approach, the axial
gradients are not neglected, and the governing equations are solved both radially and axially. For the r-0
analysis, rather than the entire fuel rod length, thin slices at specific axial locations are analysed without
axisymmetry but assuming plane strain or similar. This approach is useful to study local effects, such as the
pellet crack and clad ridging. A notable fuel performance code making use of the such 2-D capabilities is
Falcon [A7] developed at EPRI. Falcon is the reference code for fuel behaviour analysis at PSI.

A full 3-D modelling approach does not impose any a-priori assumption on the geometry of the rod. There
exist a few well established 3-D fuel performance codes and also some currently developing multi-
dimensional codes. Notable multi-dimensional codes include BISON [A8] developed at INL, USA; ALCYONE
[A9][A10] developed by the CEA in France; DIONISIO [A12] developed at CNEA, Argentina and OFFBEAT [A13]
co-developed at EPFL and PSI, Switzerland.

A non-exhaustive list of Fuel performance codes around the world with their modelling capabilities are
presented in Table 13.
Table 13: Fuel performance codes around the world.

Code Organization/Country | Modelling capability
ALCYONE CEA, France 1.5D, 2D, 3D
BACO CNEA, Argentina 1.5D

BISON INL, USA 1.5D, 2D, 3D
CAMPUS CNL, Canada 2D(r-z)
DIONISIO CNEA, Argentina 1D, 2D, 3D
ENIGMA BNFL-CEGB, UK 1.5D

FALCON EPRI, USA 2D(r-z), 2D(r-6)
FEMAXI JAEA, Japan 1.5D

FAST US-NRC, USA 1.5D
(FRAPCON + FRAPTRAN)

OFFBEAT EPFL/PSI, Switzerland | 1D, 2D, 3D
SCANAIR IRSN, France 1.5D
TRANSURANUS JRC, Germany 1.5D

A more detailed review of the fuel performance codes around the world can be found in [A14]. The multi-
dimensional fuel performance codes and the different models included in them will be discussed in detail in
the following section.
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A.2 Multi-dimensional fuel performance codes

Although two-dimensional codes respond to most of the thermo-mechanical phenomena, there are certain
asymmetries for which these models have limited capabilities. Phenomena such as the eccentricity of the
pellet and cladding, the asymmetry in temperature distribution due to the position of a rod in a bundle, or
the presence of a defect in the pellet, like missing pellet surface, among others, would require a full 3D
analysis and a 3D fuel behaviour code can deliver results that better represent the experiments than a 2D
code. Some already existing multi-dimensional fuel behaviour codes and those under development are
presented in this section.

A.2.1 BISON

BISON [A8] is a modern parallel, finite element-based fuel performance code developed at Idaho National
Laboratory (INL) since 2009. The code is applicable to both steady state and transient fuel behavior and has
been used to analyse a variety of fuel forms in 1D, 2D, or 3D geometries. BISON is built upon INL's
Multiphysics Object-Oriented Simulation Environment (MOOSE) [A15] which is a parallel, finite element-
based framework to solve systems of coupled non-linear partial differential equations using the Jacobian-
free Newton Krylov (JFNK) method. The object-oriented architecture employed in MOOSE facilitates adding
of new material and behaviour models with minimum programming efforts. The BISON governing equations
are fully coupled partial differential equations for energy, mass, and momentum conservation. The various
models used in BISON are presented below categorizing them into fuel related, gap related and cladding
related models.

A.2.1.1 Fuel pellet related models

The fuel thermal conductivity can be computed by the empirical modes of Fink [A16] and Lucuta [A17], for
unirradiated and irradiated materials, respectively. Other models for computing fuel thermal conductivity
include MATPRO [A18] and NFIR [A19].

Fuel swelling due to both solid and gaseous fission products is included using empirical relations from
MATPRO [A20]. Gaseous swelling can also be determined using a physics-based model by Pastore et al [A21].

Fuel densification is computed using the ESCORE [A7] empirical model.

The model for combined secondary thermal creep and irradiation creep of UO2 is taken from the MATPRO
[A20] FCREEP material model.

Two approaches are available in BISON to account for fuel cracking and relocation: a simple empirical
relocation model and a smeared cracking model. The relocation model is taken from ESCORE [A7]. The
smeared cracking model follows the approach in [A22], where cracking is simulated by adjusting the elastic
constants at material points, in contrast to a discrete cracking model, where topographic changes are made
to the finite element mesh.

The radial power profile in BISON is calculated using the same model by Soba et al. [A23], which was
developed for the DIONISIO fuel performance code [A24].
A.2.1.2 Gap related model

The gap heat transfer in BISON is computed in the traditional manner with the total gap conductance as a
sum of the gas conductance, the increased conductance due to solid—solid contact, and the conductance due
to radiation as described in Section 1.1.4. The gas conductance is given by Ross and Stoute [A25], with the
conductivity of the gas mixture computed using the mixture rule from MATPRO [A20].
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The gap solid-solid contact model in BISON is based on the methodology of Heinstein and Laursen [A26],
which utilizes node to face constraints to prevent nodes on one surface from penetrating the face of another
surface.

FGR and gaseous swelling in BISON are computed by a physics-based model by Pastore et al [A21]. FGR can
also be computed using the Forsberg—Massih model [A27].

A.2.1.3 Cladding related models

The thermal and irradiation creep models for Zircaloy cladding available in BISON are given by Limback and
Andersson [A28].

Cladding elongation as a result of irradiation-induced growth is included in BISON using the ESCORE [A7]
empirical model or the Franklin model [A29].

A.2.2 ALCYONE

ALCYONE [A9][A10][A11] is a multi-dimensional fuel code for French PWR rods co-developed by EDF, AREVA
and CEA. ALCYONE has been developed in the framework of the PLEIADES environment [A30][A31][A32].

ALCYONE uses the 1.5D scheme to model the complete fuel rod discretized in axial segments, the fuel and
cladding of each segment being further divided in annular rings. The 2D (r-8) scheme models the mid-pellet
plane of a pellet fragment whereas for the 3D scheme a fuel pellet is divided in 8 identical fragments, and it
models the behavior of one quarter of a pellet fragment with the overlying cladding. All these different
schemes use the same Finite Element (FE) code CAST3M [A33] to solve the thermo-mechanical problem and
share the same physical material models at each node or integration points of the FE mesh.

ALCYONE includes a number of modules that can be used independently or called at each node of the mesh.
A typical coupled calculation requires the iterative run of successive steps of neutronics, thermo-mechanical
calculation, fission gas calculation, and thermo-chemistry until convergence is achieved. ALCYONE is coupled
with different models that can be called during a run, for example, PRODHEL for neutronics, MARGARET for
FGR and ANGE for thermo-chemistry. Schematic representation of the calculation process and models called
during a simulation performed with ALCYONE V2.0 is shown in Figure 18.

The various models used in ALCYONE are presented below categorizing them into models related to fuel,
gap, or cladding properties. The openly available literature on the models used in ALCYONE is quite limited
and therefore further details cannot be provided.

A.2.2.1 Fuel properties

The fuel thermal conductivity is calculated using the modified Lucuta’s formulation [A17]. The thermal
expansion coefficient is obtained according to the recommendations of Martin [A35].

The irradiation, scattering and dislocation creep of UO2 is calculated using the methodology in Monerie &
Gatt [A36].

The fuel cracking is modelled using a (r, 6, z) 3D smeared crack model which accounts for fuel pellet
fragmentation during nominal loading and for the development of secondary cracks during transient loading
[A37].

Fuel densification and solid swelling is modelled using MATPRO [A20]. The radial power profile is calculated
using the RADAR [A38] model.
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A.2.2.2 Gas gap properties

The heat transfer in the gap again follows the traditional gap conductance approach. The model used in
ALCYONE to calculate gap conductance is the revised URGAP model [A39].

The contact between the pellet and cladding at gap closure is modelled based on the Coulomb’s friction law
[A40].

The FGR and gaseous swelling is modelled using the MARGARET code [A41].

A.2.2.3 Cladding properties

The thermal conductivity of the Zircaloy cladding is computed by the temperature dependent model in
MATPRO [A20].

The irradiation-induced creep, thermal creep and plasticity is computed using anisotropic formulation based
on Hill’s criterion [A42].

Beginning of time step

Thermohydraulics

|
NeUutronics | «eemmemmnnnns PRODHEL
|

Clad corrosion

Thermal analysis

[ Swelling, Fission Gas Release ] -\ MARGARET

Convergence

Next time step
Iterations

He release

[ Oxygen redistribution ]

Thermochemistry |«

[ Chemically reactive FGR ]

Internal pressure
End of time step

v
Figure 18: Schematic representation of the calculation process and models called during a simulation
performed with ALCYONE V2.0 [A34]

A.2.3 DIONISIO

DIONISIO [A24][A12] is a finite element code to simulate fuel rod behaviour during irradiation under normal
or accident operation of a nuclear reactor. It has more than fifty interconnected models coupled in a modular
structure, to predict thermo-mechanical, thermo-chemical and thermo-hydraulic behavior of fuel rod. A
newer version of the DIONISIO code, extending its capabilities to three-dimensional domains was developed
as DIONISIO 3.0 [A43].

The various models used in DIONISIO are presented below categorizing them into models related to fuel,
gap, or cladding.

A.2.3.1 Fuel related

The thermal conductivity of UO2 is given by the expression from Delette & Charles [A44].
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The coefficient for thermal expansion is taken from Olander [A45].
The creep law for UO2 is used from MATPRO v11 [A18].

The swelling due to fission products is calculated using the expression from Olander [A45] and the Fuel
densification is calculated from the expression from the BACO code [A46].

The radial power profile in DIONISIO is calculated using the model by Soba et al. [A23].

A.2.3.2 Gap related
The heat transfer in the gap again follows the traditional gap conductance approach.

For the pellet clad contact, the 3D version of DIONISIO uses an algorithm based on cohesive elements [A47],
with a linear contact law that does not alter the system's resolution matrix, making it simpler to solve and
easier to parallelize.

The fission gas release is dealt with a model presented in Denis and Soba [A48].

A.2.3.3 Cladding related

The thermal conductivity of the Zr cladding in DIONISIO is taken from the expression of Fink [A49].
The coefficient for thermal expansion of Zr is taken from Olander [A45].

The creep law for Zr is used from FRAPCON-2.0 [A50].

The irradiation growth of the Zr cladding is modelled using the approach used in the BACO code [A46] for
PHWR fuel rod simulation.

A.2.4 Falcon

At PSI, the reference code for fuel behaviour analysis is Falcon [A7]. Falcon is a 2D fuel behaviour code
developed by EPRI and has been verified and validated to a great extent over the course of its development
and usage. Falcon supports 2D axisymmetric analysis (r-z) of full-length fuel rods and can also be used for
further detailed analysis of 2D slices (r-8) at selected axial locations to study radial and angular effects. Based
on a robust finite element numerical structure, Falcon is capable of analysing both steady state and transient
fuel behavior with a seamless transition between the two modes.

Currently, several versions of the FALCON code exist and are being used for fuel analyses by multiple users.
The FALCON MODO1 code was originally released in 2004. The latest version, Falcon v1.5.0, was released in
2020 and has substantial changes and additions to both coding and behavioural models. Because of the
presence of independent code modifications, different default and optional models used, and indeed even
modelling methodology, the effects of these differences must be considered when making comparisons
between the results obtained from different code versions.

The thermal and mechanical properties and behavioural models available in Falcon for the fuel, gap and
cladding components of the fuel rod are presented in Figure 19.
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Material Thermal Properties Mechanical Properties Behavioral Models
Fuel Specific Heat Capacity Thermal Expansion Steady State Fission Gas Release
Thermal Conductivity Young's and Shear Modulus Transient Fission Gas Release
Emissivity Compressive Yield Stress Radial Power Distribution
Melting Temperature Fracture Strength High Burnup Structure
Thermal/lrradiation Creep
Densification
Swelling
Relocation

Cladding | Specific Heat Capacity
Zircaloy Thermal Conductivity

Thermal Expansion
Young's Modulus for Isotropic Cladding

Low Temperature Oxidation (Water)
High Temperature Oxidation (Steam)

ZrO, Thermal Conductivity Shear Modulus for Isotropic Cladding Phase Transformation
Zirconium Dioxide Emissivity Yield Stress Stress Corrosion Cracking
Melting Temperature Plastic Strain Hardening High Temperature Rupture
Annealing of Cold Work/Irradiation Damage
Meyer Hardness
Thermal/Irradiation Creep
Irradiation Growth
Gap Gas Thermal Conductivity Friction Coefficient Open and Solid Gap Conductivity

Gas Viscosity
Temperature Jump Distance

Figure 19: Thermo-mechanical properties and behavioural models Included in Falcon (From [A7]).

A.2.5 OFFBEAT

The OpenFOAM Fuel Behavior Analysis Tool - or OFFBEAT [A13] is a multi-dimensional fuel behaviour analysis
tool currently being co-developed by the Ecole Polytechnique Fédérale de Lausanne (EPFL) and Paul Scherrer
Institute (PSI). As the name suggests, OFFBEAT is based on OpenFOAM, an open-source C++ numerical library.
A direct consequence of the choice of OpenFOAM as development platform, is the use of the Finite Volume
Method (FVM). This is something which differentiates OFFBEAT from other fuel performance codes which
typically employ the Finite Element Method (FEM) if not the simpler Finite Difference Method (FDM). The
application of the FVM and numerical methodology adopted in OFFBEAT can be found in the PhD thesis of
Scolaro [A51].

Like any solver built with the OpenFOAM library, OFFBEAT is an inherently 3-D code: the geometries are
always 3-D, and by default, the code solves the equations in a 3-D Cartesian coordinate system. However, 2-
D and even 1-D simulations can be performed using an appropriate geometry and by selecting appropriate
boundary conditions (Figure A.3). It can be used for the transient analysis of complex 2D and 3D phenomena
as well as for the 1.5D or 2D axisymmetric study of the steady-state base irradiation.

3D 2D D 1.5D

Slice 3
Empty BC

Wedge BC Slice 2

|
|
| |
1\ |

Figure 20: Multi-dimensional geometries in OFFBEAT by using appropriate boundary conditions [A51].
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OFFBEAT follows a modular approach, having different functionalities in independent C++ classes, which
simplifies incorporating new modules and reduces the time needed for code maintenance. The two main
components of OFFBEAT are a thermal and a mechanical sub-solver to calculate the temperature distribution
and the deformation of the fuel rod, respectively. This is complemented by supplementary classes including
a gap/plenum model, heat source and fast flux models, fission gas release models, a class for the isotopic
evolution of the oxide fuel and its burnup, a class handling the material properties, a class dedicated to the
phenomena affecting the gap size such as relocation or densification, a rheology class for the constitutive
mechanical behavior of the materials, among others.

Employing a segregated solution or operator-splitting (and dimensional-splitting) scheme, OFFBEAT solves
each physics and each component separately and sequentially, treating the dependence on other variables
with explicit terms. The segregated solution scheme in OFFBEAT is categorized into three main loops: the
time-iteration loop for advancing in time, the outer fixed-point iteration loop for solving the coupled physics
and closure models and inner-iteration loops for each primary sub-solver. The solution scheme with the
inner, outer and time loops in OFFBEAT is shown in Figure 21.
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| = inner loop iteration index
{ = outer loop iteration index

Figure 21: Solution scheme adopted in OFFBEAT (From [A51])

The models adopted in OFFBEAT for the phenomena occurring in the fuel, gap and cladding components of
the fuel rod are presented below.
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A.2.5.1 Fuel related phenomena

The material properties of UO2 like specific heat capacity, thermal expansion, surface emissivity, are
modelled using the correlations from MATPRO v11 [A18].

The thermal conductivity of UO2 can be calculated with the MATPRO [A20] routine FTHCON. It can also be
calculated using the (Nuclear Fuel Industry Research) NFIR model proposed by Marion [A19].

Fuel densification is calculated using the FUDENS routine and the solid fission product swelling using the
FSWELL routine of MATPRO [A20]. The gaseous fission product swelling is calculated by the FGR model
SCIANTIX [A52].

The effect of fuel cracking is treated with the isotropic cracking model derived from Barani et al. [A53]. The
fuel relocation due to cracking can be treated with a simple relocation model derived from FRAPCON4.0
[A54]. The recovery after relocation is considered in the relocation model of OFFBEAT.

The isotopic concentrations of selected isotopes are tracked in OFFBEAT with a simplified neutronics model,
which is derived from the TUBRNP module [A55] of TRANSURANUS. This enables the calculation of the radial
power profile and the local burnup. A higher fidelity coupling strategy between the Monte Carlo code Serpent
[A56] and OFFBEAT has also been developed to increase the accuracy of the calculations that lie outside the
range of applicability of TURBNP. Efforts are currently underway to incorporate a simple 1D neutron diffusion
solver in OFFBEAT as an additional alternative to TUBRNP.

The creep model for UO2 is derived from the FCREEP routine of MATPRO [A18], following the implementation
of BISON.

A.2.5.2 Gap related phenomena

The gap heat transfer model adopts the traditional gap conductance calculation, and the model is derived
from the coding of FRAPCON4.0 [A54].

OFFBEAT is equipped with two algorithms for the fuel-to-cladding contact. First approach is loosely based on
the explicit penalty method proposed by Cardiff et al. [A57]. The second approach is the novel implicit
methodology developed in the thesis work of Scolaro [A51].

The fission gas behavior is considered in OFFBEAT either with a simplified model derived from the modified
Forsberg-Massih model described in the FRAPCON 4.0 manual or with SCIANTIX [A52], a 0-D open-source
code developed at the Politecnico di Milano.

A.2.5.3 Cladding related phenomena

The thermal conductivity and the thermal expansion coefficient of Zircaloy are derived from the CTHCON and
CTHEXP routines of MATPRO [A18], respectively. The specific heat capacity and the density of Zr are
calculated following the approach in the IAEA Report IAEA-TECDOC-1496 [A58]. The instantaneous plasticity
model implemented in OFFBEAT is based on the classic Von Mises theory of plasticity. The thermal and
irradiation creep models for Zircaloy cladding available in OFFBEAT are given by Limback and Andersson
[A28]. The Zircaloy irradiation growth is treated with a model derived from ESCORE [A7], which calculates
the additional axial strain as a function of the neutron fluence. MATPRO v11 [A20] can also be chosen as an
option to model irradiation growth.

A.3 OFFBEAT: Possible Extensions

OFFBEAT is a fuel behaviour code which is currently under development. New models and methodologies
are envisaged to be incorporated into the code to make it more precise in dealing with phenomena impacting
fuel behaviour during normal and off-normal operating conditions in a nuclear reactor. Some of the
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phenomena that have been identified to be incorporated into OFFBEAT are presented in this section. The
detailed description of the modelling methodology for these phenomena can be found in the corresponding
references.

A.3.1 Cladding oxidation

The water-side corrosion can affect both the thermal and mechanical properties of the cladding. The
oxidation of Zircaloy cladding is modelled in OFFBEAT using the correlations described in the documentation
of the ZryOxidation class [A60][A61] is used. The model parameter values are used to derive the time-
dependent oxide layer thickness growth. Another model for normal operating temperatures, which is
available in BISON and Falcon fuel behaviour codes is the EPRI SLI Model [A41]. It uses enhanced model
parameters by considering factors that are a function of coolant lithium content, alloy tin and iron content,
hydrogen content, and fast flux. A detailed description of these parameters can be found in Gilmore et al
[A62]. The EPRI SLI Model can be added as an option to choose for normal operating temperature regime
oxidation in OFFBEAT.

For the high temperature range, different correlations are used for different temperature ranges to
determine the oxide scale thickness. Similar to BISON, the Leistikow correlation [A63] is used for
temperatures from 673 K up to 1800 K. For temperatures between 1800 K and 1900 K, a linear interpolation
between two correlations is made using the procedure from Schanz [A64]. For temperatures above 1900 K,
the Prater-Courtright correlation [A65] is used.

The Cathcart-Pawel correlation [A66] is also available in BISON and Falcon fuel behaviour codes and can be
added as an option to choose from for the high temperature cladding oxidation in OFFBEAT. Moreover,
currently OFFBEAT does not make a distinction between Zr-2 and Zr-4 cladding types and the correlations
are different for different cladding types. The option to select different types of cladding can be added to
OFFBEAT and the corresponding oxidation correlations can then be used.

Very recently, Scolaro et al. [A67] at EPFL carried out the first steps toward the development of a
methodology in OFFBEAT for modelling the formation of non-uniform oxide layers in Zircaloy claddings and
studying their impact on the rod’s thermal and mechanical response under irradiation.

A.3.2 Hydrogen uptake and hydride formation

A portion of the hydrogen produced during water-side corrosion enters the zircaloy cladding. This
phenomenon is called hydrogen pickup or uptake [A68]. This dissolved hydrogen makes the cladding material
more susceptible to plastic deformation at high temperature. At high concentration, the dissolved hydrogen
forms brittle hydrides, hydrogen compounds with the alloying elements. Hydride formation and therefore H-
uptake pose a serious concern regarding fuel cladding performance since a) the hydride concentration has a
positive feedback on corrosion rate; b) the higher specific volume of hydride compared to Zr leads to
increased dimensional changes in the cladding; c) Zr-hydride is brittle and this weakening of the cladding
mechanical performance is of utmost importance for LOCA, RIA, cask-drop accident and storage [A69]. The
hydrogen pickup fraction has been well characterized for various zirconium alloys [A68][A70][A71] and was
found to be a strong function of alloying elements and to be a complex function of the exposure time. An
extensive review of hydrogen behaviour in Zircaloy claddings has been done by Motta et al. [A72].

Although development efforts are underway, at present, OFFBEAT does not include any model for hydrogen
behaviour and it is of interest to consider the available models and methodologies adopted in other fuel
behaviour codes. In BISON, the hydrogen pickup models are implemented for the different types of claddings.
For Zircaloy-4, M5, Zirlo and Optimized Zirlo cladding types, the user specifies a fixed instantaneous hydrogen
pickup fraction, so that the average total concentration of hydrogen CH (including dissolved hydrogen and
hydrogen as Zr-hydride) in the cladding, which is roughly proportional to the thickness of the oxide layer, can
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be determined [A73]. The hydrogen pickup model, which was initially implemented along with an oxidation
model, was coupled with the existing oxidation models in BISON [A74]. For Zircaloy-2 claddings, the hydrogen
pickup models use either the concentration of hydrogen calculated as a function of local axial burnup [A75],
or the hydrogen flux based on the linear heat rate or linear power [A76]. A new model, called Hydride
Nucleation-Growth-Dissolution (HNGD) [A77] was implemented into BISON to model physical processes
involved in hydrogen redistribution, and hydride precipitation and dissolution. The main innovative feature
of the HNGD model is that it accounts for hydride nucleation and growth as two distinct precipitation
components.

Recently a tool for hydrogen behaviour, coupled to Falcon output was developed at PSI. This tool, called HYPE
(Hydrogen Postprocessor for Falcon) [A78], extracts data from a Falcon output file and uses them to calculate
hydrogen uptake, transport, thermochemistry, and reorientation of hydrides. The tool models hydrogen
behaviour in 1.5D, i.e., independent calculations are performed in cylindrical coordinates in each axial slice
of the studied rod. The hydrogen pickup models used in HYPE depend on the reactor type. For BWR claddings,
the pickup correlation is burnup-dependent and for PWR, the hydrogen uptake is expressed as a function of
the oxide thickness. The correlations for BWR claddings come from [A69], which account for the higher
burnups reached in Swiss BWR fuels. The PWR claddings correlation is for oxide thickness can be determined
as in [A73] using the hydrogen uptake fractions proposed by US NRC [A71]. Hydride reorientation is modelled
in HYPE using the model proposed by Desquines et al. [A79]. The hydride dissolution and precipitation model
in HYPE has been adapted from the HNGD model [A77].

A similar approach for hydrogen uptake and hydride precipitation and dissolution can be adopted for
OFFBEAT.

A.3.3 Hydrogen transport

It has been recently proposed that the driving force for hydrogen pickup is inversely proportional to the
electronic conductivity of the protective oxide layer. It is necessary for the electrons to travel through the
protective oxide layer to recombine with the hydrogen in the water. If the oxide electronic conductivity is
not sufficiently high, hydrogen can migrate through the protective oxide layer to recombine with electrons
and be absorbed into the metal. The transport mechanism of hydrogen through the oxide layer in response
to this driving force is not yet determined, but it is now thought that hydrogen travels through the protective
oxide as H+ on the way to entering the metal [A72].

Depending on the local conditions, hydrogen in zirconium alloys is either dissolved in solid solution or
precipitated to secondary phase hydrides. Veshchunov et al. [A80] stated that hydrogen diffuses through the
zirconium hydride structure if the volume fraction of hydrides is sufficiently high. The hydrogen that enters
the cladding can respond relatively quickly to established driving forces which can drive a hydrogen flux to
regions of the solid. The hydrogen flux is due to the combined effects of Fick's law of diffusion, the Soret
effect and stress gradients [A72] as:

]hydrogen - ]Fick +]Soret +]stress (A.l)

The expressions for each of these fluxes can be found in [A72][A73]. The diffusion coefficient of hydrogen in
zirconium, has been measured several times in the literature [A81][A82]. The hydrogen transport will have
to be modelled in OFFBEAT in order to deal with the hydrogen behaviour in the fuel rod system. A schematic
representation of the water-side corrosion and the hydriding process is shown in Figure 22.
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Figure 22: Schematic representation of the water-side corrosion and the hydriding process (From [A77]).

A.3.4 Liner claddings

Apart from the widely used and studied Zircaloy-4, the Swiss nuclear industry uses duplex claddings, called
Liner claddings. Zircaloy-2 with an inner layer is used in BWRs and Zircaloy-4 with an outer layer in PWRs. The
liner claddings are characterized by a different hydrogen behavior compared to non-liner claddings. Such
claddings consist of two layers, a thick substrate providing the mechanical strength of the cladding and a thin
liner. The purpose of using the inner liner in BWR claddings is to soften the pellet-cladding mechanical
interaction. The outer liner used in PWR claddings is aimed at limiting waterside corrosion.

Extensive experimental work has been carried out at PSI in Switzerland for both BWR and PWR related liner
claddings. Hydrogen behavior in PWR duplex cladding from Framatome, DXD4, was experimentally studied
by Gong et al. [A83]. This cladding material is widely used in KKG. It consists of a Zircaloy-4 substrate and a
low-tin outer liner. Gong et al. have shown that hydrogen tends to migrate towards the liner during cooling
and accumulates at Substrate-Liner Interface (SLI). Fagnoni et al. [A84] studied the hydrogen behavior in two
BWR inner-liner claddings LTP (Framatome) and LK3/L (Westinghouse). Contrary to the outer liner
experiments, the average hydrogen concentrations for the inner liner accounted for the hydrogen located in
the edges.

Since the liner claddings, both inner and outer, behave quite differently than the standard claddings, separate
modelling approach is required to model the hydrogen behaviour. Modelling approach for hydrogen
behaviour in liner claddings and its validation against experiments has been done by Konarski et al. at PSI.
This approach has also been adopted in the HYPE model [A85]. Although OFFBEAT handles multi-material
modelling quite well using a model adapted from the model of Tukovic [A86], it has never been tested for
liner claddings as, currently, OFFBEAT does not have any liner-specific material properties. Thus, when
developing hydrogen behaviour models, it would be important to also consider the different types of
cladding, especially the liner ones, which are of interest to the Swiss nuclear industry. The capability of the
multi-material modelling in OFFBEAT would then be tested for liner-claddings, incorporating the liner
material properties.

A.3.5 Other extensions

Another extension to the OFFBEAT fuel performance code can be to the fuel cracking modelling. Currently,
OFFBEAT models the effect of cracking employing relocation and isotropic cracking approaches derived from
axisymmetric traditional codes. The analysis of pre-determined 3-D cracking pattern or the analysis of pellet
fragments should be considered like in the ALCYONE code [A37]. Some other ideas to extend/improve the
capabilities of OFFBEAT include the following:
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e  OFFBEAT currently has no dedicated thermal-hydraulics solution. A simplified homogeneous
equilibrium model should be included as a minimum, but couplings to subchannel and/or CFD
solutions should be considered.

e The material properties and models should be extended to accommodate different cladding
materials and liner materials.

e  Chemistry within reactor fuels and claddings and possible stress corrosion cracking.
e Migration of void within the fuel and the potential formation of a central void.

e Further explicit modelling of crud build-up and its thermo-mechanical effects [A67].
e  Pellet-clad bonding.

e Possible trapping of gap gases. PSI’s in-house Falcon version currently includes coupling to the axial
gas transport code FRELAX which allows for trapping of gap gases [A87].

e The simplified 0-D gap conductance model used by virtually all fuel performance codes, including
OFFBEAT, could be extended to incorporate multi-dimensional effects. Such effects might be relevant
for, for example, the heat transfer in the chamfer regions of the pellet or in the case of missing pellet
surfaces.

e  Hydrogen transport could be extended to incorporate the effects of cladding defects. Such defects
would cause stress concentrations, which would attract hydrogen and potentially lead to excessive
hydride formation.

e  OFFBEAT currently cannot model RIA scenarios where the melting of fuel potentially occurs.
Extensions would be needed to model, for example, the Power to Melt and Manoeuvrability (P2M)
experiments of the OECD/NEA FIDES Joint Experimental Programme (JEEP) [A88].

e  Thedrystorage models incorporated in Falcon at PSI, as part of the DrySTARS Project, could of course
be incorporated in OFFBEAT, although the need for 3D dry storage behaviour should be assessed.

e  The phenomenon of shadow corrosion is an inherently 3D phenomena which can lead to excessive
corrosion in the locations of spacer grids. A 3D multi-physics code like OFFBEAT may be a perfect
candidate for studying this effect.

e While not necessarily a 3D effect, including the GRSW-A model [A89] as a complementary optional
fission gas release model in OFFBEAT can be considered; in this case, however, the model could not
be made open-source and would be for PSl internal use only.
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