INL/RPT-23-75026 Rev. 000

Compare Predictions of
Transient Fission Gas Release
by Empirical and Mechanistic
/ ' Models to Experiments in
High-Burnup UQO, Fuel

September 30, 2023
Technical Report

Pierre-Clément A. Simon', Larry K. Aagesen', Nathan Capps?,
Michael W.D. Cooper?, Kyle A. Gamble!, Logan H. Harbour!,
Christopher Matthews?, Stephen Novascone', Daniel Schwen', and
Brian Wirth?*

'Idaho National Laboratory
2Qak Ridge National Laboratory

3Los Alamos National Laboratory
“University of Tennessee Knoxville

9
% ldaho National Laboratory

INL is a US. Department of Energy National Laboratory
operated by Batelle Energy Alliance, LLC



DISCLAIMER

This information was prepared as an account of work sponsored by an agency of the U.S. Gov-
ernment. Neither the U.S. Government nor any agency thereof, nor any of their employees, makes
any warranty, expressed or implied, or assumes any legal liability or responsibility for the accu-
racy, completeness, or usefulness, of any information, apparatus, product, or process disclosed, or
represents that its use would not infringe privately owned rights. References herein to any specific
commercial product, process, or service by trade name, trade mark, manufacturer, or otherwise,
does not necessarily constitute or imply its endorsement, recommendation, or favoring by the U.S.
Government or any agency thereof. The views and opinions of authors expressed herein do not
necessarily state or reflect those of the U.S. Government or any agency thereof.




Compare Predictions of Transient Fission Gas
Release by Empirical and Mechanistic Models to
Experiments in High-Burnup UO, Fuel

Technical Report

Pierre-Clément A. Simon', Larry K. Aagesen', Nathan Capps?, Michael W.D. Cooper?, Kyle A.
Gamble!, Logan H. Harbour', Christopher Matthews?, Stephen Novascone!, Daniel Schwen!, and
Brian Wirth%4

'Idaho National Laboratory
2Qak Ridge National Laboratory
3Los Alamos National Laboratory

“University of Tennessee Knoxville

September 30, 2023

Idaho National Laboratory

Computational Mechanics and Materials Department
Idaho Falls, Idaho 83415

http://www.inl.gov

Prepared for the
U.S. Department of Energy
Office of Nuclear Energy
Under U.S. Department of Energy-Idaho Operations Office
Contract DE-AC07-05ID14517



Page intentionally left blank



Dedication to the late Giovanni Pastore, Ph.D.

This report is dedicated to the late Giovanni Pastore, Ph.D., former member of the BISON team. Dr. Pastore brilliantly
lead the fission gases modeling efforts in BISON and spearheaded the development of the Simple Integrated Fission
Gas Release and Swelling (Sifgrs) model into the leading high-fidelity capability it is today. His research and contri-
butions established the invaluable foundations of the work presented in this report, and his impact in the field of fuel

performance cannot be overstated.



Abstract

Understanding and predicting fuel performance at high burnup require improving our understanding of transient fission
gas release. High-burnup operations enable new mechanisms of fission gas release, which affect fuel performance. The
Nuclear Regulatory Commission has recently published its interpretation of existing fuel fragmentation, relocation,
and dispersal data in a research information letter [1]. There, transient fission gas release was identified as one of
the main factors that contributes to fuel fragmentation, relocation, and dispersal, and therefore limits fuel extension
to high burnup. However, transient fission gas release is a complex phenomenon that cannot be fully described by
simple empirical descriptions [1, 2]. This report summarizes the development of a mechanistic model for high-burnup
transient fission gas release in the fuel performance code BISON. This research was supported by the Nuclear Energy
Advanced Modeling and Simulation program during fiscal year 2023 to improve our understanding of high-burnup
transient fission gas release and ability to predict it as a function of operation history. To support the development
of a mechanistic transient fission gas release model, the existing Simple Integrated Fission Gas Release and Swelling
(Sifgrs) model in BISON has been completely refactored to make it more modular and extensible. This effort supports
the model’s application to high-burnup conditions, its extension to other fuel forms, and the continuous improvement of
its current features. Once refactoring was completed, models for high-burnup structure formation, fission gas transfer
from non-restructured fuel to high-burnup structure, high-burnup structure intragranular and intergranular fission gas
behavior, high-burnup structure bubble evolution, fuel pulverization, and the resulting transient fission gas release were
tested and implemented in the Simple Integrated Fission Gas Release and Swelling (Sifgrs) model or tightly coupled
to it. The new mechanistic model was then compared to an empirical model developed in parallel by a Nuclear Energy
University Program project using a Studsvik high-burnup loss-of-coolant-accident assessment case. Finally, the report
details the preliminary BISON results for a benchmark activity organized by the Nuclear Energy Agency to evaluate
fuel performance codes’ predictive capabilities for burst fission gas release. This work represents an important step

toward a mechanistic understanding of fission gas release in high-burnup conditions.
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1. INTRODUCTION

1.1 Context of the Milestone

As the U.S. nuclear energy industry continues to investigate and identify strategies to further reduce the energy produc-
tion costs for the existing fleet of nuclear-power—generating stations, utilizing fuel at higher burnup to reduce fuel costs
is of great interest. However, fuel fragmentation, relocation, and dispersal (FFRD) remain a concern. The Nuclear
Regulatory Commission (NRC) has recently published its interpretation of existing FFRD data in a research informa-
tion letter [1]. There, tFGR was identified as one of the main factors contributing to FFRD and therefore limits the
extension to HBu. Among other things, fission gases lead to significant fuel microstructural changes, affect the thermal
conductivity of the fuel and rod gap and plenum, and contribute to fuel swelling, cracking, fragmentation, and pul-
verization under normal and transient operations. It therefore also contributes to fuel relocation, dispersal, and LOCA
conditions [1, 3]. Understanding and predicting fuel performance thus require understanding and predicting fission gas
behavior.

However, tFGR is a complex phenomena that cannot be fully described by simple empirical descriptions [1, 2].
The sparse experimental data does not show clear and quantifiable trends, and current empirical approaches are either
extremely conservative or can only be applied to very specific cases limiting the use of empirical approaches for predic-
tive fuel performance modeling and safety analysis. The industry lacks a predictive, mechanistic model able to cover
a wide range of operation and LOCA conditions. However, accurately predicting tFGR requires not only an adequate
description of all its mechanisms but also a precise prediction of all the mechanisms that lead up to tFGR, namely
fission gas generation, intragranular and intergranular behavior, bubble evolution, and other mechanisms of FGR. This
report details Nuclear Energy Advanced Modeling and Simulation (NEAMS) efforts to develop such a model.

1.2 Introduction to Sifgrs

Sifgrs is a state of the art fission gas behavior and swelling model implemented in BISON and is used to support this
milestone. It was first focused on UO, for low-burnup fuel during normal operations and was expanded to transient
conditions and other fuel forms such as chromium-doped UO, and U;Si, through the NEAMS program. Under the
late Giovanni Pastore’s stewardship, it became a reference for fission gas modeling and one of the strengths of the fuel
performance code BISON.

Sifgrs employs a generally mechanistic approach to simulate fission gas behavior and describes different steps of
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fission gas transport and eventual release. At the start of this fiscal year (FY), it already proposed leading capabilities
for intragranular fission gas modeling [4, 5, 6, 7, 8, 9, 10, 11, 12], described intergranular fission gas behavior in the
form of lenticular bubbles with coalescence criteria [4, 10], and accounted for diffusional release and burst release due
to microcracking of fuel during temperature transients [13]. To describe all the different aspects of its model, Sifgrs
leveraged a mix of empirical, semi-empirical, and mechanistic models—some of them based on atomistic simulations
[14, 15]. This flexible approach lends itself to accelerated model development and continuous model improvement
as more insight is gained on different aspects of the model. Sifgrs, as a part of BISON, contributes to improving our
understanding of fuel performance modeling.

Sifgrs, however, did not offer significant HBu capabilities to address the needs described above. NEAMS aims to
develop a mechanistic tFGR model and provide valuable insight on fission gas behavior in HBu conditions. To that end,
we aim to add existing HBu models to Sifgrs and combine with new model developments to propose a new mechanistic
tFGR model.

Unfortunately, since its start more than 10 years ago, Sifgrs grew organically and acquired a plethora of inter-
connected models with an array of parameter options, which made its implementation particularly complex and pro-
hibitively challenging to modify. This complexity has stalled its development in the past few years. Indeed, recent
fission gas model developments have been done outside of Sifgrs to escape its complexity. Unfortunately, this leads to
inconsistencies (such as fission gas mass loss or gain) since these models should all be coupled under Sifgrs. This sit-
uation prevented Sifgrs from being extended beyond its current capabilities to address the current needs of the nuclear
industry. Today, the needs to expand the applicability of Sifgrs to more fuel forms and add extensive HBu capabilities
require a refactoring of the code.

1.3 Aims of the Milestone

The overarching goal of the milestone is to develop a new tFGR model. Following the language of the milestone,
this model should be based on bubble populations and bubble pressures in the fuel, which is sensitive to the fuel
microstructure and operating conditions. To prevent inconsistencies, the model should support an integrated approach
that combines the existing Sifgrs model for lower burnup fuel with a newly developed model for HBS fuel from the

literature [16]. The new model should also leverage the existing pulverization criterion for HBu fuel [17, 18, 19].

To integrate these models, the existing Sifgrs code was planned to be refactored to increase modularity and ex-
tensibility. This refactoring effort was scheduled to support other NEAMS milestones and Nuclear Energy University
Program (NEUP) projects, namely the implementation a version of Sifgrs for uranium nitride (UN) fuel, and the de-
velopment of an empirical tFGR model. The implementation of the mechanistic model of transient fission gas release
can focus on the HBS located in the rim of the fuel but should be extendable to other parts of the fuel to prepare future
work on the dark zone [20].

The last aim of the milestone was that the mechanistic models should be benchmarked against models of more em-
pirical nature. The results of these models should be evaluated against existing HBu experimental data. This milestone

should therefore also assess the impact of tFGR modeling on existing validation cases where tFGR was not measured.
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1.4 Organization of the Milestone

The current report describes how each of these goals have been met. The different sections address different aims
listed above. Therefore, the organization of this report is as follows. In Chapter 2, we detail Sifgrs’s refactoring. We
describe the main motivations behind this important endeavor and establish the main implementation goals. Then, we
detail all the major changes in Sifgrs’s implementation, as well as the main bugs that were fixed and improvements
that were made in the process. In Chapter 3, we detail the development of the new tFGR model in Sifgrs. This chapter
therefore includes a description of HBS formation, fission gas transition from NR fuel to HBS fuel, intragranular and
intergranular HBS fission gas behavior, HBS bubble evolution, pulverization, and the resulting tFGR. In Chapter 4, we
compare the empirical tFGR model developed in Ref. [21] and the new mechanistic model. We describe the features of
both models and use a Studsvik LOCA case to quantify their differences in FGR predictions. In Chapter 5, we describe
a benchmarking activity led by NEA to compare different fuel performance codes in transient conditions representative
of anticipated operational occurrences. The goals of the benchmarking activity are to enhance the understanding of
burst FGR mechanisms and facilitate the improvement of fuel performance code models for transient conditions (or
develop new ones), reducing uncertainties and increasing margin to fuel performance limits. We describe preliminary
BISON predictions and comment on its accuracy based on comparison against experimental measurements. We then

conclude the report in Chapter 6.
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2. REFACTORING OF THE Sifgrs IMPLEMENTA-
TION IN BISON

2.1 Refactoring Goals

Sifgrs was first developed more than 10 years ago and grew organically since then. It was first focused on UO, for
low-burnup fuel during normal operations and was expanded to transient conditions and other fuel forms such as
chromium-doped UO, and U;Si, through the NEAMS program. Under the late Giovanni Pastore’s stewardship, it
became a reference for fission gas modeling and a highlight of the fuel performance code BISON. Today, the needs
to expand the applicability of Sifgrs to more fuel forms and add extensive HBu capabilities require a refactoring of
the code. Having grown organically, the addition of new capabilities was making Sifgrs exponentially more complex,
which has stalled its development in the past few years. As will be discussed below, new models of fission gas behavior
were recently added to BISON outside of Sifgrs because of its daunting complexity. The main goals of the refactoring

are listed as:

e Increase modularity to enable the accelerated development of new models for UO, Sifgrs, such as HBu capabil-

ities, and to rapidly apply Sifgrs to new fuel forms: UN and uranium oxycarbide (UCO) for example

e Decrease code duplication, which simplifies and accelerates code maintenance and minimizes the divergence of

capabilities that should remain identical
e Increase code readability by using common naming schemes and increasing in-code documentation

e Increase documentation of Sifgrs’s capability in the BISON documentation, especially crucial for users without

source access

o Increase guardrails against the concurrent use of inconsistent models

General clean up of potential bugs or confusing aspects of Sifgrs’ implementation.

These goals guided the efforts described in this section.
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2.2 Refactoring Approach

Properly refactoring a code as complex as Sifgrs requires a clear, effective, and flexible plan. Sifgrs has been estab-
lished as one of the most advanced fission gas capabilities—thanks to the contributions of Dr. Giovanni Pastore and
collaborators—and has been widely used by industries and research institutions. It is therefore paramount that the
effort to refactor Sifgrs does not affect its performance in any unexpected and/or negative ways. In other words, users
should not observe unexpected changes in their simulation predictions as a result of refactoring this code. To balance
this quality control constraint with the need to rapidly and profoundly refactor Sifgrs to reach the aims listed above, a

thorough plan was establish before changing the code:

1. Understanding the current code structure and interactions between different parts: Listing the current
capabilities, as well as understanding the current implementation of the code—with all its interactions—is a
crucial step to evaluate the starting point of the refactoring process. The code structure was detailed and recorded.
An example of this is shown in Fig. 2.2a.

2. Design a new code structure: Before making significant changes to Sifgrs, a clear final code structure was
designed to develop an overarching vision of the end goal. This is crucial to effectively refactor the code in ways
that align with the final goal. Note that although it is important to design a final structure early in the process
to guide refactoring, flexibility is paramount to solve unexpected difficulties and readjust as understanding and
needs evolve.

3. Increase test coverage (calculated by GitHub): To ensure that the refactoring effort in Sifgrs does not affect its
performance in any unexpected and/or negative ways, test coverage has been greatly improved prior to making
significant changes.

4. Prioritize changes: As acomplex, intricate code, the Sifgrs implementation has many interacting pieces that de-
pend on each other. Properly prioritizing changes helped with the effective execution of the refactoring process.
Moreover, many other NEAMS milestones (development of HBS formation model, UN fission gas capabili-
ties, etc.) and NEUP projects relied on parts of Sifgrs being ready on time for their implementation. These
dependencies were accounted for to prioritize different aspects of the refactoring process.

5. Implement changes step by step, ensuring that none of the tests or assessment cases were unexpectedly
affected by these changes: The NQA-1 compliant testing capabilities and process used in GitHub for the devel-
opment of BISON were leveraged to track the effect of any changes made to Sifgrs. In particular, the new ability
to run assessment cases was used to prevent unexpectedly breaking or affecting them.

6. Changes to fix bugs or correct models: Part of Sifgrs’ refactoring consists of checking existing model imple-
mentations, which the increased test coverage facilitates. Fixes, which would positively affect test results, were

done separately from any structural change to prevent undetected consequences of refactoring.
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2.3 Description of Sifgrs’s refactoring

2.3.1 Increased test coverage

The first step of the refactoring process was to increase test coverage of the Sifgrs implementation. The percentage of
test coverage by line corresponds to the percentage of lines of code being run by tests. It is calculated in GitHub each
time a new contribution is made to BISON. Having a high percentage of test coverage provides confidence that any
changes in model behavior and prediction resulting from refactoring will be captured by tests, thus limiting unintended
changes. New carefully designed tests were added to BISON to increase test coverage in Sifgrs. During this effort, test
coverage increased from around 80.6% in February 2022 to 95.1% at the end of FY 2023. This significant improvement
ensures the reliability of the Sifgrs implementation and has help identify issues, as detailed in Section 2.4.

In parallel, existing tests were modified to output more material properties calculated by Sifgrs, which enables a
more extensive tracking of behavior and prediction changes resulting from modifications to the code. Moreover, new
tests were updated or created to verify the implementation of some of the models used in Sifgrs. Although test coverage
by line is important, test coverage by modeling capability is crucial to developing and maintaining a reliable, verified

model implementation. Some of these new tests are discussed in Section 2.4.

2.3.2 Consistent naming scheme

Sifgrs involves a large amount of variables and materials properties from temperature to amount of fission gas in bub-
bles pinned at dislocations and numerical parameters for algorithms such as PolyPole2. This list evolves and grows
as new capabilities are being added to Sifgrs and currently consists of around 200 different variables and material
property names. With so many different names, it is crucial to use a consistent naming scheme across the imple-
mentation to avoid errors and confusion. Moreover, the units of each value and a short description of the entity
should be easily available to users and code developers. An important part of refactoring Sifgrs consisted of re-
naming variables, parameters, and materials properties which had inconsistent or non-descriptive names and docu-
menting their units and definition. For example, atm_per_bbl_disl, atoms_per_bubble_at_dislocation, and
atm_bbl_disl_grn_3, which all represented the number of atoms per intragranular bubble at dislocations, were
renamed atom_per_bubble_intra_dislocation. This effort made the Sifgrs implementation easier to under-
stand and follow, therefore reducing the barrier to entry and the likelihood of bugs. In particular, these changes
helped identify some of the typos and bugs discussed in Section 2.4. The list of previous names and the correspond-
ing new names along with the units of each property/variable and a short description is available at https://bison-

discourse.hpc.inl.gov/t/important-update-in-naming-convention-of-variables-and-material-properties-in-sifgrs/137.

2.3.3 Use of PhysicalConstants

In BISON, the value of some commonly used constants such as the gas constant or the Avogadro’s number have
been listed in PhysicalConstants.h to be used anywhere in BISON. This enables the use of consistent values for
these important constants across the code and not relying on locally defined values with arbitrary—and inconsistent—

numbers of significant digits or approximations. The constants from PhysicalConstants.h replaced all of the locally
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defined constants used in Sifgrs for consistency.

2.3.4 Use of consistent parameter values

Some model parameter values were defined in different places in the code with different local values. As discussed
in Section 2.3.3 for physical constants, doing so leads to inconsistent model results. One example of this was the
definition of the surface energy between fuel and gas, with three different values being defined at three different places
in the code for UO,: 0.5 J/m? by default as user input, 0.7 J/m? in IntraGranularFissionGas for calculating the
radius of bubbles pinned at dislocations, and 1.0 J/m? in the model calculating the intragranular bubble radius. This
means that even if a user provided a different value from 0.5 J/m?, the other values would remain unchanged. Similarly
for U;Si,, different values were used in different parts of the code. This inconsistency is especially detrimental to
model predictions, as surface energy has been identified as one of the model parameters that most strongly influence
swelling and fission gas release [10].

This issue was fixed with three objectives in mind: (1) the value should be defined once in each fuel-specific
Sifgrs (i.e., once in U3Si2Sifgrs and once in U02Sifgrs) and be used consistently everywhere, (2) the value could
be user-defined, and (3) the default value should correspond to current estimates of this property. For UO,, Hall
et al. recommend a temperature-dependent surface energy value, 0.85 — 1.4 X 10~*T J/m?, and acknowledge that
measurements errors can be as large as 70% [22]. Later, Kogai published a value of 1 J/m? [23]. The default surface
energy value was therefore defined as 0.85 J/m? in U02Sifgrs. For U,Si,, values around 1.16-1.43 J/m? had been
published in Ref. [24, 10]. These values were obtained by deriving the surface energies of a series of surfaces with
various Miller’s indices. An updated value of 1.7 J/m? was published in Ref. [25] using molecular dynamics (MD)
simulations to determine the surface energy for a void in U;Si, fuel. The new default value in U35i2Sifgrs was
therefore set to 1.7 J/m?.

Once these changes were implemented, the affected tests and assessment cases in BISON were updated. In gen-
eral for UO,, it led to a slight increase in FGR, which is often underestimated. However, the principal contribution
from this change is not a net improvement in BISON’s predictive ability but an increase in the consistency of Sifgrs’

implementation and flexibility for users.

2.3.5 Refactoring of IntragranularFissionGas.h and Sifgrs.h/.C

The previous implementation of Sifgrs consisted of the namespace IntragranularFissionGas.h, which handled
all the intragranular behavior for UO, (doped and undoped) and U;Si,, and the Sifgrs class itself, which handled
intergranular fission gas behavior and release for every fuel type. In addition to a large amount of code duplication,
having different models for each material directly in IntragranularFissionGas.h and the Sifgrs class led to a large
number of options for material models that were not compatible across fuel forms. This implementation made option
tracking—ensuring incompatible options are not used together—exponentially complex as the number of fuel forms
and models increased. For example, adding a model for intragranular bubble growth for UN, which was needed for the
NEAMS project described in Ref. [26], required creating new options in each relevant function and adding numerous

warnings and error messages ensuring that this UN model could not be inadvertently used to model UO, or U5Si,. As
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Sifgrs’s capabilities are extended to new fuel forms and informed by new models, such as HBu models, it is crucial to
limit code duplication and the complexity of option tracking. To that end, both IntragranularFissionGas.h and
Sifgrs.h/.C were refactored.

Sifgrs.h/.C was turned into a series of fuel-type-focused classes all relying on a base class that regroups the
shared model implementation. The base class—SifgrsBase—contains all the basic model implementations that
are shared by several fuel type. Material-specific models and parameters values are now implemented in material-
specific class that inherit from the base class. The material-specific classes are named U02Sifgrs, U3Si2Sifgrs, and
UNSifgrs. Each material-specific class has their own separate options, which by design cannot inadvertently be used
in other fuel forms.

The namespace IntragranularFissionGas.h was turned into a class, and (as was done with Sifgrs) material-

IntraGranularFissionGas Sifgrs

BubbleEvolution

U3si2
Option 1 - Error
Option 2

@ IntragranularFissionGas

uo2
Option 1
Option 2 - Error

uo2
Option 1
Option 2

u3si2
Option 1
Option 2 - Error

Option 1
Option 2

Option 1
Option 2 - Error

(a) Previous implementation

IntragranularFissionGas

SifgrsBase
Contains Common Implementations

NewFuelSifgrs

BubbleRadius, Option 1

(b) Updated implementation

Figure 2.1. Diagrams contrasting the (a) previous and (b) updated Sifgrs implementation in BISON.
IntraGranularFissionGas and SifgrsBase now contain the common model implementation, and dedicated ma-
terial classes focus on material specific models and parameter values. This implementation reduces code duplication,
naturally handles option tracking, and increases modularity.
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specific models and parameter values have been moved to material specific classes. The intragranular capabilities
implemented in the IntragranularFissionGas class are now inherited by SifgrsBase, which can then be used
in material-specific classes (U02Sifgrs, U3Si2Sifgrs, and UNSifgrs). A diagram contrasting the previous and
updated Sifgrs implementation is available in Fig. 2.1.

Having separate material-specific classes inherit from SifgrsBase of IntragranularFissionGas significantly
reduces code duplication and removes the need for option tracking across fuel types, therefore reducing maintenance
cost and the occurrence of bugs. Moreover, it increases modularity and accelerates code development as common
functions can be leveraged from the base class rather than implemented anew. The rapid implementation of UNSifgrs

shows how much more modular and flexible the Sifgrs implementation became [26].

2.3.6 Refactoring of the main function in IntragranularFissionGas.h

Sifgrs’ capabilities to model intragranular fission gas behavior are rich [4, 27, 8, 11, 12, 9, 13]. Moreover, it of-
fers great flexibility in modeling choices—from selecting the bubble evolution model to choosing the coefficients
of atomic diffusion. Although specific models are implemented in individual functions (e.g., BubbleRadius and
AtomicDiffusionCoefficient), the overall fission gas behavior is handled by a function called Behavior. As
Sifgrs grew in capabilities and complexity, so did the implementation of Behavior, with a large number of options
being added over time. As a result, Behavior had become a very complex function difficult for anyone new to Sifgrs
to fully understand. The structure of Behavior prior to refactoring is shown in Fig. 2.2a. This barrier to entry made
it challenging to properly add new intragranular capabilities to Sifgrs and risked slowing down its development and
applicability to new fuel forms.

Behavior was therefore refactored to focus on the physics and common steps for intragranular fission gas model-
ing, which streamlined the code structure and reduced code duplication. The updated structure of Behavior is shown in
Fig. 2.2b, with three main functions used to represent the three main steps of the algorithm, namely BehaviorBubbleEvolution
to determine the concentration of intragranular bubbles, BehaviorNumericalAlgorithm to leverage either Formas,
PolyPolel, or PolyPole2 to solve the equations of intragranular fission gas behavior, and BehaviorBubbleRadius to
determine the intragranular bubble radius. Since the previous implementation was focused on the options rather than
the physics, a result of the organic growth of Sifgrs, these common algorithmic steps were easily lost on code developers
(see Fig. 2.2a). The options themselves are now used within these three new functions, and a reader can clearly iden-
tify their impact on the physics and potentially add new capabilities. The structures of BehaviorBubbleEvolution,

BehaviorNumericalAlgorithm, and BehaviorBubbleRadius are shown in Fig. 2.3.
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Figure 2.2. Diagrams contrasting the (a) previous and (b) updated implementation of the Behavior function in
IntraGranularFissionGas in BISON. The updated implementation is focused on the physics and the common
steps of intragranular fission gas modeling, which streamlines the code structure and reduces code duplication.

2.3.7 Refactoring of HBS formation capabilities

Several models are available in BISON to model HBS formation. Although a NEAMS effort is underway to develop
a lower length scale model of HBS formation, the two currently available models originate from Lassmann et al. [28]
and Barani et al. [16]. Both of them compute, although in different ways, the amount of restructured fuel at the rim
periphery. However, the implementations of the two models were not consistent. The Lassmann model was imple-
mented directly in Sifgrs; the Barani model was implemented in the dedicated HighBurnupStructureFormation
class. Because the two classes did not communicate, a user could potentially be using both inconsistent models at the
same time and get results corresponding to neither model. Moreover, this limited Sifgrs to use only the Lassmann

model rather than the more recent and predictive Barani model.

To avoid the concurrent use of competing models and expand Sifgrs’ capabilities, both models calculating the
fraction of restructured HBu fuel were moved to the HighBurnupStructureFormation class, and calculations related
to fission gas behavior are performed in U02Sifgrs (no HBS fission gas capabilities are yet available in BISON for
other fuel forms, so these calculations are specific to UO,). To ensure coordination between the two classes, U02Sifgrs

reads which HBS formation option was defined by the user (Lassmann or JMAK_Barani) and the calculated volume
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BehaviorBubbleEvolution

If (bbl_evol_option != 2)
&& (fully_coupled == 1)

BehaviorBubbleRadius
BubbleRadius

If (fully_couple
&& (coarsening_optior

If (fully_coupled==0)
&& (coarsening_option == 1)

(a) BehaviorBubbleEvolution (b) BehaviorBubbleRadius

If (dif algo_option == 0
|| dif algo_option == 1)

(c) BehaviorNumericalAlgorithm

Figure 2.3. Diagrams of (a) BehaviorBubbleEvolution, (b) BehaviorBubbleRadius, and (c)
BehaviorNumericalAlgorithm, the three steps of the Behavior function in intraGranularFissionGas.
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fraction of HBS from HighBurnupStructureFormation. This way, both classes communicate and HBS calculations
are consistent across classes. Moreover, adding new models for HBS formation and fission gas behavior in restructured
fuel is made straightforward with limited code duplication.

Predicting fuel pulverization is an important part of fuel performance modeling at HBu and has been the focus of
several NEAMS milestones [18]. These efforts led to the development of the UO2PulverizationMesoscale class,
which calculated the radius and pressure of HBS bubbles and determined the fraction of pulverized fuel. Unfortunately,
this class was very loosely connected to Sifgrs, which led to code duplication and lack of consistency. Different models
could be simultaneously used for HBS bubble evolution, and the amount of generated fission gas was counted twice
(once in Sifgrs and once in UO2PulverizationMesoscale), resulting in an overestimation of fission gas amount.
More details on how the amount of generated fission gas was counted twice (or more) are available in Section 2.4.5.
After Sifgrs was refactored, it became feasible to consolidate the capabilities from UO2PulverizationMesoscale
and U02Sifgrs and ensure a consistent treatment of fission gas in low and HBu fuel. The extensive development of

fission gas modeling capabilities for HBS in Sifgrs is the focus of Section 3.2.

2.3.8 Use of Enums to reduce confusion around options

Sifgrs combines a large number of options for different models. For example, options exist to select either Formas [5],
PolyPolel [11], or PolyPole2 [8] to solve the intragranular fission gas behavior equations. Until now, all these options
were defined using integers. For example, ig_diff_algorithm = O would call Formas, ig_diff_algorithm =
1 would call PolyPolel, and ig_diff_algorithm = 2 would call PolyPole2. Although a reasonable approach for a
few options, using integers as options is not explicit and can lead to confusion—especially when using as many options
as Sifgrs does. Moreover, the same integer options were used across different fuel forms, even though models were
very different. For example, diff_coeff_option=0 would correspond to athermal vacancy diffusion from Ref. [29]
in UO,, but to a mechanism of U vacancy self-diffusion along the c-axis from Ref. [15] in U;Si,.

To reduce confusion and make these options more explicit and user friendly, the MOOSE: : ENUM are being used
instead of integers. This gives options explicit names and better tracks them. Table 2.1 lists the previous and updated
modeling options; Tables 2.2 and 2.3 list the previous and updated parameter options; Table 2.4 lists the previous
and updated transient options. Note that the references listed in Tables 2.1 to 2.4 for each relevant option is now also
documented within the Sifgrs implementation.

The changes have been documented and communicated to users on https://bison-discourse.hpc.inl.gov/t/enum-

options-replace-integer-options-in-sifgrs/182.
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Table 2.1. List of intragranular modeling options in Sifgrs and comparisons between the previous and the updated modeling option names. Default
options are marked with * for UO, and with * for U;Si,. Models with a single options do not need ENUM names and are left blank.

Option General Fuel Previous  Updated Option
Description Type  Integer ENUM Name Description
. Diffusion coupled to 0* LOOSELY_COUPLED* Loosely coupled
ig-fully_coupled bubble evolutilc))n All 1t FULLY_COUPLED* Fully c}([)uplerc)l [8]
0* EMP_BAKER_WHITE" [30, 31]
1 FIXED Fixed bubble concentration and radius
ig_bubble_model Select bubble evolu- U0, NUCLEATION_RESOLUTION Bubble nucleation and re-solution
tion model 3 MECHANISTIC_AAGESEN For HBS [18]
U,Si, 27 Similar to case 3 for UO, [18]
Select intragranular o* FORMAS® Use Formas [3]
ig_diff_algorithm diffusion algorithm All 1 POLYPOLE1 Use PolyPolel [11]
2+ POLYPOLE2* Use PolyPole2 [8]
ie bubble coarsenin Enable intragranular  All 0% NO_COARSENING** No coarsening
&- - € bubble coarsening U0, 1 WITH_COARSENING With coarsening [32, 9]




Table 2.2. List (part 1) of intragranular parameter options in Sifgrs and comparison between the previous and the updated parameter option names.
Default options are marked with * for UO, and with * for U;Si,. Models without any other options do not need ENUM names and are left blank.

Option General Fuel Previous  Updated Option
Description Type  Integer ENUM Name Description
All 0* INCLUDING_BUBBLE* Accounts for intragranular bubbles
. . Select effective diffu- 1 BULK No effects from bubbles
eff_diff_coeff_option sion coefficient vo, > LASSMANN (6]
99 TEST_CASE Test case
0 TURNBULL_D1_4D2 Thermal D, and irradiation-enhanced 4 D, diffusion [33, 34]
1 ANDERSSON [14]
Uo 2 TURNBULL_D1_D2_D3 Thermal D and irradiation-enhanced D, + D5 diffusion [33]
_ 2 3 TURNBULL_D1_D2* Thermal D, and irradiation-enhanced D, diffusion [33]
;Y . 4 TURNBULL_D1_4D2_4D3 Thermal D; and irradiation-enhanced 4D, + 4D; diffusion [33, 34]
S, Select  intragranular 5 TURNBULL_D1_4D2_D3 Thermal D, and irradiation-enhanced 4D, + D diffusion [33, 34]
S . . . _Dl_ — 1 p) 3 s
© at0m1c. diffusion 0 U_VACANCY U vacancy self-diffusion [15]
coefficient 1 U_VACANCY_ANISOTROPY Same, with anisotropy [15]
U3Si, 2 U_VACANCY_BARANI U-vacancy self-diffusion [10]
diff_coeff_option 3+ SI_VACANCY_STOICHIOMETRY' Si-vacancy for stoichiometric U3Si2
4 SI_VACANCY_RICH Si-vacancy for Si-rich U3Si2
All 99 TEST_CASE Test case
uo, 0* Athermal [29]
0 U_VACANCY U vacancy self-diffusion [15]
Select intragranular 1 U_VACANCY_ANISOTROPY Same, with anisotropy [15]
vacancy  diffusion U.Si 2 U_VACANCY_BARANI U-vacancy self-diffusion [10]
coefficient W23+ SI_VACANCY_STOICHIOMETRY*  Si-vacancy for stoichiometric U3Si2
4 SI_VACANCY_RICH Si-vacancy for Si-rich U3Si2

Nes
=)

TEST_CASE

Test case




6530 G

Table 2.3. List (part 2) of intragranular parameter options in Sifgrs and comparison between the previous and the updated parameter option names.
Default options are marked with * for UO, and with * for U;3Si,. Models without any other options do not need ENUM names and are left blank.

Ontion General Fuel Previous  Updated Option
P Description Type  Integer ENUM Name Description
0* HETEROGENEQUS_WHITE* Heterogenous [31]
1 HOMOGENEQOUS_LOSONEN Homogenous, constant rate [35]
uo, 2 HOMOGENEQUS_PASTORE Homogenous, constant rate [7]
res param option Select resolution pa- 3 HETEROGENEQUS_VESHCHUNQV Heterogenous [36]
-param_op rameter 4 HETEROGENEQUS_SETYAWAN Heterogenous [32]
U.Si 0* HOMOGENEQUS_MATTHEWS™ Constant re-solution parameter [37]
U2 HETEROGENEQUS_MATTHEWS Depends on bubble radius [37]
All 99 TEST_CASE Test case
i Select trapping pa- 0* DEFAULT* Accounts for sink strength and size
trap_param_option rameter All 99 TEST_CASE Test case
Uo 0* HETEROGENEQUS* Heterogeneous nucleation [38, 39, 30, 40]
nucleation option Intragranular bubble 2 1 HOMOGENEQUS Homogeneous nucleation [41, 42, 38]
-°P nucleation model UsSi, 0* HOMOGENEQUS* Homogeneous nucleation [41, 42, 38]
All 99 TEST_CASE* Test case
. Select trapping pa- 0* UNDOPED* Undoped UO2
doping_type rameter o, CR203_DOPED Cr,0;-doped UO2
0 CORRECTION Correction for T > 1825 K. Iteration for [43]
1 TRANSITION_TEMPERATURE_1525 Temperature transition T = 1525 K. Iteration for [43]
Select cromium (Cr)- 2 TRANSITION_TEMPERATURE_1800 Temperature transition 7 = 1800 K. Iteration for [43]
cr_doped_option doped option uo, 3 TRANSITION_TEMPERATURE_1673 Temperature transition T = 1673 K. Iteration for [43]
P P 4 REFINED_1673 Temperature transition 7' = 1673 K, refined. Iteration for [43]
5* BEST_ESTIMATE_1773* Best estimate, temperature transition 7 = 1773 K [43]
6 UPPER_LIMIT_1773 Upper limit, temperature transition T = 1773 [43]

Table 2.4. List of transient model options in Sifgrs and comparison between the previous and the updated option names. These models are only
available for UO,, and the default option is marked with *.

Option General Fuel Previous Updated Option
Description Type Integer ENUM Name Description
All NO_TRANSIENT* No Transient
. MICROCRACKING_BURNUP Microcracking, with burnup [13]
transient_option Select transient  re- MICROCRACKING Microcracking, no burnup [13]
lease model vo, EMPIRICAL_CAPPS Empirical transient (to be added) [21]
PULVERIZATION Pulverization (to be added) [18]




2.3.9 Introduction of a data structure to limit code duplication between NR and HBS fuel

To prepare the extension of Sifgrs to HBS fuel (see Chapter 3), a data structure was developed to contain all the
properties that would otherwise need to be duplicated for HBS fission gas modeling (i.e., amount of fission gas in the
matrix, in intragranular bubbles, and in intergranular bubbles, the size and concentration of bubbles, the dislocation
density, etc). This general data structure is general enough to be applied to NR fuel, the HBS fuel, and the complete fuel
separately, and Sifgrs methods (i.e., functions for fission gas generation, intragranular diffusion, etc.) are now applied
the general data structure rather than specific NR or HBS properties. As a result, these methods are more general and
do not need to be duplicated for each fuel zone (NR or HBS). Using a data structure provides reusability, modularity,
and ensures mass conservation between NR and HBS fuel.

2.3.10 Summary of Sifgrs refactoring efforts

This FY, the implementation of the Sifgrs model was profoundly refactored to meet the growing needs for HBS model-
ing and other fuel forms. The refactoring efforts described above have met the goals listed in Section 2.1 for modularity,
robustness, and documentation. Although the impact of this effort cannot be directly measured, these changes have
already enabled the rapid development of new Sifgrs capabilities (see HBS fission gas model described in Section 3.2
and UN Sifgrs development in Ref. [26]). Thanks to the designed modularity, the future development of fission gas
capabilities will be greatly accelerated. However, as future needs evolve and grow in unexpected ways, attention should
be paid to ensure that the Sifgrs implementation remains flexible and modular.

2.4 Model Implementation Corrections and Debugging

2.4.1 Prevent divisions by 0 in PolyPole2

In certain conditions, the quantity p_pole used in PolyPole2 —the first term of the diagonal of P, in Eq. (15) in
Ref. [8]—could become equal to 0, which would lead to divisions by 0 later in PolyPole2. As aresult, Sifgrs would be
unable to predict fission gas behavior since several quantities (e.g., gas concentration in intragranular bubbles) would
be undefined. To prevent this unwanted behavior, ||p_pole|| cannot be defined smaller than 1 x1072°. This makes

Sifgrs significantly more robust for users.

2.4.2 Update for bubble resolution model under no fission rate

When quasi-steady state is assumed (i.e., when using Formas or PolyPolel), the amount of fission gas present in
intragranular bubbles is determined using the ratio of trapping rate over the resolution rate. However, when the fission
rate is null, then the resolution rate is null, as the only mechanism for fission gases to leave the bubbles is to be knocked
out by a fission event [31, 32, 35, 7, 36]. To avoid dividing by 0, a special case had been implemented that effectively
removed all the fission products from the bubbles when the fission rate reached 0. However, this approach is not physical
and was leading to non-conservation of the total amount of fission gas in the system. Instead, all the fission gas is now

assumed to be trapped in intragranular bubbles, as no resolution mechanism is active. This change results in physical

16 of 59



predictions and Sifgrs now conserves the amount of fission gas in the system as fission rate goes to 0. Figure 2.4 shows
anew test using PolyPolel that was added to BISON with a fission rate that decreases until becoming null and increases
again. The amount of fission gas in the matrix and in the bubbles are tracked. Both previous and new results are shown,

which shows the improvement resulting from this update as mass conservation is now ensured. The tests are called

e formas_intragranular_intermediate_no_fission_rate,
e polypolel_intragranular_intermediate_no_fission_rate,

e polypole2_intragranular_intermediate_no_fission_rate.
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Figure 2.4. Comparison of the (a) previous and (b) updated model predictions for gas concentration in intragranular
bubbles when the fission rate goes to 0. Updated results conserve the amount of fission gas in the system by maintaining
the gas concentration in intragranular bubbles.

Moreover, a new test was added to assess the model behavior when the updated model for gas concentration in
intragranular bubbles was coupled with the model of bubble evolution. In this test, the fission rate also goes to 0 and
increases back up to test mass conservation. The new tests are called

e formas_intragranular_bubble_evolution_intermediate_no_fission_rate,
e polypolel_intragranular_bubble_evolution_intermediate_no_fission_rate,
e polypole2_intragranular_bubble_evolution_intermediate_no_fission_rate,

and the results when using PolyPolel are shown in Fig. 2.5. The updated implementation avoids the sharp discontinu-
ities in bubble concentration and radius predicted by the previous implementation. Moreover, fuel swelling is directly
affected by these updates. The previous implementation underestimated the amount of intragranular swelling as the

average intragranular bubble radius decreased significantly as the fission gas artificially disappeared.
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Note that accurately predicting fission gas behavior as the fission rate goes to 0 is crucial. Indeed, it is necessary
to compare PIE results to model predictions at the end of the irradiation history once the fuel is taken out of the
irradiation conditions. Moreover, the previous implementation was not appropriate to model many of the LOCA tests
performed experimentally under no irradiation, since a large amount of fission gas was not accounted for. The current

implementation solves these issues.
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Figure 2.5. Results of a new test with the updated models for gas concentration in intragranular bubbles coupled with
the bubble evolution model when the fission rate goes to 0. (a, b) show the changes in bubble concentration predictions;

(c, d) show the changes in bubble radius predictions.
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2.4.3 Update to the intragranular bubble coarsening model

Similarly to the bubble resolution model implementation issue described in Section 2.4.2, the implementation of the
resolution model for bubbles pinned at dislocations was defective. As the fission rate became null, the amount of
fission gas in the system was not conserved. Gas concentrations in intragranular bubbles and in bubbles pinned to
dislocations could become several times greater than the amount of generated fission gas, providing unphysical re-
sults. The case with fission rate at O was corrected and Sifgrs now provide more physical predictions. Figure 2.6
shows a new test using PolyPolel that was added to BISON with a fission rate that decreases until becoming null
and increases again. The amount of fission gas in the matrix and in the bubble populations is tracked. Both previous
and new results are compared, which shows the improvement resulting from this update as mass conservation is now
ensured. The new tests are called formas_intragranular_coarsening_intermediate_no_fission_rate and
polypolel_intragranular_coarsening_intermediate_no_fission_rate. Note that despite the significant
improvement, the discontinuity in gas concentration in the two bubble populations as the fission rate reaches 0 might

still need correction for the behavior to be fully physical.
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Figure 2.6. Results of a new test with the updated models for gas concentration in intragranular bubbles and bubbles
at dislocations when using the coarsening model when the fission rate goes to 0. The updated implementation ensures
mass conservation.

2.4.4 Update for Lassmann’s HBS model implementation

The implementation of the model from Ref. [28] was found to be defective and did not reproduce the results presented
in the original paper. The model assumes that HBS formation is immediate when the local burnup reaches a thresh-
old value between 60 GWd/tU and 75 GWd/tU (or MWd/kgU). When the HBS forms, the model describes how the
xenon (Xe) gas previously present in the grain interior (i.e., matrix) goes to HBS pores. Figure 2.7 shows the com-

parison between the test results of the previous implementation, the updated implementation, and the experimental
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data and model presented in Ref. [28] when using polypolel with an HBS threshold value of 70 MWd/kgU. The new
implementation better matches the results presented in the original paper [28]. The new and updated tests are called
formas_intergranular_hbs, polypolel_intergranular_hbs, and polypole2_intergranular_hbs. More

information about the updated implementation is available in Section 3.2.3.1.
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Figure 2.7. Comparison of the (a) previous (b) updated model predictions and (c) data and model predictions directly
from Ref. [28] for HBS formation and gas transfer from grain interior to HBS pores. These simulations use polypolel
with an HBS threshold value of 70 MWd/kgU. The updated implementation better matches the data and model from

Ref. [28], especially when considering the different orders of magnitude in burnup and xenon concentration between
(a) and (b).

2.4.5 Issue when accounting for fission gases in HBS with U0O2PulverizationMesoscale’s
model

As mentioned in Section 2.3.7, the amount of generated fission gas was counted twice when UO2PulverizationMesoscale
was used—both in low-burnup and HBS fuel. In addition, since UO2PulverizationMesoscale had not been coupled
with Sifgrs, it initialized the bubble pressure with a fixed value independent of previous history. As such, the initial gas
concentration in HBS bubbles could be greater than the total amount of generated fission gas. These implementation
choices resulted in an overestimation of fission gases where HBS formed. Fig. 2.8 shows the predictions made by

the previous Sifgrs and UO2PulverizationMesoscale implementation, which used an adapted version of Barani’s
model for HBS formation [9]. Fission gases are not conserved, as the total amount of fission gases is significantly
greater than the amount of generated fission gases. To fix this issue, Sifgrs had to be significantly modified to enable

the proper modeling of fission gases in HBS, which requires modeling of gas generation, transfer from low burnup to
HBu fuel, and gas behavior within the HBS. These changes are the focus of Section 3.2.

2.4.6 Update to enable recover with Sifgrs

The restart and recover system in Multiphysics Object-Oriented Simulation Environment (MOOSE) enables the check-

pointing of state in a simulation and the use of these checkpoints to "restart" the simulation at a later time. A common
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use case is the continuation of a HPC job that has run past its allowed simulation time, where the job was completely
killed.

There was a significant bug within Sifgrs that restricted it from loading the proper state within a restart. This bug
was not noticed until a recent change to MOOSE that simplified the restart system and exposed cases where the state
was loaded incorrectly within an API call. In particular, it was enforced that only stateful material properties are loaded
within the Material::initStatefulQpProperties API. Within Sifgrs, the variable _nmodes_polypol2_max
(which is not a stateful material property) was initialized within said APL

The correction for this specific bug was to properly initialize _nmodes_polypol2_max, which is now done at
construction time. This fix enables restarting simulations using Polypole2, which is currently the most sophisticated

algorithm used in BISON to resolve intragranular fission gas distribution [8].

2.5 Summary

Sifgrs was refactored this FY to address the growing need to expend its capabilities to new fuel forms (e.g., UN) and
new conditions (e.g., HBu conditions). As such, we increased the amount and quality of tests, we made major changes
to the code structure to make it more modular and decrease code duplication, and we increased documentation and
made the code more user friendly. During that process, capabilities were maintained or improved if errors and bugs
were identified.

The updated implementation of Sifgrs enabled the quick and efficient development of fission gas release and
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Figure 2.8. Previous predictions from Sifgrs and UO2PulverizationMesoscale. Fission gases are not conserved,
with the gas concentration in HBS bubbles greater than the concentration of total generated gas. This is due to the fact
that fission gas calculations within HBS are independent and therefore duplicates of calculations in Sifgrs. Improve-
ments are described in Section 3.2.
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swelling capabilities for UN fuel [26] and the addition of HBS capabilities, which is described in Chapter 3. This
new implementation was designed to remain modular and flexible for identified future modeling needs. The current
effort should therefore greatly reduce the resources needed to implement new capabilities to Sifgrs in the future. How-
ever, it is important to note that as with every other model implementation, the code structure should continue to be

updated as needs evolve.

22 of 59



3. MODEL DEVELOPMENT IN Sifgrs FOR HBS AND
tFGR MODELING

As the nuclear industry’s desire to extend burnup beyond current licensing practices grows to optimize fuel utilization,
the need to understand HBu fuel performance becomes urgent. At HBu, new mechanisms of FGR emerge, leading to
an important increase in FGR that cannot be explained with the low-burnup fuel models [21, 44, 45, 46, 47, 1]. Several
experimental programs exhibited a large increase in FGR during transients [44, 45, 46, 47]. This contribution, called
tFGR, becomes increasingly significant with increasing burnup and may impact the ballooning and burst behavior of
HBu fuel [1, 48]. These experimental programs also concluded that tFGR originates from intergranular bubbles, and
tFGR is a result of (1) important microstructural changes—including HBS and dark zone formation [20] and bubble
interconnection—and (2) fuel pulverization, which led to the release of the gas located in overpressurized bubbles.
These experimental results highlight the complexity of the phenomenon and the need for a better understanding of the
governing mechanisms to appropriately address associated risks.

In this report, we first present an empirical model developed in Ref. [21]. The model highlights the dependence of
tFGR on temperature and burnup for single pellet experiments from the GASPARD program but does not perform as
well in other conditions. The limitation of such an empirical model emphasizes the need for a mechanistic HBu tFGR
model. In the rest of the section, we present recent development toward that goal. The mechanistic model describes
the HBS formation, the fission gas transport from the NR to the HBS region, the intragranular and intergranular fission

gas behavior, the pulverization of the HBS structure, and the resulting tFGR.

3.1 Empirical Model for tFGR

3.1.1 Context for the development of the empirical tFGR model

As described above, tFGR is not well understood, even empirically, and only limited data is available. To alleviate these
challenges, a paper has been written as a collaboration between the NEAMS and Advanced Fuels Campaign (AFC)
programs to summarize the publicly available tFGR data, discuss the observed dependencies (e.g., burnup, heating
rate, sample geometry, and terminal temperature), and propose an empirical model for tFGR [21]. In this report, we

recall parts of Ref. [21] that are directly relevant to the current work. More information is available in the paper [21].
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3.1.2 Model description

Table 1 and Fig. 1 from Ref. [21] summarises the available experimental tFGR data from fuel sample and fuel pellet
heating tests, which originates from Refs. [49, 50, 51, 47, 52]. It also emphasizes the impact of hydrostatic pressure,
heating rate dependencies, and terminal temperature on tFGR as a function of burnup.

The empirical transient model is a function of local burnup and temperature. Details of the development of the
model and the fitting process can be found in Ref. [21]. The equation for transient fission gas release can be written as
a function of burnup f and temperature T'

2 2
100 — ﬂ7a2 ﬂ7(12

_foo c + _T’XZ o’
<1+e ﬂ”l) <1+e by )

where FGR is the percent of fission gas release. The constants associated with the model are included in Table 3.1.

3.

FGR(T, f) =

Note, however, that the expression and parameter values do not exactly match the model described in Ref. [21] to
represent recent updates to the model. Ref. [21] shows the GASPARD experimental data on which the model was

fitted along with the model performance.

Table 3.1. Parameter values for the fitted empirical tFGR model presented in Eq. (3.1).

Parameter Value Units

GW d?
f 65.320 i
a, 0.03552 )
X 1827.0 K

KU

b, 0.4077 W

c 0.2010 (-)
Xy 928.90 K
by 20650 &
min
cy 0.2230 =)

3.1.3 Results

The model was validated using data from the GASPARD program, and its predictions are shown in Fig. 3.1. The model

performs well in conditions similar to its training data.

3.1.4 Limitations and need for a mechanistic model

However, this empirical model is limited to conditions for which fitting data exist. As shown in Fig. 3.2, the model
does not perform adequately when applied to conditions used by Noirot et al. [50].
Therefore, a high-level discussion is included in Ref. [21] to provide a roadmap for atomistically informed mul-

tiscale modeling in conjunction with an experimental data collection to develop a mechanistic tFGR model widely
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Figure 3.1. BISON prediction of FGR compared with the standard single-pellet data from the GASPARD program
during thermal transient. Blue circles represent the BISON output at the temperatures (red circles), and blue crosses

represent the experimental data for four burnup conditions. This figure is taken from Ref. [21].
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the experimental FGR, and red solid lines represent the temperature data. The predictive capabilities of the empirical
tFGR model are limited in conditions outside of its training data. This figure is taken from Ref. [21].
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applicable to a broad range of nuclear fuel conditions at HBu. This roadmap is summarized in Fig. 3.3. The remainder

of this section focuses on developing some of the required capabilities at the engineering scale with insight from lower

length scales.

Roadmap for for high burnup transient fission gas release and fuel fragmentation during steady-state and transient

Experimental Research

Available high burnup
fuel irradiated in
North Anna, H.B.
Robinson, and Byron
nuclear reactors
conditions
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Atomistic
(LAMMPS MD)
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function of stress
state
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Figure 3.3. Roadmap of ongoing and planned experimental and computational research activities (green = completed,
orange = ongoing, and black = future work) to improve knowledge and modeling capability for HBu transient fission
gas release and fuel fragmentation during steady-state and transient conditions. This figure is taken from Ref. [21].

3.2 Modeling Fission Gas Behavior in HBS with Sifgrs

3.2.1 Modeling of HBS formation

As discussed in Section 2.3.7, several models are available in BISON for HBS formation, and these can be directly
used in parallel with Sifgrs. Although many models exist in the literature, BISON currently offers two HBS formation
models. The first one is an empirical description from Lassmann et al. [28], which was mentioned in Section 2.4.4.

Barani et al. later developed a more descriptive model for HBS formation [16].

3.2.1.1 HBS formation model from Lassmann et al.

The model from Lassmann et al. assumes that all the fuel transforms to HBS once the local burnup reaches a given
threshold bu, (70 MWd/kgU). It also describes the fission gas transition from NR to HBS fuel, which will be described
in Section 3.2.3.1.
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3.2.1.2 HBS formation model from Barani et al.

Barani’s model uses the local effective burnup bu, s, from Ref. [53]—as opposed to the local burnup bu—to predict
HBS formation [16]. The local effective burnup is defined as

bugsp = / (T = T)dbu (3.2)

where f is the Heaviside step function, T the local temperature in Kelvin, and T = 1000° C = 1273.15 K is a threshold
temperature in Kelvin. The volume fraction of restructured fuel « is then derived using an adapted version of the IMAK
model [54]:

a=1-exp(-Kbul, ) (3.3)

where K = 1.52x10~7 (MWd/kgU)7 is the transformation rate constant, and y = 3.54 (-) is the Avrami constant. Note
that the parameter values are slightly different than what is published in Ref. [16] to account for the latest developments.
Barani’s model will be used in this work due to its ability to predict local partial HBS formation and its performance
when predicting the experimental measurements from Refs. [55, 56] and others (see [16]).
Although Barani’s model appropriately predicts HBS formation at the rim region, it does not predict the fuel restruc-

turing deeper in the fuel pellet observed experimentally [20]. Future work is needed to fully model fuel restructuring.

3.2.2 A two phase model for the non-restructured region and HBS

As in Barani’s model [16], the fuel is modeled as a two-phase system, with the fuel being part non-restructured and

part HBS. Fission gas concentration is therefore shared between the two phases, with
= (1= a)cNR 4+ qctBS 3.4)

where ¢’ (mol/m?) is the local fission gas concentration, ¢V R (mol/m?) is the local fission gas concentration in the
non-restructured (NR) phase, and cHBS (mol/m?) is the local fission gas concentration in the HBS phase. « is the local
fraction of HBS provided by Eq. (3.3). Moreover, the grain size, bubble populations, dislocation density, and other
microstructure parameters of each phase are tracked for each phase and for the complete fuel. This approach is similar
to what is implemented in SCIANTIX [16] and MARGARET [57].

Note that the same description is used with Lassmann’s model. However, as the local HBS volume fraction is either

0 or 1 (see Section 3.2.1.1), the two phase description is greatly simplified.

3.2.3 Modeling of fission gas transition from the non-restructured region to HBS
3.2.3.1 Lassmann’s model

It has been observed experimentally that the gas within the matrix (intragranular gas) is gradually depleted as the HBS

forms [28]. This depletion has been fit empirically with an exponential function that is valid when the current burnup
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bu is greater than a threshold burnup bu,. Lassmann et al. describe it as

M=y, [% + (buy - %) e-a<b“-”“o>] 3.5)

where c)"('e is the Xe concentration in the matrix, §y, is the Xe production rate, and a = 5.84 X 1072 (MWd/ng)_1 is
a constant fit to data. Once bu > bu, and depletion of the intragranular gas begins, it is assumed that the intragranular
gas is transferred to the large intergranular bubbles normally observed in the HBS region at a rate proportional to
concentration, following

dc)’?e N

Frl —acl,, 3.6)
dCHBS

d’;z =ac™ . (3.7)

where c;?eBS is the concentration throughout the fuel of Xe that is contained in HBS bubbles (to be distinguished

from the concentration of Xe in each bubble, cé’(e which is significantly higher). This expression for rate of transfer,
combined with the source term for production of new Xe atoms, can be integrated to obtain Eq. (3.5) [28]. As described
in Section 2.4.4, the model was not properly implemented in Sifgrs. The new implementation of the model has been

validated, and the results are shown in Fig. 3.4.
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Figure 3.4. Comparison of the (a) latest Lassmann model implementation and (b) data and model predictions directly
from Ref. [28] for HBS formation and gas transfer from grain interior to HBS pores. The simulation uses PolyPole2
with an HBS threshold value of 70 MWd/kgU. The updated implementation matches the data and model from Ref. [28]
and accounts for the distribution of fission gases in NR and HBS matrix.

3.2.3.2 An adaptation of Barani’s model

As the fuel transitions to HBS, significant microstructural changes happen (e.g., subgrain formation and appearance of

large pores). These transformations result in significant changes in the location of fission gases. As HBS forms during
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irradiation, fission gases are swept from the non-restructured region. As the HBS volume fraction increases by Aa, the

amount of fission gas swept from the non-restructured region corresponds to

A
ANR = - 28 NR (3.8)
l—-a
The denominator 1 — a corresponds to the volume fraction of non-restructured fuel. In this model, we assume that the
generation of fission products has already been accounted for, so mass conservation imposes that the amount of fission

gas swept from the non-restructured fuel equals the amount of fission gas added to the HBS phase. As such,

ActBS = _ANR, (3.9)

Once implemented into Sifgrs, or more precisely into U02Sifgrs, it fixes the mass conservation issue raised in
Section 2.4.5. The updated results are shown in Fig. 3.5c. As HBS formation happens, the amount of fission gases in
the non-restructured matrix decreases. As all the fuel becomes covered by HBS, all the fission gases are located in the
HBS phase. Note that in this simulation, diffusion of fission gases from HBS matrix to HBS bubbles is assumed to be

instantaneous.

3.2.4 Intragranular fission gas modeling in HBS

As a first approximation, the intragranular fission gas behavior in HBS fuel is greatly simplified. HBS grains are
assumed to have a constant radius of 150 nm [16], and intragranular fission gases are assumed to diffuse toward grain
boundaries. The presence of intragranular bubbles and dislocations, which can affect fission gas transport in non-
restructured fuel, are neglected. This assumption, however, is reasonable as a first approximation. HBS formation has
been observed to reduce the density of dislocations, and the HBS microstructure is dominated by large intergranular
bubbles rather than intragranular ones. Moreover, the purely diffusional description of intragranular fission gas behavior
is widely used in fuel performance codes [16]. In the current report, we use the same diffusion coefficient as proposed
in [16], which originates from an empirical study [58]. The diffusion of gas atoms in intragranular HBS is therefore
defined as

DHBS = 45%x 107*?F, (3.10)

where F the fission rate in m™3s~!), leading to D BS being defined in m?/s. Modeling HBS intragranular diffusion
rather than assuming that fission gases immediately reach HBS bubbles leads to the results shown in Fig. 3.5d. Fission
gases are now shared between HBS matrix and bubbles. The amount of fission gases in the HBS matrix now reaches a
non-zero value, which depends on HBS grain size and HBS intragranular diffusivity. This model will be validated in

future work. In particular, it will be compared to the experimental data published in Ref. [28].

Note that when Lassmann’s model of HBS formation is used, the sweeping of fission gases from the intragranular
matrix to HBS bubbles already accounts for intragranular diffusion in the HBS region (see [28] and Section 3.2.3.1).

As such, no further intragranular model is needed.
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3.2.5 Intergranular fission gas modeling in HBS

In the original BISON UO, pulverization model developed in FY-21 and FY-22, the fission gas behavior in HBS was
disconnected from the low-burnup behavior. The pulverization model did not realistically track the gas concentration
evolution in the surrounding fuel matrix or the evolution of intergranular bubbles as the HBS formed. Matrix gas
concentration and intergranular bubble evolution are normally tracked by the Sifgrs model, and the pulverization model
was not integrated with Sifgrs. Thus, the initial formation of the bubbles in the HBS region was not modeled in a
physically realistic way, and the Sifgrs model continued to evolve the gas concentration evolution without accounting
for HBS formation.

Now that Sifgrs has been refactored and that it became much more modular (see Chapter 2), the bubble evolution
model for the HBS region has been revised and moved to Sifgrs so that the transition between pre-HBS and HBS bubble
microstructures is captured more realistically (see Section 2.4.5). All material properties that were previously used in
UO2PulverizationMesoscale to track the properties of the bubble microstructure in the HBS region have now been

moved to U02Sifgrs. This significantly improves the pulverization criterion and the Sifgrs model.

In FY-21, the initial pressure of the HBS bubbles was assumed to be 100 MPa at a temperature of 400°C [17],
based on the dislocation punching criterion surrounding bubbles in the HBS region [59]. Phase-field simulations of
the HBS formation process in the previous FY milestone showed dislocation punching pressure to be a reasonable
estimate of the initial bubble pressure [17, 18]. The initial average bubble radius was assumed to be 0.53 ym [60],
and it was assumed that the bubble size and pressure remained static after HBS formation. In FY-22, the model was
modified to account for growth of the bubble size and change in bubble pressure based on gas atom production and
overpressurization-driven vacancy flux, assuming the bubbles started from 100 MPa at a temperature of 400°C and
radius 0.53 ym at the time of HBS formation [18]. In previous reports, preliminary models for fuel pulverization and
tFGR have been developed to address this challenge [17, 18]. The models used lower length scale models to describe
the pressurization of HBS bubbles, determine the critical bubble pressure, and provide a criteria for fuel pulverization
and the resulting release of fission gases.

In addition to the intragranular gas described above, the transfer of intergranular gas contained in the grain boundary
bubbles to the larger, spherical bubbles found in the HBS region must be accounted for. Moreover, it is assumed that
gas is transformed from the intergranular bubbles to the HBS bubbles at the same rate as rate of formation of the HBS

itself. Taking the derivative of Eq. (3.3) with respect to burnup gives the rate of change of volume fraction with respect

to burnup:
dapps y-1 3.54
85 — yKbulyy exp (—Kbul} ). 3.11)
Thus, the rate of change of grain boundary bubble density, N,;, is given by
dNgp dayps

T =Ngb—dbu . (3.12)

Alternatively, we can just determine what N, is when we reach bu = bu, ; s, and then reduce N, by Eq. (3.3).

Having determined how much gas is transferred to the HBS bubbles, we now must determine their pressure and size

evolution. It is assumed that initial number density of HBS bubbles N g is 2% 1017 m™3 [10], and their initial radius
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R, is set to 0 ym. Note that gas bubbles in the HBS region are assumed to be spherical, in contrast to the lenticular

intergranular (grain boundary) bubbles that are normally observed in UO, fuel prior to HBS formation. The density

b

of gas in each bubble, ¢ e’

is calculated by

CHBS

b Xe
Y, = —, (3.13)
X NygsVs
where V), = %ﬂRi is the bubble volume. Now having determined the concentration of gas in each bubble, we can

determine the bubble pressure P using the equation of state of our choice.

To evolve the bubble radius as a function of time, an approach similar to that used for the evolution of intragranular
bubbles in U3Si, [10, 61] was employed. The growth of the bubbles is assumed to be controlled by vacancy flux,
driven by overpressurization of the HBS bubbles. It has been shown using atomistic calculations [62, 63, 64] that at
the lower temperatures normally found in the rim of light-water reactor (LWR) UO, fuel (T' < 1200K), interstitial Xe
is the dominant mobile Xe species. Thus, adding Xe atoms to existing bubbles does not change the bubble volume, and

bubble growth is controlled by vacancies only. Given this, the rate of change of bubble volume is given by

@V _ g,

= 3.14
dt dt’ (.14

where Q = 4.09 x 1072 m3 is the volume of a U lattice site in UO, [23], and #,,, is the number of vacancies per
intragranular bubble. For overpressured bubbles, the vacancy flux is given by [10, 61]:
dny, 27rle’gp
dt ~ kT¢

(P-P,). (3.13)

where Dl.”g is the intragranular vacancy diffusion coefficient, p is the radius of the equivalent Wigner-Seitz cell sur-

rounding a bubble, and ¢ is a dimensionless factor defined as:

A (VR0

= , 3.16
—wO +5y2 -9y +5 ©.16)

where y = R,/p. P, is the equilibrium pressure for a bubble of radius R, as calculated using the Laplace-Young
equation
P,=— -0y, (3.17)

where y = 0.85 J/m? [22, 23] is the surface tension of the bubble-matrix interface, and ¢, is the hydrostatic stress,

considered to be negative for a solid in compression. Since the bubbles are expected to be overpressurized shortly
after formation, we enforce d:;;”

> 0 to prevent transient bubble shrinking during the brief initial stage after bubble

formation.
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3.3 Updated Pulverization Criterion Based on 3-D Phase-field Fracture Re-

sults

3.3.1 Empirical pulverization model

An empirical criteria for fuel pulverization was first proposed in Refs. [65, 19]. It predicts fuel pulverization based
on the local burnup and the local temperature, as shown in Fig. 3.6. This model is available in BISON as one of the
options to predict fuel pulverization.
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Local Fuel Burnup (MWd/kgU)

Figure 3.6. Empirical threshold for fuel pulverization [65, 19].

3.3.2 Mesoscale-informed pulverization model

The BISON pulverization criterion was updated last FY based on the bubble pressure obtained from the simplified 3-D
phase-field fracture simulations [17, 18]. Here, the function for the critical bubble pressure is expressed as a function

of porosity, critical fracture stress, and applied external pressure, such that

P =[a+b(o, —130))(1 —cp) - dP, (3.18)

Xt>

where o,,.(MPa) is the critical fracture stress, p is the porosity, P,,,(MPa) is the external applied pressure, and a, b,
¢, and d are fitting coefficients. For the BISON pulverization criterion, the values of a, b, ¢, and d were obtained by
fitting the data from lower length scale simulations using Python’s curve_fit function. Thus, the fitted function of

critical bubble pressure was:

P = [175.987 + 0.5035(c,,, — 130)](1 — 1.582p) + 1.089P,,. (3.19)
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where pressures and stresses are provided in MPa. Comparisons of the fitted function and simulation data for a few
select cases are shown in Ref. [17, 18]. The coefficient values were updated from the previous year’s model, which
was derived from the 2-D calculations. A linear trend was observed for all the input parameters. Note that this model
also limits pulverization to the HBS region. The local volume fraction of HBS must be above a threshold value, which
defaults to 0.5.

3.4 Modeling of tFGR from HBS

The mechanisms governing tFGR remain unclear. It is a complex phenomenon that depends on many variables (e.g.,
burnup, irradiation history, temperature history, fuel fragmentation, and hydrostatic pressure), and for which only a
limited amount of experimental data is yet available. In this model, we focus on the potential contribution of pulveriza-
tion of the outer rim of the fuel pellets on tFGR, which is estimated to correspond to 32-45% of fission gas [46, 47, 52].
We thus neglect other contributions (e.g., release from the central zone of the pellet, which is estimated to represent
22% of the fission gas [46, 47, 52]). The proposed mechanism relies on the sudden opening of many pores during fuel
pulverization, thus releasing their fission gases. This model was first proposed last year in Ref. [18]. However, the
model was disconnected from Sifgrs since it did not include the required HBS capabilities. Now that we refactored
Sifgrs, we were able to directly couple low-burnup and HBu capabilities under a cohesive Sifgrs implementation, and
the tFGR model is now coupled with Sifgrs. Sifgrs is now able to model low-burnup fission gas behavior, account for
HBS formation, and describe HBS bubble growth, fuel pulverization, and the resulting tFGR.

We quickly summarize the tFGR below, but an exhaustive description is available in Ref. [18]. During fuel pulver-

ization, a significant fraction of the HBS bubbles become exposed to free surfaces and release fission gas. The amount

of FGR due to pulverization, n‘;f' é, is equal to
pul pul
pul _ bopen FG _ fpul Vb PFG (3.20)
"e¢= g - Jv TRT .

where pr “" " is the volume of pores that become exposed during fragmentation, Pr is the bubble pressure, R is the
,0pen
gas constant, and T is the temperature, pr “! is the bubble volume in pulverized fuel, and
pul pul
Vb,open Zbi Vbi,open

pout = Zboren : (3.21)
pru Zbi Vbllj'u

is the volume fraction of pores opened during fuel pulverization, with bi designating each HBS bubble. f I’j”l is expected

to depend on pore structure, fragment size, and porosity, and this dependence has to be quantified.

pul .
FG

was written to automatically generate 3-D pore structures and determine the corresponding fl‘;"l. Given a specific

To quantify how f fj”l—and by extension n depends on fragment size, pore size, and porosity, a Python script

fragment size, bubble size, and porosity, the algorithm adds pores with the desired radius at random locations in and

around a cube fragment until the desired porosity is reached. Each time a pore is added to the fragment, its contributions
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v
is derived. Note that two pores cannot be in contact with each other, and that even though bubbles can be partly

to the total pore volume Vb’:“l and open pore volume Vb‘l’,“(]lpen are calculated. When the pore structure is created, its £7*/

outside the fragment, porosity calculations only include the pore volume that intersects with the fragment. Examples
of generated pore structures at different porosity levels and different bubble sizes are shown in Fig. 3.7. The generated
pore microstructure, although rudimentary, represents relevant porosity levels and pore/fragment sizes for HBS. The
porosity levels therefore varied between 1 and 13% [66, 2, 61], the fragment size corresponds to tens of microns [49,
67], and bubble radii varies between 0.01 ym and 5 ym [68, 49, 67, 69, 52].

10
20
30 0
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50 0

(b) p =10%, r, = 0.5:

©p=1%,r,=1: d)p=10%,r,=1:
2= 0.061 ' =0.122

Figure 3.7. Example of generated pore structures at different porosity levels p and bubble radii rj, with the fragment

size fixed at [, = 50 um [49, 67]. Pores completely contained in the fragment are shown in blue, whereas pores
opened during pulverization (i.e., in contact with the fragment surface) are shown in red. For each pore structure, f, I’f‘l
is provided. Note that due to the random nature of the algorithm, different f, I’;“l can be obtained for the given porosity

and bubble radius values.

Different pore structures with relevant characteristics are therefore generated using the Python script. For each
porosity and bubble radius-to-fragment-size ratio, 100 pore structures are generated so that the potential statistical
variations in f{;"l can be shown. The results are provided in Fig. 3.8. The data generated by the Python script are fitted
using a linear regression, resulting in

.
= p+ C’z_b + ¢, (3.22)
s
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Figure 3.8. Predicted f I’;"I values for different pore structures in fuel fragments, along with a fit using a linear regression.
(a) shows the data in 3-D. (b, c) show the data along r,, /I ; for extreme porosity values and along the porosity for extreme

rp/1; values, respectively. f{j”l does not significantly depend on porosity but increases on average with r, /I ;. Despite

an appropriate fitting, the quality of the fit is equal to R?> = 0.79, due to large variations in f {j”l for some pore structures,
especially for low porosities.

with ¢, = 0.03 (-) the coefficient for the porosity, ¢, = 5.17 (-) the coefficient for the bubble-radius-to-fragment-size

ratio, and ¢y = 0.02 (-) the constant. f{;"l

Note that ¢, is, as expected, close to 0. The amount of tFGR due to pulverization should indeed tend toward O when

does not vary significantly with porosity but increases on average with r, /1 ;.

the porosity decreases. It is important to note that although the fit follows the average trend of f 1’;”] quite successfully,
the quality of the fit is as low as R? = 0.79. This is due to the fact that, for some pore structures, the random nature of
the pore placement leads to large variations in f{;"l values. This is especially true for lower porosities and large r, /1,

values (see Figs. 3.8b and 3.8c) since the position of a few large bubbles significantly affects f{i"l.

3.5 Summary

Once we refactored Sifgrs’s implementation in BISON and made it significantly more modular and extensible (see
Chapter 2), we were able to implement a new tFGR model. The model extends the existing low-burnup Sifgrs capa-
bilities to HBu conditions. It relies on semi-empirical and mechanistic models to describe HBS formation, transfer
of fission gases from the NR to the HBS region, HBS intragranular fission gas generation and diffusion, HBS bubble
evolution, fuel pulverization, and the resulting sudden release of fission gases.

The model has been successfully tested, verified, and implemented in the fuel performance code BISON. The model
tracks bubble populations and bubble pressures in the fuel both in the NR and HBS regions and provides an estimate
of the tFGR from fuel pulverization that is sensitive to the fuel microstructure and operating conditions, as requested

for the milestone.
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Now that this capability has been developed within the refactored Sifgrs, future expansion is possible. Future
work will focus on improving the description of this model by validating the separate aspects of it, identifying gaps
and inaccuracies, and proposing improvements. Moreover, since the current tFGR model only happens during fuel
pulverization, more release mechanisms will be investigated. Furthermore, one of the limitations of the current model
is that it only accounts for HBS formation at the pellet rim where the burnup is high and temperatures are low. However,
other microstructural changes have been observed, including the formation of a dark zone deeper within the pellet [20].

Future work should also include this other microstructral change.
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4. COMPARISON OF THE EMPIRICAL AND MECH-
ANISTIC tFGR MODELS

4.1 Discussions on the Differences between the Empirical and Mechanistic

Approaches

The empirical model takes in the temperature and the local burnup and defines the percentage of FGR [21]. It per-
forms well in conditions (temperature, heating rate, irradiation history, burnup, fuel properties, etc.) close to the ones
in which the fitted experimental data was obtained. As such, it is a valuable improvement compared to previous Sif-
grs capabilities in HBu transient scenarios. However, it has limitations. Although it provides a general idea of how
temperature and local burnup potentially affect FGR, it does not provide a mechanistic understanding of the release
phenomena. As a result, the quality of its predictions degrades when applied to other conditions, as shown in Fig. 3.2
[21]. As described in Ref. [21], there is a crucial need for a mechanistic model that physically describes the physical
phenomena of FGR in HBS transient conditions. Such a model could be used to better predict fuel behavior and would
be applicable to a wide range of operating conditions.

The model described in Chapter 3 is an attempt to develop such a mechanistic model. Although in a preliminary
stage, it describes many phenomena leading to tFGR that are not accounted for in the empirical model. The differences
between the empirical and the mechanistic models are listed in Table 4.1. The new mechanistic model accounts for
HBS formation [16], details fission gas behavior during the transition from non-restructured to HBS fuel, describes
HBS pore evolution [61], and provides criteria for fuel pulverization and the subsequent release of fission gases [18].
These mechanistic stages are informed by experimental data analysis [16, 61] and lower length scale modeling efforts
[18, 61]. Since it does not model all of the intermediate steps, the empirical model is computationally slightly cheaper

than the mechanistic model, although both provide appropriate performances for fuel performance modeling.

4.2 Comparison of Model Performance on Assessment Cases

To compare the performance of the empirical and mechanistic models, we ran both models on the Studsvik 191 rod,
which was part of an integral LOCA research program and reached HBu [70, 71]. This case is a readily available
assessment case available in BISON [72], and most of the description provided below is taken directly from the BISON
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Table 4.1. Comparison of the different features between the empirical and mechanistic model.

Feature Mechanistic model Empirical model
(see Chapter 3) [21]

Models HBS formation

Models fission gas transfer from NR to HBS fuel
Models HBS pore evolution

Determines swelling from HBS fuel

Models fuel pulverization

Can inform axial relocation

Models tFGR release

Integrated with Sifgrs

Can be combined with microcracking model [13]
Computationally cheaper

Can be improved with experimental data

Can be improved with mechanistic lower length scale modeling

SN SSNSNSASNANANS
AN N N

documentation. The input files were updated to use the empirical and mechanistic models.

4.2.1 Description of the assessment case

The Studsvik LOCA tests were completed as part of an integral LOCA research program sponsored by the NRC to
investigate the mechanical properties of ballooned and ruptured cladding as well as the behavior of highly irradiated
fuel during the transient [70].

The test series consisted of six integral tests. The majority of these experiments observed severe fuel fragmentation
and dispersal. Only two rods have been analyzed with BISON this far, Rods 191 and 196. These were chosen to
demonstrate that the existing pulverization models within BISON are able to predict whether or not fine fragmentation
will occur the possibility of fuel dispersal. In this report, we use Rod 191 as it went to a higher burnup (70 MWd/kgU
vs. 55 MWd/kgU for rod 196).

The fabrication characteristics of the analyzed Studsvik rods are from [70, 71]. The test rods were segmented com-
mercially irradiated rods. The fuel and cladding materials are UO, and ZIRLO. The refabricated rods were backfilled
with helium. The rods were base irradiated to desired burnups (i.e., around 70 MWd/kgU for rod 191). After the base
irradiation the rodlets were refabricated and inserted into the Studsvik test train inside a hot cell. The experimental
specimens are subjected to external heating at a rate of 5°C/s to the target peak cladding temperature. This temperature
was 1160°C for Rod 191. More information is available in the BISON documentation.

4.2.2 Results

Figure 4.1 shows the FGR predictions from Sifgrs with the empirical and the mechanistic tFGR model. The empirical
tFGR model (labeled as FGR + empirical tFGR in Fig. 4.1) predicts a small amount of FGR at the end of base irradiation
(around 1.2% vs. around 1.0% with only FGR). However, it predicts significant tFGR during the heat up phase of the

LOCA, reaching a total release fraction of almost 9%.
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Figure 4.1. Comparison of the FGR predictions from the purely diffusional model (FGR), the mechanistic tFGR model
(FGR + tFGR), the mechanistic tFGR model with the microcracking burst FGR model (FGR + tFGR + bFGR), and
the empirical (FGR + Empirical tFGR). The results for base irradiation (a, ¢) and the LOCA scenario (b, d) are shown.
(a, b) show the results using the mechanistic pulverization model from Section 3.3.2, and (c, d) show the results for the
empirical pulverization model from Section 3.3.1.

To better understand the different FGR contributions in the case of the mechanistic FGR, Fig. 4.1 shows the different
contributions to release. It shows the amount released from diffusional FGR alone (FGR), from the mechanistic tFGR
model (FGR + tFGR), and from the mechanistic tFGR model with the microcracking burst FGR model [13] (FGR +
tFGR + bFGR). This highlights at what point does burst FGR or tFGR happen. For example, burst FGR is predicted
to happen during large temperature variations during base irradiation. Sharp jumps in FGR are observed during the
transition from the first cycle to the second and from the second to the third. Moreover, some burst FGR happens

during cool down in the latest part of the LOCA transient.

The contribution from mechanistic tFGR depends on the pulverization model used, and two different sets of results
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of the mechanistic tFGR are presented in Fig. 4.1 dependent on which pulverization model is used. One set of results
uses the empirical criteria for pulverization (see Section 3.3.1) and is shown in Figs. 4.1c and 4.1d. The other uses the
mesoscale-informed criteria (see Section 3.3.2 and Ref. [18]) and is shown in Figs. 4.1a and 4.1b. Since the mechanistic
tFGR model captures the release due to pulverization, both models predict different release behavior. Although both
predict the same final amount of FGR in this case, with the outer rim of the fuel fully pulverized, tFGR happens
at two different times. When using the mesoscale-informed criteria for pulverization, fuel pulverization and tFGR
are predicted to happen as the third cycle of base irradiation begins. Note that no tFGR happens during the heating
phase of the LOCA transient in that case because all the HBS structure has already pulverized, and no other release
mechanism is accounted for. This result is not physical and will be discussed further below (see Fig. 4.2). When using
the empirical pulverization criteria, it happens during the heat up phase of the LOCA transient. In both cases, the final
FGR is around 2%, even when accounting for burst FGR, which is around half of what is predicted with the empirical

model.

The conclusions drawn from the pulverization model predictions need to be nuanced, though, as the model is
still being developed, tested, and validated. When using the mechanistic pulverization criteria, pulverization is being
predicted prematurely due to the inadequate description of HBS bubble radius evolution. Currently, the HBS bubble
radius is initially set to O m, and only starts to evolve once the HBS volume fraction reaches a threshold value (set to
0.5) [18]. However, the same threshold is used for fuel pulverization Section 3.3.2. As a result, when the HBS volume
fraction reaches the threshold value, HBS bubble radius is close to 0, and internal pressure is artificially high, leading to
fuel pulverization. This phenomenon is illustrated in Fig. 4.2. To ensure realistic model prediction, HBS bubble radius
evolution needs to be start earlier in the HBS formation process so that HBS bubble reach a reasonable size as the HBS
volume fraction threshold for pulverization is reached. Moreover, the effect of mesh size on the predicted pulverized

volume is being investigated in a concurrent NEAMS milestone. Future work should incorporate this insight to provide
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Figure 4.2. HBS bubble radius and pulverization volume evolution during base irradiation of the Studsvik case (Rod
191). Pulverization is prematurely predicted due to the high pressure in unphysically small HBS bubbles. The HBS
bubble size is underestimated because it only starts evolving once the HBS volume fraction threshold (0.5) is reached.
This bubble evolution model will be fixed in future work.
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reliable tFGR predictions.

Unfortunately, the amount of FGR was not experimentally measured for this Studsvik case, so validation is not
possible. This exercise, however, shows the influence of the pulverization criteria on the predicted tFGR and suggests
that the mechanistic approach might underestimate FGR during the heat up phase of the LOCA. Additional mechanisms
might be at play.

4.2.3 Conclusion and future work

We discussed the different features of the empirical tFGR developed in Ref. [21], and the mechanistic model developed
in this report. Then, using Rod 191 of the Studsvik HBu LOCA tests, we quantified the different predictions of the
two approaches, including, for the mechanistic model, two different criteria. This effort highlighted the importance of
the pulverization criteria used in the mechanistic tFGR model, as the choice of criteria influences when pulverization
and the resulting tFGR occurs. It also highlighted the need to improve the HBS bubble growth model. When using the
mesoscale-informed criterion for fuel pulverization, the mechanistic model seems to underestimate FGR during LOCA
since pulverization happened earlier. However, more extensive model development and validation data are needed to
draw definitive conclusions.

Microstructure data and experimental measurements of FGR in HBu conditions during normal operations and
transients are needed. As more validation cases become available, different aspects of the model can be validated and
improved. In particular, HBu cases with FGR and FGR that also provide fuel microstructure characterization would
be extremely valuable. In the meantime, the mechanistic model will be further developed and improved by following
the roadmap presented in Ref. [21] and reproduced in Fig. 3.3.
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S. BENCHMARKING OF BISON FISSION GAS RE-
LEASE CAPABILITIES

5.1 Description of the NEA Benchmarking Activity

FGR has a significant impact on nuclear fuel performance. Fuel performance codes therefore model fission gas behavior
but with varying degrees of detail and accuracy. In general, diffusion-based FGR models are well established and
validated for steady state conditions. Under transient conditions, however, FGR is known to be dominated by burst
mechanism not captured by diffusion-based models. Appropriate models for these conditions are not as universally
implemented in fuel performance codes, and their accuracy has not yet been thoroughly established.

The OECD NEA Expert Group on Reactor Fuel Performance is leading a benchmark to compare fuel performance
code predictions against experimental data and against themselves. The benchmark aims to challenge the models during
transients representative of anticipated operational occurrences. Selected experimental cases have transient powers
high enough to ensure burst FGR but low and short enough to ensure that diffusional FGR was minimal. The goals of
the benchmarking activity are to enhance the understanding of burst FGR mechanisms and facilitate the improvement
of fuel performance code models for transient conditions (or develop new ones), therefore reducing uncertainties and
increasing margin to fuel performance limits.

For benchmark participants to use real, integral rod irradiation data, two experimental cases have been selected for
the benchmark. In both cases, the rod undergoes base irradiation before being re-irradiated in transient conditions. The
conditions are such that burst FGR takes place, but diffusional FGR is expected to be minimal during the transient.
Moreover, irradiation history, rod characteristics, and PIE data was needed for validation. With these criteria in mind,
the REGATE and HATAC-C2 cases were selected.

Participants are expected to model the irradiation histories of the REGATE and HATAC cases with three different
model configurations:

1. The first one should not have any model for burst FGR. This configuration reveals how much diffusional FGR is

predicted by the fuel performance codes. It is expected to underestimate FGR in transient conditions.

2. The second one should involve a burst FGR model and hopefully provide accurate predictions of experimentally

measured total FGR.

3. The third one should also involve a burst FGR model but add an additional 5% to the rod power. This case

provides information on the sensitivity of the model with respect to power. It is expected to lead to an increase
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in burnup, temperature, and FGR.

5.2 Description of the Two Cases of Interest

The REGATE and HATAC-C2 specifications are available from the IFPE database. Please request from the NEA

Databank via the standard route for IFPE requests. The subsections below quickly describe the two cases.

5.2.1 REGATE

The REGATE case is a French Alternative Energies and Atomic Energy Commission (CEA) experiment which aimed
to study FGR and fuel swelling during a power transient at medium burnup. The base rod was irradiated in Gravelines-5
PWR to 47 MWd/kgU. The rod segment selected for the REGATE case was then re-irradiated in the Siloé test reactor
without refabrication. Non-destructive PIE was performed after base irradiation (including FGR measurements), and

both destructive and non-destructive PIE were performed after re-irradiation (including FGR).

5.2.2 HATAC-C2

The HATAC-C2 case aimed to investigate stable and radioactive fission gas release behavior under power cycling. The
sample is a segment cut from a commercially irradiated parent rod. The parent rod was irradiated in Fessenheim-2 PWR
to 46 MWd/kgU, and the segment rod was re-irradiated in the Siloé test reactor. The segment rod was fitted with gas
flow lines for continuous refabrication. Gas release measurements were obtained after each transient by spectrometry,

and PIE was obtained for both parent rod and segment segment.

5.3 Modeling Choices

BISON offers many different models, options, and parameter values for each aspect of fuel performance. Although we
will not do any fine tuning of model parameters for this exercise, modeling the REGATE and HATAC case requires
selecting the most appropriate models for the conditions of interest. Below, we provide a high-level description of the
modeling choices made for the NEA activity. The same models are used for both cases.

For thermal conductivity and specific heat capacity, the well established NFIR model is used to diffuse the heat
generated in the fuel [73, 74]. Moreover, a correction based on Ref. [75] is applied in HBS to accounted for the higher
porosity. The gap conductivity accounts for the gas composition, and the Lanning model is used to determine the jump
distance [76]. In the cladding, the MATPRO model is used [77].

Within Sifgrs, the default values listed in Tables 2.1 to 2.3 were used, except for a few options to use the latest, most
accurate models. Rather than the Formas algorithm [5], we used Polypole2 to be able to model the non-equilibrium
trapping and detrapping of fission gases to and from intragranular bubbles [8]. Using Polypole?2 is especially relevant
in transient conditions where the quasi-steady-state assumption made by the Formas and Polypolel algorithms does
not apply. When modeling burst FGR, we add the model from Ref. [13] to account for microcracking during temper-

ature transient and the resulting release. In addition, we use the HBS model described in Chapter 3 using Barani’s
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JMAK model for HBS formation. Potential pulverization and tFGR are also accounted for when burst FGR models are
activated.

Microstructure evolution is in large part governed by Sifgrs since it provides intragranular and intergranular bubble
population. However, grain size is calculated by a different model. Here, we use the model published in Ref. [78],
which mechanistically describes UO, grain growth under irradiation. In the cladding, zirconium oxidation is also
accounted for.

To describe the mechanical behavior of the fuel and cladding, we leverage BISON capabilities to model volumetric
changes due to thermal expansion and volumetric swelling in the fuel and thermal expansion and irradiation growth in
the cladding. Both the fuel and cladding behavior include creep. Note that the pull of gravity is also accounted for.

5.4 Preliminary BISON Results

54.1 REGATE

Preliminary results for the REGATE case are presented in Figs. 5.1 and 5.2. Fig. 5.1 shows the burnup predictions,
and Fig. 5.2 shows the temperature and FGR predictions during base irradiation and re-irradiation. Fig. 5.2 shows the
results in three different scenarios dictated by the NEA benchmarking guidelines: BISON predictions are computed
(1) without any model for burst release of fission gases, (2) with the burst release model activated [13], and (3) with
the burst model, and a 5% increase in power. Although BISON’s predictions are compared to experimental data and
other codes’ predictions as part of the benchmark activity, we only show the experimental data in this report, which
BISON matches quite well.
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Figure 5.1. Burnup prediction from BISON for the REGATE case, compared against the reported value.
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The burnup shown in Fig. 5.1 slightly overpredicts the base irradiation burnup but not significantly. The difference is
minimal and validates the BISON prediction. With the additional 5% in power, the final burnup increases, as expected.

BISON’s FGR predictions closely match the experimental data, both at the end of base irradiation and at the end
of re-irradiation in the Siloé reactor. Without the burst model activated, the predictions at the end of base irradiation
fall almost exactly on top of the experimental measurement (see Fig. 5.2a). However, without a mechanism for burst
release, the amount of FGR predicted at the end of the transient is slightly more than half of the measured amount (see
Fig. 5.2b). When using the burst release model from Ref. [13], the amount of predicted FGR increases slightly during
base irradiation and increases significantly during re-irradiation, getting close to PIE data (see Figs. 5.2c and 5.2d). The
amount of FGR at the end of the transient is slightly underestimated, but BISON’s accuracy in predicting both base
irradiation and re-irradiation FGR is remarkable, especially without any tuning of the parameters for this particular
case.

As expected, the increase in power leads to an increase in FGR both during base irradiation and re-irradiation. With

the additional 5% in power, the FGR predictions are higher than the experimental data, as shown in Figs. 5.2e and 5.2f.
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Figure 5.2. Temperature history and FGR predictions from BISON for the REGATE case. The figures show the results
(a, b) without burst model being used, (c, d) with the burst model from [13], which matches PIE data, and (e, f) with
the same burst model and an +5% increase in power. (a, ¢, €) show the results from the whole irradiation history; (b,
d, f) focus on the re-irradiation history.
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5.4.2 HATAC-C2

Asin Section 5.4.1 for REGATE, the preliminary results for the HATAC case are presented in Figs. 5.3 and 5.4. Fig. 5.3
shows the burnup predictions, and Fig. 5.4 shows the temperature and FGR predictions during base irradiation and re-
irradiation. The burnup shown in Fig. 5.3 slightly overpredicts the base irradiation burnup but not significantly. The
difference is minimal and validates the BISON prediction. With the additional 5% in power, the final burnup increases,
as expected.

BISON’s FGR predictions for the HATAC closely match the experimental data at the end of base irradiation.
Without the burst model activated, the predictions at the end of base irradiation fall almost exactly on top of the
experimental measurement (see Fig. 5.4a). However, without a mechanism for burst release, the amount of FGR
predicted at the end of the transient is significantly less than the measured amount (see Fig. 5.4b). When using the
burst release model from Ref. [13], the amount of predicted FGR increases slightly during base irradiation and increases
significantly during re-irradiation, getting closer to PIE data (see Figs. 5.4c and 5.4d). The amount of FGR at the end
of the transient remains underestimated, but BISON’s accuracy in predicting both base irradiation and re-irradiation
FGR is satisfactory, especially without any tuning of the parameters for this particular case. Current mechanisms seem
to underestimate transient release, or additional release mechanisms could be at play at HBu during transients.

As expected, the increase in power leads to an increase in FGR both during base irradiation and re-irradiation.
With the additional 5% in power, the FGR predictions are higher than the experimental data, as shown in Figs. 5.4e
and 5.4f. Note, however, that in the current version of the figure, the results in Figs. 5.4e and 5.4f do not reach the end

of re-irradiation due to convergence issues.

Some HBS formation, fuel pulverization, and tFGR release are predicted for the HATAC case. The tFGR model
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Figure 5.3. Burnup prediction from BISON for the HATAC case, compared against the reported value. Note that the
"Burst" case with +5% power has not converged until the end of re-irradiation.
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developed and implemented in this report predicts release in addition to the burst release due to microcracking described
in Ref. [13].

5.5 Summary and Future Work

BISON—with the updated version of Sifgrs implemented in this report—was used to participate in an NEA bench-
marking activity. The goal of the effort is to compare different fuel performance codes’ ability to model FGR during
base irradiation and during transient scenarios. Since the activity is ongoing, this report describes preliminary BISON
results and comparisons against experimental data. The results show that BISON adequately predicts FGR in condi-
tions relevant to both the REGATE and HATAC cases. The results also highlight the importance of a burst FGR model
that describes fuel microcracking during transients. Without it, the amount of FGR was significantly underpredicted.
The HATAC case also showed the importance of the newly developed and implemented tFGR model described in
Chapter 3.

Future work includes completing of the NEA activity and identifying potential gaps in BISON’s capabilities and
performance by comparing it to other codes. To complete the NEA activity, one important step will be to select the
same parameters and geometry for all participants to ensure code-to-code comparison rather than seeing the impact of
user assumptions. Some parameters are not clearly defined in the REGATE and HATAC reports, which lead different
users to make different assumptions. For example, the refabricated gas internal pressure for HATAC was not specified,
leading users to pick values ranging from 0.1 to 0.4 MPa. Ensuring that all participants use the same values and
conditions will improve the quality of the benchmark. Once done, we will rerun the simulation shown in this section

with the finalized parameters and compare code predictions.
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Figure 5.4. Temperature history and FGR predictions from BISON for the HATAC case. The figures show the results
(a, b) without burst model being used, (c, d) with the burst model from [13], which matches PIE data, and (e, f) with
the same burst model and an +5% increase in power. (a, ¢, ¢) show the results from the whole irradiation history; (b,
d, f) focuses on the re-irradiation history. Note that the "Burst" case with +5% power has not converged until the very
end of re-irradiation.
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6. OVERALL CONCLUSIONS AND FUTURE WORK

This report details the work performed for the Level 2 NEAMS milestone titled "Compare predictions of transient
fission gas release by empirical and mechanistic models to experiments in HBu UO, fuel." More than just a comparison
between two existing models, the work described here consisted of (1) refactoring the implementation of the Sifgrs
model in BISON to support new capabilities, (2) developing a new mechanistic model for tFGR resulting from HBS
pulverization in Sifgrs, (3) comparing the empirical tFGR model developed in parallel to the mechanistic model using
one of the Studsvik HBu LOCA assessment cases, and (4) benchmarking BISON against other fuel performance codes

for burst and transient FGR through an NEA activity. The main achievements and conclusions are listed below:

e Sifgrs was refactored to expend its capabilities to new fuel forms (e.g., UN) and new conditions (e.g., HBu
conditions). As such, we increased the amount and quality of tests, we made major changes to the code structure
to make it more modular and decrease code duplication, and we increased documentation and made the code
more user friendly. The updated implementation of Sifgrs enabled the quick and efficient development of fission
gas release and swelling capabilities for UN fuel [26], and the addition of HBS capabilities, which was one of

the main areas of focus of the current milestone, is described in Chapter 3.

e A new mechanistic HBu tFGR model was developed and implemented in Sifgrs. The model extends the existing
low-burnup Sifgrs capabilities to HBu conditions. It relies on semi-empirical and mechanistic models to describe
HBS formation, transfer of fission gases from the NR to the HBS region, HBS intragranular fission gas generation
and diffusion, HBS bubble evolution, fuel pulverization, and the resulting sudden release of fission gases. As
such, the model combines different models in a consistent, coupled way within Sifgrs. The model has been
tested, verified, and merged into BISON. The model mechanistically describes tFGR due to the pulverization
of the HBS and is sensitive to the fuel microstructure and operating conditions. The current implementation
focused on the rim HBS. However, it was developed such that it can be extended to the dark zone deeper within
the pellet [20].

e The new mechanistic model was then compared with a new empirical tFGR model published in Ref. [21]. We
discussed the different features of the models and then used them to predict FGR in rod 191 from the Studsvik
HBu LOCA tests. This test does not have direct FGR measurements to validate the models with, but we compared
the behavior of the two models. In particular, we tested two versions of the mechanistic tFGR model: one using
an empirical criteria for fuel pulverization and another one leveraging some recent developments from lower

length scale modeling efforts [17, 18]. The model predictions are discussed, and current gaps are identified.
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o BISON—with the updated version of Sifgrs implemented in this report—was used to participate in an NEA
benchmarking activity. The goal of the effort is to compare different fuel performance codes’ abilities to model
FGR during base irradiation and transient scenarios. Since the activity is ongoing, this report describes pre-
liminary BISON results and comparison against experimental data. The results show that BISON adequately
predicts FGR in conditions relevant to both the REGATE and HATAC cases.

Future work should focus on improving and expanding the current Sifgrs capabilities. In particular, developing
new models for fission gas transport and release from HBS should be a priority to support the needs of the nuclear
industry. Validating and benchmarking these models are also crucial to ensure that these models accurately describe
the mechanisms of fuel microstructure evolution and fission gas release. Moreover, extending the newly developed
HBS capabilities to the dark zone region observed deeper inside the fuel pellet [20] would improve BISON’s predictive

capabilities and help extend fuel utilization to higher burnups.
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