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Abstract: A number of codes are used to predict various aspects of nuclear fuel performance and
safety, ranging from conventional fuel performance codes to simulate normal operating conditions
to integral engineering codes to simulate severe accident behaviour. There has been a number of
reportings in the open literature of nuclear fuel codes being informed by thermodynamic calcula-
tions, ranging from the use of simple thermodynamic correlations to direct coupling of equilibrium
thermodynamic software. Progress in expanding predictive capabilities have been reported, which
also includes advances in thermodynamic database development to better capture irradiated fuel.
However, this progress has been accompanied by several challenges, including effective coupling
of different types of physical phenomena in a practical manner and doing so with a reasonable
increase in computational expense. This review paper will summarize previous experiences reported
in the open literature in coupling thermodynamic calculations with nuclear fuel codes and applica-
tions, identify current challenges and limitations, and offer some perspectives for the community to
consider moving forward.
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1. Introduction

Nuclear fuel codes are used to predict various aspects of nuclear reactor operation to
support research and development, engineering design, operation, safety, and licensing
activities. One can partition the large number of fuel codes into two broad classes based on
their intended application (this classification system is not standardized but is used in this
manuscript for sake of convenience and clarity): Class I: research and development, and
Class II: fuel performance and safety analyses for industry ranging from Normal Operating
Conditions (NOC) to Severe Accidents (SA).

Class I codes used for research and development purposes are broadly aimed at
capability development, phenomena exploration, knowledge gap identification, and in-
terpretation of experimental findings. A number of codes in Class II are used by industry
and regulators to inform the design, operation, safety, and licensing of nuclear fuels, which
requires a high degree of Quality Assurance (QA). While QA requirements are absolutely
necessary to inform the decision making pertaining to safety and licensing, they are not
conducive to software capability development or exploratory activities. The primary ob-
jective of nuclear fuel codes in Class I is to advance and explore various computational
and predictive capabilities of nuclear fuel behaviour as a research and development tool,
which may or may not be incorporated in a Class II toolset at a later time. Furthermore, the
flexibility of Class I codes makes them conducive to knowledge gap identification, which
may be helpful to provide guidance to future separate effects experiments.

Class II codes are considered here as nuclear fuel performance and safety codes used
specifically by industry and regulators to inform engineering design, qualification, safety,
and licensing. There has been a plethora of codes developed and qualified for specific
nuclear fuel designs. Traditionally, fuel performance codes are used by industry to simulate
fuel behaviour under NOC. These codes typically solve a coupled system of equations
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representing heat transfer, mechanical deformation, and fission product behaviour with
the principle objective of predicting temperature, strain, and fission gas release under NOC.
Other safety analysis toolsets typically simulate various behaviours of the fuel under design
basis accidents, beyond design basis accidents, and SA conditions. Specific phenomena that
may be simulated include fuel oxidation under defective conditions, source term analyses,
fuel melting, and fuel volatilization. Most of these codes are considered engineering scale
integral codes, which must meet high levels of QA due to their intended application to
support nuclear safety analyses.

In both classes of nuclear fuel codes, some cases have been reported in the open
literature where the analyses have been informed by thermodynamic calculations, which
include look-up tables of gaseous partial pressures, simple empirical correlations, and
direct coupling with an equilibrium thermodynamics solver. The majority of these thermo-
dynamic calculations are based on thermodynamic models derived with the CALPHAD
method [1]. This method broadly refers to a methodical technique to derive thermodynamic
models based on experimental data, such as heat capacity, enthalpy of mixing, chemical
potentials, phase transition temperatures, etc. Here, the term ‘model” corresponds to a
particular phase whereby the collection of models pertaining to a system is referred to as
a ‘treatment’. The assemblage of many treatments in an organized manner constitutes a
‘database’. The development of these models with the CALPHAD technique can be used
to generate phase diagrams of binary and ternary systems, perform point equilibrium
calculations, and several other applications of equilibrium thermodynamics of practical
interest to industry.

Thermodynamic treatments of various systems derived with the CALPHAD method
can be solved with a Gibbs Energy Minimizer (GEM), which typically use the method of
undetermined Lagrangian multipliers to minimize the integral Gibbs energy of a system
subject to appropriate constraints [2]. Some commercial thermodynamic software packages
include FACTSAGE [3] and THERMOCALC [4], and some open-source packages include
PYCALPHAD [5], OPENCALPHAD [6], and THERMOCHIMICA [7]. The interested reader is
referred to the work of Lukas et al. [8], Hillert [9], Liu et al. [10], and Pelton [11] on more
specific topics related to CALPHAD. A review of computational thermodynamics specific
to nuclear materials is given by Guéneau et al. [12,13].

The level of fidelity of thermodynamic analyses informing nuclear fuel codes reviewed
in this article varies greatly. For some applications discussed herein, material systems
are well captured by thermodynamic models, while others have large knowledge gaps
and/or are represented by models that by today’s standards may seem primitive. What
is important to understand is that while the field of thermodynamics has importance to
nuclear fuels, there are other disciplines that are also important to assess reactor behaviour
(e.g., thermalhydraulics, reactor physics). In some circumstances, a model that may appear
to be crude, may be sufficient and appropriate given its importance and impact on predict-
ing the reactor system’s behaviour. Nevertheless, there has been tremendous progress in
understanding the thermodynamics of irradiated fuel and fission product chemistry over
the past few decades. The number and quality of experiments has improved greatly, as
have databases.

The primary objective of this review article is to survey the open literature on experi-
ences reported in thermodynamic calculations informing both classes of nuclear fuel codes
and to assess its value, utility, and potential areas of improvement in future activities. A
review of Class I research and development codes is given in Section 2, Class II industrial
nuclear fuel performance and safety codes in Section 3, and a discussion with perspectives
is offered in Section 4. Table 1 gives an overview of these codes, which will be referred to
throughout this manuscript.
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Table 1. A summary of relevant codes mentioned in this article. GEM = Gibbs Energy Minimization.

Code Name Primary Application Coupling Method Ref.
ALCYONE Class 1 ANGE, OPENCALPHAD [14]
AMP Class I THERMOCHIMICA [15]
ANGE GEM [16]
ASTEC Class I Empirical correlations [17]
BISON Class | THERMOCHIMICA [18]
CHEMAPP GEM [19]
COMSOL Class I Simplified model [20]
FACTSAGE GEM [3]
GERMINAL Class I ANGE, OPENCALPHAD [14]
MARMOT Class I Simplified model; Look-up table  [21]
MELCOR Class I GEM (unknown) [22]
MFPR Class II Unknown [23]
OPENCALPHAD GEM [6]
PYCALPHAD GEM [5]
SOLGASMIX GEM [24]
SOURCE Class I Empirical correlations [25]
THERMOCALC GEM [4]
THERMOCHIMICA GEM [7]
VICTORIA Class II Unknown [26]

2. Class I: Research and Development Fuel Codes

Several activities have been reported in the open literature in the research and devel-
opment of nuclear fuel codes that have been informed by thermodynamic calculations.
Focus will be given to analyses that have used some type of thermodynamic description of
the fuel or other system as input. This section is partitioned based on experiences reported
in the open literature regarding the following fuel codes: COMSOL in Section 2.1, AMP in
Section 2.2, BISON in Section 2.3, MARMOT in Section 2.4, ALCYONE in Section 2.5, and
GERMINAL in Section 2.6.

2.1. COMSOL

Several computational campaigns using the commercial multi-physics software COM-
SOL to simulate UO; nuclear fuel behaviour that were informed by thermodynamic quan-
tities have been reported in the literature. Higgs et al. presented work that simulated
fuel oxidation under defective conditions, whereby the cladding has failed and coolant
water has come into direct contact with the fuel [27]. Fuel oxidation was informed by a
simplified thermodynamic correlation often referred to as the “Lindemer-Besmann equa-
tion” [28]. Interstitial oxygen transport was handled by solving Fickian diffusion equations
along with a thermodynamically informed correlation between composition, temperature,
and oxygen partial pressure [27]. Furthermore, a simplified correlation was proposed by
Higgs et al. for the compositional dependence of x in UO;, [27]. These calculations were
also coupled with heat conduction equations, gas phase transport in the fuel-clad gap, and
gas phase transport in fuel cracks [27]. Simulation predictions compared reasonably well to
defective fuel experiments at the Chalk River Laboratories (Canada), although there were
some noticeable differences in some situations [27]. While the simulation framework was
rather impressive, the source of the discrepancy remains unclear and is likely a combina-
tion of experimental conditions that could have been better controlled and some physical
phenomena better captured in the simulation work.

Welland et al. have also reported experience using COMSOL to simulate non-congruent
melting of UO,,, under abnormal conditions [29]. A phase field approach was incorpo-
rated into COMSOL, which solved heat conduction, solid state diffusion of oxygen, and the
rate of phase change [29]. Several material properties were dependent on both temperature
and composition, such as heat capacity, enthalpy, and thermal conductivity [29]. Phase
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transformations incorporated Gibbs energy equations of both solid and liquid UO,., that
were derived using the CALPHAD approach with respect to laser flash melting exper-
iments at the Joint Research Centre (JRC)-Karlsruhe [30]. To maintain a self-consistent
description of the fuel, the heat capacity, enthalpy, and Gibbs energy were all derived from
the same set of equations [31]. This phase field simulation framework compared very well
to time-dependent data recorded from a set of laser flash experiments at JRC.

The phase field computational framework to simulate non-congruent melting of
UOy4 4 from Welland et al. [29] was later extended to MOX fuel by Bohler et al. [32]. The
phase field simulations in COMSOL were used to help interpret melting experiments of
MOKX fuel using a laser flash facility at JRC [33]. Phase field simulations were helpful in
identifying an area of improvement in the laser flash experimental process, specifically
in preheating the specimen prior to melting to prevent cracking under a rapid and large
thermal gradient [32].

2.2. AMP

The Advanced Multi-Physics (AMP) code [15] was developed as a next-generation
nuclear fuel code aimed at multi-physics coupling to enhance predictive capabilities of
nuclear fuel behaviour. While the AMP code is no longer under development, it is worth not-
ing experiences reported in coupling AMP with ORIGEN-S [34], and THERMOCHIMICA [35].
ORIGEN-S is a code that is part of the SCALE [36] toolset, which solves isotopic depletion,
decay, and transmutation calculations. THERMOCHIMICA is an open-source thermochemi-
cal equilibrium software library that was designed for direct integration into multi-physics
nuclear codes.

In that work, AMP solved heat transfer on a 3D mesh representing Pressurized Water
Reactor (PWR) fuel and called ORIGEN-S and THERMOCHIMICA at every node. The power
history was provided as input to AMP, which represented the linear power of the fuel.
AMP applied a conventional neutron flux depression model to the radial power profile,
which experienced a feedback loop with ORIGEN-S to account for the increased local
changes in power, such as the increased fission of Pu-239 in the rim region (i.e., the rim
effect) [35]. Spatial and temporal changes in the fission product inventory and temperature
provided direct input to THERMOCHIMICA, which used the Royal Military College of
Canada Thermochemical Treatment [37] to solve local thermodynamic values. With this
framework, phase quantities, the oxygen-to-metal ratio in the fluorite phase, oxygen
chemical potentials, and other thermodynamic quantities could be predicted in space and
time. Mass transport was not simulated.

One interesting prediction from this work was the non-convex variation in the relative
oxygen potential (i.e., RTIn(pp,)) along the radial direction of the fuel, which is shown
in Figure 1 [35]. The reason for this non-convex behaviour is due to two competing
contributors to the oxygen chemical potential: temperature and local burnup. Near the
rim region (i.e., 0.93 < r/ry < 1.00), the local power and corresponding fission product
inventory changes markedly compared to the bulk of the fuel due to the rim effect. This
conspicuous change in elemental composition contributes to increasing the relative oxygen
potential near the rim, whereas the temperature profile yields the opposite effect. Since
oxygen solid-state diffusion in a multi-component system is driven by the oxygen potential
gradient, which was not simulated in this work, one could speculate that this non-convex
curvature may contribute to some oxygen migrating to the fuel surface. If true, this may
potentially contribute to some beneficial passivisation barrier to protect the inner surface of
the Zr-alloy cladding from Pellet Cladding Interaction (PCI) [38]. This mechanism may help
explain the formation of zirconium oxide on the inner surface of the cladding following
fuel-clad gap closure, which is often observed in irradiated fuel. While this point remains
speculative, this experience demonstrates how multi-physics simulations may serve as a
vehicle for knowledge gap identification and gaining a greater understanding of a problem
of practical interest to industry.



Thermo 2021, 1

266

-300

-320

-340

-360

RTIn P,  [kJ/mol]

-380

_400 1 | 1 | 1 | 1 | 1
0.0 0.2 0.4 0.6 0.8 1.0

Relative radius, r/r0

Figure 1. The predicted radial variation of the relative oxygen potential of high burnup PWR fuel
from Piro et al. [35].

2.3. BISON

BISON [18] is a nuclear fuel performance code that was developed on the MOOSE [39]
computational framework. The flexibility and versatility of MOOSE facilitates rapid soft-
ware development efforts, including predictive capability development in BISON. Here,
the discussion will focus solely on thermodynamic coupling with BISON, which will be
partitioned in individual subsections based on the following fuel technologies: UO, oxide
fuel (Section 2.3.1) and U-Pu-Zr metallic fuel (Section 2.3.2). Most of the experience with
thermodynamic coupling with BISON is with the THERMOCHIMICA code [7,31].

2.3.1. BISON Simulations of UO, Oxide Fuel

Simunovic et al. have reported progress in coupling THERMOCHIMICA with BISON
with the principal objective of simulating solid-state diffusion of oxygen in UO;+ in a
manner that is directly informed by thermodynamic calculations [40]. The work described
in Section 2.2 gave impetus to this work. Instead of simulating oxygen diffusion driven
by concentration gradients of oxygen via the conventional Fickian diffusion methodology,
a more fundamental approach involving chemical potential gradients was used, which
were calculated directly from Calphad models with multiple sublattices [40]. The con-
ventional use of concentration gradients is typically used for sake of convenience, which
also requires a correction for the Soret effect that becomes more prevalent at higher tem-
peratures. Moreover, there are challenges with applying concentration gradient terms
to multi-component systems corresponding to fission products. Through the approach
established by Simunovic et al. [40], a correction is not needed for the Soret effect. Further-
more, since the approach is general, one can easily extend it to multi-component systems,
which enables oxygen diffusion calculations to account for the effects of fission product
chemistry [40].

As a demonstration problem, Simunovic et al. considered a PWR fuel pellet with
fission products corresponding to a static burnup using the aforementioned coupling
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scheme. Figure 2 illustrates how the oxygen chemical potential in the fuel varies with
both space and time. For this demonstration, burnup is maintained constant and the fuel
experiences an imposed temperature gradient to demonstrate how oxygen redistributes
under a gradient of oxygen potential. At time zero, the distribution of oxygen across the
fuel is uniform and the oxygen potential curve varies across the radius solely due to the
thermal gradient (i.e., minimum at centre, maximum at periphery). After several months,
the oxygen potential curve flattens, which is to be expected as oxygen redistributes within
the fuel (see Figure 3) and the system reaches steady-state. As shown in Figure 3, O/M is
nearly stoichiometric at the pellet periphery and reaches a maximum at the centre.
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Figure 2. The predicted oxygen chemical potential across the radius of a PWR fuel pellet by Simunovic
et al. is shown at different time intervals (months) [40].
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Figure 3. The predicted oxygen-to-metal ratio in the fluorite phase across the radius of a PWR fuel
pellet by Simunovic et al. is shown at different time intervals [40].
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One challenge reported by Simunovic et al. was the marked increase in computa-
tional expense associated with performing a large number of thermodynamic equilibrium
calculations within BISON [40]. Efforts were made by Poschmann et al. in improving
computational performance of THERMOCHIMICA when coupled with BISON [41]. This was
achieved by storing the results from THERMOCHIMICA at every single node for a particular
time step, which is used as a starting point for each node in the subsequent time step [41].
As reported by Poschmann et al., this re-initialization scheme improved computational
performance by one to two orders of magnitude for a number of problems, including
irradiated UO, fuel with up to 22 fission products and molten salt FLiBe with UF; and
6 fission products [42].

2.3.2. BISON Simulations of U-Pu-Zr Metallic Fuel

Poschmann et al. [43] further extended the BISON-THERMOCHIMICA work from
Simunovic et al. [40] on irradiated UO, oxide fuel to irradiated U-Pu-Zr metallic fuel.
One principle distinction in the latter campaign is that both U and Zr were simulated to
interdiffuse [43], whereas only oxygen was simulated to diffuse in the former case [40].
Furthermore, metallic fuel appears to experience significant phase transformations under
normal operating conditions, whereby an orthorhombic alpha phase is stable at low temper-
atures while a body centred cubic gamma phase is predominant at higher temperatures [43].
Due to these marked transformations in U and Zr bearing phases, the transport properties
of both U and Zr were made phase dependent (i.e., Dy and Q); however, not all of those
transport properties were well known or known at all [43].

Figure 4 illustrates the predicted distribution of U and Zr in fresh U-Pu-Zr fuel and
irradiated U-Pu-Zr with comparison to post-irradiation examination measurements from
Kim et al. [44]. Clearly, the effects of fuel irradiation have a considerable impact on U
and Zr interdiffusion calculations [43]. In both cases, the typical ‘bathtub” profile in Zr
content is observed and the simulation results from the irradiated case is closer to that of
the Post Irradiation Examination (PIE) results from Kim et al. [44] than was the case for
fresh fuel. There also appears to be some artefacts of the simulation results that appear
odd and perhaps physically unrealistic, such as the full depletion of Zr predicted around
0.4 < r/R < 0.56. It is possible that the thermodynamic database may need to be improved
to better capture Zr solubility in various phases and/or transport models that are informed
by well executed experiments.
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Figure 4. The predicted distribution of Zr is plotted when assuming fresh U-Pu-Zr fuel and irradiated

fuel according to Poschmann et al. [43] with comparisons made to post-irradiation examination
experiments from Kim et al. [44].

Similar efforts have been reported by Hirschhorn et al. in simulating Zr distribution
in BISON using a phase field approach with thermodynamic calculations as input [45].
One challenge that was reported by Hirschhorn et al. was the ability to incorporate a
thermodynamic representation of five phases (i.e., &, §, v, 4, and ) with three chemical
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Atom Fraction

elements (i.e., U, Pu, and Zr), which results in an under-determined system with a greater
number of unknowns than constraints [45]. To address this issue, the Gibbs energy mini-
mization software PYCALPHAD [5] was used to compute a series of look-up tables that were
evaluated by BISON. The thermodynamic calculations were coupled with a phase kinetics
model that was empirically calibrated with respect to PIE data (see Figure 5) [45]. The
calibrated model worked very well for U-Zr fuel, but had some limitations when applied
to U-Pu-Zr fuel [45].
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Figure 5. Radial Zr profile of metallic fuel with different tunable parameters, as reported by
Hirschhorn et al. [45].

Clearly, there are both strengths and weaknesses of both works from Poschmann et al. [42]
and Hirschhorn et al. [45]. The former case was able to better capture the thermochemistry of
the fuel, including fission product chemistry of irradiated fuel; however, it did not capture
phase kinetics. The work from Hirschhorn et al. was able to capture phase kinetics through
a phase field approach; however, it was not able to capture the effects of fission products
on fuel chemistry. Perhaps a combined approach may be worthwhile whereby a phase field
simulation were used to capture time-dependent phenomena and thermodynamic quantities
were provided by THERMOCHIMICA.

2.4. MARMOT

MARMOT [21] is a state-of-the-art mesoscale code primarily developed at the Idaho
National Laboratory. Similar to BISON, MARMOT is based on the MOOSE multi-physics
framework. MARMOT simulates the evolution of microstructure in various solid materials,
which has been extensively applied to nuclear fuels and other materials. Some example
applications include predicting the thermal conductivity of HBS regions in UO, fuel [46],
intergranular fission gas diffusion in U3Si, fuel [47], and simulating the effects of radiation
damage [48]. MARMOT has been helpful in interpreting experimental observations of
nuclear fuel and also in developing hierarchical models, such as mechanistic based fission
gas models [49].

MARMOT solves a coupled system of non-linear equations corresponding to heat
transfer, solid mechanics, and the phase field equations themselves. For the latter, thermo-
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dynamic quantities are required as input, specifically the bulk Gibbs energy of different
phases of the system. Since MARMOT is a meso-scale code, lower-length scale local contribu-
tions (e.g., interfacial effects) to the Gibbs energy of individual phases also apply [21]. There
have been different approaches to incorporating Gibbs energy terms into MARMOT, includ-
ing fitting simplified polynomial equations to a complex set of equations representing a
CALPHAD model, using look-up tables [45], or direct use of Gibbs energy equations.

Progress has been made in MARMOT in implementing an automatic differentiation rou-
tine that permits a modular Gibbs energy approach to inform phase field simulations [50].
In this implementation, the Gibbs energy equations are entered by the user in a general
form that are interpreted by the software using an automatic symbolic differential capabil-
ity. Through this approach, user error is reduced as all thermodynamic derivatives (e.g.,
chemical potentials) are automatically computed by the software. As demonstrated by
Schwen et al., this approach has worked well for such problems as spinodal decomposition
of Fe-Cr alloys [50].

A principal challenge to direct use of Gibbs energy equations from a CALPHAD
model in a phase field simulation, which is not specific to MARMOT, is that the number of
species (i.e., unknown variables) is often greater than the number of chemical elements
(i.e., constraints due to mass conservation), yielding an under-determined system. For
example, the UO,., model from Guéneau et al. [51] uses twelve species (or ‘compound
end members’) to represent the phase with three system components (i.e., U, O, and the
electron (the electron in this context corresponds to ionic species and the requirement to
respect charge neutrality)). Solving a system with this type of phase is trivial for most
GEM codes; however, it would be mathematically impossible to solve in a phase field code
without a GEM code because the system would be under-determined. Efforts are currently
underway to develop this capability, which is called YELLOWJACKET [52], and is intended
for direct coupling to MARMOT. However, concerns remain in regards to the foreseeable
increase in computational expense with direct coupling of a phase field code with a GEM
solver and whether it is necessary to have direct coupling or if a simplified approach is
more appropriate.

2.5. ALCYONE

ALCYONE is a nuclear fuel performance code co-developed by CEA, EDF, and AREVA/
Framatome intended for PWRs [53]. It is primarily aimed at simulating fuel during base
irradiations, power ramps, and some accident scenarios [54]. Some specific cases that
ALCYONE is used to simulate include PCI, Reactivity Initiated Accidents (RIA), and Loss
of Coolant Accidents (LOCA) [54]. It is based on the PLEIADES platform with neutronics
capabilities from PRODHEL [55], fission gas release from MARGARET [56], and others.
ALCYONE serves roles in both Class I and Class II, where it is mainly used for research
purposes, but it is used by industry to support licensing on occasion when features in 1.5D
codes (e.g., CYRANO [57] or GALILEO [58]) are unavailable.

Early developments of ALCYONE included the capability of capturing thermochemistry
via the ANGE module, which was a derivative of the open-source SOLGASMIX software
developed by Eriksson [59]. The primary application of this coupling was to inform PCI
simulations, including the speciation of various volatile fission products [16]. The TBASE
database used in that analysis included an ideal gas, numerous stoichiometric solid phases,
the UO, solid solution phase with dilute fission products, and a model for the noble
metals [60,61].

While this development made great progress in PCI simulations, there were some iden-
tified limitations in the TBASE thermodynamic database used by ANGE. For instance, phase
diagrams of various binary systems generated from this database could not accurately
replicate experimental findings. Introini et al. further advanced the capabilities within AL-
CYONE by coupling it with the open-source thermochemistry software OPENCALPHAD [6]
to improve the handling of thermochemistry [62]. The primary motivation of this work was
to leverage the much more complete Thermodynamics for Advanced Fuels-International
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Database (TAF-ID) database [63]. The TAF-ID is a sophisticated thermodynamic database,
primarily aimed at UO; fuel, which has been coordinated by the Organization for Eco-
nomic Co-operative Development Nuclear Energy Agency (OECD-NEA). The TAF-ID has
involved six NEA member states: Canada, European Commission, France, Japan, The
Netherlands, Republic of Korea, and the United States. Version 11 of the database, which
was used in this analysis, contained 210 assessed binary systems and 76 assessed ternary
systems [63].

Figure 6 from Michel et al. [14] gives an example of the distribution of Csl(g) in
UO; fuel during a transient event predicted by ALCYONE coupled with OPENCALPHAD.
Thermochemical predictions may be important to predict the availability of iodine to
chemically attack the zirconium cladding, including the formation of the stable compound
Csl. As reported by Michel et al., another important phenomena to simulate when coupling
thermodynamic calculations is oxygen thermodiffusion, whereby the redistribution of
oxygen has an important effect on local fission gas release [14].

Csl(g) (mol/molu02)
0.0004 - MpP

0.0001
= le-5
!

~le-6

1e-07 I

IP

Start of LHR Max. End of holding
transient 420 W/cm LHR period

Figure 6. An example calculation with ALCYONE that predicts the concentration of Csl gas in urania
fuel during a transient [14].

In addition to enhancing the predictive capabilities of ALCYONE through an improved
handling of thermochemistry, Introini et al. [62] also made progress in numerical coupling
strategies to improve computational performance. One algorithm called the “spatial strat-
egy” was developed to more efficiently solve the multi-physics problem by providing initial
estimates of the stable phases by reorganizing mesh elements with respect to temperature
and pressure [62]. Also, a second algorithm called the “hybrid strategy” was developed
that combines the spatial strategy with one that initializes thermochemical calculations
based on the previous time step [62].

A methodical set of numerical experiments were performed by Introini et al. that
benchmarked the computational expense associated with different implementations of
OPENCALPHAD in ALCYONE. As is illustrated in Figure 7, there is a significant reduction
in computational expense when the aforementioned numerical strategies are implemented,
particularly the spatial strategy technique [62]. Moreover, a significant improvement in per-
formance was realized when ALCYONE was coupled with OPENCALPHAD in comparison
to when it is coupled with ANGE [62].
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Impact of fuel thermochemical calculations expressed as
percentage increase of the real calculation time
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Figure 7. Reported computational performance benchmarking by Introini et al. [62] on various
programming strategies of coupling ALCYONE and OPENCALPHAD.

2.6. GERMINAL

GERMINAL [64] is a fuel performance code developed on the PLEIADES platform,
which is intended to simulate MOX fuel behaviour in Sodium cooled Fast Reactors (SFR)
under normal and abnormal conditions [14]. Since the fuel conditions are different in an
SFR compared to a PWR, the phenomena of interest are somewhat different. GERMINAL
is intended to simulate heat transfer, fuel restructuring, and the joint oxide cladding (aka,
“Joint Oxyde Gaine” (JOG)). The latter phenomena is unique to MOX fueled SFRs, whereby
the increased fuel temperatures contribute to volatile and semi-volatile fission products
migrating to the stainless steel cladding followed by condensation, forming a new phase
typically called ‘JOG’ [65]. This phase is primarily comprised of molybednum and cesium
oxides, in addition to others, as reported by Samuelsson et al. [66]. The JOG layer affects
heat transfer and may contribute to Fuel Cladding Chemical Interaction (FCCI), which
increases the probability of fuel failure [12].

GERMINAL simulates the formation of JOG, including the thickness and its compo-
sition, which requires thermodynamic calculations as input. Two different GEM codes
have been coupled with GERMINAL (i.e., ANGE and OPENCALPHAD) and two different
databases have been used (i.e., TBASE and TAF-ID). ANGE has historically been used in
GERMINAL, which is essentially a modified version of SOLGASMIX [59], and uses the TBASE
thermodynamic database [60,61]. The motivation for replacing ANGE with OPENCALPHAD
in recent developments of GERMINAL is to use improved representations of irradiated fuel
using the TAF-ID database [66].

Samuelsson et al. report that 15 chemical elements in the TAF-ID were included
in the GERMINAL-OPENCALPHAD coupling, whereby several chemical elements were
grouped together based on some chemical similarities [66]. The motivation for grouping
was twofold: (i) to reduce computational expense, and (ii) some chemical elements of
interest in the fuel were not captured by the TAF-ID [66]. Some example surrogates that
were considered by Samuelsson include grouping Ba and Sr (together to minimize costs),
and I and Br (because Br is not in the TAF-ID) [66]. Overall, the use of OPENCALPHAD with
the TAF-ID yielded improved predictions with respect to in-reactor experiments compared
to predictions made with ANGE and TBASE [66].

3. Class II: Industrial Nuclear Fuel Performance and Safety Codes

This section reviews Class II nuclear fuel codes that are focused on accident conditions
for industrial applications. As was the case in the previous section, the following review
will focus on aspects specific to thermodynamic calculations informing Class II codes and
will not discuss those codes in a broader context. For the interested reader, Kurata et al.
give a comprehensive overview of fuel chemistry with respect to SA behaviour [67]. Early
work from Cubicciotti is summarized in Section 3.1, the VICTORIA code is reviewed in
Section 3.2, MFPR in Section 3.3, MELCOR in Section 3.4, ASTEC in Section 3.5, and SOURCE
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in Section 3.6. Fuel performance codes that are not informed by thermodynamics will not
be discussed here as they are out of scope. For the interested reader, review articles are
available on oxide fuel performance codes [68,69], metallic fuel performance codes [70],
and TRISO fuel performance [71].

3.1. Cubicciotti

Cubicciotti pioneered much of the work in thermodynamically informed SA anal-
yses at the Electric Power Research Institute (EPRI) [72,73]. Early work involved the
development of a thermodynamic treatment of irradiated fuel with fission products with
the objective of simulating fission product vaporization, particularly involving molten
core-concrete interaction [72]. Thermodynamic calculations were performed with the SOL-
GASMIX software from Eriksson [59]. The analysis was handled in two stages, whereby the
first stage simulated fission product transport within the fuel (which is the rate limiting step
for the volatiles Xe, Kr, Cs, and I), while the second stage simulated fission product vapor-
ization (which is the rate limiting step for other fission products) [73]. The thermodynamic
database consisted of the UO; fluorite matrix and an ideal gas. Several fission products
had limited solubility in the fluorite matrix; however, their treatment was assumed to be
ideal [73].

3.2. VICTORIA

The VICTORIA code was developed with the intent of predicting fission product release
during a severe accident in a similar fashion as Cubicciotti [72] but with greater focus on
ex-core release applications [26]. VICTORIA used a thermodynamic database to capture
irradiated fuel thermochemistry with fission products with a total of 26 chemical elements
and 288 species [74].

A critical independent review of the thermochemistry analyses within VICTORIA was
performed by Olander and Mubayi [74], which identified several strengths and areas of
improvement. First, a key strength of the work that was identified by Olander was that
VICTORIA considered the largest number of chemical elements in comparison to other SA
codes. Some areas of improvement include the Gibbs energy equations of several pure
species, the omission of some key fission products (e.g., Ce, Pr, Gd, La, Nd, Dy, Y, and some
noble metals), the handling of UO; non-stoichiometry, and the handling of condensed
phases [74]. First, it is important to acknowledge that these issues were raised in the
late 1990s—-there may have been significant improvements since Olander’s review but not
documented in the open literature. Second, the value of an independent assessment of the
thermodynamic representation of irradiated fuel in VICTORIA is clear as an opportunity
for continuous improvement. While it may be possible that such peer-reviews have been
performed for other codes and reported in proprietary reports, it is valuable to have their
findings reported in the open literature to benefit the broader field.

3.3. MFPR

The Module for Fission Product Release (MFPR) code [23] was developed by the Nu-
clear Safety Institute of the Russian Academy of Science (IBRAE) in collaboration with the
Institut de Radioprotection et de Stireté Nucléaire (IRSN) to simulate UO; fuel and fission
product behaviour. Applications include simulating NOC, LOCA, and SA behaviour [75].
MFPR has been validated against a large number of integral tests, such as VERCORS [76]
and PHEBUS [77]. In addition to sophisticated models to capture fission gas bubble evo-
lution and other matters related to fuel behaviour, MFPR has a chemistry module that
informs diffusion calculations. The thermodynamic database contains 15 fission products
in addition to uranium and oxygen, and includes the following phases: UO, with dissolved
fission products, noble metal phase with Mo and Ru, molybdates, zirconates, uranates, gas
and some stoichiometric solid phases like CsI [75]. Limitations of the formation of these
phases due to kinetics are assumed negligible [75].
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According to Veschunov et al., the MFPR chemistry module assumes semi-ideal chem-
istry in terms of the fission products dissolved in the fluorite matrix. Furthermore, the chem-
ical potential of dissolved oxygen is represented by the Lindemer-Besmann equation [28].
While this correlation reliably reproduces experimentally measured oxygen potentials
of UOy., it only applies to fresh fuel. Oxygen potential profiles of irradiated fuel are
quite different-not only in magnitude, but there are also multiple plateaus and changes in
curvature as a result of phase transitions [31]. It is unclear whether the thermodynamic
representation of irradiated fuel can reproduce experimentally derived phase diagrams,
particularly when a semi-ideal approximation is used. Nevertheless, this approximation
may be quite reasonable given that the overall objective is to simulate many phenomena
related to fuel and fission product behaviour where other physical processes may have a
greater impact.

3.4. MELCOR

MELCOR was developed by the Sandia National Laboratories (SNL) for the US Nu-
clear Regulatory Commission (NRC) to simulate SA progression of Light Water Reactors
(LWR) [22]. It is an integral code that captures a number of stages of an accident, ranging
from core degradation to fission product release from the plant. It is widely used with
a large international userbase [22]. Several modules have been integrated into MELCOR,
including VANESA [78]. The VANESA code, which was also developed by SNL for the US
NRC, provides a mechanistic framework for predicting radionuclide release and aerosol
generation in latter stages of a SA, such as corium-concrete interactions [78]. Thermody-
namic and kinetic models are included to model changes to fuel chemistry with a particular
focus on fission product vaporization, which is the dominant mechanism for fission product
release [78].

The thermodynamic representation of irradiated fuel with fission products, control
rods, concrete bearing materials, and a steam/hydrogen atmosphere is handled with
a GEM routine. Unfortunately, little has been reported in the open literature on this
routine. The primary output of these calculations is the vapour pressures of various
fission product elements. The database includes 25 chemical elements, a series of Gibbs
energy equations for the pure species, and activity coefficients of species to capture non-
ideal mixing [78]. The activity coefficients were derived from thermodynamic models
based on Redlich Kister correlations [79], which are mainly compositional dependent
while some are also temperature dependent [78]. The database captures a number of
stoichiometric phases with fission product solubility in some solution phases; however,
the thermodynamic description is incomplete or missing for a number of sub-systems
(e.g., U-O, La-O, Ce-O) [78]. Some other known limitations include the handling of non-
stoichiometry of UO;+, and miscibility gaps (e.g., UO»-Al,O3) [78].

3.5. ASTEC

ASTEC (Accident Source Term Evaluation Code) is an integral code co-developed by
IRSN and the German Gesellschaft fiir Anlagen und Reaktorsicherheit mbH [17]. The
primary objective of ASTEC is to simulate SA progression of LWRs, ranging from various
initiating events to fission product release from containment [17]. Similar to MELCOR,
models are used to capture various physical and chemical behaviours with a particular
focus on fuel and fission product release. The ASTEC code has been validated with respect
to a large experimental data suite, most notably the VERCORS program [76].

ASTEC contains several modules aimed at modelling various aspects of SA progression.
The ELSA module within ASTEC simulates fission product release from defective fuel, which
is informed by thermodynamic calculations including 42 chemical elements [80]. The
handling of fission products are partitioned in three categories: volatiles, semi-volatiles,
and low-volatiles [17].

Unlike the work of Cubicciotti [73] and MELCOR, a Gibbs energy minimizer is not
directly coupled to ASTEC, but rather a series of equilibrium constants are used instead. An
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empirical correlation relating temperature and oxygen partial pressure is used to model
fuel stoichiometry, x in UO,4, [80]. A number of correlations are used to capture specific
chemical reactions (e.g., CeO,(5) = Ceg + Oy(y)), which are temperature dependent and
sometimes include activity coefficients to account for non-ideal behaviour [81]. Based on
the material published in the open literature, it appears that these models do not capture
fission product solubility in the fluorite matrix, fuel melting, or vaporization. Therefore,
the departure from stoichiometry, x, appears to assume fresh fuel and does not account for
the effects of irradiation on the fuel matrix. A much larger number of chemical elements
are considered here in comparison to other Class II codes.

3.6. SOURCE

SOURCE [25,82,83] is an Industry Standard Toolset (IST) code used to perform source
term analyses of CANDU (Canadian Deuterium Uranium) stations under abnormal condi-
tions. Fission product transport is simulated within the fuel in a manner akin to most fuel
performance codes (i.e., intergranular and intragranular diffusion) to predict the fission
product inventory in the fuel-clad gap. While most fuel performance codes limit fission
product transport to the gap, which is appropriate under NOC conditions, SOURCE in-
cludes models for fission product vaporization from the fuel surface following cladding
failure [84]. This is handled in all production versions of SOURCE via a set of look-up
tables that were derived from a series of thermodynamic calculations by Corse [85] and
Lewis et al. [86]. Those lookup tables vary temperature, hydrostatic pressure, air to steam
ratios, and fuel to gas ratios. That thermodynamic assessment was based on a database that
included ideal gas, an ideal liquid solution, and several solid stoichiometric phases [85].
Therefore, it did not capture non-stoichiometry of the fluorite phase, fission or activation
products dissolved in the fluorite phase, non-congruent melting, or secondary phases (e.g.,
noble metals).

The same research group that originally derived the aforementioned set of look-up
tables executed a concerted research campaign to further improve upon the thermodynamic
representation of irradiated fuel, including a treatment for non-stoichiometric UO,., [27,31],
noble metal phases [87], and some dissolved fission and activation products [88]. This
revised database is the RMCTT [89]. This improved database was later used in a prototypic
version of SOURCE by Barber [84] via direct coupling between SOURCE and the commercial
thermodynamic software CHEMAPP [19]. As a result of this improved representation
of nuclear fuel thermodynamics, the fractional fission gas release predicted by SOURCE
was in closer agreement to experimental measurements [84] compared to the previous
thermodynamic assessment from Corse [85]. While reassuring, this is not surprising given
the great improvements in the thermodynamic treatment of the fuel. Another important
finding from the work of Barber was that the direct coupling of CHEMAPP to SOURCE
added an acceptable increase in computational expense that remained tractable [84].

While the thermodynamic representation of irradiated fuel significantly evolved from
the work of Corse [85] to the RMCTT [89], there remained a number of gaps in the database.
For instance, the solubility of fission and activation products in the fuel was not rigorously
described (e.g., there was no assessment for the ternary U-Pu-O system) and several other
minor phases were not captured. Recently, a further improved analysis of irradiated fuel
was performed by Piro [90] for input to SOURCE, which was based on the TAF-ID [63]. The
primary objective of this assessment was to predict the partial pressures of fission product
elements as input to source term analyses in SOURCE. In addition to predicting equilibrium
fission gas concentrations, the onset temperature to fuel volatilization was predicted under
a variety of conditions [90].

4. Discussion and Perspectives

The previous sections reviewed experiences reported in the open literature involv-
ing various nuclear fuel codes that have been informed by thermodynamic calculations.
Those sections were largely a literature review, which is obviously fact-based, while this
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section discusses those findings and offers some perspectives moving forward based on
lessons learned by the community as a whole. As a disclaimer, this section involves some
speculation and opinion on the author’s part. The intent of this section is to offer some
non-biased perspectives based on the foregoing literature review that may be helpful to the
broader nuclear fuel modelling community in future endeavours when thermodynamic
calculations come into play. To preserve some focus, this section is partitioned into the
following subsections: applications (Section 4.1), thermodynamic databases (Section 4.2),
thermodynamic calculations (Section 4.3), and quality assurance (Section 4.4).

4.1. Applications

Class I codes, which are based on research and development applications, have been
largely focused on capability development, knowledge gap identification, the interpretation
of experimental measurements, and guiding future experiments. Several new predictive
capabilities have been reported in Section 2, including spatial and temporal changes
to fuel chemistry under NOC, thermodynamically informed solid-state diffusion, input
to phase field simulations, and contributions to multi-physics simulations of defective
fuel oxidation.

Some cases in Section 2 also demonstrated how Class I codes can be used to support
knowledge gap identification. For example, the AMP/ORIGEN-S/ THERMOCHIMICA cou-
pling (Section 2.2) raised some relevant questions on the potential role of the rim effect
affecting oxygen transport towards the inner clad surface, which may potentially serve a
beneficial role in mitigating PCI. Again, some of these hypotheses remain speculative at this
time, but give impetus and guidance to perform separate effects tests to better understand
their behaviours. Several cases in Section 2 have demonstrated value in interpreting experi-
mental results. For example, Bohler et al. reported phase field simulations of MOX fuel
that were helpful to interpret laser flash melting experiments, which resulted in changing
the measurement procedures [32].

Some multi-physics approaches described in Section 2 may be useful in guiding
future experimental campaigns. For example, multi-physics simulations of metallic fuel, as
described in Section 2.3.2, may be helpful to explore alternate fuel designs to mitigate fuel
clad chemical interaction [91]. Another potential application of multi-physics simulations
informed by thermodynamic calculations is the behaviour of molten salts in a conceptual
Molten Salt Reactor (MSR). Predicted phase transformations and chemical reactions under
abnormal conditions may be helpful to identify knowledge gaps in MSRs. This may require
the coupling of thermodynamics to a computational fluid dynamics code due to the liquid
state of the fuel in an MSR.

An on-going point of discussion with phase field codes is the manner in which ther-
modynamic calculations are provided as input. The direct coupling of a GEM code to a
phase field code provides the greatest level of fidelity; however, it may be cost prohibitive.
Furthermore, it’s unclear, at least at this time, whether the added simulation fidelity war-
rants the large additional computational expense. Some progress has been demonstrated
by Schwen et al. [50] in automatic differentiation (Section 2.4); however, one could expect
some pertinent issues if the thermodynamic models that are used yield under-determined
equations. The use of look-up tables, as was done by Hirschorn et al. [45] (Section 2.3.2),
appears to be a practical approach; however, the size of these tables may increase exponen-
tially when moving towards larger multi-component systems, which may be problematic.
Clearly, there are pros and cons to all of the aforementioned approaches. A concerted
investigation to examine these points may be worth pursuing.

There have not been any reports of fuel performance codes intended for industrial
use that support safety and licensing efforts that are informed by thermodynamic analyses.
One example is the TRANSURANUS code [92], which is used to support various industrial
and regulatory matters, particularly in Europe. TRANSURANUS is used to simulate many
aspects of LWR fuel performance, but it does not have a need to be informed by any
thermodynamic calculations. Furthermore, there is a concern about the total compute
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time, whereby industrial fuel performance codes need to run rapidly and on a typical
workstation. Having to wait hours or even days on a workstation or requiring the use high
performance computing systems is not practical for industrial applications. Direct coupling
with thermodynamic codes increases computational expense and is a valid concern in
this context.

ALCYONE and GERMINAL, which are both considered here as Class I codes, have
been used on occasion for industrial applications and are both informed by thermody-
namic calculations. The primary application of thermodynamics in ALCYONE is to inform
predictions of PCI failure, specifically the availability of volatile iodine in contact with
Zr-bearing cladding. GERMINAL is principally aimed at simulating MOX fuel in a SFR,
whereby thermodynamic calculations are mainly used to predict the formation of the JOG.
The value of thermodynamic coupling in a fuel performance code is perhaps most evident
with the case of GERMINAL in predicting the behaviour of JOG.

Overall, the value of informing industrial nuclear fuel performance codes by thermo-
dynamic models is less clear than with research-based nuclear fuel codes (i.e., Class I) or
accident-based Class II codes. This may change if non-conventional reactors are commer-
cialized in the coming years (e.g., metallic fuels for SER or fluoride/chloride salts for MSRs)
where different phenomena may be experienced.

The manner in which thermodynamic calculations inform Class II codes varies, in-
cluding look-up tables, empirical correlations, and direct coupling with a thermodynamic
solver. The primary benefit of using look-up tables and empirical correlations is to reduce
computational expense; however, one would not benefit from the same simulation fidelity
as direct coupling with a thermodynamics code. The main disadvantage of direct coupling
with a thermodynamics code is the increase in computational expense. These pros and cons
are similar to what was discussed earlier with Finite Element Analysis (FEA) based codes,
notwithstanding the issue of computational expense is much greater with FEA codes com-
pared to SA codes due to the much greater number of executions required. For example,
Barber reported that the additional computation expense with coupling CHEMAPP with
SOURCE was quite acceptable [84].

4.2. Thermodynamic Databases

Many reports of Class II codes have involved about 20-25 chemical elements in the
thermodynamic database to represent irradiated UO, fuel. This consistent number may
be a coincidence, it may be a good representation of irradiated fuel, or it may be due to
software constraints of legacy codes. Regardless of the reason, there has been great progress
in thermodynamic representation of irradiated fuel over the past decade and it is worth
questioning whether a larger number of chemical elements and phases should be included
in thermodynamic analyses in Class II codes. An exception has been ASTEC, which uses
more than 40 elements. Clearly, this is dependent on the level of comprehensiveness of
the database.

Several previous analyses have grouped some chemical elements together as chemical
analogues, perhaps most notably by Kleykamp [93]. While this practice seems reasonable
for some circumstances, it is noteworthy that chemical analogues have their limitations.
For example, several of the noble metals are often grouped together, such as Mo and Tc.
While they behave similarly in a condensed state when only involving the metals or in
oxide fuel, their behaviour in aqueous conditions are markedly different [31].

While the ideal approach is to treat each chemical element individually to avoid
making any assumptions, it may not always be practical due to the increase in computa-
tional expense and/or due to lack of data for a particular system, whereby an analogue
is used as an approximation. It may be prudent to make a careful assessment prior to
any chemical analogues are considered while explicitly acknowledging the assumption(s)
made. Furthermore, it is unclear how much of an impact simplifying a thermodynamic
treatment-by reducing the number of chemical elements, using a simpler thermodynamic
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model, or using look-up tables—may have on the final results of any analysis. Obviously,
this is very much application specific and would require a careful assessment.

Thermodynamic databases of nuclear fuels have evolved significantly since the 1980s,
whereby some early investigations treated the irradiated fuel as stoichiometric with several
stoichiometric secondary phases and an ideal gas, to comprehensive databases that contain
hundreds of fully assessed binary and ternary systems that are based on sophisticated
thermodynamic models with multiple sublattices. Furthermore, more recent database
development efforts are informed by a greater number of experimental data that cover a
larger parameter space due to advances in experimental techniques. Given that thermody-
namic models are empirical, the quality of the model and its corresponding database is
ultimately limited by the quality of the experimental data used to generate it. Perhaps the
greatest challenge in experimental measurements related to nuclear fuel is when dealing
with vaporization at high temperatures, which is more relevant in the context of fuel safety.
Furthermore, measurements of irradiated fuels have the added challenge of requiring ex-
periments to be performed in a hot cell facility. Typically, isotopically benign surrogates are
used in-laboratory that are chemically equivalent but isotopically stable to avoid the need
to perform experiments in a hot cell. For example, one could use Cs-133 (stable) instead
of Cs-137 (not stable)-the same chemical element is used but the former is radioactively
stable and can more easily be handled in a laboratory.

Ongoing efforts over many years have focused on thermodynamic database advance-
ment together with several experimental campaigns to inform model development using
the CALPHAD method [1]. Two databases that have experienced significant attention are
TAF-ID [63] and MEPHISTA [94]. While there remains some knowledge gaps in the ther-
modynamic assessment of irradiated UO; fuel, including contact with other components
like concrete, one may argue that the community may be reaching a point of diminishing
returns. One could argue that the thermodynamic representation of UO; fuel in a particular
database is sufficient for a particular application, while other factors (e.g., aerosolization)
may not be as well understood and may require greater attention. This obviously remains
application specific.

The thermodynamic representations of other fuel designs—such as UCO, UCN, UZr,
and particularly molten fluoride and chloride salts—are not nearly as mature as UO; fuel
and a much larger number of knowledge gaps remain. Some knowledge gap assessments
have already been made to help provide steerage to future experimental and modelling
efforts (e.g., McMurray et al. [95]). This will likely be an ongoing activity in the coming
years. International collaboration involving multi-faceted experimental campaigns, the
development of models using state-of-the-art computational techniques, and a quality
control program is an effective approach to reach this goal.

A common trend observed in this review was that the description of any thermody-
namic database for any application was often kept to a minimum and lacked sufficient
detail for a reader to assess its fidelity and limitations. For example, it was unclear whether
some thermodynamic treatments could even reproduce experimentally derived phase
diagrams, or if pertinent binary systems in a database were assessed at all. It would be
prudent for future efforts to document the capabilities and limitations of any particular
database, including detailed experimental validation efforts.

4.3. Thermodynamic Calculations

Several different approaches for thermodynamic calculations to inform fuel codes
have been reported in the literature, including look-up tables, empirical correlations, and
direct coupling with a thermodynamics code. All three of these approaches have both
pros and cons. For instance, the use of look-up tables is perhaps the most computationally
expedient, resulting in faster run-times, but lacks the level of fidelity and versatility of
direct coupling with a thermodynamics code. Ultimately, one can question whether the
increased level of fidelity warrants the increase in computational expense or if it is even
necessary to do so at all.
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The main limitation in using look-up tables or empirical correlations is the limited
level of fidelity of the simulation, which is limited to a particular window of application.
For example, a look-up table may involve a large number of system parameters, which
may yield tables that are colossal in size—perhaps prohibitively large to completely capture
the entire set of parameters. Furthermore, there may be a number of details that cannot
be easily captured (or at all) by such look-up tables or correlations (e.g., fission product
speciation or phase transformations). On the other hand, a great advantage of the use of
look-up tables and correlations is the low computational requirements and also the low
probability for calculation errors/failure in a thermodynamics code (e.g., convergence).

A common challenge experienced with coupling a nuclear fuel code with a thermody-
namics code is the increase in computational expense, particularly when solved on a FEA
mesh. This issue has not been reported in the open literature among Class II SA codes; in
fact, Barber reported that the increased computational expense with coupling ChemApp
with SOURCE was quite acceptable [84]. The reason why the computational increase with
code coupling is more problematic with FEA codes is simply because of the very large
number of thermodynamic calls associated with a large number of finite elements in space
and steps in time.

This increase may be due to the specific software that is used, the database used by
that software, the manner in which the database is used, and/or the manner in which the
software is implemented in a fuel code. Typically, the user may not have much control
on any of these factors with exception of perhaps how the database is used. While it may
seem trivial, removing unnecessary species, phases, and elements can significantly reduce
computational expense. Software developers, on the other hand, obviously have much
more control on the other foregoing factors. One can implement various algorithms to
more efficiently solve thermodynamic equilibria (e.g., performance enhancing algorithms
by Piro and Simunovic [96]) or improve the manner in which a Gibbs energy minimizer is
coupled to a fuel code. A noteworthy observation is that little attention has been devoted
to parallelizing thermodynamics codes while much greater attention has been focused on
how a thermodynamics code is used in a larger fuel code. Since each individual calculation
is rather inexpensive but needs to be called numerous times within a single timestep, it
makes sense to run many serial instances in parallel whereby each individual instance is
executed efficiently according to Amdahl’s law. Great progress has been reported by both
Introini et al. [62] and Poschmann et al. [41] in terms of strategies to efficiently couple such
codes on a finite element mesh. Another aspect of thermodynamic codes that may have
a large impact on computational performance and reliability is the global optimization
algorithm that is used [97]. To date, there has been little reported in the literature to
rigorously assess the performance and reliability of global optimization algorithms that
have been used. This may be an area of future examination.

Another concept that may be worth exploring is a simplified approach to coupling
thermodynamic codes to FEA codes. One experience that could be leveraged is how
intragranular fission gas diffusion is often handled in fuel performance codes. Instead of
modelling every grain in a fuel performance code, a few representative grains are selected
across the radius and diffusion rates are interpolated across the fuel pellet. Perhaps a
similar approach may be worth exploring in coupling equilibrium thermodynamics with
an FEA code whereby thermodynamic calculations are not performed at every node on a
mesh but instead on only a few nodes and thermodynamic values are then interpolated.
One could anticipate challenges when phase transformations take place, which may result
in large discontinuities and necessitate careful attention.

4.4. Quality Assurance

Verification, validation, and Software Quality Assurance (SQA) are important to
nuclear fuel analyses, whereby the rigour of QA is typically determined by the intended use.
For example, the QA requirements of an analysis informing safety and licensing is much
higher than an analysis performed purely for research purposes. Here, verification refers to
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the numerical correctness and completeness of any model (Section 4.4.1), validation refers
to how well a model and its use within a large code aligns with experimental measurements
(Section 4.4.2), and SQA refers to the QA of a particular software (Section 4.4.3). The focus of
this section will focus on QA specific to thermodynamic coupling with nuclear fuel codes.

4.4.1. Verification

If thermodynamic calculations are to inform nuclear reactor safety analyses, where a
high degree of rigour is required, it may be worthwhile to have independent assessments
of the thermodynamic database that is used to quantify coverage in parameter space
and identify knowledge gaps. Given the tremendous complexity of the system, there are
opportunities for unintentional errors and omissions, whereby an independent assessment
can be quite helpful in identifying them. For example, the US NRC established a peer review
committee to review VICTORIA, including thermochemical representations of irradiated
fuel by Olander [74]. Perhaps the same could be done to other thermodynamic databases
of various fuel forms, including UCO, UCN, molten salts, etc.

4.4.2. Validation

One can partition validation efforts into separate effects tests to validate a model and
integral tests to validate a simulation or code. As far as validating thermodynamic models,
which represent a specific phase, it is worth reiterating that thermodynamic models are
empirical. That is to say that they are derived via non-linear regression based on a set
of experimental data as input. Therefore, a specific model is inherently validated with
respect to the conditions in which it was developed; however, the assemblage of models
into a system often requires some interpolation and extrapolation outside that perimeter of
experimental input, particularly for large multi-component systems. In terms of integral
tests to validate a simulation or code, which may include fuel irradiations in a test reactor
or data collected from the Fukushima accident, it becomes more difficult to differentiate
the source of any errors. However, these tests give confidence to the overall analysis and
some sense of uncertainties, which is obviously invaluable.

One important assumption with GEM calculations is that the conditions computed
are at thermodynamic equilibrium and that kinetics is not directly captured. This as-
sumption may be reasonable in some circumstances, such as several SA Class II codes
whereby thermodynamic calculations typically apply to situations at very high temper-
atures and chemically reactive atmospheres. Furthermore, there are other assumptions
and approximations in the overall analysis of a SA scenario that may be more impact-
ful than thermodynamics. Yet this assumption may not always be valid where various
kinetic phenomena may become important, particularly at low to modest temperatures.
For example, several thermodynamic analyses of irradiated UO, fuel under NOC predict
the formation of a number of minor secondary phases notwithstanding post irradiation
examinations typically only identifying 3—4 phases under NOC (i.e., fluorite, gas, and
HCP noble metals—sometimes perovskites as well). Integral tests can be quite helpful in
assessing the appropriateness of assuming thermodynamic equilibrium.

4.4.3. Software Quality Assurance

Documentation summarizing the QA of various nuclear fuel codes have been reported
in the literature; however, the author has not found any reports in the open literature
discussing SQA of thermodynamic codes—either commercial or open-source. It is possible
that such SQA documents are proprietary and therefore not available in the open literature;
however, the author has not found a detailed reporting of user requirements, software
design, unit testing, application testing, convergence coverage, or formal independent
peer-reviews of the source code [98]. A limited discussion on the necessary [99] and
sufficient [97] requirements for convergence as it relates to numerical verification has been
reported, but nothing comprehensive. If thermodynamic equilibrium software are to be
used to support nuclear safety analyses, this may be an area that may require further
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attention and discussion in the open literature. Two particular topics that would be worth
exploring are: (i) ensuring numerical convergence in a convincing manner over a very
wide range of parameter space and databases, and (ii) ensuring any system is at a global
minimum rather than a local minima.

5. Conclusions

A review has been provided of two classes of nuclear fuel codes that have been
informed by thermodynamic calculations (Class I: research and development codes, and
Class II: industrial fuel performance and safety codes). The following conclusions have
been made from this review:

1.  Class I codes have demonstrated some useful progress in thermodynamically in-
formed nuclear fuel codes, such as helping interpret experimental findings, capability
development, and knowledge gap identification.

2. Class II codes have demonstrated a widespread utility of thermodynamically in-
formed calculations under SA conditions whereby the added value is mainly in
predicting the release of low-volatile fission products and fuel volatilization.

3. There have not been any reports of Class II codes being informed by thermodynamic
calculations under NOC conditions. The value in doing so is not as clear, which is
mainly because of differences in intended applications.

4.  Thermodynamic databases of irradiated UO; and (U,Pu)O, (MOX) fuel have signif-
icantly evolved and benefited from a plethora of experimental data. International
co-operation has proven effective in database development.

5. Thermodynamic databases of irradiated non-conventional fuels (e.g., U-C-O, U-C-N,
molten salts) are not as well developed and require further investigations.

6.  Significant improvements in simulation fidelity have been reported with direct cou-
pling of nuclear fuel codes with a thermodynamic code, such as fission product
solubility, fuel oxidation, etc. Yet the added simulation fidelity of code coupling may
not always be warranted given the potential for a large increase in computational
expense. The increase in computational expense can be large for FEA codes but
modest for integral system level codes.

7. There have not been any concerted discussions or reports in the open literature related
to SQA of thermodynamic equilibrium codes. While this may be acceptable for use
with Class I codes at this time, this is an area that may require careful attention for
Class II codes moving forward.
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