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ABSTRACT
The U.S. Department of Energy’s Nuclear Energy Advanced Modeling and Simulation (NEAMS)

program aims to develop predictive capabilities by applying computational methods to the analysis and
design of advanced reactor and fuel cycle systems. This program has been providing engineering-scale
support for the development of BISON, a high-fidelity and high-resolution fuel performance tool.

This study was motivated by the need to incorporate more physics-based models in BISON in order to
foster tri-structural isotropic (TRISO) applications. This document details the integration of new modeling
capabilities in BISON, including (1) development of pyrolytic carbon (PyC) and silicon carbide (SiC)
layer anisotropic thermal and mass transport capabilities, (2) verification of the mass diffusion solution
in TRISO modeling, (3) calibration of fission product diffusivity using Advanced Gas Reactor (AGR)
experiments, (4) improved fission product release modeling by developing compact diffusion modeling
capabilities, and (5) documentation of accelerated failure analysis on the BISON website. Improvements
made to the diffusion models and parameters were documented and validated against AGR-1 and -2

experiment data.
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I. INTRODUCTION

The TRISO capability originally implemented in BISON assumed isotropy for certain material models
(e.g., the elasticity, thermal, and mass transport models for PyC and SiC). However, as reported in
Evans et al. (2022), TRISO layers can exhibit anisotropic thermophysical properties as a result of
the manufacturing process. The ability to account for anisotropic elastic properties was already added
(Jiang et al., 2022), and the present work extends this capability to account for anisotropic thermal
and mass properties in BISON. This capability to account for anisotropy in thermal and mass transport
is demonstrated in Section II, using example problems involving both spherical and aspherical TRISO
particles.

A one-dimensional (1-D) model is typically used to predict fission product diffusion in TRISO particles.
Code verification must be performed to ensure that BISON can generate accurate predictions. In this
study, the code verification process was applied to 1-D spatiotemporal problems that exercise a partial
differential equation (PDE) governing the conservation of fission product species. Numerical experiments
were performed in BISON to evaluate its predictive capability under various TRISO reactor conditions
(see Section III).

BISON comparisons to AGR-1 and -2 post-irradiation examination (PIE) data closely match the Particle
Fuel Model (PARFUME) results, yet both codes tend to overpredict the experimental data. There is a clear
need for data calibration to be optimized for improved release predictions. This study aims to investigate
the availability and reliability of diffusion coefficients for key radioactive species in the particle. The
diffusion coefficients were estimated based on the data obtained in the AGR-1 and -2 experiments during
both base irradiation and safety heating tests. The diffusion coefficients estimates, and the surveyed
empirical coefficients of the key radioactive species in the kernel, PyC, and SiC layers are discussed
in Section IV.

The effective diffusivity coefficient (EDC) is needed to simulate fission product diffusion through a
homogenized compact. In this study, we extended our previous studies (Toptan et al., 2021) in order to
examine the validity of models for making effective diffusivity calculations, obtained from the Fickian
diffusion. These numerical results establish the regimes in which these analytical formulations can be
applied with a high degree of confidence to the applications of interest, particularly in regard to estimation
of EDC from the Fickian diffusion for the TRISO applications (see Section V).

The capability of modeling fission product diffusion in compacts via classical Monte Carlo (MC)
was extended to enable two-way coupling between TRISO particles and the compact. In this method,
particles are simplified as point sources in each compact. A convergence study was performed to assess
the accuracy of point source calculations. At the particle level, a discontinuous Galerkin method was
explored to ameliorate the solution oscillation associated with the large diffusivity contrasts across
different layers in TRISO. The BISON compact modeling capability was applied to the modeling of AGR-
1 and -3/4 experiments. For AGR-3/4, sorption isotherm conditions were implemented to account for the
concentration jump across the different “rings” in a capsule. Using daily as-run irradiation conditions, the
1-D BISON model calculated the fission product concentration profiles across selected capsules’ rings
and compared them to the measured PIE data. For AGR-1, fission product release was calculated using
the compact diffusion modeling capability. Retention of the fission product species in a graphite compact
was accounted for. Ultimately, BISON’s new prediction capability showed better agreement with the
PARFUME results (see Section VI).
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Recently implemented methods for conducting accelerated failure analysis of TRISO, their documen-
tation on the BISON website, and application to the failure analysis of several 1-D and two-dimensional
(2-D) models are all discussed in this report. Several examples were included to explain the usage of
those new capabilities in regard to BISON TRISO statistical failure analysis (see Section VII).
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II. ANISOTROPIC THERMAL AND MASS TRANSPORT

The manufacturing process for TRISO particles involves deposition of PyC and SiC layers onto fuel
kernels via chemical vapor deposition (CVD) in fluidized beds. The hydrocarbons and SiC precursors
decompose at high temperatures during the deposition process. The reactant gas mixture and temperature
are carefully controlled to obtain the desired coating properties. The CVD process is known to produce
polycrystalline material layers with crystallographic textures (Lopez-Honorato et al., 2009; Meadows
et al., 2009; Zhang et al., 2015). Due to this texture, the CVD-deposited layers can exhibit anisotropic
thermophysical properties (Wang et al., 2018). A detailed discussion on the anisotropic properties of
TRISO particles is presented in Evans et al. (2022).

These anisotropic properties may or may not significantly affect the stress state in the TRISO layers,
and thus also affect the structural integrity of TRISO particles (Jiang et al., 2021b, 2022). To understand
how anisotropy in the thermophysical properties of TRISO particles impacts the performance of TRISO
fuel, the code must be able to account for the anisotropic material properties. Such a capability has been
added (Jiang et al., 2021b), and the present work extends it to account for anisotropic thermal and mass
transport properties in BISON. Although this capability is presented here in the context of TRISO fuel,
it is widely applicable to other fuel forms and core components.

A. Anisotropic Thermal Behavior

Due to the crystallographic texture, the radial and tangential thermal conductivities can differ from each
other. To incorporate this anisotropy in a TRISO particle, the thermal conductivity property should be
defined as a second-order tensor whose components are the magnitudes of the thermal conductivity in the
corresponding directions. In BISON, thermal conductivity £ is represented as a rank two tensor:

k11 k12 ks
ko1 koo kos|, (1)
k31 k3o k33

where subscripts 1, 2, and 3 correspond to the vectors of orthonormal bases in the local coordinate system,
which rotates according to layer orientation, as shown in Figure 1. In a local system, the off-diagonal
elements of this tensor are zero. Since the solve is performed in a global coordinate system, the thermal
conductivity tensor is rotated to obtain its components. In the global coordinate system, the off-diagonal
components of the tensor can be non-zero. The model is capable of applying automatic differentiation if
needed.

The capability to model anisotropic thermal behavior in BISON is demonstrated through an example
problem in which the fuel performance of TRISO particles with both spherical and aspherical geometries
is evaluated by considering two cases of PyC thermal conductivity: (1) isotropic thermal conductivity,
with a value of 4 W/m-K, and (2) anisotropic thermal conductivity, with a value of 0.28 W/m-K in the
radial direction and 11.5 W/m-K in the tangential direction, as per Wang et al. (2018). Two different
operating conditions are also considered: the exterior surface of the TRISO particle is considered to be
at 973 and 1273 K. The results of the analysis are shown in Figures 2—7. These results indicate that
the anisotropic thermal properties of PyC layers significantly affect the temperature distribution in the
TRISO particle; however, the impact on the structural integrity of TRISO particles appears insignificant.
This example problem demonstrates BISON’s capability to model anisotropic thermal behavior, which
can aid in understanding the extent of thermal anisotropy’s effect on fuel performance.
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Fig. 1. Thermal conductivity tensor components and their orientation in the local coordinate system. The ks
component’s direction is into the plane of the TRISO figure.
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Fig. 2. Temperature distribution in the TRISO particle and fuel kernel for the aspherical case (units: Kelvin).
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B. Anisotropic Diffusion

As discussed earlier, the CVD process, which is used in manufacturing TRISO particles, can gen-
erate material layers featuring a crystallographic texture that may induce anisotropy in thermophysical
properties. Thus, the capability to model anisotropic arrhenious diffusion was developed. As part of
this effort, modeling of the anisotropic diffusion kernel via AnisotropicArrheniusDiffusion
and anisotropic arrhenious diffusion material via AnisotropicArrheniusDiffusionCoef was
implemented in BISON.

The material model AnisotropicArrheniusDiffusionCoef computes a two-term Arrhenius
diffusion coefficient. The diffusion coefficient D is represented as a rank—two tensor:

D11 D12 Das
D21 Dag Do, )
D3y D3z D33
where
Dlijexp (ﬁ%”) + D2;j exp (7_%” ) , fori=3j
Dij = o 3)
0, for i # j

D;; are tensor components that correspond to the orthonormal basis vectors in the local coordinate
system, which rotates according to layer orientation, as was shown earlier in Figure 1 in the context
of anisotropic thermal conductivity. As with anisotropic thermal conductivity, the off-diagonal elements
of this tensor are zero in the local coordinate system but can have non-zero values when the tensor is
transformed to the global coordinate system for the solve. The model is capable of applying automatic
differentiation if needed.

Here, this capability is demonstrated by means of an example analysis involving a TRISO particle
whose exterior surface temperature is 1273 K. The silver atoms are generated in the fuel and diffuse
into the inner PyC (IPyC) layer and to the outer SiC and outer PyC (OPyC) layers. The PyC layer is
considered to have different diffusivity values in the radial and tangential directions. The impact of these
diffusivities on silver transport was analyzed. We started with an isotropic case in which both the radial
and tangential diffusivities were equal to D, (a diffusion coefficient of 5.3x10~® m?/s and an activation
energy of 154 kJ/mol). The tangential and radial diffusivities were then systematically increased by factors
of 10 and 100, and the silver concentrations in both cases were compared. The gap diffusivity values
were defined such that the diffusion increased with decreased gap width. This definition of gap diffusivity
was chosen only to illustrate the anisotropic diffusion modeling capability by means of this example, and
is not based on experimental data. The results are shown in Figure 8 and Figure 9.

Figure 8 shows that, as the diffusivity in the tangential direction increases, so does the diffusion
of the silver atoms into the IPyC layer. Note that SiC has significantly lower diffusivity, and thus the
concentrations of the silver atoms in the SiC and OPyC layers are smaller than that in the IPyC layer. The
atoms mostly diffuse through the gap region, where the buffer layer is almost in contact with the IPyC
layer, then diffuse circumferentially into the IPyC layer. This diffusion through the IPyC layer increases
with increased tangential diffusivity.

Figure 9 shows the impact of increasing radial diffusivity of the PyC layer on the silver atoms.
Increasing the diffusivity by a factor of 10 produces a clear increase in the concentration of atoms
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diffusing radially. However, no further increase occurs in the diffusion of the atoms when the diffusivity
is increased by a factor of 100. This happens because the gap acts as bottleneck, having lower diffusivity
than the radial diffusivity of the IPyC layer. Thus, further increasing the diffusivity of the PyC layer does
not affect the radial diffusion of the silver atoms.

Dradial = Do jal = Dradial = Do

Dtangential = Do Dtangential = 100D°

|

IS

o
conc_ag

Fig. 8. Comparison of the concentration of silver for its three different diffusivity values for the PyC layers in the
tangential direction (units: 1014 atoms/m?).

D

Dtangential = Do

Dyagiat = 10D,

Dtangential = Dc

Dradial N 100Do
D) D

radial = Do radial

tangential =

!

&

o
conc_ag

Fig. 9. Comparison of the concentration of silver for its three different diffusivity values for the PyC layers in the
radial direction (units: 10'* atoms/m?).
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C. Summary

The CVD process, used to manufacture TRISO particles, is known to produce crystallographic textured
layers that can have anisotropic thermophysical properties. These anisotropic properties may affect the
thermomechanical and fission product diffusion behavior of TRISO particles. In the present work, the
ability to model anisotropic thermal behavior and diffusion was developed. Specifically, this capability
enables users to define thermal conductivity as a second-order tensor whose components correspond
to the thermal conductivity magnitudes in the radial and tangential directions. Similarly, the diffusivity
coefficient of TRISO can be defined as a second-order tensor whose components correspond to the
diffusion coefficient magnitudes in the radial and tangential directions. This newly implemented capability
was demonstrated through example analyses conducted on both spherical and aspherical TRISO particles.
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ITII. VERIFICATION OF THE MASS DIFFUSION SOLUTION

Many approaches have been developed to assess the credibility and predictive capabilities of modeling
and simulation (M&S) tools (Oberkampf and Roy, 2010; Oberkampf et al., 2007; Hills et al., 2013;
Roache, 1998; National Research Council, 2012). An important aspect of these approaches is verification,
which ensures that the behavior of the numerical algorithm is consistent with the underlying mathematical
model. In this work, we are specifically concerned with verification of BISON, which solves the coupled
mechanical, thermal, and species diffusion equations for nuclear fuel systems via the finite-element method
(FEM) (Williamson et al., 2021). BISON’s governing equations are as follows:

i. Conservation of momentum (or static equilibrium) is prescribed using Cauchy’s equation:

V.o =0, “4)

where o is the Cauchy stress tensor (a function of displacement).
ii. The heat equation is:

oT .
pCpE—FV-q—EfF:O, 4)

where T' is the temperature, cp is the specific heat capacity, q is the heat flux, £y is the energy
released per fission, and F' is the volumetric fission rate.
iii. Fission product species conservation (i.e., mass diffusion or Fick’s second law) is given by:

a£+V-J+)\C—p:0, (6)
ot
where C is the concentration, A is the decay constant (A = % in terms of the half-life 77 /o),
p is the source rate of a given species, and J is the mass flux. With neglected radioactive decay,
Equation 5 and Equation 6 become similar PDEs.

Recent work has focused on verification of the PDE governing the conservation of fission product
species (i.e., Equation 6), particularly its predictions under spatiotemporal reactor conditions for a TRISO
particle. The fission product diffusion calculations were previously validated against the AGR-1 (Hales
et al., 2021, 2020) and AGR-2 (Hales et al., 2022) experimental data, and benchmarked against the other
fuel performance codes found within the Coordinated Research Program (CRP-6) benchmark (Hales et al.,
2021, 2020). In addition to these validation cases, the reliability of BISON predictions under both steady-
state and transient conditions had previously been verified (Hales et al., 2014; Toptan et al., 2020b,a; Hales
et al., 2021; Toptan et al., 2022b; Hales et al., 2022). This paper covers a set of numerical experiments
examining BISON’s predictive capability concerning the conservation of fission product species (or the
mass diffusion solution) under various in-pile and out-of-pile conditions. The verification exercises were
chosen for their relevance to spherical TRISO particles for both short- and long-lived (i.e., stable) fission
product species. The material presented here is a subset of the information found in Toptan et al. (2023).

A. Background

The conservation of fission product species is given by Equation 6. The PDE is composed of terms for
transient effects, diffusion, decay, and the volumetric source rate. We use the same convention throughout
this study, with the additional following symbols and dimensionless numbers: a is the radius of the sphere,
p = r/a is the dimensionless normalized radius (0 < p < 1), 7 = D't is the dimensionless diffusion
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time (-), D' = D/ a® is the reduced diffusion coefficient (s™1), and p = A /D’ is the ratio of the decay
rate to its diffusion rate (-). For short-lived isotopes, p > 1; for long-lived isotopes, p < 1; and for a
stable isotope, = 0.

In all cases, the sphere of radius a is subject to similar boundary and initial conditions. Radial symmetry
is considered at the origin (r = 0) for all ¢ > 0. The concentration is set to zero at the outer surface
(r = a), and at r = a for all £ > 0, a Dirichlet boundary condition is applied as C' = C on I'c, where
Cisa prescribed value for concentration (C = 0 to remain concentration-free, or for the ideal sink in
this study) and I'c is the boundary on which it is applied. A constant (or flat) profile is applied as the
initial concentration profile: C'(x,t) = Co at t = 0 for 0 < r < a, where Cj is the prescribed initial
concentration.

In this study, the following three main verification exercises concerning the reactor conditions for
spherical TRISO particles were selected:

1) In-pile production, transport, and decay of short-lived isotopes (A # 0), where the spherical particle is

initially concentration-free (Cy = 0) and a non-zero source term is applied (p # 0). See Section I1I-B.
2) In-pile production, transport, and decay of long-lived (or stable) isotopes (A = 0), where the spherical
particle is initially free of concentration-free (Cy = 0) and a non-zero source term is applied (p # 0;
see Section III-C.)

3) Out-of-pile conditions for transport and decay of pre-existing isotopes (A # 0), where the spherical
particle is initially at a non-zero concentration (Cy # 0), and no production (p = 0) occurs within
the particle, see Section III-D.

The analytical solutions to this PDE under these conditions were taken from Nabielek et al. (1974). In
an attempt to better understand the physics by applying a reduced number of variables, these expressions
are nondimensionalized in this study. The BISON-computed results were compared against the expected
results obtained from the analytical expressions in terms of the following Qols:

1) The concentration, C(r,t), was obtained from Equation 6, based on the problem settings (e.g.,

initial/boundary conditions and geometry). For constant D and p, Equation 6 in spherical coordinates

reduces to:
oC 1 9?2

ot ror?
2) The release rate, R(t), is given as the product of the flux to the outside and the surface area of the
sphere (4ma?):

(rC) — AC + p. )

oC

= —471a’D —
R(t) = —4ma ar |,

®)
=a
The ratio of the release rate to the production rate over the whole volume of the sphere (%Tra3) is
referred to as the release-rate over birth-rate (R/B) (-), and is expressed as:

R(t)

(R/B) = Teap(t)

©))
The R/B ratio can also be thought of as the fractional release rate. This ratio is the non-dimensional
correspondence of the release rate and is only meaningful for in-pile conditions.

3) The fractional release (i.e., release fraction), F(t) (-) is defined as the ratio of the number of
undecayed atoms outside the sphere to the number of undecayed atoms in the whole system. For a
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constant production rate (i.e., p(t) = p), the above relation reduces to:
e dt!
Jy R(t)dt

) = ama’ {C’o + RleM—1]}

(10)

B. Exercise 1: In-pile production, transport, and decay of short-lived isotopes (Cy = 0, p # 0, and
A#0)

The in-pile conditions for a decaying fission product (A # 0) are considered in terms of the following
settings: an initial concentration of zero in the sphere (Cy = 0 for 0 < r < a), and a non-zero source
(p # 0). In this study, we assume constant source generation, p(tf) = p. Equation 6 is solved in the
spherical coordinates. For the in-pile production, transport, and decay of short-lived isotopes, the resulting
analytical expressions for the concentration, R/B, and fractional release are as follows:

1) The concentration profile, C (p, T), is expressed as:

P, 2u e Lo e T
= E 11
p/)\ n (n?m2 + u) sin (np), (11a)
and as 7 — oo, Equation 11a reduces to:
C sinh
o _ g sinh (pvE) (11b)

w B psinh (\/ﬁ) .

2) The R/B ratio is expressed as:

(R/B) 3 < b (i) 1 ) Gie (n2m+p)r )
= — | cot w——1 - —_—.
Vi Vi = nPmt 4
Equation 12 reduces to the first term on the right-hand side (RHS) of this relation as 7 — co.
3) The fractional release, F'(7), is expressed as:

1_e—n7r7'

3 1 .
F(r) = NG (coth(\/ﬁ) - \/ﬁ) Z P T (13)

Figure 10 compares the analytical and the computed concentration, C'/(p/\), at four different radial
locations (p = 0.25, 0.50, 0.75, and 0.95); R/B; and F'(7) as a function of dimensionless diffusion time,
7 (with arbitrarily chosen p = 0.1). In this exercise, the first 100,000 terms in the infinite summation are
considered sufficient to prevent any artificial oscillations in the analytical solution. The BISON predictions
agree well with the analytical results for the concentration profiles, R/B ratio, and fractional release from
a solid sphere under in-pile conditions for a decaying fission product.

C. Exercise 2: In-pile production and transport of a stable fission product (Cy =0, p # 0, and X\ = 0)

The in-pile conditions for a stable fission product (A = 0) are considered in terms of the following
settings: an initial concentration of zero in the sphere (Cy = 0 for 0 < r < a), and a non-zero source
(p # 0). In this study, we assume constant source generation, p(¢f) = p. Equation 6 is solved in the
spherical coordinates. For the in-pile production and transport of a stable fission product, the resulting
analytical expressions for the concentration, R/B, and fractional release are as follows:
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Fig. 10. Comparison of the analytical and the computed (a) concentration, C/(p/)), at four different radial locations
(p = 0.25, 0.50, 0.75, and 0.95); (b) the release rate over the birth rate, (R/B); and the (c) fractional release, F'(7),
as a function of dimensionless diffusion time, 7 (with arbitrarily chosen p = 0.1), for in-pile production, transport,

and decay of short-lived isotopes (Cy = 0, p # 0, and A # 0).

1) The concentration profile, C'(p, 7) is expressed as:
C(p, 1) o 12 & e T
) —(1— =~ -1 n+1

The steady-state (7 — o0) solution for the concentration reduces to the first term on the RHS of

sin (n7p). (14)

n=1

Equation 14.
2) The R/B ratio is expressed as:

o0 e—n2ﬂ'27'
(R/B) = 1—6ZW. (15)
n=1
3) The fractional release, F'(t), is expressed as:
6o 1 — e T
Firy=1-—— _— 16
(1) - Z nimrd (16)

Figure 11 compares the analytical and the computed concentration, C'(p, 7)/ [p/(6D")], at four different
radial locations (p = 0.25, 0.50, 0.75, and 0.95); R/B; and F'(7) as a function of 7 (with arbitrarily chosen
1 = 0.1; however, the concentration solution is independent of y). In this exercise, the first 100,000 terms
in the infinite summation are considered sufficient to prevent any artificial oscillations in the analytical
solution. The BISON predictions agree well with the analytical results for the concentration profiles, R/B
ratio, and fractional release from a solid sphere under in-pile conditions for a stable fission product.

17 of 94



H
o
;
L ]
o
1
o]
&
o
o
;
\
\
\
\
1
]
1
1
1
L]
1
1
1
]
]
4
o
o
;
L ]

LY
. / 0.5+ 05 /

Total fractional release (-)

I

I

$

¢

4 Analytic
* --- BISON
Eé
0.0

-—eo-0o-

Dimensionless concentration (-)
o
w
\
1
]
1
1
[}
1
1
1
1
)
s
o
&
Release-rate over birth-rate (-)

. 1 1
00 o5 1.0 00 05 1.0 05 1.0
Dimensionless time (-) Dimensionless time (-) Dimensionless time (-)

<
)

@) g/(gg’) Vs T () (R/B) vs. T (c) F(1) vs. T

Fig. 11. Comparison of the analytical and the computed (a) concentration, C(p,7)/[p/(6D’)], at four different
radial locations (p = 0.25, 0.50, 0.75, and 0.95); (b) release rate over birth rate, (R/B); and (c) fractional release,
F(1), as a function of dimensionless diffusion time, 7 (with arbitrarily chosen p = 0.1; however, the concentration
solution is independent of ) for in-pile production and transport of a stable fission product (Cy = 0, p # 0, and

A =0).

D. Exercise 3: Out-of-pile conditions for the transport and decay of preexisting isotopes (Cy # 0, p = 0,
and A #0)

The out-of-pile conditions for a decaying fission product (A # 0) are considered in terms of the
following settings: an initial concentration of non-zero in the sphere (Cy # 0 for 0 < r < a), and a
zero source (p = 0). Equation 6 is solved in the spherical coordinates. For out-of-pile conditions for
the transport and decay of preexisting isotopes, the resulting analytical expressions for the concentration,
release rate, and fractional release are as follows:

1) The concentration profile, C'(p, T), is expressed as:

i (n2m )T

Clp,7) 2 n+1€ -
2) The out-of-pile release rate, R(7), is expressed as:
A 2,2
R(r) = gmq3 C0A D e (18)
K n=1

3) The fractional release, F'(7), is expressed as:

—n?n3r

F(r)=1-6% . (19)
n=1

Figure 12 compares the analytical and the computed concentration, C'/Cy, at four different radial
locations (p = 0.25, 0.50, 0.75, and 0.95); R(7); and F'(7) as a function of 7 (with arbitrarily chosen
© = 0.1). Note that, as the R/B definition is not meaningful in regard to out-of-pile conditions, we use
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the out-of-pile release rate R(7). As 7 — oo, the dimensionless concentration approaches zero. In this
exercise, the first 100,000 terms in the infinite summation are considered sufficient to prevent any artificial
oscillations in the analytical solution. The BISON predictions agree well with the analytical results for
concentration profiles, release rate, and fractional release from a solid sphere under out-of-pile conditions
for the transport and decay of preexisting isotopes.
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Fig. 12. Comparison of the analytical and the computed (a) concentration, C'/Cy, at four different radial locations
(p = 025, 0.50, 0.75, and 0.95); (b) release rate, R(7); and (c) fractional release, F'(7), as a function of
dimensionless diffusion time, 7 (with arbitrarily chosen ;1 = 0.1) for out-of-pile conditions for the transport and
decay of preexisting isotopes (Cy # 0, p = 0, and A # 0).

E. Summary

The BISON predictions agree well with the analytical results for concentration profiles, release rate
and R/B, and fractional release from a solid sphere under in-pile conditions for both decaying and stable
fission products, and under out-of-pile conditions for the preexisting isotopes. These verification problems
were made available in the BISON verification test suite and can be found within the BISON verification
documentation.
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IV. DIFFUSION COEFFICIENT ESTIMATES BASED ON THE AGR-1 AND -2 INTEGRAL
RELEASE EXPERIMENTS

The fission product diffusion (or mass diffusion) follows Equation 6. The mass flux, J, is:

J=-DVC, (20)
where the diffusion coefficient, D (m?/s), is defined in an Arrhenius-type temperature-dependent form:
D:D(T,F,c,...):ZD,-exp(—g}), 1)

i=1,2

where D; is the frequency factor (m?/s), Q; is the activation energy (J/mol), R is the universal gas
constant (8.3145 J/mol/K), and 7T is the temperature (K). Typical values of D; and (); are tabulated
in Table I for long-lived fission product species such as silver (Ag), cesium (Cs), strontium (Sr), and
krypton (Kr).

TABLE 1. Mass diffusion coefficients from Hales et al. (2022).

FP Zone Dy (m?/s) Q1 (kJ/mol) Dy (m?/s) Q2 (kJ/mol)
Kernel 6.7 x 1077 165
Ag PyC 5.3 x 107 154
SiC 3.6 x 1079 215
Kernel 5.6 x 108 209 5.2 x 1074 362
Cs® PyC 6.3 x 1078 222
SiC 5.5 x 10 Hex1.1/5) 125 1.6 x 1072 514
Kernel 2.2x1073 488
Sr  PyC 2.3x10°6 197
SiC 1.2 x 1079 205 1.8 x 108 791
Kernel 1.3x107'2 (T < 1353°C) 126 (T < 700°C) 6x10~' (T > 700°C) 480 (T > 700°C)
Kr 8.8x 10715 (T > 700°C) 54 (T > 700°C)
PyC 2.9 x 1078 291 2 x 10° 923

SiC 8.6 x 10710 (T < 1353°C) 326 (T < 1353°C)
3.7 x 10' (T > 1353°C) 657 (T > 1353°C)
@ T'is the fast neutron fluence (x10%° n/m?, E > 0.18 MeV)

This study aims to investigate the availability and reliability of diffusion coefficients for key radioactive
species in the particle as listed in Table I. Section IV-A presents the methods used in the calibration
to estimate the diffusion coefficients based on AGR integral release experiments. Section IV-B briefly
describes the AGR-1 and -2 experiments during both the base irradiation and safety heating tests.
Section IV-C details how the calibration techniques were applied to BISON. Section IV-D provides and
discusses the diffusion coefficient estimates and the surveyed empirical coefficients of the key radioactive
species in the kernel, PyC, and SiC layers. Lastly, Section IV-E concludes this section with a discussion
and outline of future work.
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A. Calibration Technique

Calibration is the process of using observations—either synthetic data or experimental data—to estimate
the parameters of a computational model of interest. Several parameter estimation methods are available
in the literature (e.g., the frequentist and Bayesian estimation methods). This study employs the frequentist
method, in which the frequentist view of probability is the frequency of occurrence as P(A) = /N for
n times that event A occurs in IN. The Bayesian view of probability is a measure of the plausibility of
an event, given incomplete knowledge, with Bayes’ rule simply expressing the likelihood of an event A
occurring that event B as P(A|B) = P(BIA)P(A)/p(B) for events A and B with P(B) # 0. Frequentist
inference does not require a prior and is less computationally intensive than Bayesian inference. The
Bayesian inference can be computationally intensive due to the integration over many dimensions (Toptan,
2019).

The main principle in the frequentist approach is to estimate model parameters 8 = {6;}! ; by
minimizing the differences between the observations v = {v;}" ; and the predictions y = {y;}}"_;, with
predictions being made according to the model function f(8):

n
6 = argmin zl: [v; — yi)?, (22)
where the variance estimate is expressed by:
1
6% = R"R, (23)
(n —p)

where R is the residual matrix between the observations and the predictions. The ordinary least square
method is a common (or traditional) example of the frequentist method. The sensitivity matrix x of the
model function is calculated numerically and used to estimate the covariance of parameter matrix 8. The
covariance matrix V' can be estimated via
V(o) =6 (x"x) (24)
with the sensitivity matrix x approximated numerically at each state point from the experimental data,
as per: . A X
. Of(z:,0) _ f(xi,0 +¢j) — f(x,0)
Xl] - 80] ~ € )
with a small perturbation to the j-th parameter value, ¢;.
1) Bootstrapping Method
For highly nonlinear problems or problems involving small sample sizes, the bootstrapping method
(see Algorithm 1) is an alternative way to construct sampling distributions by using frequentist estimators.
The same estimators are resampled to calculate a MC approximation of the parameter distributions. Since
actual sampling of additional data is not practical, the existing data are resampled (Porter, 2018).
2) Nelder-Mead Method
This study employs the Nelder-Mead method as the minimization technique for Equation 22, which
uses the simplex algorithm (Nelder and Mead, 1965; Wright, 1996) and is considered robust in many
applications. The Nelder-Mead method iteratively generates a sequence of simplices to approximate an
optimal point of min f(x), where f : R” — R is the objective function and n is the dimension. A

(25)
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Algorithm 1 Bootstrapping parameter estimation, which is the process of resampling estimators from
the same set of data to acquire a distribution of those estimators (Porter, 2018).

1: Input: Experimental data y, model f, and number of bootstrap samples M.
2: Output: Frequentist estimates of optimized parameters @o; s, experimental error 52, and covariance

matrix V. N

3: Determine Oors = argminz [yi — f(2,0))
6 =1

4: Construct standardized residuals r; = Ni_p lyi — f(x;,0)]
5: for m =1 to M do
6: Sample from r with replacement to generate a bootstrap sample of N standardized residuals, 7
7: Generate synthetic data y" = f(z,0oLs) + 7"
8: Calculate the OLS estimate to obtain 6™
9: end for

10: Now 6™ is a chain that can be used to construct Ogys, 62, and V.

simplex is a geometric figure in n dimensions that is the convex hull of n 4 1 vertices. We denote a

simplex with vertices ®1, 2, ..., Ty+1 as A. At each iteration, the vertices {:cj ;Lill of the simplex are
ordered according to the objective function values:
f(@1) < f@2) < -+ < f(@nt) (26)

Here, x; is referred to as the best vertex and x,,1 as the worst. If several vertices have the same objective
values, consistent tie-breaking rules are required for the method to be well defined. The algorithm uses
four possible operations: reflection, expansion, contraction, and shrink, each being associated with a
scalar parameter: o, 3, -y, and 4, respectively, whose values must satisfy o > 0, § > 1,0 <~y < 1, and
0 < 0 < 1. In the standard implementation of the Nelder-Mead method, the parameters are chosen to be

11
0b=4¢1,2, =, = . 27
{a7 /8’ ,}/7 } { ) ) 2 ) 2 } ( )
Here, the parameters were chosen adaptively, based on the problem dimension n (for n > 2) as
2 1 1
{a,ﬂ,%é}—{l,l—l—,o.%—,1—}. (28)
n 2n n

according to Gao and Han (2012). In this study, we exercised the latter approach. The Nelder-Mead
method is one of the bound-constrained minimization techniques that allows to define physical parameter
ranges. In our application, we physically constrained the parameter ranges within (0,00) to not have
positively defined physical values for the mass diffusion coefficients, and our objective function is the
code simulation at a given set of mass diffusion parameters.

B. AGR-1 and -2 Experiments

The four irradiation experiments sponsored by the U.S. Department of Energy (DOE)’s AGR program
are as follows (EPRI, 2019): (1) early fuel experiment (AGR-1), (2) performance test fuel experiment
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(AGR-2), (3) fission product transport experiments (AGR-3/4), and (4) fuel qualification and fuel perfor-
mance margin testing experiments (AGR-5/6/7). In this study, we evaluate the diffusion coefficients of
Ag, Cs, Kr, and Sr, based on the AGR-1 and -2 experiments. Refer to EPRI (2019); Collin (2015, 2018)
for more details on the four campaigns of the AGR program.

The AGR-1 irradiation provided data on irradiated fuel performance for both baseline and variant fuels.
The early data on the performance of fuel variants supported the selection of a reference fuel for the
AGR-2 irradiation experiment, as well as the development of an improved fundamental understanding of
the relationship among the fuel fabrication process, as-fabricated fuel properties, and performance under
both normal operation and potential accident scenarios. The AGR-1 features six uranium oxycarbide
(UCO) capsules with a total of 72 compacts containing TRISO particles fabricated in a small laboratory-
scale coater. Selected irradiated AGR-1 compacts were evaluated at temperatures of 1600—1800°C during
the AGR-1 safety test, which aimed to explore the characteristics of fission product release during a
depressurized conduction cool-down event experienced by UCO fuel.

The AGR-2 irradiation provided irradiated fuel performance data for coated particles at the engineering
scale, as well as irradiated fuel specimens for PIE and safety heating testing. As with the AGR-1, the AGR-
2 has six capsules, four of which contained U.S.-manufactured fuel, three UCO capsules, and one uranium
dioxide (UOy) capsule. The remaining two capsules (i.e., Capsules 1 and 4) contained fuel manufactured
by Westinghouse/Pebble-Bed Modular Reactor SOC Ltd. and Commissariat 2 1'Energie Atomique et
Aux Energies Alternatives, and are not discussed or included in our analyses for this study (EPRI, 2019).
Similarly, for select compacts, a post-irradiation heating test (i.e., the AGR-2 safety test) was conducted
at 1600-1800°C to test both the integrity and fission product retention of the TRISO particles.

Figure 13 shows the experimental conditions of both the AGR-1 and -2 fuel compacts at the end
of irradiation as a function of burnup, fast neutron fluence, and time-average volume-average (TAVA)
temperature. AGR-1 has six UCO capsules, for a total of 72 compacts. AGR-2 has three UCO capsules
(i.e., Capsules 2, 5, and 6) and an UQOs capsule (i.e., Capsule 3), for a total of 48 compacts. The compacts
for which PIE data are available are outlined in black. Thus, 17 compacts for AGR-1 and 48 compacts
for AGR-2 are considered in this study. The AGR-1 fuel compacts were irradiated up to a burnup of
19.6% fissions per initial metal atom (FIMA), with a fast neutron fluence of 4.3x10%° n/m? (E >0.18
MeV) (Collin, 2015). The AGR-2 fuel compacts were irradiated up to a burnup of 7-10% FIMA, with
a fast neutron fluence of up to 5.0x 10%° n/m? (E >0.18 MeV) (Collin, 2018).

In Hales et al. (2021, 2022), the BISON predictions were validated against the AGR-1 and -2 ex-
periments and PARFUME predictions. Here, we selected the same compacts used in our previous
studies (Hales et al., 2021, 2022), and each compact in this study is referred to based on its capsule,
compact number, and stack location. For example, AGR-1 6-4-3 refers to the fourth compact in the sixth
capsule, which is stacked in the third axial location for the AGR-1 experiment. A brief summary of the
measurements conducted during both the base irradiation and safety tests is provided in the following
sections.

The scope of this study mainly focuses on the release fraction data from the AGR-1 and -2 experimental
datasets for the key fission products of interest. We use measurements with intact particles in the
optimization study, whereas measurements with the failed particles are concerned for cross-validation
purposes.
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Fig. 13. AGR-1 and -2 compacts at the end of irradiation as a function of burnup, fast neutron fluence, and TAVA.
AGR-1 has six UCO capsules, for a total of 72 compacts. AGR-2 has three UCO capsules (2, 5, and 6) and
an UO; capsule (3), for a total of 48 compacts. The compacts for which PIE data are available are outlined in
black; therefore, 17 compacts for AGR-1 and 48 compacts for AGR-2 are considered in the validation. The AGR-1
compacts were irradiated to higher burnups, lower irradiation temperature ranges, and relatively higher fast neutron

fluences than the AGR-2 compacts.

1) Base irradiation
The base irradiation results for the AGR-1 compacts are plotted for both intact particles (Figure 14)

and failed particles (Figure 15). The material presented here is a subset of the information found in Hales
et al. (2021).

Similarly, the base irradiation results for the AGR-2 compacts are plotted for both the intact particles
(Figure 16) and the failed particles (Figure 17). The material presented here is a subset of the information
found in Hales et al. (2022).

During the base irradiation, the compacts were operated over a moderate temperature range, with a
TAVA temperature of 1000-1150°C. Discrepancies between the BISON and PARFUME predictions with
respect to the PIE data do not exhibit a clear trend, but indicate that current diffusivity models carry
deficiencies that possibly arise from missing physics or incorrect model parameters.

2) Safety heating tests

In addition to the base irradiation, select compacts from the AGR-1 and -2 experiments were evaluated
at high temperature (i.e., 1600-1800°C) during the post-irradiation safety tests. BISON modeling of the
AGR-2 safety test was done first, as was presented in Hales et al. (2022). This study presents the BISON
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Fig. 14. BISON-predicted release fractions using the International Atomic Energy Agency (IAEA)-reported diffusion
coefficients (see Table I) for (a) Ag, (b) Cs, and (c) Sr, as compared to the measured release fractions for the AGR-1
base irradiation with the intact particles.
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Fig. 15. BISON-predicted release fractions using the IAEA-reported diffusion coefficients (see Table I) for (a) Cs
and (b) Sr, as compared to the measured release fractions for the AGR-1 base irradiation with the failed particles.
Here, the dashed lines represent the PARFUME predictions, and the solid lines represent the BISON predictions.

modeling of the AGR-1 safety test, which is newly performed and merged into the BISON repository
during this fiscal year.

A total of 14 irradiated AGR-1 compacts underwent the safety test; detailed information on them
is given in Table II. In the safety test, the compacts were heated for at least 300 hours to the target
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Fig. 16. BISON-predicted release fractions using the IAEA-reported diffusion coefficients (see Table I) for (a,b,d,e)
Ag, (c) Cs, and (f) Sr, as compared to the measured release fractions for the AGR-2 base irradiation with the intact
particles. Here, Capsules 2, 5, and 6 (a,d,e) are comprised of UCO fuel kernels, while Capsule 3 (b) is comprised
of UO, fuel kernels.

temperature, as shown in Figure 18. Selection of the target temperatures was based on the fact that 1600°C
is the expected maximum fuel temperature during a depressurization conduction cool-down event, and
1800°C is the temperature at which the SiC layer starts to degrade (Collin et al., 2016). Time-dependent
release of the fission products Ag, Cs, Sr, europium (Eu), and Kr was monitored by the Core Conduction
Cooldown Test Facility (Baldwin et al., 2014) at INL and the Fuel Accident Condition Simulator furnace
system (Demkowicz et al., 2012) at Oak Ridge National Laboratory. More detailed PIE analyses of each
fission gas species can be found in Morris et al. (2016).
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Fig. 17. BISON-predicted release fractions using the IAEA-reported diffusion coefficients (see Table I) for (a) Cs
and (b) Sr, as compared to the measured release fractions for the AGR-2 base irradiation with the failed particles.
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Fig. 18. Heating plan for the AGR-1 safety test (Collin et al., 2016).

For the purpose of code verification, PARFUME predictions for the AGR-1 safety test were introduced
as a benchmark (Collin et al., 2016). BISON and PARFUME release fraction predictions were compared
to the PIE data from the AGR-1 safety tests conducted on both the intact particles (Figure 19) and the
failed particles (Figure 20). For the intact particles, the BISON and PARFUME predictions agree well
with each other in regard to Ag and Sr fractional release, while BISON underestimates the release of Cs
(as compared to PARFUME) by 1-2 orders of magnitude. Both BISON and PARFUME overestimate the
fission product release when compared to the PIE measurement, indicating the adoption of overestimated
diffusivity for Ag, Cs, and Sr. For the particles that experienced SiC failure, the fractional releases were
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TABLE II. AGR-1 safety tests (Morris et al., 2016).

Test temperature 1600°C

Compact 6-2-1 | 6-4-1 | 6-4-3 | 3-2-2 | 3-3-2 | 4-1-2 | 4-3-3 | 5-3-3
Number of particles with failed IPyC 0 1 0 0 1 1 0 0
Burnup (%FIMA) 142 | 134 | 134 | 17.0 | 17.0 | 174 | 186 | 17.0
TAVA (°C) 1135 | 1041 | 1041 | 1019 | 1020 | 1042 | 1094 | 1042
Test temperature 1700°C 1800°C

Compact 3-3-1 | 443 | 5-1-1 | 3-2-3 | 4-3-2 | 4-4-1 | 5-1-3
Number of particles with failed IPyC 4 0 3 11 5 2 7

Burnup (%FIMA) 19.1 | 190 | 182 | 19.1 | 164 | 19.0 | 182

TAVA (°C) 1051 | 1059 | 1041 | 1053 | 1057 | 1057 | 1042

compared for Ag, Cs, Kr, and Sr, using both BISON and PARFUME. The BISON and PARFUME
predictions for all fission products generally match. Again, the fractional releases predicted by BISON
and PARFUME are orders of magnitude higher than what is seen in the PIE data, except in the case of
Cs, for which the predictions made by BISON and PARFUME closely align with the PIE measurement.
In summary, BISON modeling of the AGR-1 safety test indicates diffusivity overestimation for fission
products under high temperatures:
1) The diffusivity of Ag in SiC may have been overestimated by a factor of 102-10% at 1600°C and
1700°C, and 10-10? at 1800°C.
2) The diffusivity of Cs in UCO may have been overestimated by a factor of 102-10° at 1600°C, 10°
at 1700°C, and 103 at 1800°C.
3) The diffusivity of Sr in SiC may have been overestimated by a factor of 10-10% at 1600°C and
1700°C, and 102-10% at 1800°C.
Similar conclusions have been drawn based on the PARFUME modeling work (Collin et al., 2016).
Similarly, the BISON and PARFUME release fraction predictions were compared to the measured PIE
data collected from the AGR-2 safety tests with intact particles (Figure 21) and failed particles (Figure 22).
Additional details on the BISON modeling of the AGR-2 safety test were published in Hales et al. (2022).
Again, it is shown that the diffusivities for Ag, Cs, and Sr are overestimated in the high-temperature
range.

C. Calibration Settings

The optimization strategy for diffusion coefficient estimates at the engineering scale is designed to
be repeatable—as well as expandable to include more data points, if needed. The code inputs are split
into multiple inputs for each fission product (FP), accelerating the optimization process by turning off
computations for FPs other than the selected one. Another important aspect is the data organization in
BISON, which utilizes a consistent data structure, allows the fuel kernel type specification (either UCO
or UO3) to be chosen in the calibration process, and stores data in CSV files for both calibration and
visualization purposes.

A brief summary of the data points from the AGR-1 and -2 experiments is tabulated in Table III. The
intact particles were considered in the calibration, while failed particles were only used for cross-validation
purposes. In the calibration, the diffusion parameters were obtained from a combination of various datasets
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(b) Cs, and (c) Sr, as compared to the measured release fractions during the AGR-1 safety heating tests with the
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Fig. 20. BISON-predicted release fractions using the IAEA-reported diffusion coefficients (see Table I) for (a) Ag,
(b) Cs, (c) Kr, and (d) Sr, as compared to the measured release fractions during the AGR-1 safety heating tests

with the failed particles.

(e.g., the AGR-1 dataset only, the AGR-2 dataset only, and the AGR-1 and -2 datasets combined). The
initial diffusion parameters were set to IAEA-reported values. A minimum of six diffusion parameters
were explored in calibrating each FP (e.g., the D; and @Q; values were considered for the fuel kernel,
PyC, and SiC layers in the particle). One could consider increasing the number of parameters to calibrate;
however, an important limitation is the number of experimental data points available. The number of
required observations must exceed the number of parameters to calibrate (i.e., n > p in Equation 23).
Thus, in our exercises, we opted not to calibrate D and ()2 for the FP of interest.
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Fig. 21. BISON-predicted release fractions using the IAEA-reported diffusion coefficients (see Table I) for (a) Ag,
(b) Cs, (c) Kr, and (d) Sr, as compared to the measured release fractions during the AGR-2 safety heating tests
conducted on the intact particles.
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Fig. 22. BISON-predicted release fractions using the IAEA-reported diffusion coefficients (see Table I) for (a) Ag,
(b) Cs, (c) Kr, and (d) Sr, as compared to the measured release fractions during the AGR-2 safety heating tests
conducted on the failed particles.
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TABLE III. Summary of the data points from the AGR-1 and -2 experiments.

UCO fuel kernel

UOy, fuel kernel

No. | Intact | Failed | Figure | No. | Intact | Failed | Figure
Base irradiation | 17 v 14a
AGR-1 Safety tests 6 o 192
A y 9 v 20a
& Base irradiation | 36 v 16a,c,d | 12 v 16b
AGR-2 Safety test 6 v 2la
atety tests g v 22a | 4 v 22a
Base irradiation 6 i 14b
AGR-1 3 v 15a
Safety tests 6 o 190
6 y 9 v 20b
. . 2 v 16¢
Base irradiation
5 v 17a
AGR-2
Safety test 7 v 21b
alety fests g v 226 | 4 v 22b
AGR-1 | Safety tests 6 v 20c
Kr 7 v 21c 4 v 21c
AGR-2 | Safety tests a v e
Base irradiation 6 i l4c
3 v 15b
AGR-1
Safety tests 6 4 19¢
S y 9 v 20d
r . 2 v 6f [ 1 | T6f
Base irradiation
5 v 17b
AGR-2
Safety test 7 v 21d
alety fests g v 22d | 4 v 22d
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D. Results & Discussion

The diffusion coefficient estimates are provided for Ag in Section IV-D1, for Cs in Section IV-D2, for
Sr in Section IV-D3, and for Kr in Section IV-D4, along with the literature-reported diffusion coefficients
from Collin (2016).

1) Ag results

The calibration results generated from this study include diffusion coefficient estimates for Ag in
the kernel (Figure 23), PyC (Figure 24), and SiC (Figure 25) layers, based on AGR-1, AGR-2, and
combined AGR-1 & -2 PIE data. The literature-reported Ag diffusion coefficients from Collin (2016) are
also provided in these plots, and are denoted by alphabetical letters.

Figures 26 and 27 show, respectively, the AGR-1 and -2 base irradiation test results based on intact
(or no failed) particles and using the diffusion coefficient estimates from Figures 23-25. Here, we also
included the lower-length scale (LLS)-informed diffusion coefficients by Simon et al. (2022) and the
best-estimate diffusion coefficients by Seo et al. (2022) for Ag. Note that the microstructure-dependent
diffusion coefficients of Ag in SiC were derived by Simon et al. (2022) for the AGR-1 base irradiation.
Here, the results on the plots are shown for Simon et al. (2022), using the microstructure-dependent
diffusion coefficients in SiC while fixing the Ag diffusion coefficients in both the kernel and PyC as
tabulated in Table I. Similarly, Seo et al. (2022) only reports the best estimate diffusion coefficients for
Ag in the SiC and PyC layers. The results shown in Seo et al. (2022) were obtained by using these best
estimate values while fixing the Ag diffusion coefficients in the kernel as tabulated in Table I.

Additionally, the residuals between the measured and the computed release fractions are displayed
using box plots, a standardized way of displaying a data distribution by utilizing a five-number summary
format (from left to right): minimum, first-quartile, median (orange line), third-quartile, and maximum.
The outliers are represented by markers. The box plots are good measures for understanding the central
tendency of the distributions/datasets, here the residuals. For a successful calibration study, the residuals
between the measured and predicted data should be symmetrical around the zero and tightly grouped.
Here, the residuals are computed as (1 — gpredicied/measured) i fraction, with ¢ being the quantity of
interest (Qol).

Figures 26 and 27 show Ag release fractions from both the AGR-1 and -2 base irradiation tests,
respectively, for the intact particles.

o For the AGR-1 base irradiation tests shown in Figure 26, the code predictions using the Ag diffusion
coefficients from all cases (except case 8) show relatively similar agreement with the measured data.
Case 8 yields larger release fractions, mainly the diffusion coefficients in case 8 were estimated
based on combined AGR-1&-2 UCO compacts. Note that the measured AGR-2 release fractions are
relatively larger than those of AGR-1, thus the diffusion coefficient estimates were dominated by
the AGR-2 data in the calibration process. This is why using the diffusion coefficients in case 8
for the AGR-1 base irradiation yields overestimation of the release fractions. Similarly, one would
expect to observe underestimation of the release fractions when the diffusion coefficients given in
case 1 are used for the AGR-2 base irradiation.

o For the AGR-2 base irradiation tests shown in Figure 27, the code predictions with the diffusion
coefficients listed in Table I underpredict the measured data in all three assessment cases, namely:
(1) when only 36 UCO compacts are used (2) when only 12 UOy compacts are used (3) when all
48 UCO and UOy compacts are used.
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Fig. 23. Ag diffusion coefficients in the kernel.
D, Q1 D Q2
Reference Notes (m?/s) (kJ/mol) (m2/s) (kJ/mol)
Literature-reported diffusion coefficients (Collin, 2016)
a | Moormann and Verfondern (1987) UO3, 700-2400°C, 500um 6.7x107° 165 - -
b | Myers (1987) U032, 350um 3.3x107° 165 - -
¢ | Myers (1987) U032, 500um 6.7x107° 165 - -
d | Amian et al. (1982) UO,, 1000-1500°C 6.7x10710 165 - -
e | Nabielek et al. (1977) U034, 800-1500°C, 500um 3.4x1079 213 - -
f | Brown and Faircloth (1976) U032, 1000-1400°C, 500um 2.4x1077 269 - -
Diffusion coefficient estimates based on the AGR-1 experiment
o 6.80x1077  161.17
1 | Base irradiation uco (24.0%) (22.9%) - -
2 | Safety tests UCco n/a n/a - -
Diffusion coefficient estimates based on the AGR-2 experiment
S 7.80x10~°  131.021
3 | Base irradiation UCO/UO9 (16.6%) (26.6%) - -
o 6.98x1079  133.720
4 | Base irradiation U0, (27.5%) (58.2%) - -
o 7.19x107°  160.763
5 | Base irradiation UuCco (8.2%) (10.8%) - -
2.32x107°  403.007
6 | Safety tests uco (14.0%) (7.6%) - -
Diffusion coefficient estimates based on the AGR-1 and -2 experiments
7 | Base irradiation UCO & UO3 (65pts) 7.40x107%  129.036 — -
8 | Base irradiation UCO (53pts) 8.64x107  152.380 — -
9 | Safety tests Combined datasets (13pts) 1.13x1078  81.935 - -
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Fig. 24. Ag diffusion coefficients in PyC.
D, Q1 D Q2
Reference Notes m25s)  (kJ/mol) (mZ/s) (kJ/mol)
Literature-reported diffusion coefficients (Collin, 2016)
a | Chernikov et al. (1985) 1400-1700°C, 1.84 g/cm? 5.3x107% 192 - -
b | Amian et al. (1982) 1000-1500°C 5.3x107° 154 - -
¢ | Moormann and Verfondern (1987) 700-2000°C 5.3%x1079 154 - -
d | Offermann (1977) 1.0x1078 164 - -
Diffusion coefficient estimates based on the AGR-1 experiment
S 573x107°  137.28
1 | Base irradiation uco (17.9%) 27.7%) - -
2 | Safety tests uco n/a n/a - -
Diffusion coefficient estimates based on the AGR-2 experiment
o 5.52x1079  144.751
3 | Base irradiation UCO/UO, (11.2%) (10.3%) — -
o 6.19x1079  133.026
4 | Base irradiation U0, (35.7%) (29.7%) — -
T 5.30x107%  151.345
5 | Base irradiation uco (11.4%) (8.2%) - -
1.03x10-7  273.350
6 | Safety tests UuCco 9.7%) (16.4%) - -
Diffusion coefficient estimates based on the AGR-1 and -2 experiments
7 | Base irradiation UCO & UO2 (65pts) 546x107% 164.456 - -
8 | Base irradiation UCO (53pts) 4.82x1079  158.275 - -
9 | Safety tests Combined datasets (13pts) 2.15x107%  223.662 - -
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Fig. 25. Ag diffusion coefficients in SiC.
D: Q1 D Q2
Reference Notes (m%s)  (kJ/mol) (m%s) (kJ/mol)

Literature-reported diffusion coefficients (Collin, 2016)

a | Nabielek et al. (1977) 800-1500°C, upper limit
b | Amian et al. (1982) 1000-1500°C
¢ | Moormann and Verfondern (1987) 700-2400°C
d | Lopez-Honorato et al. (2010) 950°C

e | Lopez-Honorato et al. (2010) 1150°C

f | Lopez-Honorato et al. (2010) 1500°C

¢ | Fukuda et al. (1989) 1200-1400°C
h | Bullock (1984) 1200-1500°C
i | Chernikov et al. (1985) 1200-2400°C
j | Amian and Stover (1983) 1000-1500°C
k | van der Merwe (2009) 900-1300°C
1 | Friedland et al. (2009) 1200-1400°C
m | Friedland et al. (2011) 1200-1400°C

6.8x1077 213 -
3.6x1077 215 =
3.6x107? 215 =
3.5x10718 - -
1.6x10°17 - -
3.0x1071% - -
6.8x10"11 177 -
2.5%1073 408 -
3.5x10710 213 -
45%x1079 218 -
1.1x10713 109 -
43x10712 241 -
24x1079 331 -

Diffusion coefficient estimates based on the AGR-1 experiment

1 | Base irradiation UuCco

2 | Safety tests

3.86x1079 213.35
(12.1%) (2.0%)
n/a n/a -

Diffusion coefficient estimates based on the AGR-2 experiment

3.63x1077  205.538
(10.8%) (1.5%)
3.90x107% 214572
(13.2%) (0.7%)
3.83x1079  201.344
(4.5%) (1.3%)
8.71x1077  288.299
(19.8%) (23.7%)

3 | Base irradiation UCO & U0y

4 | Base irradiation U0,

5 | Base irradiation Uuco

6 | Safety tests UCo

Diffusion coefficient estimates based on the AGR-1 and -2 experiments
7 | Base irradiation UCO & UOy (65pts)

8 | Base irradiation UCO (53pts)

9 | Safety tests Combined datasets (13pts)

3.68x1079  213.445 -
3.58x107%  203.544 -
1.41x10~'" 188519 -
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(a) Release fraction results
Fig. 27. Comparison of the measured and the computed Ag release fractions during the AGR-2 base irradiation of

intact particles.



1) In the first assessment type, only 36 UCO compacts were considered. The best agreement with the
measured data was obtained with case 5, in which the diffusion coefficients were estimated based
solely on the AGR-2 UCO compacts. Case 5 was followed by case 8, in which the diffusion
coefficients were estimated based on combined AGR-1&-2 UCO compacts. Code predictions
based on LLS-informed diffusion coefficients (Simon et al., 2022) slightly improved the release
fractions, as compared against the predictions made by using the diffusion coefficients listed
in Table I. However, the release fractions are still underpredicted in comparison to the measured
data.

2) In the second assessment type, only 12 UO2 compacts were considered. All code predictions
(except for case 3) behaved relatively similar to what was seen in the measured data. In case 3,
the diffusion coefficients were estimated based on all 48 AGR-2 UCO and UOs compacts. Note
that the measured AGR-2 release fractions for UCO compacts are relatively larger than those
measured for UOy compacts; thus, the diffusion coefficient estimates for case 3 were dominated
by the AGR-2 UCO compacts in the calibration process.

3) In the third assessment type, the assessment was performed for all 48 AGR-2 UCO and UOq
compacts. Code predictions based on the case 3 diffusion coefficients yielded the best agreement
with the measured data. Code predictions using LLS-informed diffusion coefficients (Simon et al.,
2022) slightly improved the release fractions in comparison to predictions based on the diffusion
coefficients listed in Table I. However, the release fractions remain underpredicted when compared
to the measured data.

Figure 28 shows Ag release fractions from the AGR-1&-2 safety heating tests for the intact particles.
As stated earlier, due to the scarcity of the AGR-1 safety data, the Ag diffusion coefficients were estimated
based on the AGR-2 data only and the combined AGR-1&-2 data. In cases 6 and 9, the new diffusion
coefficient estimates enhance the release fraction predictions by several orders of magnitude in comparison
with the results obtained using the diffusion coefficients listed in Table 1. Case 9 in particular yielded
the best agreement with the measured data.

Figure 29 shows Ag release fractions from the AGR-1&-2 safety heating tests for the failed particles.
In this assessment, BISON predictions using the new diffusion coefficient estimates were compared to
independent measured datasets (i.e., the datasets not used in the calibration) for cross-validation purposes.
Similarly, in cases 6 and 9, the new diffusion coefficient estimates enhance the release fraction predictions
by several orders of magnitude in comparison with the results obtained using the diffusion coefficients
listed in Table 1. Case 9 in particular yields the best agreement with the measured data. This cross-
validation exercise establishes more confidence in the estimated diffusion coefficients for Ag to assess
how the release fraction results using these diffusion coefficients will generalize to an independent dataset.
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Fig. 28. Comparison of measured and computed Ag release fractions during the safety heating tests with intact
particles.
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2) Cs results

The calibration results from this study include diffusion coefficient estimates for Cs in the kernel
(Figure 30), PyC (Figure 31), and SiC (Figure 32) layers, based on AGR-1, AGR-2, and combined AGR-
1&-2 PIE data. The literature-reported Cs diffusion coefficients from Collin (2016) are also provided in
these plots, and are denoted by alphabetical letters.
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Fig. 30. Cs diffusion coefficients in the kernel.
Dy Q1 Do Q2
Reference Notes m%s)  (kJ/mol)  (ms)  (kJ/mol)
Literature-reported diffusion coefficients (Collin, 2016)
a | Moormann and Verfondern (1987) | UO,, 700-2400°C, 500 ym | 5.6x10~8 209 52x1077 362
diameter
b | Fukuda et al. (1989) UO,, 1000-1450°C, 500 um | 4.7x10~10 177 - -
diameter
¢ | Amian et al. (1982) U034, 1000-1600°C 4.8x1071 78 - -
d | Brown and Faircloth (1976) UO,, 1000-1500°C, grain | 3.6x1077 362 - -
10-50 pym
e | Myers (1987) UO,, 350 um diameter 49x10718 78 - -
f | Myers (1987) UO,, 500 ym diameter 1.0x10~17 78 - -
This study
1 ‘ AGR-1&-2 combined intact UCO, base+safety, 21 pts 2.585x107%  350.166 - -
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Fig. 31. Cs diffusion coefficients in PyC.
D, Q1 D Q2
Reference Notes (m2s)  (kJ/mol) (m2/s) (kJ/mol)
Literature-reported diffusion coefficients (Collin, 2016)
a | Gudkov et al. (1989) 1000°C 1.5x10716 - - -
b | Amian et al. (1982) 1000-1600°C 1.9x1076 254 - -
¢ | Myers and Bell (1979) 1200-1850°C 5.0%x107° 318 - -
d | Moormann and Verfondern (1987) | 700-2000°C 6.3x1078 222 - -
e | Hayashi and Fukuda (1990) 1600-2300°C 1.2x1073 412 - -
f | Fukuda et al. (1989) 1200-1400°C 6.7x1079 198 - -
g | Gethard and Zumwalt (1967) 1000-1650°C 9.7x10~11 176 - -
h | Brown and Faircloth (1976) 1000-1500°C, 1.8 g/cm?® 1.8x107° 218 - -
i | Brown and Faircloth (1976) 1000-1500°C, 1.9 g/cm? 9.6x10710 218 - -
This study
1 | AGR-1&-2 combined intact | UCO, base+safety, 21pts [ 8.73x10°%  16.722 - -
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Fig. 32. Cs diffusion coefficients in SiC.
D, Q1 D2 Q2
Reference Notes (m2/s) (&J/mol)  (m2/s)  (kJ/mol)
Literature-reported diffusion coefficients (Collin, 2016)
a | Moormann and Verfondern (1987) | 700-1500°C 1.8x10~ 11 176 - -
b | Myers (1984) upper limit 6.7x10714 106 2.4x1072 482
¢ | Myers (1984) lower limit 6.7x10~14 106 1.1x10~* 437
d | Minato et al. (1993) 1600-1900°C 2.5%x1072 503 - -
e | Amian et al. (1982); Amian and | 1000-1600°C 3.5x1079 236 - -
Stover (1983)
f | Gudkov et al. (1989) 1000°C 2.3x10717 - - -
g | Fukuda et al. (1989) 1200-1400°C, upper limit 6.8x1012 177 - -
h | Ogawa et al. (1985) 1300-1500°C, upper limit 2.8x1074 420 - -
i | Ogawa et al. (1985) 1300-1500°C, lower limit 1.5x1074 422 - -
j | Christ (1985) I" fluence, £ > 0.1 MeV 5.5el/5 x 10714 125 1.6x1072 514
This study
1 | AGR-1&-2 combined intact | UCO, base+safety, 21pts | 413x10°P 83.688 - -
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Figures 33 and 34 show, respectively, the Cs release fractions from the base irradiation and safety
heating tests for the intact particles. In this calibration study, the measured release fractions during both
the AGR-1&-2 base irradiation and safety heating tests are of similar orders of magnitude. For this reason,
the diffusion coefficients were estimated based on combining all the AGR-1&-2 intact particles at base
irradiation and safety heating tests, resulting in 21 data points in total. In the calibration process, the
measured PIE data were considered as the mean of the reported minimum and maximum PIE values.
Overall, with the new diffusion coefficient estimates, the release fraction predictions are improved (i.e.,
case 1) several orders of magnitude in comparison with the results obtained using the diffusion coefficients
listed in Table I, and also showed better agreement with the measured data.
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Fig. 33. Comparison of the measured and the computed Cs release fractions during the base irradiation with intact
particles.

Figures 35 and 36 respectively show the Cs release fractions from the base irradiation and safety
heating tests with the failed particles. In this assessment, BISON predictions using the new diffusion
coefficient estimates were compared against independent measured datasets (i.e., the datasets not used in
the calibration) for cross-validation purposes.
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(a) AGR-1 base irradiation
Fig. 35. Comparison of measured and computed Cs release fractions during the base irradiation with failed particles.
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Fig. 36. Comparison of measured and computed Cs release fractions during the safety heating tests with failed
particles.
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3) Sr results

The calibration results from this study include diffusion coefficient estimates for Sr in the kernel
(Figure 37), PyC (Figure 38), and SiC (Figure 39) layers, based on AGR-1, AGR-2, and combined AGR-
1&-2 PIE data. The literature-reported Cs diffusion coefficients from Collin (2016) are also provided in
these plots, and are denoted by alphabetical letters.
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(a) D (m?/s) vs. Q (kJ/mol) (b) D (m?/s) vs. 10000/T (1/K)
Fig. 37. Sr diffusion coefficients in the kernel.
‘ Reference ‘ Notes ‘ D: m?/s) Qi (kJ/mol) D2 (m?/s) Q2 (kJ/mol)
Literature-reported diffusion coefficients (Collin, 2016)
a | Myers (1987) UOg, 350 pm diameter 3.4x10HT 594 - -
b | Myers (1987) UO3, 500 pm diameter 6.9x10*1 594 - -
¢ | Amian et al. (1982) UO03, 1000-1500°C 3.5x107° 409 - -
d | Brown and Faircloth (1976) UO,, 1500-1650°C, 500 pum | 2.0x10+3 691 - -
diameter
e | Moormann and Verfondern (1987) | UOg, 700-2400°C, 500 pm 22x1073 488 — -
diameter
This study
1 | AGR-1&-2 combined intact ‘ UCO, base+safety (21pts) ‘ 2.17x1073 822.274 - -
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Fig. 38. Sr diffusion coefficients in PyC.

Reference

| Notes | Dy (m%s) Qi (kJ/mol) D, (m%s) Qg (kJ/mol)
Literature-reported diffusion coefficients (Collin, 2016)
a | Gethard and Zumwalt (1967) 1000-1600°C 4.4%10°6 201 - -
b | Moormann and Verfondern (1987) | 700-2000°C 2.3x10°6 197 - -
¢ | Myers and Bell (1974) 1200-1650°C 2.3x1076 197 - -
This study
1 [ AGR-1&-2 - combined intact | UCO, base+safety (21pts) | 2.91x10°° 80.987 - -
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Fig. 39. Sr diffusion coefficients in SiC.
‘ Reference ‘ Notes ‘ D; m?%/s) Qp (kJ/mol) D2 (m?/s) Q2 (kJ/mol)
Literature-reported diffusion coefficients (Collin, 2016)
a | Verfondern and Miiller (1991) | | 12x107° 205 1.8x10%6 791
b | Moormann and Verfondern (1987) | | 12x107° 205 204x102 482
¢ | Fukuda and Iwamoto (1975) | 1750°C | 20x107 - - -
d | Fukuda and Iwamoto (1978) | 1650-1850°C | 1.2x107° 205 - -
e ‘ Forthmann and Gyarmati (1975) ‘ 1400°C ‘ 49x10~16 - - -
This study
1 ‘ AGR-1&-2 combined intact ‘ UCO, base+safety (21pts) ‘ 1.04x1077 206.222 - -
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Figures 40 and 41 respectively show Sr release fractions from the base irradiation and safety heating
tests with the intact particles. In this calibration study, the measured release fractions for both AGR-1&-
2 intact particles at base irradiation and safety heating tests are on similar orders of magnitude. As a
result, the diffusion coefficients were estimated based on all the combined AGR-1&-2 intact particles at
base irradiation and safety heating tests, resulting in 21 data points in total. In the calibration process,
measured PIE data are considered as the mean of the reported minimum and maximum PIE values. With
the new diffusion coefficient estimates, the release fraction predictions are improved (i.e., case 1) by
several orders of magnitude compared to the results obtained by using the diffusion coefficients listed
in Table I, and show better agreement with the measured data.
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Fig. 40. Comparison of the measured and the computed Sr release fractions during the base irradiation with intact
particles

Figures 42 and 43 show, respectively, Sr release fractions from the base irradiation and safety heating
tests with the failed particles. In this assessment, BISON predictions using the new diffusion coefficient
estimates were compared to independent measured datasets (i.e., the datasets not used in the calibration)
for cross-validation purposes.
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Fig. 42. Comparison of the measured and the computed Sr release fractions during the base irradiation with failed
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Fig. 43. Comparison of the measured and the computed Sr release fractions during the safety heating tests with
failed particles.
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4) Kr results

Due to the scarcity of data in the available AGR experiments, physical calibration results were not
obtained for Kr diffusion coefficients. The calibration based on the AGR-1 dataset was made infeasible by
n < p, since there are only six data points available in the safety heating tests with the intact particles. For
the AGR-2 and combined dataset conditions, no physical diffusion coefficients were estimated from the
calibration activities. Instead, the literature-reported diffusion coefficients from Collin (2016) are provided
for Kr in the kernel (Figure 44), PyC (Figure 45), and SiC (Figure 46) layers, which are denoted by

alphabetical letters.
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Fig. 44. Kr diffusion coefficients in the kernel.

Reference | Notes | D; m*/s) Qi (kJ/mol) Dj (m?/s) Q2 (kJ/mol)

Literature-reported diffusion coefficients (Collin, 2016)

a | Moormann and Verfondern (1987) | UOg, 1500-2400°C, 500 um | 8.8x10~1° 54 6.0x1071 480

b | Miiller (1976); Moormann and | UO2, 700-1500°C, 500 pm 1.3x10712 126 - -
Verfondern (1987)

¢ | Chernikov et al. (1985) UO,, 1200-1450°C, 500 pym | 1.0x107° 368 - -
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Fig. 45. Kr diffusion coefficients in PyC.
Reference | Notes | D; (m?%s) Qg (kJ/mol) D, (m%/s) Q (kJ/mol)
Literature-reported diffusion coefficients (Collin, 2016)
a | Chernikov et al. (1985) 1000-1650°C 1.1x107° 285 - -
b | Fukuda et al. (1989) 1200-1500°C, upper limit 2.9x1078 255 - -
¢ | Fukuda et al. (1989) 1200-1500°C, lower limit 6.0x1078 255 - -
d | Goodin and Nabielek (1985) 2.9x1078 291 2.0x107° 923
e | Moormann and Verfondern (1987) | 800-2400°C 2.9x10°8 291 2.0x107° 923
f | Fukuda and Iwamoto (1975) 1200-1750°C, Xe values 2.9x10~11 255 - -
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Fig. 46. Kr diffusion coefficients in SiC.
Reference | Notes | D1 (m%s) Qp (kJ/mol) Dj (m%*5s) Q3 (kJ/mol)
Literature-reported diffusion coefficients (Collin, 2016)
a | Fukuda and Iwamoto (1976) 1200-1400°C, Xe values 8.6x10°10 326 - -
b | Fukuda and Iwamoto (1976) 1400-1750°C, Xe values 3.7x10H! 657 - -
¢ | Fukuda and Iwamoto (1978) 1650-1850°C, Xe values 1.7x10° 623 - -
d | Friedland et al. (2011) 1100°C, I values 1.8x10~2 - - -
e | Friedland et al. (2011) 1200°C, I values 6.5%x10720 - - -
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E. Summary

The availability and reliability of diffusion coefficients were investigated for key radioactive species
in the particle. The diffusion coefficients were estimated for Ag, Cs, and Sr in the kernel, PyC, and SiC
layers, based on the AGR-1 and -2 integral release experiments and only considering intact particles
in the calibration. Due to the scarcity of data from the available AGR experiments for Kr, no physical
calibration results were obtained for Kr diffusion coefficients. The diffusion coefficient estimates and
the surveyed empirical coefficients of the key radioactive species in the kernel, PyC, and SiC layers
were also provided. Later, the newly estimated diffusion coefficients were assessed against the measured
AGR-1&-2 data during base irradiation and safety heating tests with both intact and failed particles. As
mentioned earlier, the assessments of the failed particles were not considered in the calibration process;
thus, the cases involving failed particles became useful in the cross-validation that was conducted to
establish greater confidence in the diffusion coefficient estimates and to assess how the release fraction
results obtained by using these diffusion coefficients would generalize to an independent dataset. Overall,
the release fraction predictions were improved using the newly estimated diffusion coefficients in terms
of aligning with the measured data.

The calibration methodology was constructed to be repeatable—as well as expandable to include more
data points, if needed. The availability of the AGR-3/4 experiments will allow for more data points in
the calibration process, enabling better statistics for use in the estimation of diffusion coefficients.
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V. EFFECTIVE DIFFUSIVITY COEFFICIENT

The material presented here is a subset of the information found in Toptan et al. (2022a). The governing
steady-state equations of the elasticity, thermal conduction, and electrical conduction problems take similar
mathematical forms (Table IV). Most approaches developed for solving conductive problems can also be
extended to corresponding elastic problems, as well as to the simplified Fickian diffusion widely used for
calculations in engineering applications. By considering heat conduction (see Equation 5) to be analogous
with simplified Fickian diffusion (or fission product species conservation, see Equation 6), we can apply
the same analytical homogenization methods to obtain the effective thermal conductivity (ETC) as used
to obtain the EDC.

Based on our previous ETC-related work in Toptan et al. (2021), the effective medium theory (EMT)
showed the best agreement for « > 1 while differential effective medium theory (D-EMT) for o < 1,
where « is defined as the ratio of thermal conductivities of particles to continuous medium for the ETC
calculations. In this study, we selected only the two recommended ETC models (see Table V) to determine
whether our hypothesis was valid for EDC calculations.

The heat conduction is given by Equation 5. Fission product species conservation is given by Equation 6,

where the mass flux is expressed as J = —DVC, using the diffusion coefficient, D (m?/s), which is
defined in a temperature-dependent Arrhenius form as:
Qi
D= g Dy ; - 29
: 0,i €Xp ( RT ) ( )

where () is the activation energy, R is the universal gas constant, and 7" is the temperature.

TABLE IV. Correspondence between elastic and conductive problems, taken from Deng and Zheng (2009).

Problem Elasticity Thermal Conductance Electric Conductance
Corresponding | Stress T Heat flux g Current J
quantities Displacement u Temperature T’ Electrical potential ¢
Strain € = £(Vu + (Vu)T) Thermal gradient g = —V7T Electric field intensity £ = —V¢
Elasticity tensor C Thermal conductivity tensor KK Electric conductivity tensor o
Equilibriumeq. | V-7 =0 V-g=0 V.-J=0
Physical eq. T=C:e¢ g=K-g J=0-FE

We performed several numerical experiments using the finite-element-based code BISON (Williamson
et al., 2021), and assessed the recommended analytical models for EDC. These numerical experiments
were conducted for a domain with randomly dispersed, mono-sized spherical particles featuring varying
material properties.

A. Methods

Here, we describe the methodology for obtaining, in three main steps, the EDC from the FEAs, along
with the problem settings in each, based on the converged concentration profile for the EDC.

Step 1. We create a three-dimensional (3-D) cubic computational domain for a representative volume
element of material with randomly dispersed, mono-sized spheres (see Figure 47). The spheres are
described in a diffuse manner by a field variable. This field variable equals one within the spheres,
and varies continuously—but steeply—to zero within the secondary phase. The diffusive interface width
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TABLE V. Recommended analytical methods for the ETC based on our previous work in Toptan et al. (2021).
The nomenclature: k. is the ETC; k; and v are the thermal conductivity and volume fraction, respectively, of the
continuous phase; ko and vy are the thermal conductivity and volume fraction, respectively, of the dispersed phase;
and o = ko /k; is the ratio of the thermal conductivities of the dispersed phase to those of the continuous phase.

Model Formulation Notes
e — ko \3 & Roots of the third-order polynomial are computed accordingly, and
a<1l D-EMT (ke k2> kfl =(1- U2)3 the largest real root of the cubic equation is assigned to the ETC
1= h2 e

(Toptan et al., 2019).

The Bruggeman (Bruggeman, 1935) obtained the following relation
ki —k i :
a>1 EMT Zvi < z+ 2}; ) —0 for a binary system:
i €

k.
’ E:ozA—i— 0242+ < with A:1 3U2—1+l[2—3v2]
kl 2 4 «

is a user-controlled parameter, here set to 10% of the sphere diameter. Adaptive meshing is utilized to
resolve the phase interface by using two levels of refinement in the periphery regions of each sphere. The
distance between the centers of two adjacent spheres, d, is required to be at least one sphere diameter,
D, in order to avoid overlap between the spheres (i.e., d > dpyin = 1.05D).

-§

(a) (b)

Fig. 47. 3-D constructed computational domain: (a) matrix with embedded spheres; (b) random distribution of
mono-sized spheres (the matrix is hidden for ease of visibility). The characteristic domain length-to-particle radius,
L/R, is 6. The volume fraction of the continuous matrix, vy, is 0.726. The minimum distance between the centers
of two adjacent spheres is set to one sphere diameter, D (i.e., dpin = D).

Step 2. Finite-element analysis (FEA) simulations are performed for different volume fractions in each
numerical experiment. Different volume fractions are obtained by varying the number of spheres in the
computational domain. The present study includes evaluation of EDC; therefore, only Equation 6 is
solved. The diffusivity coefficients of both the host matrix and the spherical inclusions are chosen based
on the analyses of interest. The diffusivity coefficient is weighted based on the volume fraction of each
phase for a cell including both phases. The numerical simulations are performed under a packing fraction
of up to approximately 40%.
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Step 3. The EDC is calculated from the converged concentration field, using the relation from Mu

et al. (2007):
[ (),
D, =4 e=L (30)

02—01
( . ) A

where Dy, is the bulk diffusivity coefficient (or matrix diffusivity coefficient), C; and C5 are the con-
centration values applied to each opposing surface in the unidirectional diffusion process, and A is the
surface area. To obtain a single value for EDC from the set of simulations, an arithmetic mean of the
diffusivity coefficients in the principal directions is employed:

1 n
D=~ (;D> : 31)

where D, ; represents the diffusivity coefficient in each principal direction (via Equation 30), and n is
the number of principal directions (i.e., n = 3 for 3-D).

B. Results & Discussion

The FEAs were performed for the computational domain at various volume fractions. The EDC was
evaluated for randomly dispersed mono-sized spherical inclusions embedded in a continuous matrix,
considering two cases: (1) the diffusivity coefficient of the particles is less than the continuous matrix
(o = D9/D; < 1), and (2) the diffusivity coefficient of the particles exceeds the continuous matrix
(ae > 1). The detailed results are provided and discussed. Note that oo = 1 corresponds to the homogeneous
material; thus, it is not evaluated here.

The simulation results and model predictions are provided in terms of the diffusivity coefficients ratio
of the effective to host matrix, D./D;, to understand the impact of spherical inclusions (with varying
diffusivity coefficients) as a function of the volume fraction of the matrix, v;. For the computational
considerations, the characteristic domain length-to-particle ratio, L/R, was set to 6 in these analyses—a
value found sufficient in the parametric study performed in Toptan et al. (2021). Only the uncertainty
around the mean FEA results varies with the chosen L/R ratio, which is indicated by the error bars
around the FEA predictions.

1) Case I. The diffusivity coefficient of the particles is less than the continuous matrix (o < 1).

Figure 48 shows the concentration profiles for the case featuring o < 1 in each unidirectional diffusion
process in the principal direction at a fixed volume fraction (i.e., 0.726) of the continuous matrix, vy,
for the arbitrarily chosen o =1x1074, 0.1, and 0.5. See Figure 47 for the actual particle locations with
vy =0.726. The FEA-predicted D, was estimated based on the average values of realizations performed
in all three principal directions (plotted in Figure 50a), as well as on the model predictions from both
EMT and D-EMT. In this case, the diffusion gradient across the domain is relatively smooth at o = 0.5
(see Figure 48c). The presence of the particles within the domain becomes more pronounced on the
diffusion process as « approaches zero (see Figures 48a and 48b).

Figure 50a shows the model and FEA predictions for D./D; as a function of v; for the arbitrarily
chosen a = 1x107%, 0.1, and 0.5. Unsurprisingly, introducing fewer diffusive particles into the system
degrades its overall diffusivity coefficient. As expected, the material behaves homogeneously at v; = 1.
The models behave similarly in regard to o = 0.5, but significantly differ from each other as a becomes
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Fig. 48. Concentration profile contours, obtained via the unidirectional diffusion process, in the x-, y-, and z-
directions at a fixed v; of 0.726 (see Figure 47 for the actual particle locations) for (a) a = 1x107%, (b) o = 0.1,
and (¢) a = 0.5. The FEA-predicted D, was estimated from the average of three realizations performed in each
principal direction.

smaller. As suggested in Toptan et al. (2021), the D-EMT accurately represents the expected behavior
for a < 1 in estimating EDC. The numerical simulations were performed under a packing fraction
of up to approximately 40%. The maximum packing fraction for different arrangements (e.g., face-
centered cubic (FCC), hexagonal close (HC), random close/loose, and simple cubic (SC)) are indicated
in Figure 50a (Nielsen, 1974).

2) Case Il. The diffusivity coefficient of the particles is greater than the continuous matrix (o > 1).

Figure 49 shows the concentration profiles for the case with a > 1. Similarly, the unidirectional
diffusion process is illustrated in each principal direction at a fixed v; of 0.726 for the arbitrarily chosen
a = 2.0, 10.0, and 100.0. See Figure 47 for the actual particle locations at v; = 0.726.
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Fig. 49. Concentration profile contours, obtained via the unidirectional diffusion process, in the x-, y-, and z-direction
at a fixed vy of 0.726 (see Figure 47 for the actual particle locations) for (a) o = 2.0, (b) a = 10.0, and (¢) o =
100.0. The FEA-predicted D, was estimated from the average of three realizations performed in each principal
direction.

The FEA and model predictions for D./D; are plotted in Figure 50b as a function of vy at the
selected o values. The inclusion of more diffusive particles into the medium increases the system’s
overall diffusivity coefficient. The models only behave similarly at a packing fraction of up to 10% (i.e.,
vy = 1 —v; = 0.10), and significantly vary from each other when more particles are present in the
system at higher « values. As suggested in Toptan et al. (2021) for the ETC, the EMT represents the
expected behavior comparatively better for o > 1 in estimating the EDC.
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Fig. 50. D./D; predictions with respect to v; for (a) « < 1 and (b) @ > 1. The model predictions and
regions determined by the upper and lower bounds of the D./D; predictions are plotted against the expected
FEA predictions. The packing fraction, vy, can be obtained from 1 — v; in a binary system. The dashed vertical
lines represent the maximum packing fractions for different arrangements (e.g., FCC, HC, random close/loose, and
SC).

C. Summary

Analytical methods for application to the ETC of a medium with spherical inclusions were investigated
in Toptan et al. (2021). Although the focus of that previous study was on the macroscopic description of
thermal conductivity, the discussions and conclusions are similarly valid for diffusivity coefficients, due
to their similar mathematical forms. In this study, we extended our research to examine the validity of
models for the effective diffusivity calculations, obtained from the Fickian diffusion. Only the models we
examined in our earlier study (Toptan et al., 2021) (i.e., D-EMT for a < 1 and EMT for o < 1) were
considered in the present study. Each analytical model was evaluated with respect to the expected EDC
obtained from the FEA simulations under a variety of conditions. In our analyses, the FEA simulations
were performed under a packing fraction of up to approximately 40%. We observed similar behavior
from each model in regard to estimating the EDC of a binary system: D-EMT for « < 1 and EMT
for a > 1, where « is defined as the ratio of the diffusivity coefficient of spheres over that of the host
matrix. These numerical results establish the regimes in which these analytical formulations can be used
with a high degree of confidence for the applications of interest, particularly for Fickian-diffusion-based
EDC estimation for TRISO modeling applications. Both the EMT and D-EMT approaches, among many
others detailed in Toptan et al. (2021), are available in the BISON code.
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VI. COMPACT DIFFUSION MODELING
A. Convergence Study on Point Source Calculation Using Dirac Kernels

In our approach to modeling the species diffusion of a TRISO compact/pebble, a homogenization
technique is used to treat the compact/pebble as an equivalent continuous medium, and the species
releases from TRISO particles are treated as point sources in the compact/pebble model. The point
sources are modeled by setting the source term as the Dirac delta distribution f(x) = d(x). The Dirac
delta distribution satisfies [ ¢)(x)d(x — X)dx = (%) at X € Q for any continuous function ¢ (x). The
accuracy of the numerical solution is verified by computing the convergence order of the FEM for elliptic
test problems, as given below:

—Au=f in®Q, (32)
w=r on 0f, (33)

where f(x) and r(x) are given functions on the domain €2 and on its boundary 02, respectively. Smooth
and non-smooth test problems from Kalayeh et al. are considered. For the smooth problems, the RHS of
the Poisson equation f(x) in Equation 32 was chosen to be:

1 :. mp T TP

= 8IN 5 + 5 COS 5 for 2-D,
fy=g2hh 22 (34)
2 sin ¥+ ScosTP) for 3-D,

ISERENIE]

where the norm p = /22 + 92 in 2-D and p = /22 + 32 + 22 in 3-D. The analytical solutions are

given as:
() cos ”7””224'92 for 2-D, 35)
u\x) = Vo Sy e
cos TELVFE for 3-D.

For a smooth problem, mathematical theory shows that the convergence rate of the L? norm can reach
p + 1, where p is the polynomial degree. Our numerical solutions shown in Figure 51 agree with the
mathematical derivation.

For the non-smooth test problems, the forcing term f(x) is chosen to model a point source. In the
Multiphysics Object-Oriented Simulation Environment (MOOSE), a point source is applied by DiracKernel.
The analytical solutions are given as:

1 (36)

ulx) = for 3-D.

{1“ VELESTH S N
4/ 2?2 +y>+22

The solution of a non-smooth problem is not square-integrable, so the convergence rate is limited by
the regularity order k given by 2 — d/2, which depends on the dimensions d. Our numerical solutions
shown in Figure 52 agree with the mathematical derivation by which degraded convergence rates are
predicted.

To mitigate degradation, one approach is to use a graded mesh that is locally refined around the point.
Though this approach can almost recover the optimal convergence rate, as shown in Figure 53, it becomes
infeasible for a multiple point sources problem because generating a graded mesh for multiple points can
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(c) Convergence rates for the 3-D smooth test problem with first- and
second-order finite elements. (d) Solution of the 3-D smooth test problem.

Fig. 51. Convergence studies for the smooth test problems.

be practically difficult. Another way to recover optimality is to evaluate errors only in the domain away
from the singular points. Figure 54 shows that the solution away from the point can reach an optimal
convergence rate. This indicates that the use of point sources in TRISO compact/pebble modeling can
provide good accuracy if the global species diffusion quantities are of interest.

B. Two-Way Coupling between TRISO Particles and the Matrix

The coupling between TRISO particles and the matrix utilizes MOOSE’s “MultiApps” system (Jiang
et al. (2021c)). The species releases from TRISO particles are treated as point sources in the com-
pact/pebble model. The point sources can be directly obtained from the MC simulation, and their values
are transferred to the compact/pebble model at every time step. Previously, all TRISO particles were
set at the same temperature boundary conditions regardless of their location inside the compact/pebble.
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(c) Convergence rates for the 3-D non-smooth test problem with first- and
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Fig. 52. Convergence studies for the non-smooth test problems.

To account for the effect of temperature variations across the compact/pebble, a new capability was
developed to transfer temperature from the compact/pebble to TRISO particles, based on their locations.
This overall capability is depicted in Figure 55. An example of the two-way coupling between TRISO
particles and the compact is shown in Figure 56. The cross-section temperature contours show that the
compact temperature field correctly transfers to all particles. The temperatures and SiC stress histories
of all the particles are shown in Figure 57. The maximum differences in temperature and SiC stress for
all particles in a compact are about 20 K and 250 MPa, respectively.

Our two-way coupling capability was further extended to model multiple compacts. Figure 58 shows
an example of modeling three compacts with particle point sources. The particles in each compact can
feature unique statistical variations in terms of layer thickness and material properties. Each compact can
also have its own packing fraction and particle distribution. This can be useful in studying axial species
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Fig. 53. Convergence studies for the non-smooth test problems using a graded mesh.
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Fig. 54. Convergence rates for the 2-D non-smooth test problem for the domain away from the point.

diffusion in capsules used in AGR experiments.

Recent assessment of TRISO particle locations confirmed and further quantified a non-uniform distri-
bution of TRISO particles, with the spatial distribution in the radial direction being roughly described as
a dampened sinusoidal function (Kane et al., 2022). A new capability for reading particle locations from
a text file was developed. The text file stores particle X, y, and z-coordinates taken from x-ray computed
tomography measurements. Three representative AGR-1 compacts with packing fractions of 25, 40, and
48% are demonstrated in Figure 59. The center-line temperature rises as the packing fraction increases.
A cross-section view of the particles reveals a ring pattern distribution in the radial direction. The effect
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Fig. 55. BISON pebble modeling illustration.

of the particle distribution pattern on compact and particle behaviors will be the subject of future study.

To evaluate the accuracy of release fraction calculations made using our “multi-app” approach, a
benchmark problem involving a single particle was considered. As shown in Figure 60, this benchmark
problem was solved using both the multi-app and monolithic approaches. In the monolithic approach, the
particle and matrix are simulated simultaneously within a single domain. In the multi-app approach, the
release from the particle is transferred to the matrix as a point source. The amount of release from the
matrix with different diffusivity was shown in Figure 61. As particle diffusivity increases, the difference
between the multi-app and monolithic approaches shrinks.

C. TRISO Diffusion Modeling with Discontinuous Galerkin

Fission product diffusivity exhibits large contrasts across the various layers of a TRISO particle. This
results in the Gibbs phenomenon (i.e., solution oscillation near the interface) when using the classical
continuous Galerkin (CG) method. This solution oscillation can be mitigated by a locally refined mesh
near the interface, but this can significantly increase the computational cost for 2-D and 3-D problems.
The Gibbs phenomenon is attributed to the use of continuous functions to approximate an abrupt jump.
Thus, the solution oscillation associated with the Gibbs phenomenon can be largely ameliorated by using
a discontinuous Galerkin (DG) method.
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Fig. 56. BISON compact modeling with two-way coupling.

In DG, additional constraints to enforce local mass conservation are needed across the element edges.
The residual of those constraints is implemented as DGKernel in MOOSE. For diffusion problems, the
weak form of element edge terms is given as:

R=-%" / (kVu}[plds — 3 / (kVe}ulas + 3 / ]ike[m] [u]ds. 37)
The weighted average operator is defined as:
{X}o, = 0 X"+ (1 - 6) X7, (38)
where §, is calculated as:
i
L= —c 39
k& + ke &
The harmonic average of diffusion coefficient, k., is given as:
2k k;
.= ee 40
k& + ke 0
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Fig. 58. Three compact modeling.

The interior penalty parameter, 3, is a function of polynomial degree approximation, k. h. is a
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Fig. 59. Compacts with packing fractions of 25, 40, and 48%. The particle locations are directly read from x-ray
computed tomography measurement.

characteristic element length, calculated as:

~ meas(T") + meas(T )
.=
2meas(e)

. (41)

where meas(.) represents a measurement operator for measuring length and area.

The DG was implemented in BISON and then used to simulate fission product diffusion in a 2-D
axisymmetric TRISO particle. The fuel properties and irradiation conditions of compact 5-3-1 from AGR-1
were considered (Jiang et al. (2021a)). The cesium diffusion was simulated. As shown in Figure 62, in the
presence of a high diffusivity contrast, CG produces large oscillations at the kernel/buffer interface, while
DG successfully captures the abrupt concentration jump, without any oscillation. The spikes resulting
from CG can eventually be smoothed out by numerical diffusion, but they pose an accuracy issue in the
early stages and might generate inaccurate results for accumulated quantities (e.g., release fraction).
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Fig. 60. Particle species diffusion through the matrix. Top row: monolithic approach; bottom row: multi-app
approach.

D. Sorption Isotherm Implementation for AGR 3/4 Rings

The BISON compact modeling capability was first applied to the modeling of AGR 3/4 experiments.
Each AGR 3/4 compact contains driver fuel particles and 20 designed-to-failed (DTF) particles placed
along its axis. The fuel compacts are surrounded by three concentric annular rings of a test material
consisting of fuel-compact matrix material and fuel-element graphite. Figure 63 shows a BISON 3-D
model, with the DTF particles placed in the center line, and randomly distributed driver particles hosted
in the fuel compact. The four regions of the BISON model are the fuel compact, matrix, graphite, and
sink. They are separated blocks that do not share nodes between their interfaces. Their height is 12.5 mm,
with a compact radius of 6.15 mm and ring wall thicknesses of 6.05, 6.30, and 13.14 mm, respectively.

The temperature boundary conditions at the outer fuel compact surface, inner/outer matrix surface,
inner/outer graphite surface, and inner/outer sink surface were obtained from prior numerical analysis.
The presence of gaps results in discontinuities in the fission product concentration across rings. Established
sorption isotherms are used to determine the surface concentration between the two surfaces (subscripts
1 and 2) via:
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Fig. 63. AGR 3/4 BISON representation. The four regions of the BISON model are the fuel compact, matrix ring,
graphite ring, and graphite sink.
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The values A, B, D, E, di, and dy are sorption isotherm constants, and their values for cesium and
strontium are provided in Skerjanc and Jiang (2022).
The interfacial conditions are completed by enforcing mass flux balance across the gap:

l)()1 exp (—RQ—;&) VCl ‘N = D02 exp (—RQ—;Q) VCQ - 1. (43)
Equation 42 and Equation 43 were implemented in BISON by using a penalty method as an InterfaceKernel.
To verify its implementation, BISON’s simulation results were compared against the previous COMSOL
simulation results for the AGR 3/4 experiment. The cesium concentration profile is shown in Figure 64.
The concentration variation across the “gaps” seems to match very well when comparing BISON and
COMSOL, thus verifying the BISON implementation of the interfacial isotherm sorption conditions. The
minor discrepancy seems to be attributable to the different diffusion coefficients used by the two codes.
The 1-D BISON model was used to calculate the fission product concentration profiles across selected
capsules’ rings under daily as-run irradiation conditions, and compare them to measured PIE data. The
detailed results are found in Skerjanc and Jiang (2021, 2022).
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Fig. 64. Radial (r in m) cesium concentration profile of the COMSOL benchmark, as compared to BISON.

E. AGR-1 Fission Product Release Calculation with Compact Modeling

Finally, we reran AGR-1 cases to calculate fission product release by considering the compact diffusion.
There are two major differences between the new calculation and the old one. First, we consider a batch
of particles in a compact along with their statistical variations in fuel proprieties and dimensions. Second,
the diffusion inside the compact is simulated, and potential retention of fission products by a compact
can be evaluated. Compared to the old BISON prediction method (Hales et al., 2021), the new prediction
method based on compact modeling does not significantly affect the release fraction of silver and cesium,
due to their high diffusivity in the graphite matrix. However, the BISON compact simulation predicts
some amount of strontium retention in the graphite matrix as a result of its relatively low diffusivity.
This is more consistent with PARFUME’s results in considering graphite matrix diffusion.

FE Summary

BISON’s compact modeling capability was significantly improved to enable two-way coupling between
TRISO particles and the matrix. Our approach treats particles as point sources that are obtained from a MC
particle simulation using MOOSE’s multi-app capability. The convergence study on solving point sources
with MOOSE’s DiracKernel was carefully performed. The compact modeling was applied to the AGR-
1 and 3/4 experiments, and the resulting predictions were compared against the PIE measurements.
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VII. ACCELERATED STATISTICAL FAILURE ANALYSIS OF MULTI-FIDELITY TRISO
MODELS

A. Preliminaries

Statistical failure analysis and information on the geometrical and material properties that cause failure
is important for TRISO fuel fabrication and design. The standard method of computing the TRISO failure
probability is the MC method, discussed in Jiang et al. (2021a). In MC, the failure probability, (Pf), is
estimated via:

- 1
br=x > T (44)

where N is the number of samples or model evaluations and Z is an indicator function for model failure.
The coefficient of variation (COV) estimate (), which quantifies the accuracy of the failure probability

estimate, is given by:
. 1-P
6= —1L. (45)
Py N

The lower the COV, the more accurate the failure probability estimate. For practical purposes, a COV value
of 0.05-0.1 is desirable. However, given that TRISO failure probabilities are small, ranging from 1 x 1073
to 1 x 1075, achieving a COV of 0.05-0.1 can require tens of millions of TRISO model evaluations.
This is computationally prohibitive in practice, especially when using 2-D models. Therefore, this section
summarizes recent developments in BISON/MOOSE for conducting accelerated failure analysis of TRISO
fuel in terms of both 1-D and 2-D models. The accelerated methods summarized herein are divided into
two classes: variance reduction methods and Weibull theory approach. Variance reduction methods are a
class of MC methods that use intelligent sampling schemes to sample the model failure region, and usually
result in ~2 orders of magnitude in computational efficiency compared to the standard MC. The Weibull
theory approach assumes that the TRISO model predominantly fails through the Weibull failure mode,
and it thus computes the failure probability directly, given a set of uncertain TRISO geometrical and
material parameters. However, if more advanced failure modes of TRISO fuel are considered, which may
not follow the Weibull failure mode, the Weibull theory approach cannot be used in a exact sense—unlike
the MC and MC variance reduction methods. The presentation herein of the methods, implementations in
BISON/MOOSE, and results can basically be considered a summary of the following papers: Dhulipala
et al. (2022a,b)?.

B. Methods for Accelerated Failure Analysis

1) Variance Reduction Method: Adaptive Importance Sampling

Adaptive Importance Sampling (AIS) has two phases: (1) a learning phase in which the AIS algorithm
learns the importance distribution of input parameters likely to cause model failure; and (2) a sampling
phase to sample from the learned importance distribution. The version of AIS proposed by Au and Beck
(1999) is implemented in BISON through MOOSE, with a slight modification. Instead of using kernel
density to characterize the importance distribution, a normal density is used, due to its simplicity and
robustness. Figure 67 presents a schematic of the AIS method.

*The methodology for accelerated failure estimation described herein was funded by the INL Laboratory Directed Research
& Development program, project number 21A1050-114FP.
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Fig. 67. Schematic of the AIS method for accelerated failure probability estimation.

For learning the importance distribution of the input parameters, a Markov Chain Monte Carlo (MCMC)
algorithm known as the Metropolis algorithm (Au and Beck, 1999) is used. The user supplies an
initial_values vector of input parameters that would result in model failure. Next, a Markov chain
is initiated to sufficiently sample from the failure region. The Markov chain operates in standard normal
space, where all the input parameters are transformed to have a normal distribution with a mean of 0
and a standard deviation of 1. Centered around the current sample (x), a new sample (z*) is proposed
considering the proposal distribution to be normal, and an acceptance ratio is computed:

_ N(=")
- N(=z)’

where N (+) is a standard normal distribution. The proposed sample is then accepted with probability .
In this manner, sufficient samples are generated from the failure region.

Once enough samples that result in model failure have been simulated, an importance distribution is
fit to these samples. A normal distribution is fit to each input parameter independently, and sampling
from this importance distribution is conducted. Use of an independent normal distribution differs from
the work by Au and Beck (1999), who use a multi-dimensional kernel density distribution. However,
experience suggests that a normal distribution is more robust under a wide variety of cases. Once the
samples from the importance distribution are obtained, the failure probability can be estimated using:

(46)

pr— L izq(”’) (47)
TmN &7 @)

where IV is the number of samples during the evaluation phase, Z is an indicator function for model
failure, ¢(-) is the nominal density, and f(-) is the importance density. The variance over P is estimated

using:
vy — L 1 N oa@] s

75 of 94



The COV is estimated via:

\/ Var(P
5 ﬂ (49)

Py

2) Variance Reduction Method: Parallel Subset Simulation

parallel subset simulation (PSS) is used for efficiently estimating small failure probabilities when
dealing with computationally expensive numerical models. In BISON, we implemented the PSS proposed
by Au and Beck (2001). PSS works by creating intermediate failure thresholds to efficiently transition
from sampling from the nominal input space to sampling from input spaces that result in model failure.
Use of MCMC is key to the PSS algorithm. In fact, PSS uses hundreds of Markov chains to efficiently
propagate to the regions of the input space that are most important with respect to model failures. Since
these Markov chains are independent of each other, they can be run in parallel on a different set of
processors.

To efficiently sample from regions of input parameter spaces that are crucial for failure evaluation of
the model, PSS creates intermediate failure thresholds defined via the following equation:

Ns
Pr=P [] Pyi-1, (50)
=2

where Py is the failure probability of interest, P and F;;_; (i € {2,..., Ns}) are the intermediate failure
probabilities defining the intermediate failure thresholds, and Ny is the number of subsets. Through the
intermediate failure probabilities Py and P;;_, PSS creates intermediate failure thresholds that enable an
efficient transition to sampling from input spaces that cause numerical model failure or numerical model
optimal output. These intermediate failure thresholds are created with the aid of numerous Markov chains.
Figure 68 presents a schematic of the PSS method.

Required failure
threshold F

o o
Subsetl o o

Monte Markov
chains

Intermediate failure

threshold F3
Carlo

Intermediate failure
threshold F,

Fig. 68. Schematic of the PSS method for accelerated failure probability estimation.
In practice, PSS is implemented in the following manner. If N is the total number of numerical model

evaluations, each subset will have M = N/N, samples. A MC is first used to generate M samples. If
the intermediate failure probabilities (except Py, |y, ,) are all fixed to 0.1, then the first intermediate
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failure threshold F} is estimated as the 90" percentile value of all the M numerical model outputs.
The outputs that do not exceed JF; constitute Subset 1. To determine the next failure threshold Fo,
conditional samples should be generated such that the numerical model outputs always exceed Fi. An
MCMC method—particularly a component-wise Metropolis method—is used to estimate F> by simulating
numerous Markov chains. From the M MC samples in the first subset, those that exceeded the threshold
JF1 are used as seeds (or starting values) for these Markov chains. If M samples need to be simulated
such that the outputs exceed Fi, there will be 0.1 M Markov chains, with each chain simulating 1/0.1
samples. In general, if the intermediate failure probabilities (except Py, |y, _,) are fixed to p, instead of
0.1, there will be p, M Markov chains, with each chain simulating 1/p, samples. Once M samples are
generated from p, M Markov chains, the second intermediate failure threshold F; is the (1 — p,) x 100
percentile value of all the samples’ outputs. Samples between F; and F5 comprise the second subset. A
similar procedure of simulating (p, M) Markov chains is repeated for determining the subsequent failure
thresholds until the final required failure threshold F' is reached. An approximate COV estimate to the
intermediate failure probability in subset 7 is given by Au and Beck (2001):

[1-P, .
- V 1=1
A P M’

1—Pyji 4 ) )
—_— <
Py A1 V 1<t < N

(5D

(52)

Since the PSS method consists of numerous Markov chains in each subset, the TRISO evaluations for
separate Markov chains can be conducted in parallel using multiple processors. It is important to note that
parallelization is only feasible across Markov chains, and not within a given chain. A single processor
should be used to completely evaluate an entire Markov chain consisting of int(1/p,) samples. Also,
subset 7 + 1 cannot begin before simulating subset ¢, which means that a single processor should at least
evaluate int(1/p,) Ns samples. If there are P processors and int(p, M) Ny samples across all the
subsets, each processor evaluates the following number of samples:

int(p, M) N
NP —max{ P : (53)
int(1/po) Ns

3) Weibull Approach

IPyC cracking and SiC failure due to IPyC cracking are the dominant failure modes for TRISO fuel.
If only these failure modes are of interest, it is possible to directly estimate the failure probability, since
these modes are governed by the Weibull criterion. That is, for a given set of random input parameters
and the computed stresses in the IPyC or SiC layers, we can estimate the Weibull failure probability by
using the cumulative distribution function of a Weibull distribution:

Wi(z) ~ 1 — exp ( _ oel@)™ ) (54)

(oms)™
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Listing 1. Main input file block for transferring the Qol from the sub file to the main file.

[Transfers]

[reporter_transfer]
type = SamplerReporterTransfer
# IPyC failure:
from_reporter = 'failure_indicator_IPyC/value'
# SiC cracked IPyC failure:
# from_reporter = 'failure_indicator_SiC_crackedIPyC/value'
stochastic_reporter = 'constant'
from_multi_app = sub
sampler = sample

where o.(x) is the stress in either the IPyC or SiC layers, o, is the mean strength of either IPyC or
SiC, m is the Weibull modulus of either IPyC or SiC, and W;(x) is a realization of the Weibull failure
probability. W;(z) will be random due to the randomness in the input parameters. The mean failure
probability of either the IPyC or SiC layer cracking is given by:

N
~ 1
Pr= ;Wi(x). (55)
The COV over the failure probability estimate is given as:
| N Wiz)2 (Pr)?
. \/zz:l i@ (P2 6
Py N N

Note that, in Equations (55) and (56), unlike when using the other MC approaches, the strengths of the
IPyC and SiC layers are not part of the input parameter vector .

Although the Weibull theory is computationally inexpensive for estimating failure probabilities, it does
not directly provide information on the distributions of input parameters that cause IPyC and/or SiC
failures. Such information can be crucial for optimizing fuel design and fabrication. Also, TRISO fuel
can have other failure modes not characterized by the Weibull failure criterion. The Weibull theory cannot
accommodate these additional failure criteria, unlike the other MC approaches.

C. Usage in BISON with Parallel Computing and BISON Website Documentation

To use the above-described accelerated methods for failure probability estimation in BISON, two input
files are required: (1) a primary file that defines the uncertainties in the TRISO model inputs and drives
the MC-type simulation, and (2) a sub file that is the TRISO model and takes the uncertain inputs from
the main file. For each evaluation, the sub file returns the Qol (e.g., the layer failure indicator, layer stress
and strength difference, or layer Weibull failure probability) to the main file with the aid of transfers
in BISON. Listing 1 presents an example of this transfers block in the main file for the failure indicator of
the IPyC layer. Other Qol such as the layer stress and strength difference and the layer failure probability
can be transferred from the sub file to the main file in similar fashion.

1) Variance Reduction Method: Adaptive Importance Sampling

Using AIS in BISON requires defining three blocks in the main input file: (1) Samplers, (2)
Reporters, and (3) Executioner. These three blocks are explained below.
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Listing 2. The Samplers block in the main input file for defining the AIS method.

[Samplers]
[Sample]
type = Adaptivelmportance
distributions = 'normal_kernel_r normal_buffer_t normal_ipyc_t normal_sic_t normal_opyc_t uniform'
execute_on = PRE_MULTIAPP_SETUP
proposal_std = '1.0 1.0 1.0 1.0 1.0 1.0"'
output_limit = 0.999

num_samples_train = 500

std_factor = 0.9

seed = 100

# IPyC failure:

initial_values = '2.1793e-04 9.42e-05 4.07e-05 3.69e-05 4.71e-05 0.05"'

# SiC cracked IPyC failure:

# initial values = '0.00022037925793227898 9.796957949991696e-05 4.608583870089675e-05 3.7752632994271156e-05 5.2783
inputs_reporter = 'adaptive_MC/inputs'

The Samplers block, as presented in Listing 2, defines the AIS method and the corresponding
inputs. distributions are the distributions of the input parameters. proposal_std contain the
proposal standard deviations for the Markov chain for each input parameter. output_limit is the
threshold for model failure; herein, the IPyC layer fails when its stress and strength difference exceeds
zero. num_samples_train is the number of Markov chain samples during the training phase of
AlS. std_factor is a factor multiplied to the standard deviation of the importance density to ensure
that most samples during the evaluation phase result in model failure. A value of 0.9 is recommended.
initial_values are the starting values for the Markov chain which should result in model failure.
inputs_reporter is explained subsequently.

When simulating a Markov chain, a proposal step and an acceptance/rejection step are employed
in simulating samples that result in model failure. The AdaptiveMonteCarloDecision class is
a reporter class that makes the accept/reject decision based on the model output corresponding to the
sample proposed by the AdaptiveImportanceSampler class.

In Listing 3, the Reporters block is presented. The first reporter is of type StochasticReporter,
which stores sub application output. The second reporter is an AdaptiveMonteCarloDecision
reporter. It takes the output_value from the StochasticReporter reporter and defines a new
vector reporter called inputs. Furthermore, it also requires the sampler. The final reporter is of type
AdaptiveImportanceStats, which computes statistics of interest such as the failure probability
(ﬁf), coefficient of variation ¢, and the moments of the importance distributions (e.g., mean and standard
deviation).

Listing 4 defines the Execut ioner block for AIS. The num_steps in the Execut ioner block be-
low specifies the total number of samples. Of the num_ steps samples, the first num_samples_train
should be discarded because they are only used for constructing the importance densities. The next
num_steps - num_samples_train should be used for estimating the failure probability.

Since the AIS method relies on a single Markov chain that must be executed sequentially, it cannot
be parallelized. However, each model evaluation can be run on a set of multiple processors. More
documentation on using the AIS method for TRISO failure probability estimation is provided on the
BISON website at: ATS_1DTRISO.
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Listing 3. The Reporters block in the main input file for using the AIS method.

[Reporters]
[constant]

type = StochasticReporter

[]
[adaptive_MC]

type = AdaptiveMonteCarloDecision

# IPyC failure:

output_value = constant/reporter_transfer:failure_indicator_IPyC:value
# SiC cracked IPyC failure:

# output_value =

inputs = 'inputs'

sampler = sample
[]

[ais_stats]

constant/reporter_transfer:failure_indicator_SiC_crackedIPyC:value

type = AdaptiveImportanceStats

# IPyC failure:

output_value = constant/reporter_transfer:failure_indicator_IPyC:value
# SiC cracked IPyC failure:

# output_value =
sampler = sample

constant/reporter_transfer:failure_indicator_SiC_crackedIPyC:value

Listing 4. The Executioner block in the main input file for using the AIS method.

[Executioner]
type = Transient
num_steps = 1500
[]

2) Variance Reduction Method: Parallel Subset Simulation

As with the AIS method, the PSS method requires defining three blocks in the main input file: (1)
Samplers, (2) Reporters, and (3) Executioner. These three blocks are explained below.

In Listing 5, the PSS sampler block is presented. distributions are the distributions of the input
parameters. num_samplessub is the number of samples per subset. num_parallel_chains is the
number of Markov chains to be executed in parallel. inputs_reporter and output_reporter
are the input and output values returned to the Sampler class from the Reporter class to facilitate

the proposal of the next samples in the Markov chains.

Listing 5. The Samplers block in the main input file for defining the PSS method.

[Samplers]
[sample]
type = ParallelSubsetSimulation
distributions = 'normal_kernel_r normal_buffer_t normal_ipyc_t normal_sic_t normal_opyc_t uniform'
num_samplesub = 4000
num_parallel chains = 5

output_reporter =
inputs_reporter =
seed = 100

'constant/reporter_transfer:SiC_crackedIPyC_stressminusstrength:value'
'adaptive_MC/inputs'

execute_on = PRE_MULTIAPP_SETUP
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Listing 6. The Reporters block in the main input file for using the PSS method.

[Reporters]
[constant]
type = StochasticReporter
outputs = none

[]
[adaptive_MC]
type = AdaptiveMonteCarloDecision

output_value = constant/reporter_transfer:SiC_crackedIPyC_stressminusstrength:value
inputs = 'inputs'
sampler = sample

[
[1

Listing 7. The Executioner block in the main input file for using the PSS method.

[Executioner]
type = Transient
num_steps = 3200
[]

When simulating a Markov chain, a proposal step and an acceptance/rejection step are employed in
simulating samples that result in model failure. The AdaptiveMonteCarloDecision class is a
Reporter class that makes the accept/reject decision based on the model output corresponding to the
sample proposed by the ParallelSubsetSimulationSampler class.

In Listing 6, the Reporters block is presented. The first reporter is of type StochasticReporter,
which stores sub application output. The second reporter is an AdaptiveMonteCarloDecision
reporter. It takes the output_value from the StochasticReporter reporter and defines a new
vector reporter called inputs. Furthermore, it also requires the sampler.

The num_steps in the Executioner block in Listing 7 specifies the total number of samples to
be run per processor. This value should be equal to the num_samplessub in the Samplers block times
the number of subsets the user desires, divided by the number of processors (or the num_parallel_chains
in the Samplers block).

Since the PSS method relies on hundreds of independent Markov chains, it can be run in parallel on
separate sets of processors. To give more information about the parallelization capability of PSS, consider
that we have four subsets, each with 4000 samples. By default, BISON/MOOSE simulates 10 samples
per Markov chain. Thus, each subset will have 400 (i.e., 4000/10) independent Markov chains that can
be parallelized. This means, if we select 800 processors for evaluation so that each model evaluation is
run by a set of two processors, each set of two processors will run 10 model evaluations (or samples)
per subset. Since we have four subsets, each set of two processors will run 40 model evaluations (or
samples) in total. More documentation on using the PSS method for TRISO failure probability estimation
is provided on the BISON website at:
https://mooseframework.inl.gov/bison/tutorials/statistical_failure/variance_reduction/PSS_1DTRISO.html.

3) Weibull Approach

For using the Weibull approach to estimate failure probability given a set of random inputs to the
TRISO model, the WeibullFailureProbability postprocessor should be used in the sub file.
The main file will then be a MC driver that randomizes the TRISO geometry and material parameters.
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Listing 8. The WeibullFailureProbability postprocessor block in the sub input file for using the Weibull
approach. The main file will be a Monte Carlo driver that randomizes the TRISO geometry and material parameters.

[Weibull_failure_probability_IPyC]
type = WeibullFailureProbability

block = IPyC
weibull_modulus = 6
characteristic_strength = characteristic_strength_IPyC

[]

Listing 8 presents an example of this postprocessor for computing the IPyC layer failure probability. When
computing the failure probability of the SiC layer, given IPyC layer cracking and using a 1-D model, the
WeibullFailureProbabilityUsingCorrelation postprocessor must be used to account for
the stress modification factors. More documentation on using the Weibull approach is provided on the BI-
SON website at: WeibullFailureProbability and WeibullFailureProbabilityUsingCorrelation.

D. Results

To demonstrate the accelerated statistical failure analysis methods implemented in BISON, we consid-
ered 1-D and 2-D versions of four TRISO models. We also considered the IPyC failure and SiC failure
caused due to IPyC cracking modes. These four models differ in terms of the geometrical and material
properties of the fuel and their associated uncertainties. Table VI summarizes these properties for the four
TRISO models considered. The four models also differ in terms of the input irradiation temperatures,
which are summarized in Table VII.

TABLE VI. Input parameters for the four TRISO models considered.

Category Parameter Models 1 & 2 Models 3 & 4
Kernel radius (um) N(213.35, 4.4) | N(212.5, 5.0)
Buffer thickness (um) N(98.9, 8.4) | N(100.0, 10.0)
Particle IPyC thickness (um) N (404, 2.5) N (40.0, 3.0)
geometry SiC thickness (um) N(35.2, 1.2) N(35.0, 2.0)
OPyC thickness (um) N(43.4, 2.9) N (40.0, 3.0)
Asphericity ratio 1.0 1.04
Kernel density (g/cm?®) 10.966 11.0
Kernel theoretical density (g/cm?) 11.37 114
Buffer density (g/cm?) 1.05 1.05
Fuel Buffer theoretical density (g/cm?) 2.25 2.25
properties IPyC density (g/cm?) 1.89 N (1.9, 0.02)
OPyC density (g/cm?) 1.907 N (1.9, 0.02)
IPyC anisotropy factor 1.0465 N (1.05, 0.005)
OPyC anisotropy factor 1.0429 N (1.05, 0.005)
Layer IPyC strength W(oms, 9.5) W(oms, 9.5)
strengths SiC strength W(oms, 6.0) W(oms, 6.0)

Notations: NV (z, y): normal distribution with mean x and standard deviation y; 0.,s: mean strength, which is
dependent on the characteristic strength; W(o,,,s, m): Weibull distribution with mean strength ., and Weibull

modulus m.
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TABLE VII. Irradiation temperatures in the nuclear reactor for the four TRISO fuel models.

Model 1 Model 2 Model 3 Model 4

Type = Daily varying | Type = Daily varying
Max. = 1226.84°C Max. = 1281.84°C
Min. = 207.4°C Min. = 195.84°C

Type = Constant | Type = Constant
Value = 700.0°C | Value = 1000.0°C

1) 1-D TRISO models

Table VIII summarizes the failure analysis results for the four models, considering the three accelerated
methods: AIS, PSS, and the Weibull approach. For reference, the MC results are also presented. Note
that the failure probability estimates computed using the accelerated methods compare satisfactorily to
the MC results. Moreover, the number of model evaluations per processor using PSS and the Weibull
approach are much smaller than for MC. In addition, the three accelerated methods result in a lesser
COV over the failure probability estimate, as compared to MC. The PSS method was executed on 1000
processors in parallel, since it uses hundreds of Markov chains that can be run independently. The AIS
method uses only a single Markov chain, and it cannot be parallelized. However, the AIS method mostly
samples from the model failure region, thus it may not be necessary to run the full transient evaluation,
thereby reducing the computational burden.

A by-product of the PSS method is that it can provide information on the distributions of the TRISO
inputs that cause model failures. This information can be crucial for TRISO fuel design and fabrication.
The other two methods (i.e., AIS and the Weibull approach) cannot provide such information. Figure 69
presents a grid plot of the TRISO-failure-causing input parameter distributions and correlations obtained
using the PSS method, and compares them to the MC results for model 1. While the plot diagonals
compare the kernel density distributions of PSS and MC, the off-diagonals compare the correlations of
the parameters in terms of scatter plots (lower off-diagonal) and kernel contour plots (upper off-diagonal).
Note that all distributions were transformed into a standard normal space using a one-to-one mapping.
Overall, good agreement between the PSS and MC methods is observed.

2) 2-D TRISO models

The advantage of the PSS method and the Weibull approach is that we can directly consider 2-D
models for TRISO failure evaluation. The traditional MC method can be computationally prohibitive
for use with 2-D models, especially when the failure probabilities are small. Even the AIS method,
which cannot be parallelized, can be computationally prohibitive with 2-D models. Table IX presents
the 2-D model results considering the PSS method and the Weibull approach. For the 2-D models, there
is good agreement between the failure probabilities estimated using these two methods. Also presented
for comparison in Table IX are the corresponding 1-D model results. While models 1 and 2 show good
agreement between the 1-D and 2-D model results compiled by both methods, models 3 and 4 seems to
slightly underestimate the failure probabilities for the 1-D model in comparison to the 2-D model. Since
the 1-D model approximates the IPyC and SiC layers by using stress modification factors, the quality of
this approximation can influence the failure probability estimates.

As mentioned earlier, the PSS method can provide information on the distributions of the TRISO
inputs that cause model failures. Since for a 2-D model, this type of information is not available from
MC, due to the computational expense, Figure 70 compares the grid plot of the TRISO-failure-causing
input parameter distributions and correlations obtained using the PSS method, considering 2-D and 1-D
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TABLE VIII. Failure probabilities, COVs, and number of 1-D TRISO evaluations for four different statistical
methods across four models.

QoI | MC Alst PSS Weibull
approach
Pr | 1.05x107* | 1x107* | 1.27x10~* | 1.01 x 10~*
) 0.098 0.073 0.056 0.042
(é\gﬁgfilcil) N | 1x10 1 x 104 4 % 10* 100
Tt 3.06 hrs — 0.12 hrs 0.31 hrs
P 1000 1 1000 1
Py [ 3.84x107° | 329 x 107° | 452 x 107" | 3.29 x 107°
) 0.102 0.042 0.059 0.041
(é\gﬁgizl) N | 2.5x10° 1 x 104 4 % 10* 100
T# 7.64 hrs — 0.12 hrs 0.31 hrs
P 1000 1 1000 1
Pr 1 9.26x107* | 7.69 x 107 | 8.92x 10~* | 8.33 x 10~*
) 0.085 0.073 0.052 0.045
( Al\f;l?e?ifal) N | 1.5x10° 1 x 10* 4 % 10* 100
Tt 0.46 hrs — 0.12 hrs 0.31 hrs
P 1000 1 1000 1
Py [ 145%x107° [ 1.6x107° | 1.87 x 107" | 1.39 x 1077
) 0.083 0.15 0.063 0.061
( Al\s/[;f;lictl) N | 1x107 1 x 104 4 % 10* 100
Tt 30.6 hrs — 0.12 hrs 0.31 hrs
P 1000 1 1000 1

Notations pf: failure probability estimate; : COV estimate; /N: number of TRISO
evaluations across all the processors; 7: average elapsed time; and P: number of

processors used

¥ Computed by multiplying the average time for each model evaluation (i.e., 11

seconds) with the number of evaluations per processor

t AIS samples mostly from the model failure region, and each model evaluation takes
less than the average time. These simulation times were not recorded and are hence
not reported in this table.

models. Overall, there is good agreement between the 2-D and 1-D model results in both the individual
parameter distributions (the diagonals in Figure 70) and their correlations (the off-diagonals in Figure 70).

E. Summary

This section discussed recently implemented methods for accelerated failure analysis of TRISO in
BISON/MOOSE, their documentation on the BISON website, and application to the failure analysis of
several 1-D and 2-D models. These accelerated methods included two MC variance reduction methods
(i.e., AIS and PSS) and the Weibull approach. In regard to 1-D TRISO models, these accelerated methods
produced failure probability estimates that compared satisfactorily to the standard MC method. In addition,
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Fig. 69. Pair grid plot of failure-causing input parameter distributions for TRISO Model 1 (1-D), using the PSS and
MC methods. The diagonals represent kernel densities, and the upper and lower diagonals represent kernel contour
plots and scatter plots of input parameter pairs, respectively. All distributions are transformed into a standard normal
space. (Abbreviations rad: radius; th: thickness; and str: strength)

the PSS method is capable of providing information on the distribution of the TRISO inputs that result in
model failure, and this information also compared satisfactorily to MC. Moreover, the PSS method and
the Weibull approach are capable of estimating failure probabilities using the 2-D model, whereas the
MC method is computationally prohibitive in this case. The PSS method and Weibull approach failure
probability estimations considering the 2-D model matched satisfactorily. Since PSS also characterizes
the distribution of parameters that cause TRISO failures, can consider failure modes not described by
the Weibull criterion, and is amenable to massively parallel computing, it may, in practice, be preferred
over the other methods. Future work includes investigation of the influence anisotropy in the particle
layers on the failure probability estimates, and the use of active learning—studied in Dhulipala et al.
(2022c,d)—for even more computational gains when estimating the failure probabilities.
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TABLE IX. Failure probabilities, COVs, and number of 2-D TRISO evaluations for the PSS and Weibull methods
across four models. The corresponding 1-D model results are also presented for comparison.

Qol PSS Weibull PSS Weibull
approach approach
2-D TRISO model 1-D TRISO model
Py [ 119x107* [ 0.99 x 10~ [ 1.27 x 10~ | 1.01 x 10~
) 0.055 0.04 0.056 0.042
(é\gﬁgfilcil) N | 5x10 200 4 % 10* 100
T# 27.5 hrs 27.5 hrs 0.12 hrs 0.31 hrs
P 1000 4 1000 1
Pr | 34x107° | 586 x 107" | 452 x 107" | 3.29 x 107°
) 0.06 0.041 0.059 0.041
(é\gggfilczl) N 5 x 10 200 4 % 10* 100
T# 27.5 hrs 27.5 hrs 0.12 hrs 0.31 hrs
P 1000 4 1000 1
P | 249 x107% [ 242 x 107 | 0.89 x 107% | 0.83 x 107
) 0.045 0.052 0.052 0.045
( A“f;feilijal) N | 4x10 200 4% 10% 100
T# 22 hrs 27.5 hrs 0.12 hrs 0.31 hrs
P 1000 4 1000 1
Pp [375x107° [ 3.84 x 1077 | 1.87 x 107° | 1.39 x 1077
) 0.067 0.055 0.063 0.061
( Al\s/lg)l?eerlictl) N | 5x10% 200 4 % 10* 100
T# 27.5 hrs 27.5 hrs 0.12 hrs 0.31 hrs
P 1000 4 1000 1

Notations Iﬁf: failure probability estimate; §: COV estimate; /N: number of TRISO

evaluations across all the processors; and P: number of processors used

t Parallel computing was used

t Computed by multiplying the average time for each model evaluation (i.e., 33

minutes) with the number of evaluations per processor
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Fig. 70. Pair grid plots of the SiC failure conditional on IPyC distributions of failure-causing input parameters
for TRISO Model 1, in light of PSS for 1-D and 2-D models. The diagonals represent kernel densities, and the
upper and lower diagonals represent kernel contour plots and scatter plots of input parameter pairs, respectively.
All distributions are transformed into a standard normal space. (Abbreviations rad: radius; th: thickness; and str:
strength)
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VIII. CONCLUSION

The capabilities of BISON were significantly expanded to enable it to model the fission product
diffusion in TRISO particles and the matrix. First, the ability to model anisotropic thermal behavior and
diffusion was developed in BISON. Specifically, this capability enables users to define the thermal conduc-
tivity and diffusion coefficient as a second-order tensor whose components correspond to the magnitude
in the radial and tangential directions. This capability was demonstrated via analyses conducted on both
spherical and aspherical TRISO particles. Next, code verification was performed on 1-D spatiotemporal
problems, evaluating the conservation of fission product species. The BISON predictions agree well with
the analytical results in terms of concentration profiles, release rate and R/B, and fractional release from a
solid sphere under in-pile conditions for both decaying and stable fission products, and under out-of-pile
conditions for the preexisting isotopes. These verification problems were made available in the BISON
verification test suite and can be found within the BISON verification documentation. Next, the availability
and reliability of diffusion coefficients were investigated for key radioactive species in the particle. The
diffusion coefficients were estimated based on the AGR-1 and -2 experiments during both base irradiation
and safety heating tests. The estimated diffusion coefficients and surveyed empirical coefficients of the
key radioactive species in the kernel, PyC, and SiC layers were provided. In addition, homogenization was
performed on a compact level to calculate fission product diffusivity. The homogenized diffusivity can be
used to model fission product diffusion with source terms calculated from a MC particle simulation. A
two-way coupling capability was developed to transfer the compact temperature to each particle, based
on their spatial location. The compact modeling was applied to the AGR-1 and 3/4 experiments and
the model’s predictions were compared against the PIE measurements. Finally, recently implemented
methods for conducting accelerated failure analysis of TRISO was documented online. Application of
these methods to the failure analysis of several 1-D and 2-D models were provided as examples on the
BISON website.
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