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ABSTRACT

The diffusion of fission products in intact TRISO particles depends on particle geometry, fission product
source rates, time, temperature, and temperature-dependent diffusion coefficients. Simulating this diffu-
sion process requires models for source rates and diffusion coefficients, plus a computation of the tem-
perature field if not prescribed. In addition, the simulation quality depends on the discretization of the
geometry, appropriate time stepping, and the accuracy of the solution method.

In this paper, we explore the simulation of fission product diffusion in TRISO fuel particles using the
finite element method via the fuel performance code BISON. Recent material model development has
occurred in BISON for each material present in tri-structural isotropic (TRISO) fuel particles: the buffer,
inner pyrolytic carbon, silicon carbide, and outer pyrolytic carbon layers, as well as the fuel kernel. Also,
new mesh generation and fission product release fraction capabilities have been added.

Diffusion capabilities are shown to converge to the correct solution via formal verification tests. A large
number of code benchmarking problems are also given, with good results, showing that BISON's com-
puted release fractions closely match those of other software tools. Finally, a significant validation effort
is detailed in which fission product release, measured as part of the AGR-1 capsule experiments, is com-
pared to BISON outputs. BISON outputs compare favorably to the experimental data and to PARFUME

results.

© 2021 Elsevier B.V. All rights reserved.

1. Introduction

The evaluation of TRISO fuel using the BISON fuel performance
code was the subject of [1]. That paper reviewed the basic struc-
ture of TRISO fuel and discussed some of its history, including
various efforts to simulate TRISO behavior with computer mod-
els. It also discussed several verification and benchmarking prob-
lems. Much of that discussion relied upon a Coordinated Research
Program (CRP-6) through the International Atomic Energy Agency
(IAEA) [2]. A handful of simple problems with analytic solutions,
along with a few more complicated problems without analytic so-
lutions but with computed solutions supplied by Coordinated Re-
search Program (CRP-6) participants, were used to demonstrate the
correctness of BISON's predictions.

AGR-1 was the first in a series of irradiation tests on TRISO
particle fuel sponsored by the U.S. Department of Energy (DOE)’s
Advanced Gas Reactor program. One of the objectives was to ex-
amine the release of silver, cesium, and strontium. The experi-
ment included a total of 72 compacts, arranged twelve to a cap-
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sule, with six capsules total. post-irradiation examination (PIE) on
these compacts measured fission product release and identified
specific compacts with failed particles and the number of failed
particles. In addition, irradiation conditions, including power level
and compact-average temperature, are available for each day of ir-
radiation. This data has been used to evaluate the quality of com-
putationally predicted fission product release [3].

The focus of the current work is to explore more fully the dif-
fusion of fission products in TRISO fuel. To do so, we first review
the fundamental equations governing mass diffusion and discuss
specific models implemented to model that behavior (Section 2).
Next, we discuss a mathematically rigorous verification of those
equations (Section 3). This is followed by a discussion of CRP-6
benchmark cases where we first revisit the results from [1] and
then show results from remaining cases (Section 4). Following that
discussion, we give validation results wherein we compare solu-
tions computed by BISON to AGR-1 data and results computed by
PARFUME (4] (Section 5).

2. Equations and modeling capabilities

The TRISO capabilities in BISON are based on the three partial
differential equations at the center of all fuel performance mod-
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eling activities: conservation of momentum or static equilibrium
(Eg. (1)), energy balance or the heat equation (Eq. (2)), and mass
diffusion (Eq. (3)).

Conservation of momentum, or static equilibrium, is prescribed
using Cauchy’s equation:

V.o+pf=0 (M

where o, the Cauchy stress tensor, is a function of displacement,
the primary variable. Stress is often a complicated function of tem-
perature and irradiation history. f is the body force per unit mass
(e.g., gravity). This equation is used in the section on fuel perfor-
mance analysis Section 4.1 but is not active in the other analyses
shown here.

The heat equation is:

aT .
PCozr +V-q-EF =0 (2)

where T is temperature, the primary unknown; p and C, are den-
sity and specific heat; q is the heat flux; Ef is the energy released
per fission; and F is the volumetric fission rate.

Fission product species conservation, or mass diffusion, is given

by:
%+V~J+)\C—S=O (3)
where C is concentration, the primary variable; A and S are the
radioactive decay constant and source rate of a given species; and
J is the mass flux. Radioactive decay is not used in this study.

Details of material models used in these equations are available
in [5]. Note that BISON expects inputs in SI units. The code handles
any required conversions for material models based on empirical
relationships.

Nominally, TRISO fuel is spherically symmetric. Using this sym-
metry, the governing equations of stress, heat transfer, and fission
product transfer may be simplified greatly. This fact is leveraged
by tools such as PARFUME (Particle Fuel Model) and enables quick
analyses of standard particles. Although TRISO particles fail infre-
quently, they do fail, and the failures occur in ways that are not
spherically symmetric. In order for a code restricted to spherical
symmetry to calculate failure information, another tool is needed.
In the case of Particle Fuel Model (PARFUME), multidimensional, a
(an) calculations from Abaqus [6] are required to give insight into
failure behavior [4,7].

In contrast, BISON’s inherent ability to model a variety of ge-
ometries gives it the potential to model TRISO fuel in all situ-
ations, including particles with manufacturing defects. This was
highlighted in [1]. In this paper, we focus on mass diffusion in
spherically symmetric particles. See [8] for a discussion of TRISO
fuel performance and failure analysis using BISON.

2.1. Recent TRISO development in BISON

Mechanical, thermal, and mass diffusion models must be de-
fined for each material in a full fuel performance analysis. Details
of these models are available at the BISON website [5]. These mod-
els are available in BISON as C++ classes and are invoked through
appropriate statements in the input file. Using the interfaces in the
code, it is straightforward to add new material models and other
modeling capabilities. This allowed the rapid inclusion of new ca-
pabilities discussed below. Other models may be added in a similar
fashion. In addition, it is often possible to utilize generic material
models that allow relatively complex behavior to be described us-
ing only input file commands. Mesh generation capabilities, fission
product diffusion models, and fission yield models-all essential for
diffusion calculations-are highlighted here.
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Fig. 1. A simple one-dimensional mesh for a TRISO particle. Each material is repre-
sented by three finite elements.
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Fig. 2. A close-up view of a portion of a TRISO mesh where the kernel ends and the
buffer begins. The mesh becomes more refined toward the interface due to biasing.
The coordinates on the figure are for the left-most node, the node at the interface
of the kernel and the buffer, and the right-most node.

2.1.1. Mesh generation

Analysis of TRISO fuel particles typically assumes perfect spher-
ical geometry. With that assumption, the domain can be repre-
sented by a line of one-dimensional ans. Each material layer in the
TRISO fuel particle is represented by a set of ans grouped together
and labeled so BISON can apply the appropriate material proper-
ties to the different layers. The schematic in Fig. 1 shows elements
grouped according to the material they represent and the nodes
that define them.

Specialized software is often used to generate an meshes. How-
ever, BISON has the ability to generate one- and two-dimentional
TRISO meshes internally. To use the one-dimensional capability,
three main inputs are required for each of the kernel, buffer, in-
ner pyrolytic carbon (PyC), silicon carbide, and outer PyC materi-
als. These are the thickness (radius, for the kernel), the number of
elements for each material, and a meshing bias.

The meshing bias allows elements to be concentrated toward
one end of the material. The bias parameter b represents the
length of an element based on the length of the element to its left.
For example, if b = 0.8, the elements will get smaller from left to
right, concentrating more elements at the right side of the mate-
rial. If b= 1.5, the elements will grow in size from left to right,
with more, smaller elements at the left side of the material. An
example of this bias feature is shown in Fig. 2. As can be seen, the
ans decrease in size in the kernel portion of the mesh and increase
in size in the buffer portion. Biasing the mesh in this way is helpful
when there are dramatic changes in diffusivity, as is the case with
strontium diffusivity in the kernel and buffer. See Section 5.2 for
details. For the AGR-1 validation studies in this work, the mesh
consisted of 18, 14, 6, 8, and 6 elements over the fuel, buffer, IPyC,
SiC, and OPyC. A bias of 0.8 was applied in the kernel, and a bias
of 1.25 was applied in the buffer.

For a failure analysis, two-dimensional and three-dimensional
meshes are needed. Simple two-dimensional meshes of TRISO
particles can be built by BISON. For example, Fig. 3 shows a
two-dimensional mesh of a quarter of a TRISO particle sectioned
through its center. This mesh would be used in an axisymmetric
analysis.

More complex two- or three-dimensional meshes require spe-
cialized software such as CUBIT [9].

2.1.2. Fission product diffusion
Fission product diffusion follows Eq. (3). The mass flux J is:
J=-DVC (4)

where the diffusion coefficient, D (m?2/s), is defined in Arrhenius
form as:

D= ZDo_iexp (%) (5)
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Fig. 3. A two-dimensional mesh of a TRISO particle. This mesh may be created in
BISON according to user preferences.

Table 1
Mass diffusion coefficients.
Kernel (UO ;)  PyC SiC
Ag Do; (m%fs) 6.7 x 102 53x10° 3.6x107°
Q; (kj/mol) 165 154 215
Cs Doq (m?/s) 5.6x10°8 63x10% 55x10-*
Q: (kJ/mol) 209 222 125
St Do; (m?fs) 2.2x10°3 23x106  1.2x10°°
Q; (kj/mol) 488 197 205

where R is the universal gas constant. Typical values of Dy ; and
Q; for silver, cesium, and strontium are given in Table 1 [3]. Addi-
tional terms targeting high-temperature behavior are often used. A
model where Dy ; is a function of the fast neutron fluence is also
commonly used [10].

In BISON, other values for Dg; and Q; may be used by enter-
ing those values in the input file. More complicated expressions,
including expressions that are functions of other fields, may often
be entered directly in the input file.

In BISON, the temperature field used by diffusion models can
either be fully prescribed as input or be determined via solving
the heat conduction equation. When the temperature is fully de-
scribed, it may still vary in space and time.

2.1.3. Fission yields
Fission yields, I (atoms/fission), for silver, cesium, and stron-
tium are given below.

o For silver:

.. — ]1.31625 x 107260574 for € < 17.5 (6)
A8 7 18.24492 x 104053853 for € > 17.5
where b = max (1.0, Bu).
e For cesium:
0.14 fore <17.5
Fes = {0.16 for € > 17.5 (7)
e For strontium:
e — 0.11754b=021762  for € < 17.5 (8)
S"=10.11819b015778  for ¢ > 17.5

where b = max (0.6, Bu). € (%) is the 23°U enrichment, and Bu
(% FIMA) is the burnup.

Fission yields operate in the source term for the diffusion equa-
tion. Like diffusion coefficients, it is straightforward to customize
these expressions.

At the outer surface of the particle, the mass passed outside the
particle for any fission product is:

r://—DVC-ndtdA 9)
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where D is the Arrhenius diffusion coefficient for the given fission
product (see Section 2.1.2), C represents the concentration of the
fission product, n is the vector normal to the exterior surface, and
A is the outer surface of the particle.

The total fission product production is:

p://FthdV (10)

where T is the fission yield (atom/fission), F is the fission rate (fis-
sion/m3-s), and V represents the volume of the fuel kernel.
The release fraction is defined as

f=-. (11)
3. Verification

Verification is the software development process for assuring
that the code contains no programming errors and that it com-
putes correct solutions for carefully designed problems. This sec-
tion discusses code verification, a mathematically rigorous ap-
proach that includes a demonstration of computing the correct so-
lution to a prescribed problem using a series of more refined an
meshes.

3.1. Code verification

A formal proof that an analysis ran correctly is generally impos-
sible because the expected code output cannot be precisely deter-
mined [11]. This is due to the fact that code results are dependent
upon many factors (e.g., the selected numerical algorithm, tem-
poral/spatial discretization, iterative tolerances, machine precision,
etc.). In the absence of a formal proof of correctness, code verifi-
cation can instill confidence in the correctness of a scientific code.
This is achieved through a quantified demonstration that the code
results converge to a reference solution at the theoretical rate as
the computational mesh and time discretization are refined.

Selection of a reference solution is the first task in the verifi-
cation procedure. Here, we employ two methods for code verifica-
tion:

1. The method of exact solutions (MES) [12], in which a known so-
lution to the intended mathematical model is found as some
nonlinear system operator (£) (Eq. (12)):

LIfx)]=0 (12)

where the solution, f(x,t), is a function of space (¥) and time
(t).

Finding a non-trivial analytic solution to a complex nonlinear
differential equation is difficult. The solution to such equations
often requires significant simplifying assumptions. For exam-
ple, many analytic solutions require that one or more terms in
the partial differential equation (PDE) be trivial and thus elimi-
nated from the solution. This process becomes even more diffi-
cult when a system of nonlinear equations is considered.

2. The method of manufactured solutions (MMS) [11-14], in which
we manufacture a particular form of the solution M(x,t) and
then seek the necessary source term, Q(X,t), that would result
in the manufactured solution:

LIMEX. )] = Q(X.t). (13)

The source term, Q (X, t), is implemented in the simulation tool,
and then the verification process is performed. This methodol-
ogy requires that the manufactured solution is formulated us-
ing continuous, smooth functions sufficiently complex to reveal
nonlinearity in the governing equations. The chosen manufac-
tured solution can be physically unrealistic, as it is intended
only to test the underlying numerical algorithms.



J.D. Hales, W. Jiang, A. Toptan et al.

Any necessary boundary conditions or initial conditions can be
derived directly from the manufactured solution M(X,t). Any
equations of state, varying properties, or nonlinear sources can
be incorporated into the method of manufactured solutions
(MMS) process by implementing them in the nonlinear oper-
ator £. This allows all relevant code options to be tested in
different combinations. In addition, MMS does not require the
complex analytic solutions formed for method of exact solu-
tions (MES), greatly reducing the labor required for the veri-
fication process.

The theoretical rate of convergence (or the formal order of ac-
curacy) can be determined through an analysis of the linear trun-
cation error (LTE). After we select the method to obtain solu-
tions, the theoretical convergence rate of the numerical algorithm
is established. Then, a numerical representation of the mathemati-
cal model is formulated and solved on at least three consecutive
meshes. Global errors between the numerical solutions and the
reference solution are calculated using error norms. For example,
the L, norm (or Euclidean norm) of the error over the solution do-
main 2 is defined as:

o= [ @-arag]” (14)

where the reference solution is represented by the primary vari-
able q (e.g., temperature for heat conduction, displacement for me-
chanics, etc.) and the numerical approximation is §. All of the
above arguments can also be applied to the flux, Vq, with the
norm becoming the H; norm. Since the flux involves the first
derivative of g, its convergence rate is one order lower than that
of the function.

The local LTE converges at some rate; therefore, the global er-
ror will converge at the same rate if the mesh size is (1) small
enough to eliminate higher-order LTE terms and (2) large enough
that numerical error is not dominant. To relate the error to the
characteristic element size h, we use the following:

llq|] = Ch? (15)

where C is a problem-dependent constant and ||-|| indicates a
norm. p is the observed order of accuracy. Using the L, norm, the
expected order is p= p+ 1, and using the H; norm, the expected
order is p = p where p is 1 for the first-order or linear an and 2 for
the second-order or quadratic an. Eq. (15) is in a power law form;
therefore, the slope of the error on a log-log plot is

tog (lqll/llall) lallon
e L LLLLLUE L LALLT A | 16
P Tog (1) °g’(||q||h> (16)

where ||q||, is the norm of g at some mesh size (h) and r is the
mesh refinement factor (r > 2). More details on the formal order
of accuracy of the finite element method can be found in [15,16].

The code verification exercise is successful if the observed or-
der of accuracy matches the formal order of accuracy. This pro-
vides confidence in the implemented numerical algorithm. Then,
the problem is used as supporting evidence that the particular
combination of physics, discretization, geometry, boundary condi-
tions, and initial conditions is free of coding mistakes.

3.2. Demonstration

In this work, we demonstrate each method via a single prob-
lem: Problem 3.1 for the MES and Problem 3.2 for the MMS.

Problem 3.1. A solid sphere has spatially dependent internal heat-
ing:

a——— 17ﬂﬁ (]7)
a =4q )

0
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where the radius of the sphere is r, (0 <r <71,) and k is the con-
stant thermal conductivity. It has a constant temperature imposed
on its boundary: T(r =r1,) = T,. The sphere reaches thermal equi-
librium, and the analytic solution for the temperature distribution
is [17,18]:

"2 2 4
T(r):To+q°6,:°[<1_;2>_31’3<1_:4>]. (18)

This problem is obtained from [15] and solved in BISON on
the domain X € [0, 1]. The center of the sphere uses a Neumann
boundary condition (finiteness requirement), and the surface has a
Dirichlet condition: (dT/dr);—qg =0 and T(1) = Tz = 300K. Steady-
state heat conduction is considered in the sphere with constant
thermal conductivity k = 1W/m/K. The analytical solution is shown
in Fig. 4a.

Problem 3.2. Fick’s second law of diffusion follows the same
mathematical model as the heat equation. A PDE with constant
material properties can be written as:

du _ «kViu+Q (19)
ot
where u is temperature and « is thermal diffusivity for the heat
conduction equation and where u is concentration and « is the dif-
fusion coefficient for the diffusion equation. Q is the source term.
Here, we analyze a steady-state one-dimensional heat conduc-
tion (or diffusion) equation in spherical coordinates using the man-
ufactured solution:

u(r) = sin(anr). (20)

This simple function is suitable for use in an MMS problem
because it is continuous and infinitely differentiable. To find the
source term, Q, that produces the solution, u, the steady-state heat
conduction operator £ = -V .V is applied to u. With x =1, this
results in the following source term:

Q=CL(u)= _ZaTn cos(amr) + a’m?sin(amr). (21)

The problem is solved with BISON over the domain X € [0, 1].
The manufactured solution is shown in Fig. 5a using a = 2, which
is the value used in the BISON implementation. Steady-state heat
conduction is considered through a homogeneous solid using the
external source in Eq. (21). Dirichlet boundary conditions are de-
rived from the manufactured solution using a = 2.

Results & Discussion The exact and computed solutions in Fig. 4a
for Problem 3.1 and Fig. 5a for Problem 3.2 are shown for three
different meshes and two an types (first order, or linear, with two
nodes per element; second order, or quadratic, with three nodes
per element). A convergence study is conducted with a refinement
factor of two (rr = 2). The computed norms for each an type are
plotted in Fig. 4b for Problem 3.1 and Fig. 5b for Problem 3.2.
Note that the L, norm quantifies the convergence of the temper-
ature distribution (solid lines) and the H; norm quantifies the con-
vergence of the heat flux (dashed lines). Slopes of first-, second-,
and third-order convergence are indicated. The formal order of ac-
curacy is two for linear ans and three for quadratic ans for the
temperature solution and one less in each case for the heat flux
solution. In the asymptotic region for both cases, the linear and
quadratic an solutions converge to the exact solution with the cor-
rect order of accuracy. Note that for Problem 3.1 with quadratic
elements, numerical error begins to pollute the solution when the
mesh is refined greatly. This is a common occurrence with very
fine meshes.

These results show that the implementation of the heat equa-
tion (and the diffusion equation) with one-dimensional finite ele-
ments is correct in BISON. For BISON results for similar verification
problems, see [15,16].
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Fig. 4. BISON results for Problem 3.1 using one-dimensional finite elements.

Nejem=8

—Exact, T
15t-order, T
~e-2"_order, T ||

~05 L JF

—e—15"-order, ||T||L,@
—e-1%t-order, ||T]|nya
—e—2"-order, ||T]|L,.
—o-2"-order, ||T]|4@

T T L L
-0.5 -1.0 -1.5 -2.0

1.0 0.0 0.2

(a) Temperature distributions (first row) and residual (second row) for different meshes and finite ele-

ments.

4 0.0 =25
log1o(h)
i ; ! L " L " L n L " "
0.4 0.6 0.8 1.0 1 2 4 8 32 64 128 256
r Number of elements, Nejem

(b) Convergence plot (r, = 2).

Fig. 5. BISON results for the Problem 3.2 using one-dimensional finite elements.

4. Benchmarking: CRP-6

The IAEA-sponsored CRP-6 explored the modeling of TRISO fuel
as part of a larger effort to promote “the exchange of technical in-
formation...in the field of gas cooled reactors.” In particular, CRP-6
organized “two specific benchmark exercises with the application
of HTGR fuel performance and fission product release codes which
helped compare the quality and validity of the computer models
against experimental data and also against each other” [2]. These
benchmark calculations were completed just as BISON was begun
and have served as very valuable references for the calculation of
both fuel performance and fission product diffusion in TRISO fuel.

This section compares BISON results to results from the CRP-
6 exercises. We begin by revisiting cases that were previously run
with BISON and then discuss the remaining cases.

4.1. Previously run fuel performance cases: 1-8, 10, 11

Regarding the fuel performance benchmark cases, three of these
were simple enough to have analytical solutions using elastic ma-
terial models. The others were more complex, using nonlinear ma-
terial models and increasingly realistic boundary conditions. Sev-
eral of these cases were originally run with BISON as part of [1].
Here, we present those results, along with results using the current

Table 2
Comparison of analytical solution values for maximum tangential stress (MPa) to
original ([1]) and current BISON results for Cases 1-3.

Case  Layer  Analytical  Original Error (%)  This study  Error (%)

1 SiC 125.190 125.230  0.032 125.130 0.048
IPyC 50.200 50.287 0.173 50.176 0.048

3 IPyC 8.800 8.700 1.140 8.700 1.140
SiC 104.400 104.500  0.100 104.500 0.100

version of BISON. Small differences are seen in the results between
the original BISON calculations and the current calculations due to
minor changes in modeling practices. All current results reported
here use one-dimensional ans with spherical symmetry. Details on
all the cases are available in [1,2].

The first three cases, as mentioned, have simple elastic mate-
rial models. Case 1 has a single SiC layer, Case 2 has a single PyC
layer, and Case 3 has an inner PyC layer and a SiC layer. Results
are shown in Table 2. The results match the analytical values very
well.

Cases 4a, 4b, 4c, 4d, 5, 6, and 7 involve inner pyrolytic carbon
(PyC) (IPyC) and SiC layers. Results are in Table 3. In every case,
the results are within the ranges of values reported by the CRP-6
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Table 3
Comparison of the range of values reported by CRP-6 participants to orig-
inal ([1], blue marker) and current BISON (red marker) results for Cases

4a-7.
Case Layer CRP-6codes BISON predictions
42 IPYyC  [925,970] ?;iifi;ildy g;g:g o
s w0 QL I 1 ]
o e s e 0
se weim Qum TR0
4c IPYC (25,27 ?;iifis"t‘jdy ;g:g [ o]
sewo Qum Bl 1)
W me me QLY i
se mw Qum O [
e wow oY W)
se e QumLTET [
S me mow gmm R
N
T me mon oL R0 01
sic (10,25] Original 24.6 [ 11

This study ~ 21.7

Tangential stress in IPyC and SiC

100 |

——BISON13 IPyC
----STRESS3 IPyC
— —ATLAS IPyC
------- PARFUME IPyC
----BISON IPyC
——BISON13 SiC
— =STRESS3 SiC
— -ATLAS SiC

«+ + +PARFUME SiC
— —BISON SiC

-100

—200

Tangential Stress (MPa)

—300 -

—400 -

0.0 0.5 1.0 1.5 2.0 2.5 3.0
Fast Neutron Fluence (102> n/m?)

Fig. 6. Comparison of code results for inner-wall tangential stress in IPyC and SiC
for Case 8. Both the original (BISON13 [1]) and current BISON results match those
of other codes very well.

participants. As noted in [1], values in the ranges were extracted
from plots in [2].

For Case 8, the particle temperature was ramped between 873
and 1273 K, a total of ten times. Results from this analysis are in
Fig. 6. The BISON results match those of other codes extremely
well.

The final two cases in the CRP-6 set originally run with BISON
are Cases 10 and 11. These cases are quite different from the cases
already discussed. For Cases 10 and 11, the particle’s internal pres-
sure was set by the fission gas release (FGR) and carbon monox-
ide (CO) production models in the individual codes. Since different
codes used different models for FGR and CO production, the codes

Journal of Nuclear Materials 548 (2021) 152840

Table 4
Comparison of the range of values reported by CRP-6 participants to BI-
SON (red marker) results for Case 1, fractional release of cesium from a

bare kernel.
Case CRP-6 codes BISON predictions
la  [0.453,0.498] Thisstudy 0466 [1 1]

b [0.970,1.000] This study  1.000 [ 1

produced fairly different results. Results for gas pressure and tan-
gential stress in the silicon carbide (SiC) layer are in Fig. 7. The BI-
SON results compare well to the range of results from other codes.

4.2. New fuel performance cases: 9, 12, 13

The remaining fuel performance cases of CRP-6-Cases 9, 12, and
13-are similar to Cases 10 and 11. For these three cases, the mean
particle geometry, burnup level, and fluence level are prescribed,
along with material properties. FGR and CO production are left to
the analysis teams. Given the differences in those models, differ-
ences in gas pressure and tangential stress in the SiC layer are ex-
pected.

Case 9 has a fuel radius of 272 um, with 89 days of irradiation
to reach 4.79% fissions per initial metal atom (FIMA) and a fluence
of 2.1 x 102> n/m2. Results are shown in Fig. 8. The BISON results
are comparable to those of other codes.

Case 12 is somewhat unique among the CRP-6 benchmark cases
in that (1) its fuel is uranium oxicarbide (UCO) rather than UO,
and (2) the fuel is highly enriched. The fuel radius is 100 xm and
reaches 79% FIMA and a fluence of 3.8 x 102> n/m? in 170 days
of irradiation. Results are shown in Fig. 9. The BISON results are
comparable to those of other codes.

Case 13 has a fuel radius of 251 um and reaches 20% FIMA and
a fluence of 5.4 x 102> n/m? in 600 days of irradiation. Results are
shown in Fig. 10. The BISON results are comparable to those of
other codes.

4.3. Diffusion cases

CRP-6 also includes a set of cases intended to exercise diffusion
capabilities. These cases included a set based on assumed model
parameters (Cases 1-5), along with a set based on heating tests
(Cases 6-11). In all the cases, the diffusion of one or more fission
products is measured via the fractional release (ratio of a given
fission product released from the particle to the amount produced,
Eq. (11)).

Diffusivities for these cases follow the German models given
in [10]. Table 1 is based on these models. The German model for
the diffusivity of cesium in SiC is a function of fast neutron flu-
ence. Fig. 11 shows diffusivities of cesium, strontium, and silver for
kernel, buffer, pyrolitic carbon and silicon carbide materials.

Cases 1a and 1b are for the diffusion of preexisting cesium in
a bare kernel. Case 1a has a temperature of 1200 °C, and Case 1b
has a temperature of 1600 °C. The simulation time is 200 h for
both cases. Results are shown in Table 4.

Cases 2a and 2b are similar to 1a and 1b except that the
particle includes the kernel, buffer, and inner PyC. Results are in
Table 5.

Similar to Cases 1 and 2, Case 3 evaluates the diffusion of
preexisting fission products. Case 3, however, involves a complete
TRISO particle. In Case 3a, the temperature is 1600 °C held for
200 h. In Case 3b, the temperature is 1800 °C for 200 h. In Case 3c,
the temperature is 1600 °C for 200 h, followed by a temperature
of 1800 °C for 200 h.
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Cases 3d and 3e have the same temperature conditions as Case Case 4 does not involve a preexisting inventory of fission prod-

3c. In Case 3d, the SiC layer cracks at 1800 °C. In Case 3e, the SiC ucts. Instead, fission products are built up over 500 days of irradia-
layer cracks at 1600 °C, and the inner and outer PyC layers crack tion at 1000 °C, reaching a burnup of 10% FIMA and a fast neutron
at 1800 °C. Cracked layers have their diffusivities set to 1 x 10-6 fluence of 2 x 102> n/m2. Case 4a ends with 200 h at 1600 °C, and
m?/s. Case 4b ends with 200 h at 1800 °C. Case 4c has 200 h at 1600 °C,

Results for Case 3 are in Table 6. followed by 200 h at 1800 °C. Case 4d is much like Case 4c, but
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Table 5

Comparison of the range of values reported by CRP-6 participants to BI-
SON (red marker) results for Case 2, fractional release of cesium from the
kernel, buffer, and inner PyC.

Case CRP-6 codes BISON predictions
2a  [0.006,0.030] Thisstudy 0.027 [ 1]
2b  [0.968,0.996] Thisstudy 0.995 [ 1
Table 6

Comparison of the range of values reported by CRP-6 participants to BI-
SON (red marker) results for Case 3, fractional release of cesium from the
TRISO particle.

Case CRP-6 codes BISON predictions
3a [6.59 x 1075, 1.13x 1073]  Thisstudy 1.33x10™* [ ]
3b [0.203, 0.218] This study 0.210 [ 1]
3¢ [0.220, 0.239] This study 0.225 [r 1
3d [0.999, 1.000] This study 1.000 [ 1
3e .

(Cs) [0.970, 1.000] This study 1.000 [ 1
3e [0.980, 1.000] This study 1.000 [ 1

(gases)

the SiC layer cracks at 1600 °C, and the inner and outer PyC lay-
ers crack at 1800 °C. Cracked layers have their diffusivities set to
1 x 1076 m2/s.

Results for Case 4 are in Table 7.

Table 7

Comparison of the range of values reported by CRP-6 participants to BISON
(red marker) results for Case 4, fractional release of cesium and silver from
the TRISO particle with 500 days of irradiation.

Case CRP-6 codes BISON predictions

Cs 4da [1.64x107 147x107%] Thisstudy 244x107* [ 1
4b [0.20, 0.23] This study 0.20 [ 1
4c [0.21, 0.24] This study 0.22 [1 ]
4d [1.00, 1.00] This study 1.00 I

Ag 4da [0.27, 0.55] This study 0.38 [T 1]
4b [0.58, 0.95] This study 0.78 [ 1]
4¢ [0.92, 0.98] This study 0.90 Il ]
4d [0.98, 1.00] This study 1.00 [ 1

Like Case 4, Case 5 builds up fission products over a period
of irradiation. In Case 5, the irradiation period is 1,000 days. That
time is divided into 10 cycles, during which the temperature ramps
up from 600 to 1000 °C for each cycle. The final burnup is 10%
FIMA, and the final fast neutron fluence is 2 x 102> n/m2. Case 5a
considers cesium and silver diffusion after 1,000 days, while Case
5b adds 200 h at 1600 °C.

Results are in Table 8.

The results from Cases 1 through 5 demonstrate that BISON’s
predictions of fission product diffusion in TRISO fuel particles com-
pare very well to those of other codes, providing evidence that BI-
SON’s diffusion calculations meet expectations.
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Table 8

Comparison of the range of values reported by CRP-6 participants to BISON
(red marker) results for Case 5, fractional release of cesium and silver from
TRISO particle with 10 cycles of irradiation.

Case CRP-6 codes BISON predictions
Cs 5a [219%x107°,1.92x107""] Thisstudy 245x107'% [ ]
5b [3.07x107% 122x107%] Thisstudy 1.49x10* I[ ]
Ag 5a  [555x107°,5.06x107°]  Thisstudy 6.51x10° I ]
5b [0.14, 0.54] This study 0.40 [ 11
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Fig. 12. Temperature during heating phase for Cases 6a and 6b.

The next set of diffusion cases, Cases 6-11, is based on heat-
ing tests. After a period or irradiation, furnace heating is simulated
via a prescribed, elevated temperature boundary condition. [2] de-
scribes Cases 6 through 9 as “postcalculation” studies, since they
are based on experiments conducted previously. Cases 10 and 11
are considered “prediction” cases, since those cases are based on
experiments that were planned but not complete.

In the plots below, experimental data and results from other
codes were digitized based on plots in [2].

Case 6a was irradiated for 351 effective full-power days (EFPD)
at 940 °C. This was followed by a heating period of 333 h contain-
ing three ramps reaching a final temperature of 1600 °C. Fig. 12
shows the prescribed temperature during the heating phase. (Sub-
sequent cases have similar heating phases; see [2]| for details.)
Plots of cesium, silver, and strontium fractional release are in
Fig. 13.

For each case, the report [2] lists ranges of dimensions for the
kernel diameter and buffer, IPyC, SiC, and OPyC thicknesses. A sta-
tistical study of Case 6a was run using a Latin hypercube approach
to generate 1,000 realizations of the particle. From those 1,000 re-
alizations, the mean and standard deviation values of fractional
release were computed. Results are shown in Fig. 14. From these
plots, it is clear that the fractional release computed using the
mean geometrical values is nearly identical to the fractional release
computed as the mean of a large sample of realizations spanning
the variations in geometry, as anticipated. This shows that for the
purposes of large population diffusion, the layer thickness varia-
tion has only a small effect, at least for the parameters in [2]. Thus,
for the remaining CRP-6 diffusion cases, only calculations using the
mean geometrical values were performed.

Again using Case 6a, the sensitivities of fractional release were
computed based on a statistical sampling of the dimensions of the
kernel, buffer, IPyC, SiC, and OPyC layers over the ranges listed
in [2]. The sensitivities are given in Fig. 15. The negative values in
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the figure show that, for all species, increasing the thickness of a
given layer decreases fractional release. For cesium, the SiC layer is
clearly the most significant layer. Silicon carbide is the most impor-
tant layer for strontium and silver as well, though the thickness of
other materials is also important. Diffusivity in the buffer layer is
orders of magnitude higher than in other layers. However, increas-
ing the buffer layer thickness increases the volume of the pyrolytic
carbon and SiC layers, resulting in lower release. The effectiveness
of the OPyC layer in controlling release is very small. Fission prod-
ucts that have diffused through the SiC layer will diffuse through
the OPyC layer quickly.

Case 6b is similar to Case 6a, except that the irradiation temper-
ature, final burnup, and final fast neutron fluence are higher. Case
6b also includes three failed particles, each assumed to have failed
at a different time during the highest temperature portion of the
heating phase. To compute the net fractional release, a weighted
average was used:

1 il
x=- (n—nf)x0+§x, (22)
where x is the net fractional release, n is the total number of parti-
cles, ny is the number of failed particles, o is the fractional release
for an intact particle, and x; for i = 1..ny is the fractional release of
the ith failed particle. For this test, n = 1631.

Plots of cesium, strontium, and silver fractional release for Case
6b are in Fig. 16.

Case 7a was irradiated for 88.9 EFPD at an average temperature
of 1031 °C. A total heating period of 277 h followed, with a maxi-
mum temperature of 1700 °C. Plots of cesium and silver fractional
release are in Fig. 17.

Case 7b is different from Case 7a in that the heating phase is
a total of 222 h with a maximum temperature of 1800 °C. Plots of
cesium and silver fractional release for Case 7b are in Fig. 18.

Case 8a involves an irradiation period of 359 EFPD. In con-
trast to other cases, both a surface and a center temperature were
given for this case. In our analysis, we use the surface tempera-
ture throughout the particle. This case includes a 500-hour heating
phase with a peak temperature of 1600 °C. Plots of cesium, silver,
and strontium fractional release are in Fig. 19.

Case 8b was irradiated at a lower temperature but to a higher
burnup and fast neutron fluence than Case 8a. The heating phase
lasted 187 h and contained two periods at 1800 °C. Ten particles
were assumed to have failed during the 1800 °C phase (out of
16,350 total). Eq. (22) was used to compute the net fractional re-
lease for cesium, strontium, and silver. Results are in Fig. 20.

The particle in Case 9 was irradiated for 634 EFPD. The heating
phase included two peaks at 1800 °C. Five particles were assumed
to have failed out of 14,580 particles total. Eq. (22) was used to
compute the net fractional release. Results for cesium and silver
are in Fig. 21.

Case 10 was developed as its corresponding experiment was in
planning. Since that time, experimental data has become available
[2]. The particle was irradiated for 249 EFPD, with a total heating
time of 836 h, with 200 h at 1800 °C. It was assumed that no
particles failed. Results for Case 10 are in Fig. 22.

Case 11 was developed entirely as a code benchmarking ex-
ercise. It involves hours at 1800 °C was chosen to conclude the
heating phase. Only results irradiation for 1,000 EFPD and 824 h
of heating phase. Again, 200 for cesium are available, which are
plotted in Fig. 23.

Based on the results from Cases 6-11, the following general ob-
servations are made:

o Results from participants show considerable scatter.
e Results from participants show greater agreement toward the
end of the heating phases.
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o BISON results are comparable to results from other participants.

o With a few exceptions, predicted fractional release is consider-
ably higher than observed fractional release.

e BISON results most closely match those from Germany, partic-
ularly for silver.

The CRP-6 benchmark cases have been extremely valuable as
a means of exercising BISON’s TRISO capabilities and determining
best practices for particle analysis. That BISON’s results match pub-

10

Release fractions for Case 6a using values from 1,000 samples.

lished results so well, for both stress and diffusion, is evidence
that the relevant equations were coded correctly and that adequate
meshes and numerical techniques were used.

5. Validation

Validation is the software development process for determin-
ing whether computed values match real-world conditions. It is the
process of comparing code results to experimental data and is an
essential part of determining whether a code is suitable for use as
a design tool. This section discusses fission product diffusion vali-
dation based on AGR-1 data.

DOE’s Advanced Gas Reactor program sponsored a series of ir-
radiation tests on TRISO particle fuel. The first of these, AGR-1, in-
cluded PIE of the release of silver, cesium, and strontium. The de-
tails of AGR-1 are documented elsewhere (see [3] and the refer-
ences therein), so only a brief orientation is given here.

The AGR-1 experiment was configured in capsules. Each cap-
sule housed 12 fueled compacts as three stacks of four vertically
aligned compacts. At six capsules, the experiment included a to-
tal of 72 compacts, each identified by a capsule number, vertical
level within the capsule, and stack number. Irradiation conditions,
including power level and compact-average temperature, are avail-
able for each day of irradiation.

The analysis procedure is as follows. Given that power and tem-
perature are known only as average values at the compact level, a
single particle is analyzed for each compact. The internal tempera-
ture of the particle depends on the power level, which provides an
energy input due to fission in the fuel kernel, and the temperature
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Fig. 16. Release fractions for Case 6b.
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Fig. 18. Release fractions for Case 7b.

at the outer surface of the particle, which is set to the compact av-
erage temperature. Fission product transport depends on diffusion
coefficients (see Section 2.1.2), fission yields (see Section 2.1.3), and
the computed temperature. The diffusion coefficient in the com-
pact outside the particles is high enough to justify the assumption
that all fission products that left the particles will have left the
compacts also.

The comparisons that follow for silver, cesium, and strontium
are among the first fission product diffusion validation results us-
ing BISON for TRISO analysis. Other researchers have done similar

1

work [19], but those results have not been independently checked
and added to the BISON code repository.

5.1. Silver release

To compare experimentally measured release fractions of silver,
we follow the approach in [3]. In particular, we analyzed the 17
compacts listed in Table 3 of that work and plotted the results in a
manner similar to its Fig. 5. Our results, shown in Fig. 24, include
values from PIE, PARFUME, and BISON. As seen from the figure, the
BISON results compare very favorably with the PARFUME results.
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Fig. 20.
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Fig. 21. Release fractions for Case 9.

Fig. 25 shows the concentration of silver in Compact 6-1-1
growing significantly over time. The sharp drop in concentration
at about 0.8 r/ry is due to the low diffusivity of silver in SiC.

Note that the calculation of silver release in this section (and
of cesium and strontium) relies on effective fission yields and does
not consider decay. This is done to follow the approach in [3] and
allows valid comparisons to PARFUME data.

12

5.2. Cesium and strontium release

The evaluation of cesium and strontium release mostly follows
the same approach as for silver release. However, the comparisons
for each fission product are made in two parts. In one set of com-
parisons, only compacts with no known particle failures are in-
cluded. In the other set, compacts with either one or two failed
particles are included.

The analysis procedure for compacts with no known particle
failures is exactly the same as that described for silver.
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Fig. 25. Concentration of silver in AGR-1 compact 6-1-1 over time. The abrupt drop
in concentration is due to the low diffusivity of silver in SiC.

Two analyses were run for each compact with failed particles.
The first was the standard analysis already described. In the sec-
ond, which targeted failed particles, the fission product diffusivity
of the SiC layer was set to a large value (10~% m?2/s [3]). The release
fraction becomes:

fnet = —ﬁ(n — nf) * ffnf

n
where fre is the overall release fraction, f; is the release fraction
from the intact particle, f is the release fraction from the failed
particle, n is the total number of particles in the compact, and ny
is the number of failed particles in the compact.

First, consider Fig. 26, which shows, for Compact 6-1-1, the con-
centrations of silver, cesium, and strontium at 5 x 107 s (approxi-
mately 580 days). The data for silver is the same as in Fig. 25. The
concentrations of cesium and strontium are significantly higher
than for silver. It is also worth noting that the concentration of
strontium across the particle is qualitatively different than the con-
centration of cesium (and of silver, as seen in Fig. 25). Whereas the
other two fission product concentrations drop dramatically at the
SiC layer, the concentration of strontium drops dramatically at the
interface between the kernel and the buffer. This is due to a very
low diffusion coefficient for strontium in the kernel. Little stron-
tium is released from the kernel.

The results for cesium release with intact particles are found in
Fig. 27, and results for cesium release with failed particles are in

(23)
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Fig. 26. Concentration of silver, cesium, and strontium in Compact 6-1-1 at 5 x
107 s. The concentration of silver is better seen in Fig. 25.
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Fig. 27. Comparison of measured and computed cesium release fractions for six
compacts with no failed particles.

Fig. 28. Aside from Compact 4-4-2, both PARFUME and BISON com-
pute a higher release than seen in PIE for compacts with no failed
particles (although for Compact 3-2-1, BISON's prediction nearly
matches the maximum PIE value). Both PARFUME and BISON com-
pute a higher release than seen in PIE for compacts with failed
particles. Compared to PARFUME, BISON predicts a slightly lower
release for cesium with intact particles and a slightly higher re-
lease for cesium with failed particles.

The results for strontium release with intact particles are in
Fig. 29, and results for strontium release with failed particles are
in Fig. 30. For compacts with intact particles, the PARFUME and
BISON results are fairly consistent from compact to compact, while
the PIE results show a large variation. These results show room for
improvement, perhaps in the values of the diffusion coefficients.
For compacts with failed particles, both PARFUME and BISON com-
pute a higher release than seen in PIE. Compared to PARFUME, BI-
SON predicts a slightly higher release for strontium, both with in-
tact particles and with failed particles. In the case of strontium,
it is interesting to note that predictions change only very slightly
with the inclusion of failed particles. This is due to most of the
strontium being held in the fuel kernel, never migrating outward
to where a failed SiC layer would affect its release.

Differences in cesium and strontium diffusion between intact
and failed particles can be seen in Fig. 31. This figure shows con-
centrations in Compact 6-3-2 at 5 x 107 s (approximately 580 days)
for an intact particle and one in which the diffusion coefficient of

14
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Fig. 28. Comparison of measured and computed cesium release fractions for three
compacts with one or two failed particles.
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Fig. 29. Comparison of measured and computed strontium release fractions for six
compacts with no failed particles.

the SiC layer was set to 10~ m2/s. For cesium in the intact case,
the concentration drops dramatically across the SiC layer, as previ-
ously shown. For cesium in the case of a failed particle, the con-
centration hardly drops across the SiC layer (the dashed line is hor-
izontal across the SiC layer). However, for strontium, the intact and
failed results are indistinguishable. Small differences do exist but
are not visible at this scale. The reason for this is that the kernel
retains nearly all the strontium. The higher diffusion coefficient in
the SiC layer has very little effect. Again, this effect is manifest in
Fig. 30.

For silver, cesium, and strontium diffusion in AGR-1, BISON’s
computed results compare reasonably well to PIE values and val-
ues computed by PARFUME. BISON’s results were computed using
diffusion coefficients in [10]. Other researchers have calibrated dif-
fusion models to match AGR-1 data [19], but this has not been
done here. Considering the four compacts with known lower and
upper bounds on release (based on PIE) in Fig. 27, BISON’s results
are at or above the upper bound in three of the cases and below
the lower bound in the other. Thus, it will likely be difficult to
find diffusion model coefficients that accurately compute release
fractions for all compacts. Subtleties, such as temperature varia-
tions within a compact, may play an important role and need to
be included for more accurate validation of AGR-1 fission product
release fraction calculations. The exploration of calibrated coeffi-
cients and compact-level temperature variations has been left as
future work.
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Fig. 31. Concentrations of cesium and strontium for an intact and a failed particle
in Compact 6-3-2.

6. Conclusions

Significant advances in BISON’s capabilities to model TRISO fuel
have recently been made. BISON is able to build a one-dimensional
or two-dimensional TRISO mesh automatically. This dramatically
speeds up analysis and enables automated sensitivity and parame-
ter exploration studies.

Many new material models are available for the fuel kernel,
buffer, pyrolytic carbon, and SiC. These models include mechani-
cal (elastic, creep, irradiation strain), thermal (thermal conductiv-
ity, specific heat), mass diffusion, and fission gas production and
release models.

A significant effort has been made to ensure that solutions
computed by BISON are correct. A rigorous verification exercise
was completed in which BISON was shown to converge to the cor-
rect analytic solution upon mesh refinement for a set of nontriv-
ial problems. Ten benchmark cases for fuel performance from the
IAEA CRP-6, originally run with BISON several years ago, were re-
run. The remaining three cases were run for the first time. In ad-
dition, the diffusion cases from CRP-6 were run for the first time.
In all cases, results either matched analytic solutions or, where no
analytic solution exists, were comparable to results computed from
other codes.

BISON results have been validated against experimentally ob-
tained fission product diffusion data. The AGR-1 experiment, in
which a number of capsules loaded with TRISO particles were

Journal of Nuclear Materials 548 (2021) 152840

irradiated and fission product diffusion measured, provides data
on the movement of silver, cesium, and strontium. For all three
species, the BISON results compare favorably with the experimen-
tal data and with results computed by PARFUME.

The understanding of fission product diffusion requires signifi-
cant investigation, in no small part due to the fact that diffusion
is often not the mechanism by which fission products transverse a
fuel particle. In many cases, movement is accelerated by chemical
changes, grain boundaries, or cracks. These phenomena are not un-
derstood well and are not modeled at present. Instead, these phe-
nomena are lumped together with Fickian diffusion, resulting in
the determination and use of effective diffusion parameters. Prop-
erly modeling these mechanisms will require close coordination
with lower-length-scale researchers. Another area that needs fur-
ther development is improving the new statistical failure capabil-
ity in BISON by adding support for more failure modes, such as
a chemical attack on the SiC layer. Finally, more validation work
is needed. In particular, the Advanced Gas Reactor (AGR) test se-
ries includes much more data, and BISON'’s ability to predict the
response of TRISO fuel will be checked against that data.
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