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Abstract

Understanding and quantifying the release of fission products like silver (Ag)
from TRistructural ISOtropic (TRISO) fuel particles is important to assess
the safe operation of advanced high temperature reactors. Although the sil-
icon carbide (SiC) layer of TRISO particles is effective as the main fission
product barrier, Ag can be released from intact TRISO particles. A mecha-
nistic model for the effective Ag diffusivity, D¢/, was previously developed
as a function of temperature and microstructure variables informed by atom-
istic modeling of Ag diffusivity. In this study, we use this model to explore
how experimental temperature uncertainties impact the overall predicted Ag
release. This analysis indicates that calculated temperature uncertainties
have a significant impact on the overall Ag release predictions. Furthermore,
we show that the time average volume average (TAVA) temperature is not
an appropriate proxy for the detailed temperature histories to predict fission
product release due to the Arrhenius dependence of Ag diffusivity with re-
spect to temperature. The detailed temperature histories, therefore, provide
the most accurate results and are of most importance for modeling efforts.
Overall, this work shows the importance of considering the experimental un-
certainty of the temperature on computational predictions of fission product
transport and release and the need for more accurate temperature histories
from future experiments.

Keywords: TRISO, Ag diffusivity, temperature uncertainty, BISON, fission
products
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1. Introduction

TRISO coated particles are an advanced fuel form currently being pursued
for use in multiple Generation IV advanced and small modular reactor con-
cepts, such as high-temperature gas reactors (HTGRs) or fluoride salt-cooled
high-temperature reactors (FHRs), due to relatively superior performance in
extreme high-temperature environments (I). The geometry of TRISO par-
ticles involves a fuel kernel at its center. This kernel consists of uranium
dioxide (UQy), uranium carbide (UC,,), mixed uranium carbide/uranium ox-
ide (UCO), or uranium nitride (UN). However, this study specifically focuses
on particles with UCO fuel. The kernel is then coated with a porous car-
bon buffer layer, an inner pyrolytic carbon (IPyC) layer, a silicon carbide
(SiC) layer, and an outer pyrolytic carbon (OPyC) layer. Most notably, the
SiC layer serves as the pressure vessel and barrier to fission product release
(2). TRISO particles are manufactured into cylindrical compacts or spherical
pebbles for use in these advanced reactor designs.

The performance of TRISO fuel is of interest for validation and licensing
needs. Particularly, the build-up and subsequent diffusional release of fission
products from these fuel particles determines the radiological source term of
the reactor. This paper specifically focuses on Ag since it is known to diffuse
through intact SiC, which is a concern due to the half-life of 249.8 days and
activity of the 19" Ag isotope (3). This relatively short half-life leads to an
increased radiological impact during planned reactor maintenance.

Numerous efforts have been developed for modeling TRISO fuel and fis-
sion product retention and release (4} [5; [6; [7; ®). Specifically, the fuel perfor-
mance code BISON underwent significant development to simulate spherical
TRISO particles. BISON is a finite-element code based on the Multiphysics
Object-Oriented Simulation Environment (MOOSE) framework that is de-
veloped and maintained by Idaho National Lab (INL) (9} 10; 11). The simu-
lation of fission product diffusion in TRISO fuel particles has previously been
explored by Jiang et al. including model development for materials present,
mesh generation, and fission product release fraction capabilities (4 [5).

Prior work involved the use of an empirical diffusivity equation for fission
product diffusivity in TRISO, but substantial deviation from experimental
observations has been observed for some fission products (12). Particularly,
the diffusivity of Ag within the SiC layer has shown poor results when pre-



dicted with BISON (4) and PARFUME (13)) compared with experimental
data (14} [15; [16} [17). Fission product inventory was determined experimen-
tally by dividing the measured activity of 11" Ag from precision gamma scan-
ning (PGS) in the AGR-1 and AGR-2 experiments by the calculated 1" Ag
activity. Specific details of the data collection can be found in Harp et al.
(16) and Harp et al. (I7) for AGR-1 and AGR-2, respectively. Additionally,
152Fu was used as a calibration source before the first compact and after the
last compact was scanned to ensure the system was detecting accurately. A
slight amount of Ag released is retained within the graphite matrix. Although
it has been shown through the deconsolidation-leach-burn-leach analysis re-
sults that this value is small compared to the total inventory, this represents
a potential source of error (14; [15)). Collin et al. described results from a
computational analysis that explored how temperature and burnup impact
PARFUME predictions of strontium, cesium, and silver release. Specifically,
this previous work explored the impact of spatial temperature variations,
based on the work by Hawkes et al. (I8 [19) on PARFUME calculations
of silver release (L3). As well, Collin et al. described that the use of the
TAVA temperature does not accurately predict fission product release which
is confirmed by the work presented here.

The current analysis uses the mechanistic calculation for determining the
effective diffusivity of Ag through the SiC layer created by Simon et al. and
introduces temperature history variations to quantify the effect of the cal-
culated temperature uncertainties on modeling predictions of Ag release in
comparison to experimental predictions. Previous work by Simon et al. re-
sulted in a mechanistic model that incorporated lower length scale atomistic
calculations to a mesoscale effective Ag diffusion coefficient for SiC (7} 8} 20).
The original temperature histories were calculated using thermocouples dur-
ing experiments conducted at the Advanced Test Reactor (ATR) along with
the thermal modeling code ABAQUS to determine volume-average tempera-
ture histories for each compact. In these measurements, three main sources of
temperature variation and uncertainties exists: temporal temperature varia-
tions across the irradiation time, spatial temperature variations across com-
pacts, and temperature uncertainty, which was quantified by Pham et al.
(215 22). In this work, we focus on quantifying the effect of temporal tem-
perature variations and calculated temperature uncertainties quantified by
Pham et al., and do not include spatial temperature variations, although we
recognize that their effects can be significant (13). We hypothesize that the
temporal temperature variations and calculated temperature uncertainties



of the Advanced Gas Reactor fuel development and qualification irradiation
campaigns 1 and 2, respectively (AGR-1 and AGR-2), have a significant im-
pact on the predicted Ag release and could explain some of the discrepancies
between modeling predictions and experimental data.

This paper begins with a discussion of the base irradiation tests conducted
in AGR-1 and AGR-2, as well as a brief review of the Simon et al. mecha-
nistic calculation for the effective diffusion coefficient of Ag in SiC in Section
2. The methodology used to conduct the analysis including an explanation
of the temperature histories and BISON simulation used is then discussed
in Section 3. Section 4 presents results showing the impact of the temporal
temperature variations and calculated temperature uncertainty. Section 5
discusses the implications of these results on the effect of temperature vari-
ation and uncertainties on Ag predicted release, and Section 6 provides a
summary and opportunities for future work.

2. Background

2.1. Background information on AGR-1 and AGR-2 campaigns

A series of TRISO fuel irradiation experiments have been conducted in
ATR at INL as part of the U.S. Department of Energy (DOE) Advanced
Gas Reactor (AGR) fuel development and qualification program. The AGR-
1 experiment was conducted to study the performance of UCO TRISO fuel.
The specific goals of this work included evaluating the level of fission prod-
uct retention by the fuel particles and compacts, investigating the kernel and
layer morphology evolution and coating failure, and exploring the migration
of fission products through the layers (2} 14} [13; 23} [15; 24 25 26). AGR-1
kernels and TRISO coated particles were produced on the laboratory-scale at
BWX Technologies Nuclear Operations Group (BWXT NOG) with a nomi-
nal fuel kernel diameter of 350 microns and consist of 19.7% enriched mixed
uranium carbide/uranium oxide (14)). Seventy-two compacts were irradiated
and subsequently examined. These compacts were irradiated to a peak bur-
nup of 19.6 % fissions per initial metal atom (FIMA), and a compact average
fast neutron fluence between 2.17 to 4.30 x 10* n/m? over 620 effective full
power days (EFPDs). AGR-1 also involved substantial post-irradiation mi-
croanalysis of the TRISO particles to understand fission product migration.
Although zero TRISO particle failures were observed, particles with failed
SiC layers were present, and Ag release during irradiation was detected (14]).
Specific details of the AGR-1 experiment are documented by Grover et al.
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(27), and the post-irradiation examination (PIE) results are documented by
Demkowicz et al. (14]).

The AGR-2 experiment was conducted to study the performance of UCO
and UQOy TRISO fuel to obtain normal operation and accident condition fuel
performance data. AGR-2 kernels and TRISO coated particles were fabri-
cated at BWXT NOG with a nominal fuel kernel diameter of 425 microns
and consist of 14 wt% 2*U LEU. Continually, AGR-2 coatings were applied
using an industrial-scale coater (15). Seventy-two compacts were irradiated
and examined. These compacts were irradiated to a peak burnup range of
7.26 to 13.15 % FIMA with a compact average fast neutron fluence between
1.94 to 3.47 x 10?® n/m? for UCO fuel over 559.2 EFPDs. AGR-2 also in-
volved substantial post-irradiation microanalysis of the TRISO particles to
understand fission product migration. Six SiC failures were observed which
corresponds to a range of failed TRISO particles from zero to four as noted
by Stempien et al. (15). Specific details of the AGR-2 experiment are doc-
umented in Demkowicz et al. (28), and the PIE results are provided in
Stempien et al. (15)).

2.2. Reported Calculated Temperature Uncertainty

During the AGR-1 and AGR-2 tests, fuel temperatures were not directly
measured. Thermocouples embedded in graphite blocks were utilized along
with the thermal modeling code ABAQUS to calculate the thermal conditions
of the AGR experiments. Initially, there was not a reported uncertainty as-
sociated with this calculation, but the calculated temperature variation has
since been quantified by Pham et al. (2I; 22)). This quantification of the
calculated temperature uncertainty is shown in Figures 1 for AGR-1 cap-
sule 4 and AGR-2 capsule 5. Although these figures show the results for a
specific capsule in each experiment, these values were relatively consistent
across all capsules. AGR-1 tests had a peak fuel temperature variation of
approximately +50 K as shown in Figure la (2I)), while AGR-2 reported
a peak fuel calculated temperature uncertainty of approximately 60 K as
shown in Figure 1b (22)). The results from Pham et al. shown in Figure
1 are obtained from ABAQUS finite element modeling of the heat transfer
and temperature distributions. Pham et al. identified model parameters of
potential importance to the AGR-1 predicted thermocouple and fuel temper-
atures. Input parameters were then selected for uncertainty quantification
based on the rankings of their influence on variation of temperature predic-
tions. These results were then propagated to quantify the overall uncertainty
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of the temperature histories (21} 22).
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Figure 1: Calculated temperature uncertainties associated with capsule 4 in AGR-1 and
capsule 5 in AGR-2 are shown in Figures 1a and 1b, respectively. The blue points represent
the daily average volume average fuel temperature, and the red points represent the daily
average peak fuel temperature. The error bars shown represent one standard deviation of
the predicted temperatures. These figures are reproduced from Pham et al. (2T} 22]).



2.3. Background information on mechanistically-informed Ag diffusion model

The use of an empirical diffusivity following an Arrhenius law has re-
sulted in poor predicted Ag release results compared to experimental values
(29). The discrepancies in prior modeling are believed to originate from
model inadequacies or uncertainties in experimental conditions. Simon and
co-workers developed a mechanistic mesoscale effective Ag diffusion coeffi-
cient (D7) in SiC (7; B). This model leverages atomistic calculations for
Ag diffusivity and captures both temperature and grain size effects, which
the empirical model did not previously capture. The effect of neutron ir-
radiation and palladium attack are not directly included, but their impacts
are accounted for by a correction factor. This equation, as reproduced from
Simon et al. (7; [§]), is:

eF ot (T ) — | M)

DT, i) = oo D(mi)eap(— 1)
where:
D = diffusion pre-factor in (m?/s)
() = activation energy in (J/mol)
m; = grain minor axis length in (m)
R = universal gas constant in (J/mol — K)
T = temperature in (K)
Ocorr = correction factor

The diffusion pre-factor and activation energy are defined as functions of
microstructure as indicated by:

D(m;) = Dyo +miDpy 1 (2)
QM) = Qo+ miQma (3)

The scalar correction factor was set to 10 to match the order of magnitude
of the empirical diffusivity (7; 8; 12)). These equations are defined for the
temperature range of 1000 K to 2200 K and a range of 0.3 to 0.82 micron in
the minor grain axis length, i.e., the grain size in the direction perpendicular
to the direction of fission product diffusion (20).



3. Methodology

3.1. BISON simulation info

This analysis utilized the fuel performance code BISON. A brief overview
of the BISON fission product transport model is provided with more details
provided in Refs. (95 4} [30). BISON calculates the concentration of a specific
fission product by solving the partial differential equation:

%—f—l—V-J%—)\C’—S:O (4)
where:
C = the concentration of a fission product in (atoms/m?)
J = the mass flux
A = the radioactive decay constant
S = the source rate of a fission product
The mass flux J is defined using Fick’s first law:

J =—DVC (5)

where: D = diffusion coefficient in (m?/s).

This diffusion coefficient is calculated using the mechanistic calculation,
as defined in Equations 1-3. Continually, the mass released from the particle
of any fission product, r, and the total mass of a fission product produced,
p, are calculated using Equations 6 and 7, respectively:

r:/ —DVC -ndtdA (6)

p= // —TFdtdV (7)
where:

n = directional vector normal to the surface of the particle

A = the outer surface of the particle

[' = the fission yield in atoms/fission. This is specified for Ag in (29).

F' = the fission rate in (fissions/m? — s)

V' = volume of the fuel kernel

This analysis used the fractional release to compare normalized values which

is defined as:

"
release fraction = — (8)
p



3.2. Temperature histories

This analysis was performed in BISON using the reported calculated tem-
perature uncertainties for the AGR-1 and AGR-2 compacts that had UCO
fuel kernels, as calculated by Pham et al. (2I; 22). This analysis does not
consider the impact of spatial variation, but rather investigates the impact
of temporal temperature variations and the calculated temperature uncer-
tainty on the volume-average temperature. Therefore, a single temperature
was assumed for a compact at each time step. The base temperature his-
tories utilized the detailed volume average daily data temperature histories
recorded during each respective AGR test. For use in our calculations, the
temporal fluctuations within the provided temperature histories were first
smoothed by removing any points where the temperature dropped due to
shut down as shown in Figures 2 and 3. Figure 2a and 3a compare the daily
data history to the smoothed history to show the removal of these tempo-
ral fluctuations for compact 5-3-3 for AGR-1 and AGR-2, respectively. The
smoothed temperature histories were modified to account for the tempera-
ture variations discussed in Section 2.2. The temperatures were therefore
increased by +50 K and +60 K for AGR-1 and AGR-2, respectively, to ob-
tain the maximum temperature histories, and decreased by the same amount
to obtain the minimum temperature histories. Additionally, the TAVA tem-
perature was calculated and compared to the reported value (245 31]). There
was a relatively slight variation of approximately 20 K and 10 K between the
reported TAVA and our calculated TAVA values for AGR-1 and AGR-2, re-
spectively. This is most likely an impact of the smoothing of the temperature
histories, and we have used our calculated values throughout this analysis. In
addition to simulations using the base, maximum, and minimum temperature
histories, we performed BISON simulations using the TAVA temperature as
a constant temperature history to determine if using TAVA could be a valid
proxy to predict Ag release. The temperature histories used are shown in
Figure 2b and 3b for compact 5-3-3 for AGR-1 and AGR-2, respectively.
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for predicting Ag release for compact 5-3-3, including the calculated temperature uncer-
tainty of £50K. The horizontal gray dashed line represents the constant calculated TAVA

temperature history.

10

600



AGR-2 Compact 5-3-3

1600 A —=- Smoothed Daily Data ; é [t
..... i D 1 |
Daily Data i Lo M "g\w s, ey
1400 A Ay 8 T R R A R | I
SR OUES
¥ O O B |
2 12001 :
2 10001 :
@ : H H
3 Lo
800 : H i
@ : :
600 -
400 A :
0 100 200 300 400 500
Time (days)
AGR-2 Compact 5-3-3
1600 A
1400 A
<1200 A
g
2
© 1000 -
[}
o y
£
2 800 A
—— Smoothed Daily Data +60 K
600 - —— Smoothed Daily Data
—— Smoothed Daily Data -60 K
400 A —-- Calculated TAVA
0 100 200 300 400 500

Time (days)
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4. Results of BISON predictions of Ag release

Figures 4a and 4b show the predicted Ag release fraction for compact
5-3-3 in AGR-1 and AGR-2 for each of the temperature histories simulated
in BISON, respectively. As indicated in Figure 4a for AGR-1, the difference
of the results between the use of the original daily temperature history shown
by the dashed purple line and use of the smoothed temperature history shown
by the dashed yellow line for compact 5-3-3 was extremely small and led to
predicted final Ag release fractions of 0.337 and 0.323, respectively. This
discrepancy was near negligible for AGR-2, as shown in Figure 4b, for which
the predicted Ag release fraction using the original daily temperature history
and the smoothed temperature history for AGR-2 compact 5-3-3 was 0.417
and 0.419, respectively.

The effect of a 50 K temperature variation on the smoothed daily tem-
perature history for AGR-1 compact 5-3-3 is shown in Fig. 4a as the blue
and red lines, respectively, for which the BISON predictions of the final Ag
release fraction varied from 0.196 to 0.505. Figure 4b shows the effect of
a £60 K temperature variation on the smoothed daily temperature history
for AGR-2 compact 5-3-3 and the BISON predictions of the final Ag release
fraction varied from 0.222 to 0.638. Notably, the use of the constant TAVA
temperature history significantly underestimates the experimental values, as
BISON predicts a final release fraction of 0.025 and 0.136 for AGR-1 and
AGR-2, respectively. These results show the significant impact of calculated
temperature uncertainty on Ag release predictions.

The experimentally determined final Ag release fraction of 0.331 (14) was
accurately predicted by the use of the original and smoothed daily tempera-
ture histories for AGR-1 compact 5-3-3. In contrast, all temperature histories
utilized underpredict the experimentally determined final Ag release fraction
of 0.767 for AGR-2 compact 5-3-3(17), but the BISON predictions from the
use of the smoothed daily temperature history +60 K are closer to the ex-
perimental values than the previously used daily temperature histories. The
experimental data utilized in this work was taken from Figure 10 within the
AGR-1 PIE final report by Demkowicz et al. (14) and Table 7 within the
AGR-2 PIE final report by Stempien et al. (15)
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predicted results from using the appropriate smoothed temperature history
and calculated uncertainty are shown by the blue points and error bars, and
encompass the experimental values shown by black squares in 13 of the 21
compacts investigated for AGR-1, as shown in Figure 5a. The average varia-
tion between the minimum and maximum predicted final Ag release fraction
across all investigated compacts in the BISON predictions with the smoothed
daily temperature history 450 K was 0.303+0.048 for AGR-1. The variation
of the predicted results from using the appropriate smoothed temperature
history and calculated uncertainty encompass the experimental value in 13
of the 24 compacts investigated for AGR-2, as shown in Figure 5bb. The aver-
age predicted variation across all of the AGR-2 compacts using the smoothed
temperature history +60 K was approximately 0.373+0.189. Comparatively,
the AGR-2 Ag release uncertainties were larger than in AGR~1 which is due
to the slightly larger calculated temperature uncertainties.

The final predicted Ag release resulting from the use of the constant TAVA
temperature history is shown in Figure 5 by gray triangles, and significantly
under predicts 18 of the 21 compacts investigated for AGR-1 (Fig. 5a) and
23 of the 24 compacts investigated for AGR-2 (Fig. 5b). The average dif-
ference in the final Ag release fraction between the experimental values and
BISON predictions with constant TAVA temperature history is 0.295+0.233
and 0.43940.215 for AGR-1 and AGR-2, respectively. The larger average
discrepancy between the experimental results and BISON predictions using
a constant temperature history in AGR-2 likely results from the observation
that the experimental final Ag release values were incredibly high with val-
ues on the order of 0.8 for 10 of the 24 compacts. Nonetheless, the predicted
BISON model of Ag release in both the AGR-1 and AGR-2 irradiation cam-
paigns indicate that use of a constant temperature history at the value of
the TAVA does not accurately reflect the experimental observations which
agrees with previous studies by Collin et al. (13).
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5. Discussion

The use of the quantified calculated temperature uncertainty associated
with AGR-1 and AGR-2 experiments as input to BISON leads to a clear and
significant variation in the predicted Ag release. The temperature variation
of £50 K in the BISON predictions of the AGR~1 compact 5-3-3 significantly
modify the predicted Ag release fraction. Averaging across all of the compacts
in AGR-1, the predicted effect of the 50 K temperature variation results in
an average Ag release of 0.36840.134, with a minimum average release frac-
tion of 0.224+0.109 and a maximum average release fraction of 0.527+0.141.
Similarly, averaging across all of the compacts in AGR-2, the predicted ef-
fect of the 60 K temperature variation results in an average Ag release of
0.40840.157, with a minimum average release fraction of 0.2254+0.121 and
a maximum average release fraction of 0.61040.155. Figure 5 clearly indi-
cates that the effect of calculated temperature uncertainty on predicted Ag
release is significant across all investigated compacts. This suggests that the
discrepancy between experimental measurements and modeling predictions
could be largely explained by calculated temperature uncertainties, which
are magnified at elevated temperatures due to the Arrhenius dependence on
temperature of the Ag, and by extension other fission product(s), diffusiv-
ity. Therefore, accounting for calculated temperature variations across the
compacts is important to accurately predict Ag release. Furthermore, this
work does not consider the spatial temperature variations across particles,
which has previously been identified by Collin et al. (13), which could also
significantly impact final predicted Ag release. The variations in temperature
histories used in this work consisted of +£50 K and +60 K for AGR-1 and
AGR-2, respectively, while the spatial variations used by Collin et al. (13)
were as large as +200 K/-100 K for AGR-1. The considerably larger spatial
temperature variations have a significant impact on predicted Ag release due
to the Arrhenius temperature dependence of fission product diffusivity. We
recommend future evaluations include all sources of temperature uncertainty
to improve modeling efforts.

The results also reveal that the use of smoothed temperature histories
does not result in a significant variation in the predicted final Ag release
fraction in comparison to the more detailed temperature history which in-
cluded significant temperature reductions during reactor power changes. As
such, the smoothed temperature history leads to an improved computational
efficiency of the BISON simulations, with essentially no significant reduction
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in predicted accuracy. This can be extremely helpful in future work that uti-
lizes a large number of simulations, such as a sensitivity analysis. Moreover,
the results show that the use of a constant TAVA temperature history is
not a good proxy for the full daily data temperature histories for predicting
Ag release. Due to the Arrhenius temperature dependence of fission prod-
uct diffusivity, the time at higher temperatures contributes significantly to
fission product release. As a result, the use of a constant TAVA tempera-
ture history significantly underestimates the experimental data. The use of
a constant TAVA temperature history in BISON leads to Ag release fraction
predictions that are significantly lower than the experimentally measured val-
ues by 85.7% (AGR-1 compacts) and 95.8% of (AGR-2 compacts with UCO
fuel kernels).

Overall, it is apparent that experimental temperature uncertainty has a
significant impact on predicted silver release across the compacts. Therefore,
calibration efforts need to account for these temperature uncertainty effects
to mitigate risk of over-fitting the data. Moreover, the need for experimental
data with a well known temperatures is made apparent by this study to make
model development and calibration efforts more efficient.

6. Conclusion and recommended future work

TRISO coated particles are currently being explored for advanced nu-
clear reactors such as HTGRs and FHRs. Understanding fission product
diffusion, specifically associated with Ag release, is important to specify the
radiological source term for licensing this fuel form. This paper explores the
impact of AGR-1 and AGR-2 experimental calculated temperature uncer-
tainties on Ag diffusion modeling and the predicted Ag diffusion release from
intact TRISO particles using the BISON code. The results of this computa-
tional study reveal that the estimated uncertainties have a large impact on
predicted Ag release, with the Ag release fraction predicted to vary between
0.22 and 0.53 when averaged across all of the AGR-1 compacts and between
0.23 and 0.61 in the AGR-2 compacts. As such, temperature variations dur-
ing the irradiation can partially explain the observed discrepancies between
the currently used BISON model and the PIE data collected during AGR-1
and AGR-2. Moreover, the impact of calculated temperature uncertainties
shows the difficulty of model calibration. Without accurate experimental
data on the temperature history, modeling this process is incredibly difficult.
These results highlights the need to reduce temperature uncertainties and un-
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known variations to accelerate model development and increase calibration
efficiency. Correspondingly, additional computational efforts such as ongoing
work supported by the NEAMS program involving the effects of irradiation,
palladium attack, and geometrical differences can also improve the current
models for predicting silver release (32).
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