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- - Implemented all Develop fast integration
& BI S O N I IS 0 T I PARFUME models in approach [9] and variance
I me I ne BISON [4] deduction method [11] to
< compute failure probability

First major BISON paper'was

published. Paper focused on
LWR fuel but also had a TRISO

example[1].

Incorporate fission product
Very little interest from potential stakeholders. diffusivity in UCO Kernel from
No interest > no funding = no development. lower length scale modeling [5]

Developed MOOSE’s Monte Carlo | Improve fission product

massive sampling capability (100 diffusivity in SiC from LLS
millions) [4] and start to investigate Pd

penetration

Effective thermal

conductivity for TRISO and
matrix [7]

2012

2012 | 2013 | 2014

ceeeeeeea...2017 | 2018 | 2019 2020 | 2021 DY 2022

The BISON team decided to add a baseline

TRISO capability, including thermal, mass Developed Monte Carlo failure V&YV on fission
diffusion, and mechanical models. A first probability calculation [4] progt:ic_:ftfrel_egtse
BISON TRISO blished.[2 and diffusivity
paper was published.[2] Added an internal 1D TRISO mesh calibration and
generation capability [6] Develop optimization
capability to
Started to model 2D model debonding

failure modes [4] I |
Determine fission product
[1] R.L. Williamson et al, Multidimensional multiphysics simulation of nuclear fuel behavior, JNM, 2012 diffusivity in SiC from lower
[2] J.D. Hales et al, Multidimensional multiphysics simulation of TRISO particle fuel, JNM, 2013 length modeling [10]

[3] R.L. Williamson, et al, Bison: A Flexible Code for Advanced Simulation of the Performance of Multiple Nuclear Fuel Forms, NT, 2020
[4] W. Jiang et al, TRISO particle fuel performance and failure analysis with BISON, JNM, 548, 152795, 2021

[5] X.Y. Liu et al, Atomistic and cluster dynamics modeling of fission gas (Xe) diffusivity in TRISO fuel kernels, JNM, 561, 153539, 2022 Particle and matrix
[6] J.D. Hales et al, Modeling fission product diffusion in TRISO fuel particles with BISON, JNM, 548, 152840, 2021 coupling

[7] A. Toptan et al, FEA-aided investigation of the effective thermal conductivity in a medium with embedded spheres, NED, 381, 2021

[8] J. D. Hales, et al, Numerical Evaluation of AGR-2 Fission Product Release, JNM, 558, 153325, 2022 V&V: AGR-1, IAEA CRP Implement Graphite

[9] W Jiang, et al, Efficient High-Fidelity TRISO Statistical Failure Analysis using Bison: Applications to AGR-2 Irradiation Testing, JNM, 153585, 2022. benchmark problems [6] thermal-mechanical

[10] P.-C. A. Simon et al., Mechanistic calculation of the effective silver diffusion coefficient in polycrystalline silicon carbide: application to silver release AGR-2 [8] properties

in AGR-1 TRISO particles, JNM, 153669, 2022
[11] S.L.N. Dhulipala et al, Accelerated Statistical Failure Analysis of Multifidelity TRISO Fuel Models, JNM, 153604, 2022 ADVANCED REACTOR TECHNOLOGIES



< Multi-scale TRISO Modeling Overview

A

Lower-length scale modeling

Fission gas release model:
Xe, Kr diffusivity in UCO
Fission product diffusivity:
Silver diffusion in SiC, Pd
Penetration

TRISO particle
Thermal-mechanical modeling
» Failure analysis: asphericity,
IPyC cracking and debonding
Fission product diffusion
through layers

Pebble and Compact modeling
» Failure probability calculation:
Monte Carlo and Fast Integration
Approach
» Fission product diffusion through
matrix
» Particle-Matrix interaction
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< TRISO Fuel Particle Modeling
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2K T'RIOSO" Failure Modes

4 v Porous SiC\

*  Mechanical
= Pressure vessel failure
= |rradiation-induced PyC failure
leading to SiC cracking
= |PyC-SiC / Buffer-IPyC partial
debonding

 Thermochemical
= Kernel migration
= SiC thermal decomposition
= Fission product attack of SiC
= Corrosion of SiC by CO

ADVANCED REACTOR TECHNOLOGIES s



Pressuré Vessel Failure

$BISON
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IPyC Cracking
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Aspherical Particle

Stress (MPa)
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“_ Particle Debonding

Mg, AGRI-512
g 133T-056

Partial debonding of the IPyC from the SiC ’ 4 B N
Q Partial debonding between the IPyC and the SiC has also been observed - J _=94PyCdebond
in PIE of the NP-MHTGR fuel particles. IPyC:SIiC /

debond/&
<

O During irradiation, shrinkage of the IPyC layer induces a radial tensile
stress at the interface between the IPyC and SiC layer.

Q If the stress exceeds the bond strength between layers, then debonding of
the IPyC from the SiC occurs.

O A stress concentration occurs in the SiC layer at the tip of the debonded
region, containing tensile stress components that could contribute to
failure of the SiC.

Buffer-IPyC partial debonding in AGR-1

O Buffer-IPyC partial debonding were found with intermediate frequency in
AGR-1 compacts and it can lead to IPyC cracking and separation from
SiC layer.

O Allows localized attack of SiC layer by fission products (especially Pd)

O Pd attack can eventually result in loss of FP retention by SiC layer.

0 Degradation is worse at higher safety test temperatures

ADVANCED REACTOR TECHNOLOGIES



Radial Stress (Pa)

Partial debonding of the buffer from the IPyC Fluence (1025n/m?)
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~+_ Weibull Failure Probability

“In the Weibull theory, the failure probability is:

pr=1- e (- [ (22)"av)

A Weibull failure criterion is used to determine vessel failure for the PyC
layer and SiC layer. The maximum stress o, is compared to a strength
sampled from Weibull distribution. The failure probability is given as:

p=1-en(-(5))
=1—exp|—
4 Oms

The effective mean strength o, is given as

— 9

O-ms - (I,n)l/m

[(e;™"+0,™ + a5™) dV

[,
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*_ Statistical Approaches for Failure Analysis

Perform Monte Carlo simulation
. ‘+-—
Sampling parameters
Run 1D simulation
At each time step

Check IPyC cracking

Check SiC pressure vessel failure
(adjust stress to account for asphericity)

<

No: next time st Determine SiC failure
0- next time step Geommion > Strength sampled from Weibull (., m)

YES

v

[Check SiC failure due to IPyC crackjng}

i . e

Perform direct mtggratmn Perform direct integration on
on gracked particles 1D for spherical particles

to obtain Pgic.ipyC-cracking: or 2D for aspherical particles

Last sampling? No: next

YES

Compute Statistics

I+

Classical Monte Carlo Approach:

» Most acceptable approach.

» Easy to expand for additional
failure modes.

*  Maximum 100 million samples
with parallel computing on HPC.

W Jiang, Jason D. Hales, Benjamin W. Spencer, Blaise P. Collin,
Andrew E. Slaughter, Stephen R. Novascone, Aysenur Toptan, Kyle A.
Gamble, Russell Gardner, “TRISO Particle Fuel Performance and Failure
Analysis with Bison”, Journal of Nuclear Materials, 548, 152795, 2021

\ to obtain Pipyc_cracking ad Psicpvr

Calculate SiC overall failure:
Psicoverall = P1PyC-cracking X PsiC-IPyC-cracking +
(1-P1pyC.cracking) X Psic-pPvE

Direct Integration Approach:

* Directly run 2D/3D TRISO
simulation.

* Moderate computational cost:
still much less than Monte
Carlo simulation.

W Jiang, G. Singh, J.D. Hales, A. Toptan, B.W. Spencer, S.R.
Novascone, S.L.N. Dhulipala, Z.M. Prince, “Efficient High-Fidelity
TRISO Statistical Failure Analysis using Bison: Applications to
AGR-2 Irradiation Testing”, Journal of Nuclear Materials, 153585,
2022.

Importance
density f(x)

Nominal

density q(x) A Markov chain

Subset i

o0
Subsetl o o Markov Required famfre
chains threshold F
Intermediate failure

threshold F;_4

Variance Rduction Approach:

» Adaptive importance sampling

and parallel subset simulation.

* Multifidelity TRISO failure

modeling.

» Statistical failure characterization.
S.L.N. Dhulipala, W Jiang, B.W. Spencer, J.D.Hales,’
M.D.Shields, A.E.Slaughter, Z.M.Prince, V.M. Labour e, C
Bolisetti, P Chakroborty, “Accelerated Statistical Failure

Analysis of Multifidelity TRISO Fuel Models”, Journal of
Nuclear Materials, 153604, 2022



Failure Probability Calculation for AGR-2 Compacts
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< Fisson Product Diffusion

®
Conservation of fission product species:

aC+V + AC =0

Mass flux:

J = -DVC

Diffusion Coeffient:

i
Mass passed outside the particle:

rzjj—DVC-ndtdA

Total fission product production:

p=ijF'dth

Release fraction:
r

i

Verification problems:

In-pile condition for a short-lived FP
In-pile condition for a long-lived FP

Out-of-pile condition
Evaporation from the outer surface, for both short- and long-lived FPs
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X ___F'i'ss.on"'PrBduct Diffusion Through Intact and Failed Particle
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Release Fraction

Release Fraction

< AGR-2 Validation
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Fuel Elements Modeling

Fuel-free Outer Matrix Shell

~9,000 — 18,000 particles

Spherical fuel elements

y
&
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»>12 mm

Cylindrical fuel elements

Pebble
Homogenization

Homogenized diffusion

coefficient for failed particle Point sources from

Intact of failed particles

Kernel
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Two-ways Coupling Between Particles and Matrix
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Pebble Modeling
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AGR Compacts
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- Graphite Matrix Modeling
QOThe cores and reflectors in HTGRs are made of
graphite materials

= the graphite acting as a moderator, a fuel host
matrix, a structural component to provide

= chc?nnels for fuel, coolant gas, and control
rods

= a thermal/neutron shielding component
= heat sink/conduction path during transients

Tangential Stress
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Tangential stress during irradiation for the particle-matrix
debonding example (displacements are magnified 2x)

Fuel compact containing
4,000 TRISO particles

randomly generated from an
MC simulation.
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- AGR- 3/4 is the combined third and fourth
planned irradiations of the AGR Fuel
Development and Qualification Program

- Irradiate fuel containing uranium . Nominal Temp 900 C B Nominal Temp 1400 C o
oxycarbide (UCQO) designed-to-fail (DTF)
fuel particles that will provide a known
source of fission products for subsequent
transport through compact matrix and S R e
structural graphite materials.
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