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What is Bison?

2D axisymmetric (or 1.5D)

/

* Finite element-based engineering scale
fuel performance code based on INL's
open-source MOOSE computational
framework

* Solves the fully-coupled thermomechanics
and species diffusion equations in 1D, 2D
axisymmetric or plane-strain, or full 3D

* Applicable to both steady and transient
operation

* Used for LWR, TRISO, and metal fuels

* Readily coupled to lower length scale
material models

* Designed for efficient use on parallel
computers

* |ncludes LOCA and RIA accident
capability
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What is Bison?
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Results — Missing Pellet Surface
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WPS defect results in higher pellet temperatures and much higher clad stress; need for 3D analysis is clear

3D/Arbitrary Geometry
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Simulation of Aspherical TRISO Particle
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* Aspherical particles are fairly common

Single facet aspherical particle problem has been
soived in BISON assuming 2D axisymmetry

Temperature (Ki

During accident testing, asphericity raises peak
tensile stress in SiC containment layer by almost 4x

Tangential Stress (MPa}

Typical run times of a few minutes on 8 processors

Fuel Types

Parallel Computing

Some tasks are
embarrassingly
parallel meaning
that they do not

However, most
parallel computing
requires
communication.

require any For example,
communication. summing a list of
Forexample, numbers.
taking the square
root of a list of
numbers.
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Parallel Computing
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Therma.' Conductivity from MARMOT

Thermal Conductivity (WwK)

The direct method is sensitive to bubbles
on the boundary

Boundary bubbles result in low local
temperature

This results in a low average temperature
and thus a low thermal conductivity

The AEH technique is not sensitive to
local effects

T 00
Tme(uc)
L

Temperature from the direct approach with flux applied in the x (lef}) and y (right)
directions Note aress of low temperaturs in the x-ditsction plot.

Coupling
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Bison Code Verification

« MOOSE/BISON is
supported by >2000 unit
and regression tests

» All new code must be
supported by verification
testing; all tests must pass
prior to code merge

e Current BISON test
coverage: 88%

« Documentation:

— All tests distributed with
source code

— Code verification
process described in
journal article

LCOV - code coverage report
Current view: lop level H Tolal Coverage
Test: BISON Test Coverage Lines: 21440 24478 876%
Date: 2018-01-31 21:20:43 Functions: 16868 1809 82.2%
Legend: ety IEHERNGHEN mecum:>=75%  high =80 %
I 51.;1% 1mrz 100.0 % ars
— 89.1% 1179/1323 971 % 66/68
—— 83.1% 1048 /1262 91.4% 96 /106
— 87.8% 43149 100.0 % 5/5
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[ 96.2% 153/159 100.0 % 5/5
——— 83.3% 733/ 880 84.7 % 100/ 118
—— 86.6 % 9223 / 10854 92.5% 586 1612
ataria mscha [ 21% 3696/ 4015 96.0% 358 /373
mes! — 86.5% 656/ 756 |
I 96.6 % 480/ 497 100.0 % 23/23
arc/paraer I 100.0 % 34134 100.0 % 3/8
e [ 90.7% 7237797 923% 108/ 117
src/userobisct —— 83.1% 1302/ 1567 93.4% 1281137
src/stila e 100.0% 19119 100.0% 4l4
are/vesctorpostprocessors I 96.6 % 1417148 100.0 % 12/12
Generated by: LCOV version 1.11
Annals of Nuclear Energy 71 (2014) 81-90
. . . . =
Contents lists available at ScienceDirect
Annals of Nuclear Energy
X <
ELSEVIER journal homepage: www.elsevier.com/locate/anucene =
Verification of the BISON fuel performance code @ Crosshark
].D. Hales *, S.R. Novascone, B.W. Spencer, R.L. Williamson, G. Pastore, D.M. Perez
Fuel Modeling and Simulation, Idaho National Laboratory, P.O. Box 1625, Idaho Falls, ID 83415-3840, United States
ARTICLE INFO ABSTRACT
Article history: Complex multiphysics simulations such as those used in nuclear fuel performance analysis are composed
Received 3 March 2014 of many submodels used to describe specific phenomena. These phenomena include, for example,

Received in revised form 19 March 2014
Accepted 21 March 2014

mechanical material constitutive behavior, heat transfer across a gas gap, and mechanical contact. These
submodels work in concert to simulate real-world events, like the behavior of a fuel rod in a reactor. If a

simulation tool is able to represent real-world behavior, the tool is said to be validated. While much
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LWR Validation Overview

* Current status

— ~75 integral, normal R—
operation and ramp fuel ez
rod experiments

— 47 LOCA cases (43 burst Assessment of Bison:
tests, 4 integral rods) Analyeis Coda | oTTance

- 19 RIA cases pooN e

- Documentation: o o

— Assessment report
updated annually and —.
distributed with code \

~ Williamson et al., (o ora

Validation of the BISON
fuel performance code to
integral LWR
experiments, Nuc Eng
Des, 301, 232 (2016)
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Bison LWR Capabilities

General Capabilities

* Finite element 1.5D, 2D-RZ axisymmetric and
Cartesian and 3D fully-coupled thermo-mechanics

Gap/Plenum Behavior
* Gap heat transfer with k,=f (T, n)

with species diffusion * Mechanical contact (master/slave)
* Linear or quadratic elements with large deformation * Plenum pressure as a function of:
mechanics

> evolving gas volume (from mechanics)
+ Steady and transient operation
; > gas mixture (from FGR model)
* Parallel computation

, . > gas temperature approximation
* Meso-scale informed material models 9 P PP

Cladding Behavior

Oxide Fuel Behavior - Thermal expansion

» Temperature/burnup dependent conductivity = el
0 ermal and irradiation creep

* Heat generation with radial and axial profiles o
* Irradiation growth

» Thermal expansion .
+ Gamma heating

» Solid and gaseous fission product swelling S S
» Combined creep and plasticity

+ Densification
* Hydrogen diffusion and precipitation

* Thermal and irradiation creep

* Fracture via relocation or smeared cracking
« Fission gas release (two stage physics) Temperature
> transient (ramp) release

Coolant Channel

+ Closed channel thermal hydraulics with
> athermal release heat transfer coefficients

> grain growth and grain boundary sweeping

The Consortium for Advanced
Simulation of LWRs 7
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LWR Validation Overview

* Halden IFA 515.10 Rod A1

— Complex power history
— higher burnup rod
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LWR Validation
Pellet Eccentricity

3D analysis of Halden IFA-431 rod 4
(effects of fuel pellet eccentricity)
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(left) and eccentric (right) pellets and the fuel BISON temperature results and
temperature profile across the diameter of experimental data for the concentric
the pellets at the fuel axial mid-plane and eccentric test pellets
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LWR Validation
Fission Gas Release

A IFA-597.3 rod 8 M R.E. Ginna rod 4
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(2014)
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Capability for Accident Analysis
(LOCA and RIA)

* Inherent - UO,
— Steady and transient — Transient fission gas burst release
— Large strain (ballooning) — Axial relocation (during ballooning)
 Zircaloy cladding « Thermal hydraulics (TH)
— High temperature oxidation — Full coupling to TH code
- Energy deposition from oxidation * CTF (via VERA)

— Microstructural phase transition
— High temperature thermal creep

— Temperature, strain and irradiation
dependent plasticity

— Burst failure model
— Hydrogen/hydride behavior

Argonne National D.




LOCA Integral Rod Experiment

BISON analysis of integral fuel rod LOCA test Halden IFA-650.10
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SECONDS (LOCA at t=0)

BISON calculated rod inner pressure evolution during

Signals for measured rod inner pressure (PF1), clad the post-blowdown period and time to cladding burst

temperature (TCC), elongation (EC2) and gamma
monitor response (MON40)

125 ‘ — BISON calculation ! ------ «-nen Diam from NR

12.0 Diam from Visual |
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5
O

B 0 160 200 300 400 500
Axial position (mm)
Post-test visual inspection for IFA-650.10 showing Calculated cladding outer diameter profile for IFA-650.10 at

BISON contour plot of
hoop strain at the time

of burst failure :
(magnified 10x along r) 2%3 D\SI—

burst opening at two orthogonal orientations the end of the simulation compared to PIE experimental data
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LOCA Cladding Burst Tests

100
® Pressure at burst
= — 11 line
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Left: 3D LOCA cladding ballooning/burst simulations (REBEKA)

Right: BISON validation against 31 cladding burst experiments (PUZRY, o |
IAEA FUMAC project) 10 100 1000 10000

Measured time to burst (s)

REBEKA tests: Erbacher et al., Zirconium in the Nuclear Industry, 5" Conference, ASTM STP 754, 1982.

PUZRY tests: Perez-Fer6 et al., Technical Report EK-FRL-2012-255-01/02, Center for Energy Research,
Hungarian Academy of Sciences, Budapest, Hungary, 2013.
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RIA Validation
CABRI Sodium Tests

Full

IS iImportant.

REP Na-3: Fission gas release
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Current and Future Development

Development

ATF material models

Improved code robustness and
performance

2.5D capability

Explicit material interface
tracking via XFEM (e.g., rapid
oxide layer growth during
LOCA)

Fuel-cladding bonding (RIA)
Fuel crack healing (load
following)

Documentation system

Validation

Develop ATF cases as data
becomes available

Include additional physics in
PCMI cases:

« Smeared cracking

* Fuel creep

» Relocation recovery

* Discrete pellet geometry

Additional full-length rod cases
Additional LOCA cases
Additional RIA cases

System to provide validation
metrics

Improve documentation



Bison in VERA

Interoperability with
External Components e =

" MPACT
DAKOTA

( ... ; : MOOSE
Wy DTK
Reactor System [r+seeesees libMesh
/ * . PETSc
o STK it
of ouplin | Bison

VERAIn VERAview MAMBA

Nuclear Engineering and Design 2018 pp 172-186 April 25, 2018

Axial maximum hoop stress (top) and
3D nodal maximum hoop stress
(bottom) from cycle 3 of normal
operations as calculated with the
Consortium for Advanced Simulation of
Light Water Reactors (CASL) tool
Virtual Environment for Reactor
Applications (VERA)

The Consortium for Advanced
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Accident Tolerant Concepts Under
Development

- Active development
- Cr-doped fuel
- Cr coated cladding
- FeCrAl cladding
- U;Si, fuel




Cr-doped Fuel

- Cr-doped UQ, is being o mardson |
considered as a E f\ﬂ e ﬁ
replacement of UO, due to  §m
its higher thermal 21
conductivity and larger © wo
grain sizes (expected to i e w w
reduce fission gas ST
release). | BN

- Current capabilities gs|
_ Diffusion coefficients of £ ol

fission gases ol
- Densification oS
- Validation against Halden Bumup (MWd/kgU)

IFA-667.1 (Right)




Cr-coated Cladding Capabilities

 Coating zirconium-based claddings with
a thin (~15-20 um) layer of Cr is
expected to provide enhanced oxidation
resistance

« Cr coatings are also reported to improve
ballooning and wear resistance.

« Current capabilities

— Temperature dependent thermo-
mechanical properties

— Isotropic plasticity and irradiation
hardening

— Thermal creep
— Oxidation
— Creep and plasticity




FeCrAl Cladding

 FeCrAl is of interest because of its

Handbook on the Material

higher strength and oxidation
resistance. However, it has a
lower melting point and high
neutron absorption cross-section.

Current capabilities
(primary focus on C35M alloy):

— Temperature dependent thermo-
mechanical properties

— Isotropic plasticity

— Thermal and irradiation creep
— Oxidation

— Burst Criterion (failure)

Properties of FeCrAl Alloys
for Nuclear Power
Production Applications

Nuclear Technology
Research and Development

Prepared for

U.S. Department of Energy

Nuclear Technology R&D
Adh d Fuels Campaig

Kevin G. Field', Mary A. Snead’,
Yukinori Yamamoto',
Kurt A. Terrani' | 4

'Oak Ridge National Laboratory 7 )

Approved for public release.

Distribution is unlimited.

2 Brookhaven National Laboratory 2

0000000000000000
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U,Si, Fuel

» U,;Si, is of interest because of its
considerably higher thermal
conductivity and uranium density
compared to UO,. However, it has
uncertain gaseous swelling
behavior, reacts with water and
has a lower melting temperature.

« Current capabilities

— Temperature dependent
thermo-mechanical properties

— Thermal Creep
— Fission gas release

— Three gaseous swelling models
(empirical, rate theory, coupled)

Issue Draft U;Si; Fuel Property
Handbook

Fuel Cycle Research & Development

Prepared for
U.S. Department of Energy
Advanced Fuels Campaign

Joshua T. White
Los Al Nati

I Lab

LA-UR-17-20609
FCR&D-FUEL-2017-M2FT-17LA020201039
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Thank you for your time.
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Russell Gardner
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