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NEAMS/CASL Fuels Programs

Historical Overview
• Overarching objective to deliver an 

integrated set of predictive
computational tools for nuclear fuel 
performance analysis and design

• A multiscale approach has been adopted 
in which engineering-scale simulations 
are informed by mesoscale simulations 
of microstructure evolution, which are 
enabled by parameters obtained from 
atomistic simulations

• Primary products are BISON for 
engineering-scale analysis and Marmot
for mesoscale analysis, both built upon 
the MOOSE computational framework 

SiC layer

Defective TRISO Particle

LWR Missing Pellet
Surface Analysis
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Bison:  What is it?

• Bison once numbered in the tens of 
millions and ranged over much of 
North America.

• Bison can weigh 1000+ kg and stand 
1.8+ m high at the shoulder.

• Bison can jump 1.8 m vertically.
• Bison can run 60+ km/h.
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• A finite element, thermo-mechanics code with 
material models and other customizations to 
analyze nuclear fuel
– Accepts user-defined meshes/geometries

• 1D, 2D, or 3D

– Runs on one processor or many
– Analyzes a variety of fuel types
– Couples to other analysis codes

BISON:  What is it?
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• Finite element-based engineering scale fuel 
performance code

• Solves the fully-coupled thermomechanics 
and species diffusion equations in 1D, 1.5D, 
2D axisymmetric or plane-strain, or full 3D

• Used for LWR, ATF, TRISO, and metallic fuels

• Applicable to both steady and transient 
operations and includes LOCA and RIA 
capability for LWR fuel

• Readily coupled to lower length scale material 
models

• Designed for efficient use on parallel 
computers

• Development follows NQA-1 process
3D

2D axisymmetric (or 1.5D)

2D plane strain

BISON Fuel Performance Code  
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• BISON requires:
– An input file that describes thermal and 

mechanical material models, boundary 
conditions, initial conditions, power history

– A mesh provided either directly in the input file 
or through a separate mesh file

• BISON cannot currently model:
– Very high strain rate analyses (e.g., car crashes)
– Structural elements (membranes, shells, beams)
– Melting or flowing material

• BISON is not:
– A thermal-hydraulics or CFD code
– A neutronics code

BISON Requirements and 
Limitations
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BISON Governing Equations

• Energy conservation (transient heat conduction with fission source)

• Species conservation (transient oxygen or fission product diffusion with radioactive 

decay)

• Momentum conservation (Cauchy’s equation of equilibrium)
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Radioactive decay
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Michel et al, Eng Frac Mech, 75, 3581 (2008)

At beginning of 
life, a fuel element
is quite simple . . .

but irradiation 
brings about 
substantial 
complexity 

Fuel Fracture

Olander, p. 584 (1978)

Multidimensional contact
and deformation Stress Corrosion Cracking

Cladding Failure

Bentejac et al, PCI Seminar (2004)

Fission gas

Fuel Behavior During Irradiation
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Reproduced from Beyer et al., BNWL-1898, PNNL (1975)

Fuel Behavior Modeling:
Coupled Multiphysics and Multiscale

• Multiphysics
➢ Fully-coupled nonlinear 

thermomechanics
➢ Mass transport
➢ Chemistry
➢ Neutronics
➢ Thermal-hydraulics

• Multi-space scale
➢ Important physics 

operate at level of 
microstructure

➢ Need real predictions at 
engineering scale

• Multi-time scale
➢ Long, steady operation
➢ Short power ramps
➢ Rapid transients



energy.gov/ne10

BISON Application:  LWR Fuel

Oxide Fuel Behavior
• Temperature/burnup dependent conductivity

• Heat generation with radial and axial profiles

• Thermal expansion

• Solid and gaseous fission product swelling

• Densification

• Thermal and irradiation creep

• Fracture via relocation or smeared cracking

• Fission gas release (two stage physics)

➢ transient (ramp) release

➢ grain growth and grain boundary sweeping

➢ athermal release 

Cladding Behavior
• Thermal expansion

• Thermal and irradiation creep

• Irradiation growth

• Gamma heating 

• Combined creep and plasticity

Gap/Plenum Behavior
• Gap heat transfer with kg= f (T, n)

• Mechanical contact (master/slave)

• Plenum pressure as a function of:
➢ evolving gas volume (from mechanics)
➢ gas mixture (from FGR model)
➢ gas temperature approximation

General Capabilities
• Finite element based 1D spherical, 2D-RZ 

and 3D fully-coupled thermo-mechanics 
with species diffusion

• Linear or quadratic elements with large 
deformation mechanics 

• Steady and transient operation

• Massively parallel computation

• Meso-scale informed material models

Temperature

Coolant Channel
• Closed channel thermal hydraulics 

with heat transfer coefficients
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Discrete Pellet LWR Rodlet
(2D-RZ multiphysics)

He fill gas

forced
convection

Zr-4 Clad

coolant
pressure

80 mm gap
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Zr-4 
clad

He fill gas 

Missing pellet 
surface

UO2
fuel

PCMI - Missing Pellet Surface 
Analysis 

Micrograph from Robert Montgomery

◼ High resolution 3D calculation (250,000 elements, 1.1x106 dof) run on 
120 processors

◼ Simulation from fresh fuel state with a typical power history, followed 
by a late-life power ramp
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Animation – Missing Pellet 
Surface with Power Ramp 
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MOOSE-BISON-Marmot (MBM)

1

Multiphysics Object-Oriented Simulation 
Environment

Atomistic/Mesoscale Material 
Model Development

• Predicts microstructure 
evolution in fuel and cladding

• Used with atomistic methods 
to develop multiscale 
materials models

• Simulation framework allowing rapid 
development of FEM-based applications

Advanced Multidimensional 
Fuel Performance Code

• Models a wide variety of fuel 
types and geometries at an 
engineering scale

• Applicable for steady, transient 
and accident conditions

• The MOOSE-BISON-Marmot (MBM) codes provide an advanced 
multidimensional, multiphysics, multiscale fuel performance capability
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Nuclear Energy Modeling and Simulation Program

Fuels Technology Area
• New program (FY20+) combines Fuels scope from both NEAMS and CASL

– Advanced Reactors (Metallic, TRISO, UC/UN)
– Light Water Reactors (ATF, Increased Enrichment and Extended Burnup, Accident 

Analysis)
– Code framework advancements (Robustness, Speed, Ease-of-Use, Documentation, 

Software Quality)

• Early stage R&D performed must be relevant to industry and coordinated 
with the NRC

• FY20 Work Packages: Managers
- Engineering Scale Advanced Reactor Fuel Performance: Steve Novascone
- Engineering Scale LWR Fuel Performance: Giovanni Pastore
- Advanced Numerical Model Development and Usability Improvements: Daniel Schwen
- Lower Length Scale Model Development: Larry Aageson
- Lower Length Scale Model Development – LANL: David Andersson
- Metallic Fuel Development and Validation – ANL: Latif Yacout
- Thermochemistry Model Development – ORNL: Srdjan Simunovic
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Questions?



TRISO in BISON MOOSE

Computational Mechanics and Materials
Idaho National Laboratory
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• MOOSE website
– https://mooseframework.org/

• Input file syntax definitions and class documentation
– https://mooseframework.org/syntax/index.html

• MOOSE physics modules
– https://mooseframework.org/modules/index.html

• MOOSE workshop
– https://mooseframework.org/workshop/#/

MOOSE

https://mooseframework.org/
https://mooseframework.org/syntax/index.html
https://mooseframework.org/modules/index.html
https://mooseframework.org/workshop/
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Questions?



TRISO in BISON TRISO in BISON circa 
2013 and Today

Computational Mechanics and Materials
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• Rich Williamson started BISON with INL 
LDRD funds over ten years ago.

• In 2012, the first major BISON paper was 
published.
– http://dx.doi.org/10.1016/j.jnucmat.2012.01.012
– Paper focused on LWR fuel but also had a TRISO 

example
– TRISO analysis featured heat conduction and 

species diffusion

• At about that time, the BISON team decided 
to add a baseline TRISO capability, including 
thermal, mass diffusion, and mechanical 
models.

TRISO in BISON circa 2013

http://dx.doi.org/10.1016/j.jnucmat.2012.01.012
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BISON TRISO Paper, JNM 2013

http://dx.doi.org/10.1016/j.jnucmat.2013.07.070

http://dx.doi.org/10.1016/j.jnucmat.2013.07.070
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BISON TRISO Paper, JNM 2013
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• After the 2013 paper, we talked with potential 
stakeholders about our capability.

• But, very little interest.
• No interest → no funding → no development.
• Added an internal 1D TRISO mesh generation capability 

in 2018.
• Things started to pick up in FY19.

TRISO Stagnation
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Recent Interest in TRISO in BISON
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– Elastic properties
– Thermal properties
– Mass diffusion properties
– Kernel

• Swelling
• Fission gas release

– Buffer
• Creep
• Irradiation strain

– PyC
• Creep
• Irradiation strain

– SiC
• Palladium penetration

– Matrix

Current TRISO Development

• Adding more complete set of models from PARFUME

Porous Carbon Buffer 

Silicon Carbide 

Fuel Kernel 

Outer Pyrolytic Carbon 

Inner Pyrolytic Carbon 
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Current TRISO Development Continued:
Monte Carlo Scheme for Predicting Failure
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Questions?



TRISO in BISON Organization of BISON 
Code, Tests, and 

ExamplesComputational Mechanics and Materials
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BISON Repository Layout BISON 
Repository 

Layout

This is the view from
https://hpcgitlab.inl.gov/idaholab/bison

https://hpcgitlab.inl.gov/idaholab/bison
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BISON
src

Directory

The layout of the include directory 
is very similar.  Source files (.C 

files) will have corresponding 
include files (.h files).
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BISON test/tests Directory

BISON has about 1800 
regression tests.



energy.gov/ne5

BISON examples Directory
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Example
BISON

Source File

src/materials/tensor_mechanics/UCOVolumetricSwellingEigenstrain.C
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Example BISON Test
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Example BISON Test Continued

View remainder of input file in editor.
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Example BISON Example
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Example BISON Example Continued

View remainder of input file in editor.
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Questions?



TRISO in BISON Running and Evaluating a 
Model in BISON

Computational Mechanics and Materials
Idaho National Laboratory



energy.gov/ne2

• Let’s look at  
test/tests/triso/UCOElasticityTensor/UCOElasticityTensor.i.

• We will
1. Walk through the input file step by step.
2. Run the file and review the information printed to the terminal.
3. Examine the CSV and Exodus output.

Running and Evaluating a Model in BISON
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• In the terminal or an editor, view
test/tests/triso/UCOElasticityTensor/UCOElasticityTensor.i

1. Review Input File
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• First, compile bison-opt.
> make

• Next, go to the directory containing the input file.
> cd test/tests/triso/UCOElasticityTensor

• Finally, run the input file.
> ../../../../bison-opt -i UCOElasticityTensor.i

• Information to the terminal:  BISON header and version, 
problem information, solve progress, and Postprocessor 
values.

2. Run Input File
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• First, view the CSV file.
> cat UCOElasticityTensor_out.csv

• Next, view the Exodus output file.
• There isn’t one!
• Use the command line to add the Exodus output option.
>  ../../../../bison-opt -i UCOElasticityTensor.i Outputs/exodus=true

• Load the Exodus output file in Paraview.
> paraview UCOElasticityTensor_out.e

3. Examine Results
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Questions?



TRISO in BISON IAEA Benchmark Cases

[1] Hales, et al., JNM, 443, 2013.
[2] Advances in high temperature gas cooled reactor fuel 

technology. Technical Report IAEA-TECDOC-1674, 
International Atomic Energy Agency, 2012.

Computational Mechanics and Materials
Idaho National Laboratory
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• IAEA cases studied in 2013 BISON TRISO paper:

IAEA Benchmark Cases

Simple cases with
analytical solutions

More 
complex 
material 

behavior, 
but fully 

prescribed.

Single 
particle 

with 
realistic 

conditions.

Internal 
pressure 

set by 
FGR, CO 

production.
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IAEA Benchmarks from
BISON TRISO JNM Paper
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Explore the Benchmark Cases
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Questions?



TRISO in BISON Meshing

Computational Mechanics and Materials
Idaho National Laboratory
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• Clearly mesh generation depends on the type of analysis 
to be run.
– 1D (fast, spherically symmetric)
– 2D (medium, axisymmetric)
– 3D (slow, symmetry across planes or not symmetric)

Mesh Generation

[BISON] [BISON/CUBIT] [CUBIT]
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Example
BISON

Documentation File

Screenshot from 
https://mooseframework.org/bison/source/mesh/TRISO1DMesh.html

https://mooseframework.org/bison/source/mesh/TRISO1DMesh.html
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• Mesh generation for 1D TRISO in BISON is done using 
TRISO1DMesh.

• TRISO1DMesh supports an arbitrary number of layers.
[Mesh]
type = TRISO1DMesh

elem_type = EDGE3
coordinates = '0 2.485e-4 3.425e-4 3.425e-4 

3.835e-4 4.195e-4 4.595e-4’
mesh_density = '6 6 0 6 8 6’

block_names = 'fuel buffer IPyC SiC OPyC’
[]

(See assessment/TRISO/benchmark/IAEA_CRP-
6/case_11/case_11_1D.i)

1D Mesh Generation in BISON
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• Run Case 11.

> cd assessment/TRISO/benchmark/IAEA_CRP-6/case_11

> ../../../../../bison-opt –i case_11_1D.i

1D Mesh Generation in BISON
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• View mesh for Case 11.

> paraview case_11_1D_out.e

• Orient –Z.
• Change line width.
• Note block names and sideset names.

1D Mesh Generation in BISON
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• CircularCrossSectionMesh will create quarter- or half-
circle meshes for axisymmetric analysis.

• This tool was built with LWR fuel in mind but can be used 
for TRISO meshes.

• This tool is a bit more involved.  See the documentation 
pages and tests for more information.

2D Mesh Generation in BISON
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Mesh Generation with CUBIT

Volume and Surface List

Command Line Interface

Tools Interface
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Questions?



TRISO in BISON TRISO Thermal Models

Computational Mechanics and Materials
Idaho National Laboratory
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• Thermal modeling for TRISO fuel follows the same 
pattern as for any other fuel:

• That is, we need to
1. Define density, specific heat, and thermal conductivity, which 

may be functions of temperature or other parameters.
2. Invoke the heat conduction and heat conduction time derivative 

kernels.

TRISO Thermal Models
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• Often, thermal properties are specified as constants.

Thermal Material Properties
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• Thermal properties may also be computed in a Material 
object.

Thermal Material Properties Continued 
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Thermal Kernels



energy.gov/ne6

Questions?



TRISO in BISON TRISO Mechanical 
Models

Computational Mechanics and Materials
Idaho National Laboratory
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• Mechanical modeling for TRISO fuel follows the same 
pattern as for any other fuel:

• This is more involved than thermal modeling.
1. Define constitutive response (define, e.g., an elasticity tensor 

and an object to convert strain to stress).
2. Define so-called eigenstrains (thermal strain, irradiation strain)

• The code provides input shortcuts to invoke the 
computation of strain and the divergence of stress.  This 
shortcut may or may not be used.

TRISO Mechanical Models
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Simple Elasticity
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Creep
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Creep + Irradiation Strain
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Shortcut for Strain and Divergence of Stress

Screenshot from 
examples/TRISO/accident_simulation/triso2D_accident.i
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With No Shortcut for Strain and
Divergence of Stress
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• UCO
– UCOElasticityTensor
– UCOVolumetricSwellingEigenstrain

• PyC/Buffer
– PyCElasticityTensor
– PyCIrradiationEigenstrain
– PyCCreep

• If the material requires only linear elasticity and thermal 
expansion, no specialized models are required.

TRISO Mechanical Models in BISON
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Questions?



TRISO in BISON Fission Gas and
Internal Pressure

Computational Mechanics and Materials
Idaho National Laboratory
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• BISON provides two models for fission gas production 
and release:
1. Sifgrs

• For use with UO2.
• Used in all our LWR cases.

2. UCOFGR
• For use with UCO.
• New model developed in cooperation with Kairos Power.

Fission Gas Production and 
Release for TRISO Fuel

https://mooseframework.org/bison/source/materials/Sifgrs.html

Too new but will be at
https://mooseframework.org/bison/source/materials/UCOFGR.html

Can build our own…

https://mooseframework.org/bison/source/materials/Sifgrs.html
https://mooseframework.org/bison/source/materials/UCOFGR.html
https://mooseframework.org/bison/source/materials/UCOFGR.html
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Sifgrs
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UCOFGR

Can use ElementIntegralMaterialProperty
Postprocessor to compute fission gas 

produced (fis_gas_produced) and fission 
gas released (fis_gas_released).
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• BISON uses the ideal gas law to compute internal 
pressure.

• The PlenumPressure object was built for use with LWRs, 
but it works just as well for TRISO.

• It is a boundary condition and appears in the BCs area of 
the input file.

• We must supply:
– Volume (a Postprocessor value)
– Gas temperature (a Postprocessor value)
– Initial pressure (a raw number; used to compute initial moles of 

gas)
– Added moles of gas over time (one or more Postprocessor 

values)

Internal Pressure
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PlenumPressure
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• InternalVolume is a Postprocessor

InternalVolume
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• For the gas temperature, we use SideAverageValue

Gas Temperature
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• If using Sifgrs:

• For CO production with UO2 fuel:

Added Moles of Gas
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Questions?



TRISO in BISON Fission Product Diffusion

Computational Mechanics and Materials
Idaho National Laboratory
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• Fission product diffusion modeling for TRISO fuel follows 
the same pattern as for any other fuel:

• That is, we need to
1. Define diffusion coefficient D.
2. Define Soret coefficients (if used).
3. Define decay (C) and source (S) terms.
4. Invoke the diffusion kernels.

TRISO Fission Product Diffusion Models
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Screenshots that follow are from 
examples/TRISO/accident_simulation/triso2D_accident.i
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Define Diffusion Coefficient Material Properties

Be sure to define 
coefficient for 
each material.
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Invoke Decay, Source, and Diffusion Kernels
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Questions?
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