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Enabling Digital Engineering by Supporting:

Fusion digital engineering is best enabled by tools that 
support these four pillars.2

Science Technology development

Licensing Education

• Understand key mechanisms of material science, 

tritium transport, and exploring complex concepts

• Quantify uncertainty, sensitivity, and develop 

surrogate models

• Design and analysis of experimental systems 

• Accelerate technology development through 

numerical engineering, design, iterations, and safety 

assessments – more efficient physical testing 

• Quantify the effect of new technologies on larger 

integrated systems

• Risk-free and cost-effective exploration

• Optimized manufacturing

• Train individuals in a risk-free environment

• Enable individuals to manipulate physics concepts 

and designs to accelerate learning

• Get virtual experience and develop an understanding 

of transport mechanisms and the impact of 

technologies

• Develop virtual safety cases

• Increased accuracy

• Quantify risks and uncertainties

• Real time analysis and monitoring

• Mechanistic analysis
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Supporting fusion energy science and engineering

pierreclement.simon@inl.gov

US foundational research projects + 
lab LDRD projects

• Irradiation and Tritium Effects

• Fusion Systems Safety Assessment

• Tritium transport in liquid breeder materials 

• Reducing tritium inventory

FIRE collaboratives

Private partner-led efforts 
for technology deployment

International collaborations

Blanket Collaborative on Test 
Facilities (BCTF)
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MOOSE Accelerates Development of High-Fidelity Modeling 
and Simulation Tools

What is MOOSE?

• Multiphysics

• Complete Platform

• Open-source

• Massively Parallel

• Flexible

• NQA-1 Software Quality 
Assurance

• 30M+ Tests per Week

• Stochastic Tools Module 
(RoMs, Surrogates, UQ)

4 https://mooseframework.inl.gov
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Accelerating Advanced Reactor Deployment

Marmot

Mesoscale Materials

Grizzly

Structural Mechanics for

Component Aging

Griffin

Radiation Transport

Pronghorn

Medium-fidelity CFD

Sockeye

Heat pipe Simulation

BISON

Nuclear Fuel Performance

5

Accelerating Advanced Fission Reactor Deployment
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The codes’ modularity and licenses enable public-

private partnerships

Example of impact: 

Kairos Power release version 1.0.0 of KP-BISON, 

based on INL’s BISON, used in support of NRC 

licensing of Hermes/Hermes 2 fission reactors
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Presentation of TMAP8, the MOOSE-based version of TMAP8
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• TMAP4 and TMAP7, although 

widely used, have limitations.

• TMAP8 enables high fidelity, 

multi-scale, 3D, multispecies, 

multiphysics simulations of tritium 

transport, and offers massively 

parallel capabilities.

• TMAP8 is open source, Nuclear 

Quality Assurance level 1 (NQA-

1) compliant, offers user support 

and a licensing approach thought 

for collaboration.

• TMAP8 is part of SALAMANDER
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Software for Advanced Large-scale Analysis of MAgnetic 
confinement for Numerical Design, Engineering & Research

• SALAMANDER is an open-source 

MOOSE-based application that 

integrates multiphysics capabilities 

for multi-fidelity calculations of 

fusion materials and fusion 

systems

• It inherits MOOSE features and 

contains fusion-specific 

capabilities. 

• SALAMANDER is being 

developed to support design, 

engineering studies, and research 

efforts. 
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Tritium Transport

Heat 

Conduction
Thermal 

Hydraulics

/

Neutronics

Thermo

mechanics

Heat 

exchange

Temperature

Temperature
Material 

        damage

Heating 

Rate

Tritium exchange

Plasma

Particle-in-cell
Heating 

             Rate

Neutron 

         Source

SALAMANDER is designed to perform multiphysics simulation and capture 

interactions between these physics.

Tritium 

     generation
Defect evolution
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Non-exhaustive overview of SALAMANDER/TMAP8 capabilities

• TMAP8 has a Verification & Validation suite beyond TMAP4’s and TMAP7’s

• Additional capabilities include:

3D pore microstructures
Using phase field modeling 

capabilities, these tools can 

study the effect of real and 

simulated pore 

microstructure on 

material properties

High-fidelity simulations in complex geometries
SALAMANDER/TMAP8 have been used to model complex 

systems such as a divertor monoblock and a breeder blanket 

Fuel cycle
TMAP8 support fuel cycle calculations for rapid, full 

system analysis to track 

tritium inventory – going 

beyond TBR.

These fuel cycle models can

be informed by lower 

lengthscale simulation in 

a fully integrated manner.

Stochastic tools 
The use of stochastic tools 

supports model calibration, 

experimental analysis, and 

quantification of uncertainty

It can quantify experimental 

uncertainty, model inadequacy, 

and parameter uncertainty. 

Breeding Material

Multiplier Material

First wall

P.-C. A. Simon, et al., Fusion Engineering and Design, Volume 214, 2025, 114874. https://doi.org/10.1016/j.fusengdes.2025.114874.
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Multiphysics divertor 
monoblock simulations with 

• SALAMANDER can introduce 
interactions between physics, and 
provides high-fidelity results that 
single physics tools do not provide

• Predictions differ from single-
physics simulations done with 
TMAP8 alone.

• Here, the temperature distribution, 
dictated in part by volumetric 
neutron heating, is different than 
with common assumption of heat 
deposition at the top of the divertor, 
which affects material performance 
and tritium transport predictions 

9
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Multiphysics divertor 
monoblock simulations with 

• Collaborations and iterations is enabled thanks to automated continuous integration and the 
existence of a single executable for all physics. 

• This approach enables experts of different fields to collaborate on a project and contribute 
their part while tracking how each change affects simulation results and costs.

10

pierreclement.simon@inl.gov

Base divertor case 

with heat transfer 

and tritium transport

Geometry update

Addition of 

neutronics

Addition of fluid 

dynamics

Addition of 

mechanics

New tritium transport 

model in irradiated 

tungsten

testing

Design iteration
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Blanket section simulation

• Large scale multiphysics simulation 
of a breeder blanket section 

− 36M degrees of freedom

− Hundreds of cooling channels

− Thermal hydraulics, heat 
conduction, tritium transport

− Imports OpenMC results 

11
T. Franklin et al., Fusion Engineering and Design, Volume 218, 2025, 115128. 

https://doi.org/10.1016/j.fusengdes.2025.115128.
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Conceptual design of liquid breeder capsule for 
irradiation

• ATR (Advanced Test Reactor) irradiation 

of a thermal convection breeder loop 

(PbLi).

• Corrosion samples of fusion structural 

materials (CAN RAFM) will be placed in 

the capsule.

• Mod/Sim capabilities support the design 

of the capsule to ensure uniform melting 

of the PbLi and adequate sizing of tritium 

getters. 

pierreclement.simon@inl.gov

Advanced test reactor 
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Modeling the TEX set up with 

• The Tritium Extraction 

eXperiment (TEX) set up is a 

forced-convection PbLi loop 

facility at the Idaho National 

Laboratory (INL) designed to test 

and validate technologies for 

extracting tritium 

• Coupling the fluid flow and 

TMAP8 capabilities will help 

modeling the TEX experiments, 

including tritium transport through 

the PbLi loop and through the 

vanadium membrane in the test 

section.
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Modeling the Tritium Plasma Experiment with 

• The Tritium Plasma Experiment (TPE) is a 

linear plasma device to accelerate deuterium 

and tritium plasma ions into metal target 

samples.

• SALAMANDER is being developed to model 

the TPE experiments.

• By leveraging the heat transfer, tritium 

transport (TMAP8), and plasma modeling 

capabilities, SALAMANDER will be able to 

help design experiments and improve the 

quality of data analysis.  

pierreclement.simon@inl.gov

TPE experiment at STAR at INL
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Modeling tritium extraction with 

• INL is exploring several technology for efficient tritium extraction, including metal foil 

pump (MFP) and reticulated capillary foam membrane

• MFP can be modeled using coupled TMAP8 with plasma and chemistry capabilities.

• Fluid flow, mechanics, and tritium transport in 3D are used to evaluate foam 

membranes.

pierreclement.simon@inl.gov

Mechanism of tritium extraction by MFP

Example of a foam modeled In TMAP8

mailto:pierreclement.simon@inl.gov


Multiscale modeling from 
components to system-level with 

• Using TMAP8, we have investigated the tritium 
retention behavior of key components, 
developed surrogate models to capture their 
behavior, and we are now integrating the 
surrogate models into a system-scale fuel cycle 
model.

• We therefore capture, at the system-scale and 
at low computational costs, high-fidelity behavior 
from the component scale.

• This approach accelerates design iterations and 
links component-scale design and operational 
decisions to the fuel-cycle scale.  

16
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Geometry and conditions at the component scale (1D)

Modeling predictions and surrogate model development 

over many design options and operational conditions.

Fuel cycle calculations, where the effect of design and 

modeling choices on divertor, first wall, and central column 

retention is shown

1000s such 

simulations are 

performed with 

different sizes, 

operation 

conditions, etc. to 

train a surrogate 

model.
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Development of a CAD-based geometry workflow for 
Neutronics + Multiphysics with

MOOSEOpenMC

• Investigated CAD-based geometry workflows and performed 
mesh refinement studies for:

− DAGMC surface mesh

− both DAGMC surface mesh and volumetric meshes used for tallying 
results and solving heat conduction

• Demonstrated that multiphysics results of interest could change as 
a result of either DAGMC model mesh not conserving the volume of 
the original CAD geometry, or a mismatch between the tally mesh 
and DAGMC particle transport mesh

• Cardinal uses MOAB skinner to regenerate DAGMC geometry on-
the-fly directly from the volumetric mesh

M. Eltawila et al., “Investigation of CAD-based Geometry Workflows for Multiphysics Fusion Problems Using OpenMC 

and MOOSE.” In Proceedings of the Pacific Basin Nuclear Conference (PBNC). American Nuclear Society, Idaho Falls, 

ID (2024). Pages 277-286. https://doi.org/10.13182/PBNC24-45030.



Particle In Cell (PIC) Simulations for plasma modeling

• Leverages the scalability and capability of 
MOOSE's Ray Tracing module

• PIC simulations can be performed in 1-, 2-, and 3-
dimensional geometry with particles tracking 3 
velocity components regardless of dimension

• PIC simulations can be performed 
on unstructured meshes

• Capabilities are being verified
Particle Initialization: Results of a convergence study with a constant number 

of particles per element and the resulting 3D electrostatic potential, from a 

case with 1000 particles per element using tetrahedral elements.

Verification of a two-stream instability simulation

Coupling with electromagnetics: Analytic solution for the magnetic 

field (left) inside and surrounding a current carrying wire produced 

by the current density source shown on the right.



Supporting collaborative development through modularity 
and flexible licensing.  

• TMAP8 and SALAMANDER are design-agnostic and can be used for a wide variety of 
systems

• TMAP8 and SALAMANDER, like MOOSE, uses the LGPL 2.1 license, which makes it very 
flexible

19

Private versions developed and 

controlled by private partners

with proprietary data.

Private                1

Private                2
Main open-source 

application hosted by INL

Open collaborations with

 

universities, 

national laboratories, 

etc.

(local branches can remain private 

until authors decide otherwise)

P.-C. A. Simon, et al., Fusion Engineering and Design, Volume 214, 2025, 114874. 

https://doi.org/10.1016/j.fusengdes.2025.114874.
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Conclusions

• MOOSE is a proven system for complex multiphysics analysis to accelerate nuclear 
research, development, demonstration, and deployment (RDD&D)

• We are leveraging these capabilities to support multiscale, high-fidelity, multiscale 
modeling of fusion materials and fusion systems with NQA-1 compliant and open-
source codes: SALAMANDER and TMAP8

• TMAP8 and SALAMANDER provide:

− Multiscale / multiphysics modeling capabilities for fusion energy deployment

− A suite of V&V and example case to establish trust, and starting points for users

− Flexible tools supporting the transition from science to engineering. 
They are applicable to experimental design and analysis, science and 
engineering studies, safety analysis, etc.

• Ask to the community: Identifying Mod/Sim needs, contribute capabilities, and 
validation data.

20
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TMAP8 Verification & Validation (V&V) cases

• Verification ensures that the models are 
properly implemented.

• Validation ensures that the models 
reproduce experimental data. 

• The validation cases show how TMAP8 
can be used to analyze experimental 
measurements 

• V&V cases can also be used as starting 
points for other analysis since input files 
and documentation are provided.

• TMAP8’s V&V surpasses those of 
TMAP4 and TMAP7.

• A recently published journal paper 
presents the first half of TMAP8’s V&V 
cases.

23 P.-C. A. Simon, et al., Fusion Engineering and Design, Volume 214, 2025, 114874. https://doi.org/10.1016/j.fusengdes.2025.114874.
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Modeling a divertor monoblock with 

• The divertor extracts heat and ash 
produced by the fusion reaction 
while protecting the main chamber 
from thermal loads

• Due to plasma exposure, tritium 
implantation is expected

• The ITER-type divertor monoblock 
is composed of three different 
materials with water coolant at its 
center

• TMAP8 models the temperature 
and tritium distribution

• This simulation is extended to 
multiphysics

24
M. Shimada et al., Fusion Engineering and Design, Volume 203, 2024, 114438, ISSN 0920-3796, 

https://doi.org/10.1016/j.fusengdes.2024.114438.
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Mesoscale simulation with TMAP8 for breeder material 
development

• TMAP8 can model tritium transport at the mesoscale.  

• It can import microstructural images and perform tritium 
transport calculation.

• This enhances comparison against experiments 
since the microstructure can be accurately 
captured in the simulation

• It can then be used for microstructure optimization

25

P.-C. A. Simon, P. W. Humrickhouse, A. D. Lindsay, "Tritium Transport Modeling at the 

Pore Scale in Ceramic Breeder Materials Using TMAP8," in IEEE Transactions on 

Plasma Science, 2022, doi: 10.1109/TPS.2022.3183525.
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MOOSE-based capabilities for fusion modeling

Volumetric heating rate

from neutronics (J/m3s)

Temperature

(K)

Tritium concentration

(atomic fraction)

Von Mises Stress

(Pa)

• Advanced MOOSE-based 
modeling and simulations are 
being developed and 
deployed for blankets and 
plasma facing components.

• Stemming from multiscale 
tritium transport capabilities 
through TMAP8, 
SALAMANDER provides 
integrated multiphysics 
capabilities.

• TMAP8 and SALAMANDER 
are open-source, NQA-1 
compliant, and have a 
permissive license to enable 
public-private partnerships.



Getting started 
with 

SALAMANDER
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Getting started 
with TMAP8
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TMAP8 Verification highlight: 

In ver-1dc, we model tritium transport in a slab with three trapping site populations with different 
energies and densities.

Comparison against analytical solution                               Method of Manufactured Solutions

29

Spatial convergence

Manufactured Solutions:

New equations with forcing functions:

A small root mean 

square percentage 

error (RMSPE) 

quantifies a good 

agreement. 

P.-C. A. Simon, et al., Fusion Engineering and Design, Volume 214, 2025, 114874. https://doi.org/10.1016/j.fusengdes.2025.114874.
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TMAP8 Validation highlight • Validation cases show how TMAP8 
can accurately reproduce 
experimental results

• The stochastic tools module is 
available for model calibration, 
uncertainty quantification

• They can be used as starting points 
for other studies. 

30

• In val-2a, we reproduce an 
experiment of ion 
implantation and desorption

• Using model parameters 
from literature provides 
reasonable results

• Calibration increases 
accuracy

P.-C. A. Simon, et al., Fusion Engineering and Design, Volume 214, 2025, 114874. https://doi.org/10.1016/j.fusengdes.2025.114874.
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TMAP8 example cases

• Example cases are intended to 
show how TMAP8 can be used, 
and how to perform key 
studies.

• They can be used as starting 
points for other analysis. 

31
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TMAP8 example cases – The tritium fuel cycle

• TMAP8 can perform 0D simulation of 
the fuel cycle and evaluate the tritium 
inventory in each part of the system.

•  It can also be coupled with lower 
length-scale simulations to derive on 
the fly the behavior of subsystems. 

32
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