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1. Background and Motivation –Why is liquid-metal MHD important for fusion?

2. MHD Strategy – How are we approaching liquid-metal MHD simulation?

3. Progress –What have we done so far?

4. Summary & Future Work

Outline
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Ha=20 “Hunt” flow
Simulated with Proteus
https://github.com/aurora
-multiphysics/proteus

https://github.com/aurora-multiphysics/proteus
https://github.com/aurora-multiphysics/proteus
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Why is liquid-metal magnetohydrodynamics (MHD) relevant in magnetic
confinement fusion?
• Tritium breeding systems may involve flowing liquid metals (conducting fluid).
• Interaction with the strong magnetic fields (for plasma confinement).
• MHD effects dominate these flows.

Background and Motivation
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Dual Coolant Lead-Lithium (DCLL) blanket
Khodak, A. et al. 2018

https://doi.org/10.1016/j.fusengdes.2018.08.010

https://doi.org/10.1016/j.fusengdes.2018.08.010


|

Liquid-Metal MHD Equations
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𝜌 𝜕𝒖
𝜕𝑡

+ 𝜌 𝒖 ⋅ ∇ 𝒖−𝜂∇2𝒖 + ∇𝑝 =  𝑱 × 𝑩  + 𝒇
∇ ⋅ 𝒖 = 0

Incompressible Navier-Stokes + Lorentz Force

+Magnetic induction Inductionless approximation
(valid for Rem ≪ 1)

Strongly coupled
Feedback loop (𝑩)

Weaker coupling
Poisson equation

𝑱 = 𝜇−1 ∇ × 𝑩

𝜕𝑩
𝜕𝑡

+ 1
𝜇

∇ × 1
𝜎

∇ × 𝑩 = ∇ × 𝒖 × 𝑩

∇ ⋅ 𝑩 = 0

 𝑩 = 𝑩0,  𝜕𝑩/𝜕𝑡 = 0

∇2𝜙 = ∇ ⋅ (𝒖 × 𝑩)

𝑱 = 𝜎(−∇𝜙 + 𝒖 × 𝑩)

(Eliminate 𝑱)

Ha = 𝐵0𝐿 σ
𝜂

Rem = 𝜇σ𝑈𝐿



|

What codes are we looking at currently?

MHD Strategy
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Why are we exploring multiple codes?
• The “best” code depends on context...
• Induction vs inductionless?
• User-friendly?
• Scalability?
• Coupling to MOOSE?

• OpenFOAM
• MOOSE

• MFEM
• NekRS

+ external MOOSE apps

NekRS + OpenMC
https://cardinal.cels.anl.gov/

Proteus
CFD and MHD

Apollo
Electromagnetism,

MOOSE-MFEM adapter

Hephaestus
MFEM EM library

Achlys
Hydrogen ion
transport

Hippo
OpenFOAM coupling

Platypus
MFEM backend for

MOOSE

UKAEA: Aurora Multiphysics
https://github.com/aurora-multiphysics

https://github.com/aurora-multiphysics
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How are we planning to evaluate these codes?

1. Validate against analytic solutions: Shercliff and Hunt cases.
• Work from low Ha (~20) to high Ha (increasing complexity).
• Target: Ha~104
(typical for fusion breeder blankets – extremely challenging).

2. Complex validation cases (including experimental results)
• Spatially varying B, turbulence, heat transfer... [1]

3. Challenge cases
• Complex geometries – meshing challenges (boundary layers)
• Mock geometries & experimental rigs -> breeder blankets

MHD Strategy
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Hartmann layer: 𝛿𝑥 ∝ 1
Ha

Stable timestep: 𝛿𝑡 ∝ 1
Ha2

Hunt case
Top & bottom walls conducting

Shercliff case
Electrically insulating walls

Ha = 20

Ha = 𝐵0𝐿 σ
𝜂
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MHD Strategy
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Hartmann layer: 𝛿𝑥 ∝ 1
Ha

Stable timestep: 𝛿𝑡 ∝ 1
Ha2

Ha = 𝐵0𝐿 σ
𝜂

Mock blanket geometry

ITER WCLL blanket module [2][1] Smolentsev et al. 2015 https://doi.org/10.1016/j.fusengdes.2014.04.049
[2] Aubert et al. 2020 https://doi.org/10.1016/j.fusengdes.2020.111921

https://doi.org/10.1016/j.fusengdes.2014.04.049
https://doi.org/10.1016/j.fusengdes.2020.111921
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We previously tested the mhdFoam and epotFoam solvers:
https://iopscience.iop.org/article/10.1088/1361-6587/ad100a
These were found to be reasonably accurate, but lacking
key features (particularly resolving finite conductivity walls)

What is OpenFOAM?
• Open-source Finite Volume CFD toolbox.
• Established use in commercial settings.
• User-friendly, well documented.
• Common choice for developing LM-MHD solvers.

OpenFOAM
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New & upcoming developments:
• exaFoam: https://exafoam.eu/
• Ongoing GPU porting efforts.
• Hippo: coupling OpenFOAM to MOOSE
https://github.com/aurora-multiphysics/hippo

• More advanced OpenFOAM LM-MHD solvers
are becoming open-source.

https://iopscience.iop.org/article/10.1088/1361-6587/ad100a
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Progress:
• Beginning to explore advanced liquid-metal
MHD solvers in OpenFOAM.

• Finite conductivity walls (resolve solid region).

OpenFOAM
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Advanced OpenFOAM MHD solvers:
• Blishchik et al. (GPLv3):

https://github.com/Kommbinator/MHD_Solvers_OpenFOAM
https://doi.org/10.1016/j.ijheatfluidflow.2021.108800

• Fico et al. (not yet open source, UKAEA PhD):
https://doi.org/10.1016/j.ijheatmasstransfer.2024.125857

• FreeMHD (GPLv3? Free surface LM-MHD):
https://github.com/PlasmaControl/FreeMHD
https://doi.org/10.1088/1741-4326/acd864
https://arxiv.org/pdf/2409.08950

Hunt flow, 𝑯𝒂 = 𝟏𝟎𝟎, 𝒕𝒘 = 𝒂
𝟏𝟎

mhdEpotMultiRegionFoam (Blishchik)
RMSE (𝑢𝑥) ~ 3.6% - continuing to investigate.

Hunt flow, 𝑯𝒂 = 𝟐𝟎
𝝈𝒘 = 𝝈𝒇 , 𝒕𝒘 = 𝒂

𝟏𝟎
mhdEpot

MultiRegionFoam
Resolving current
flows in conducting

solid walls.

https://github.com/Kommbinator/MHD_Solvers_OpenFOAM
https://doi.org/10.1016/j.ijheatfluidflow.2021.108800
https://doi.org/10.1016/j.ijheatmasstransfer.2024.125857
https://github.com/PlasmaControl/FreeMHD
https://doi.org/10.1088/1741-4326/acd864
https://arxiv.org/pdf/2409.08950
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Implementing MHD directly in MOOSE:
• Advantages of MHD in MOOSE:

• Ideal solution for simple multiphysics problems.
• Reduced software stack.
• User only needs to know MOOSE.

• Previously presented inductionless MHD in Proteus:
• 3rd Fusion HPC Workshop (2022).
• Original results showed poor accuracy.

• New solver based on Li et al formulation [1,2]
• Also demonstrated in [3].
• Mixed Finite Element formulation (Raviart-Thomas 𝑱).
• Steady-state or transient.

MOOSE (Proteus)
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Previous Proteus MHD results
Our previous implementations of a steady
incompressible MHD solver in MOOSE were
unable to accurately simulate the Ha=20
Shercliff (top) and Hunt (bottom) cases.[1] Li et al. 2019 https://doi.org/10.1137/17M1160768

[2] Li et al. 2019 https://doi.org/10.1137/19M1260372
[3] Urgorri et al. 2024 https://doi.org/10.1088/1361-6587/ad6a82

https://doi.org/10.1137/17M1160768
https://doi.org/10.1137/19M1260372
https://doi.org/10.1088/1361-6587/ad6a82
https://doi.org/10.1088/1361-6587/ad6a82
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Results:
• Mixed-FE formulation significantly
improves accuracy.

• The matrix in the monolithic problem
is difficult to solve.

• LU (direct solve) is currently the only option.

Next steps:
• SuperLU, MUMPS or Field-Split
Preconditioners?

• Implement Li et al. algorithm [2]?
(segregated solve on a carefully
preconditioned system using MultiApps).

• Coupling electric current to the solid domain.

MOOSE (Proteus)
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Ha=20 Shercliff (insulating walls) solution.
Velocity error = 0.15%, pressure drop error = 0.66%

Ha=20 Hunt (conducting Hartmann walls) solution.
Velocity error = 1.39%, pressure drop error = 1.69%

[1] Li et al. 2019 https://doi.org/10.1137/17M1160768
[2] Li et al. 2019 https://doi.org/10.1137/19M1260372

https://doi.org/10.1137/17M1160768
https://doi.org/10.1137/19M1260372
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• Scalable C++ Finite Element Method Library.
• Precise implementation of FEM mathematics.
• Useful features:

• GPU-accelerated, scalable.
• High order.
• Adaptive mesh (boundary layers).
• Wide range of element types.

• MOOSE coupling: Platypus
https://github.com/aurora-multiphysics/platypus

MHD implementation in progress:
• Full implementation of Li et al. formulation [1,2].
• Next steps: testing Navier-Stokes,
NS-EM coupling, preconditioned algorithm.

MFEM
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Example electrostatics solve
Electrostatics solver complete, Navier-Stokes solver in progress

Li et al. 2019 [2]: Preconditioned Algorithm
Li et al present a detailed algorithm for the efficient solution
of the mixed-FE charge conservative MHD formulation.

[1] Li et al. 2019 https://doi.org/10.1137/17M1160768
[2] Li et al. 2019 https://doi.org/10.1137/19M1260372

https://github.com/aurora-multiphysics/platypus

