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Liquid-metal breeder blankets

Design of liquid-metal blankets

• Blankets are an important component separating the vacuum vessel and plasma.

• Blankets perform 3 main functions

– Protect the magnets and the vacuum vessel from neutron radiation

– Produce tritium necessary for continued fusion reaction

– Convert neutron energy to heat and transport it away from the vessel

• Numerical modelling of fusion blankets is a challenge

– Coupled system with high computational cost

• Additional simulation challenges : 

• Variable wall conductivity, anisotropic turbulence, 

non-uniform magnetic fields and 

resolving high current density at boundaries.

Reference: Suri et al., Materials issues in fusion 

reactors, J. Physics Conf. series, 2010
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Governing equations 

(OpenFOAM – A finite-volume solver)

Assumptions
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Non-dimensional numbers

Reynolds number :     

Magnetic Reynolds number :     

Hartmann number :     

- Magnetic Reynolds number is small in liquid-

metal flows, indicating weak inductive effects

- Hartmann number indicates the strength of 

the Lorentz force relative to the viscous force

- Size of the Hartmann layer is smaller by a 

factor of the Hartmann number

- Side wall jets arise when the Hartmann walls 

are partially conducting

Hunt flow

Ref: D. Krasnov, T. Boeck, L. Braiden, S. Molokov and L. Buhler, Numerical 

simulations of MHD flow transition in ducts with conducting Hartmann walls, 

Limetech Project A3 D4, KIT 2016
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Case: MHD flow in a nonuniform B-field

Ref: (1) O. Andreev, Yu. Kolesnikov, and A. 

Thess, Experimental study of liquid metal 
channel flow under the influence of a 
nonuniform magnetic field, Physics of fluids, 

2006

Numerical set up is identical to the experiments of Andreev et al.1 

- B0=0.504 T (at x=0),  U0=0.08 m s-1

- Re=4000,  Ha=400

- Perfectly insulated walls

- Expectation : Downstream jets, M-shaped profile, counter-rotating vortices at the magnetic obstacle

 A = 1.0 (dimensionless peak amplitude)

 L = 0.05 m (half-width of the magnetic plateau in y-direction)

 k = 0.008 m (transition steepness in y-direction)

• B0 = 0.504 T , σx=0.01872 m

Working fluid: Eutectic alloy

Galinstan (Ga68%In20%Sn12% )
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Computational approach 

Navier-Stokes Solution in OpenFOAM

• Iterative solver for velocity & pressure using the PIMPLE approach

     Algorithm Advantages

• Enables larger time steps with numerical stability

• Coupled fluid solver with electromagnetic equations

• Fluid responds instantly to background magnetic field

• Ideal for complex/stiff problems

• Merges steady-state relaxation (SIMPLE) with transient corrections (PISO)

Electric Potential Formulation (solver2 : epotFoam_isoTh)

•  Inductionless regime (Rem ≪ 1) is considered

•  Numerical stability governed by CFL condition. CFL limit is set much lower to account for instabilities 

in the coupled solve

2F. Fico. “High-fidelity numerical investigation of liquid metal magnetoconvection”. PhD thesis. Loughborough University, 2024
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Rectangular computational domain :

- Length : 1.2m    (x varying from -0.35m to 0.85m)

- Width  : 0.1m   (y varying from -0.05m to 0.05m)

- Height  : 0.02m   (z varying from -0.01m to 0.01m)

- Resolution (nx, ny, nz) : (980, 152, 164)
- Wall-clock time per timestep ~ 25s

Inlet boundary condition

Grid resolution

Grid design (y-z cross section)
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Rectangular computational domain :

- Length : 1.2m    (x varying from -0.35m to 0.85m)

- Width  : 0.1m   (y varying from -0.05m to 0.05m)

- Height  : 0.02m   (z varying from -0.01m to 0.01m)

- Resolution (nx, ny, nz) : (980, 152, 164)
- Wall-clock time per timestep ~ 25s

The Inlet has a periodic section which sustains turbulence 

in this region. Simultaneously, the flow advances towards 

the magnetic obstacle placed at x=0.

The Gaussian magnetic obstacle centred at x=0, extends 
from x= -0.015m to 0.015m .

Inlet boundary condition

Grid resolution
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Results : Grid resolution

Celik et al.3 proposed an index 

(normalised from 0 to 1) to ascertain 

the ability of the grid to resolve small 

scale turbulent features. 

Requirements :

- CelikNuIndexField > 0.95 : DNS

- CelikNuIndexField > 0.8 : LES

The variability of the index over 
the cross-sectional planes z=0 and y=0 

shows the robustness of the grid.

- A large-eddy model is used to resolve turbulence at the subgrid scale.

- Turbulence model : WALE (Wall Adaptive Local Eddy-viscosity model)

- To quantify the ability of the high-resolution grid to resolve turbulence, the solution index 

approach of Celik et al.3 is used.

3Celik et al, Procedure for estimation and reporting of uncertainty due to discretisation in CFD applications, J. Fluid Eng, 2008

B0
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Results : Time-averaged flow before reaching x=0

1O. Andreev, Yu. Kolesnikov, and A. Thess, Experimental study of liquid metal channel flow under the influence of a nonuniform magnetic field, Physics of fluids, 2006

Time-averaged mean flow (averaged over Δt=10H/U0) components along the x-direction (U) and y-direction 

(V) are normalised using U0=0.08m/s and plotted below (L is the half-width)

- The magnetic field is significant in the region x/H= –0.75 to 0.75. 

- However, it has an upstream influence on the flow-profile. 

- Peak velocity shifts toward the sidewalls, accompanied by a spanwise velocity component directed outward. 

- Simulation over-predicts the magnitude of streamwise velocity in the near-wall region relative to experiments1.
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Results : Mean flow beyond x=0

- Under the influence of a stronger magnetic field, the jet velocity steepens

- Velocity magnitude at the centre is negligible 

- Simulation results of spanwise velocity shows deviations from the experiments1 in the near-wall region. 

Mean flow components along the x-direction (U) and y-direction (V) are normalised using U0=0.08m/s and 

plotted below

1O. Andreev, Yu. Kolesnikov, and A. Thess, Experimental study of liquid metal channel flow under the influence of a nonuniform magnetic field, Physics of fluids, 2006
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Results : MHD turbulence in a rectangular duct

Turbulent structures visualised using contours of Q

- Instantaneous turbulent flow 

structures

- Small scale turbulence develop 

in the entire domain except at 

the magnetic obstacle
- Jets develop at the magnetic 

obstacle downstream

- Strong shear observed at the 

region where the jet separates 

into the background flow
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Results : Turbulence statistics downstream

Comparison of mean and rms velocity fluctuations against results of Andreev at al, 20061 at several downstream 

locations past the magnetic obstacle along the flow direction. At x/H=6, the simulations indicate emergence of 

turbulence at the channel centre. Experiments show lower levels of turbulence at the centre of the channel 

compared to the simulations. 
1O. Andreev, Yu. Kolesnikov, and A. Thess, Experimental study of liquid metal channel flow under the influence of a nonuniform magnetic field, Physics of fluids, 2006
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Results : Turbulence statistics downstream

- Much farther downstream at x/H = 

12, simulations indicate re-emergence of 

turbulence

- Near-wall turbulence is elevated, 

originating  from the strong shear experienced 
by the mean-flow.

- Results show reduction in mean-velocity near 

the walls (compared to locations  0 < x/H < 6) 

and large velocity fluctuations in the same 

region.
- Speculation : Energy is extracted from the 

mean-flow to feed shear-induced intermittent 

near-wall turbulence, which eventually 

dissipates.

1O. Andreev, Yu. Kolesnikov, and A. Thess, Experimental study of liquid metal channel flow under the influence of a nonuniform magnetic field, Physics of fluids, 2006
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- Increase in streamwise pressure gradient at -0.75<x/H<0.75 (due to braking effect of Lorentz force) 

accompanied by low pressure zone created at 0.75<x/H<1.5.

- This causes flow reversal in the middle of the channel

- Two large scale vortical structures emerge

Results : Electric potential at the magnetic obstacle (z=0 plane)

1O. Andreev, Yu. Kolesnikov, and A. Thess, Experimental study of liquid metal channel flow under the influence of a nonuniform m agnetic field, Physics of fluids, 2006
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Results : Electric potential at the magnetic obstacle

LES simulations
Experiments1

1O. Andreev, Yu. Kolesnikov, and A. Thess, Experimental study of liquid metal channel flow under the influence of a nonuniform magnetic field, Physics of fluids, 2006
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Results : Turbulent Kinetic energy at z=0 plane

1. Suppression of turbulence at the magnetic obstacle

2. Turbulence re-emerges beyond x=0.1 = 5H (H=0.02m)

3. Maximum turbulence is observed at 0.25m < x < 0.5m (12.5 < x/H < 25)

4. Maxima of the turbulent kinetic energy in z=0 plane is at least a distance of 17H from the magnetic 

obstacle.
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Results : Instantaneous kinetic energy dissipation 

rate at z=0 plane

1. Instantaneous dissipation rate is intermittent

2. The dissipation rate of kinetic energy also shows a similar trend : suppression of turbulence at the 

magnetic obstacle and its re-emergence farther downstream associated with wall shear stress.
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Conclusions

1. Large-eddy simulations of liquid metal flow past a magnetic obstacle is performed in OpenFOAM

2. Turbulence is sustained in the inlet region using the inlet-recycling method

3. Three regions emerge :

• Turbulence suppression region (-1.5 < x/H < -0.75 )
-  The fluid core decelerates owing to increasing Lorentz force

- Velocity gradient increases near the walls

- An M-shaped velocity profile emerges

• Vortical region (-0.75 < x/H < -0.75 )
-  Strong magnetic field suppresses small scale turbulence

- Velocity gradient steepens

- Large scale vortical structures emerge along the vertical extent of the domain

• Turbulent region (1.5 < x/H < 12 )
   -  Shear-driven turbulence emerges in the near-wall region

   -  Turbulence re-emerges in the core of the channel 

- The wall jets are advected downstream.  The maximum jet velocity magnitude reduces.

- Small turbulent eddies downstream extract energy from the mean flow and dissipate subsequently
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Results : Grid resolution

Celik et al.3 proposed an index 

(normalised from 0 to 1) to ascertain 

the ability of the grid to resolve small 

scale turbulent features. 

Requirements :

- CelikNuIndexField > 0.95 : DNS

- CelikNuIndexField > 0.8 : LES

The variability of the index over 
the cross-sectional planes z=0 and y=0 

shows the robustness of the grid.

- A large-eddy model is used to resolve turbulence at the subgrid scale.

- Turbulence model : WALE (Wall adaptive local eddy-viscosity model)

- To quantify the ability of the high-resolution grid to resolve turbulence, the solution index 

approach of Celik et al.3 is used.

3Celik et al, Procedure for Estimation and Reporting of Uncertainty Due to Discretization in CFD Applications, J. Fluid Engg, 2008

B0
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