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Background

o The LHC’s magnets are made by repeatedly 
winding a superconducting cable into long 
coils.

o Superconducting magnets of the Large 
Hadron Collider (LHC) operate at 1.9K,

o These coils are encased inside a superfluid 
helium cryogenic system to keep the magnet 
at the operating temperature.

o Superfluid helium is a very efficient coolant

o The coils seen as porous materials, we are 
looking for a theory of helium superfluid in 
porous media to predict heat tranfer.
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Helium phase diagram and superfluid transition
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Helium phase diagram and superfluid transition

Alfred Leitner - Liquid Helium II the Superfluid
(www.alfredleitner.com or on youtube)

o Bottom of the beaker made of a porous membrane with pore-throat smaller than 1 micron,

o Above 2.17K, liquid helium (He I) is viscous and does not flow through the membrane,

o Below 2.17K, He II pours out. The flow rate is even faster at lower temperature.
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Superfluid helium modeling

o He II can be thought as two interpenetrating fluids that are fully miscible and have temperature dependent 
densities1,

 The normal fluid component with a density ρn and a velocity vn,

 The superfluid component with a density ρs and a velocity vs,

superfluid

normal

1Landau, L., Aug 1941. Theory of the superfluidity of Helium II. Phys. Rev. 60, 356–358. 4



Superfluid helium modeling

o He II can be thought as two interpenetrating fluids that are fully miscible and have temperature dependent 
densities1,

 The normal fluid component with a density ρn and a velocity vn,

 The superfluid component with a density ρs and a velocity vs,

superfluid

normal

1Landau, L., Aug 1941. Theory of the superfluidity of Helium II. Phys. Rev. 60, 356–358. 4



Superfluid helium modeling

o He II can be thought as two interpenetrating fluids that are fully miscible and have temperature dependent 
densities1,

 The normal fluid component with a density ρn and a velocity vn,

 The superfluid component with a density ρs and a velocity vs,

superfluid

normal

1Landau, L., Aug 1941. Theory of the superfluidity of Helium II. Phys. Rev. 60, 356–358. 4



Superfluid helium modeling

o He II can be thought as two interpenetrating fluids that are fully miscible and have temperature dependent 
densities1,

 The normal fluid component with a density ρn and a velocity vn,

 The superfluid component with a density ρs and a velocity vs,

o The superfluid component carries no entropy and has no viscosity,

o The heat is carried by the  normal component only,

superfluid

normal

1Landau, L., Aug 1941. Theory of the superfluidity of Helium II. Phys. Rev. 60, 356–358. 4



Superfluid helium modeling

o He II can be thought as two interpenetrating fluids that are fully miscible and have temperature dependent 
densities1,

 The normal fluid component with a density ρn and a velocity vn,

 The superfluid component with a density ρs and a velocity vs,

o The superfluid component carries no entropy and has no viscosity,

o The heat is carried by the  normal component only,

o The two components flow at countercurrent when a temperature gradient is applied,

superfluid

normal

1Landau, L., Aug 1941. Theory of the superfluidity of Helium II. Phys. Rev. 60, 356–358. 4



Superfluid helium modeling

o He II can be thought as two interpenetrating fluids that are fully miscible and have temperature dependent 
densities1,

 The normal fluid component with a density ρn and a velocity vn,

 The superfluid component with a density ρs and a velocity vs,

o The superfluid component carries no entropy and has no viscosity,

o The heat is carried by the  normal component only,

o The two components flow at countercurrent when a temperature gradient is applied,

o Above a critical velocity, quantum turbulence arises.

superfluid

normal

1Landau, L., Aug 1941. Theory of the superfluidity of Helium II. Phys. Rev. 60, 356–358. 4



He II two-fluid model1

 Continuity equation for the total mass of fluid

1Landau, L., Aug 1941. Theory of the superfluidity of Helium II. Phys. Rev. 60, 356–358.
2Gorter, C., Mellink, J., 1949. On the irreversible processes in liquid Helium-II. Physica 15 (3-4), 285–304.
3Gorter, C., Kasteleijn, P., Mellink, J., 1950. Discussion of the properties of Helium-II on the basis of the two fluid model. Physica 16 (2), 113–121.
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He II two-fluid model1

 Continuity equation for the total mass of fluid

 Momentum equation for the normal component
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Thermo-mechanical force

1Landau, L., Aug 1941. Theory of the superfluidity of Helium II. Phys. Rev. 60, 356–358.
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He II two-fluid model1

 Continuity equation for the total mass of fluid

 Momentum equation for the normal component

 Momentum equation for the superfluid component

 Entropy equation

Thermo-mechanical force

 Slip conditions at walls for superfluid particles. No-slip for normal particles.
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He II two-fluid model1

 Continuity equation for the total mass of fluid

 Momentum equation for the normal component

 Momentum equation for the superfluid component

 Entropy equation

Gorter-Mellink mutual friction term2,3Thermo-mechanical force

 Slip conditions at walls for superfluid particles. No-slip for normal particles.

1Landau, L., Aug 1941. Theory of the superfluidity of Helium II. Phys. Rev. 60, 356–358.
2Gorter, C., Mellink, J., 1949. On the irreversible processes in liquid Helium-II. Physica 15 (3-4), 285–304.
3Gorter, C., Kasteleijn, P., Mellink, J., 1950. Discussion of the properties of Helium-II on the basis of the two fluid model. Physica 16 (2), 113–121.
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Upscaling superfluid helium flow in porous media

1Allain et al., Upscaling of superfluid helium flow in porous media, International Journal of Heat and Mass Transfer 53 (2010), 4852-4864

 Upscaling of superfluid helium flow in 
porous media in the Laudau regime1
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Upscaling superfluid helium flow in porous media

1Allain et al., Upscaling of superfluid helium flow in porous media, International Journal of Heat and Mass Transfer 53 (2010), 4852-4864

 Upscaling of superfluid helium flow in 
porous media in the Laudau regime1

 In presence of quantum turbulence (i.e. 
in most of the operating situations), the 
mutual friction terms have to be 
average and closed...

 Solve the physics at the pore-scale to 
get new insights into the quantum 
turbulence patterns.
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HellFOAM: superfluid helium flow simulator

1Soulaine et al., A PISO-like algorithm to simulate superfluid helium flow with the two-fluid model, Computer Physics Communications 187 (2015), 20-28

HellFOAM = Superfluid Helium (He II) modeling with OpenFOAM® 

 Segregated approach for the Temperature-
Pressure-Velocities coupling using the 
Super-PISO algorithm*.

 The pressure equation is formed by 
combining the momentum equations and the 
mass balance equation.

 The physical properties are function of the 
temperature.

 The heater is modeled by a volumic source 
term in the energy equation.

 Benefit of all the OpenFOAM features (3D, 
unstructured meshes, parallel simulations…)

 Public release of the code :

https://github.com/csoulain/HellFOAM
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Superfluid helium flow in a capillary tube

1Soulaine et al., A PISO-like algorithm to simulate superfluid helium flow with the two-fluid model, Computer Physics Communications 187 (2015), 20-28 8



Superfluid helium flow in a capillary tube

1Soulaine et al., A PISO-like algorithm to simulate superfluid helium flow with the two-fluid model, Computer Physics Communications 187 (2015), 20-28

Without quantum 
turbulence

q= 1 kW/m2 
(Landau regime)
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Superfluid helium flow in a capillary tube

1Soulaine et al., A PISO-like algorithm to simulate superfluid helium flow with the two-fluid model, Computer Physics Communications 187 (2015), 20-28 8

With quantum 
turbulence

q= 10 kW/m2

(Gorter-Mellink 
regime)



Superfluid helium flow in a model porous medium1

1Soulaine et al., A PISO-like algorithm to simulate superfluid helium flow with the two-fluid model, Computer Physics Communications 187 (2015), 20-28 9

Objective: Investigate the superfluid flow in porous media in the Gorter-Mellink regime

q = 104 W/m2



Superfluid helium flow in a model porous medium1

1Soulaine et al., A PISO-like algorithm to simulate superfluid helium flow with the two-fluid model, Computer Physics Communications 187 (2015), 20-28 9

Objective: Investigate the superfluid flow in porous media* in the Gorter-Mellink regime

q = 104 W/m2

Temperature profile at steady-state



Superfluid helium flow in a model porous medium1

1Soulaine et al., A PISO-like algorithm to simulate superfluid helium flow with the two-fluid model, Computer Physics Communications 187 (2015), 20-28 9

Superfluid velocity 
at steady-state



Superfluid helium flow in a model porous medium1

1Soulaine et al., A PISO-like algorithm to simulate superfluid helium flow with the two-fluid model, Computer Physics Communications 187 (2015), 20-28 9

Normal velocity 
at steady-state

Superfluid velocity 
at steady-state



Superfluid helium flow in a model porous medium1

1Soulaine et al., A PISO-like algorithm to simulate superfluid helium flow with the two-fluid model, Computer Physics Communications 187 (2015), 20-28 9

Normal velocity 
at steady-state

Superfluid velocity 
at steady-state



Flow past a cylinder: Zhang’s experiment1

1Zhang T, Van Sciver SW, 2005. Large scale turbulent flow around a cylinder in counterflow superfluid 4He (He II). Nat Phys 1:36–38.

o PIV measurement of the flow of normal particles past a cylinder,
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Flow past a cylinder: Zhang’s experiment1

1Zhang T, Van Sciver SW, 2005. Large scale turbulent flow around a cylinder in counterflow superfluid 4He (He II). Nat Phys 1:36–38.

o PIV measurement of the flow of normal particles past a cylinder,

o Unexpected eddies upstream the cylinder (results confirmed by other experiments),

o The Reynolds number is not adequate to quantify the downstream vortices as in classic fluid dynamics.

10



o Simulation of the thermal counterflow of superfluid 
helium past a cylinder including quantum turbulence 
with HellFOAM1, 

o At the early times, the streamlines (normal particles) 
follows the solid obstacles,

o Frictions at the walls (cylinder and channel) between 
the superfluid and normal particles that flow at 
countercurrent trigger recirculations both upstream 
and downstream,

o In agreement with experimental evidences, we 
obtain two large and very stable vortices upstream 
the cylinder and two vortices downstream,

o Downstream vortices are subject to fluctuations.

o All simulation reach a quasi-steady-state at about 3-
4 seconds. 

Numerical Investigation of Thermal Counterflow of He-II Past 
Cylinders

1Soulaine et al., Numerical Investigation of Thermal Counterflow of He-II Past Cylinders, Physical Review Letters 118, 074506 (2017) 11



Quantification of the quantum vortices

o Multiple simulations are run to cover a large parameters space (bath temperature and heat flux).

o The size of the upstream eddies increases with increasing γ.

o The downstream eddies persist only if a<1 (normal fluid density > superfluid density)

1Soulaine et al., Numerical Investigation of Thermal Counterflow of He-II Past Cylinders, Physical Review Letters 118, 074506 (2017)

 Density ratio

 Reynolds number

 Dimensionless number that 
quantifies the mutual friction 
over inertia
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Pore-scale simulation of superfluid helium counterflow

1Soulaine et al., Numerical Investigation of Thermal Counterflow of He-II Past Cylinders, Physical Review Letters 118, 074506 (2017)
2Allain et al., Upscaling of superfluid helium flow in porous media, Int. J. Heat Mass Transfer 53, 4852 (2010).

o 6x17 mm2 porous medium with 30% porosity and K=10-9 m2,

o Heater on the left-hand side. Right-hand side connected to a He II bath at 1.6K. Initially filled with He II at 1.6K.

o In absence of quantum turbulence (Landau regime, a), the streamlines are similar to classic fluids. Allain et al. 
demonstrated that Darcy’s law can be used for the normal component2. 
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Pore-scale simulation of superfluid helium counterflow

1Soulaine et al., Numerical Investigation of Thermal Counterflow of He-II Past Cylinders, Physical Review Letters 118, 074506 (2017)
2Allain et al., Upscaling of superfluid helium flow in porous media, Int. J. Heat Mass Transfer 53, 4852 (2010).

o 6x17 mm2 porous medium with 30% porosity and K=10-9 m2,

o Heater on the left-hand side. Right-hand side connected to a He II bath at 1.6K. Initially filled with He II at 1.6K.

o In absence of quantum turbulence (Landau regime, a), the streamlines are similar to classic fluids. Allain et al. 
demonstrated that Darcy’s law can be used for the normal component2. 

o In presence of quantum turbulence (b), numerous eddies in the pores.
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Summary

 We are looking for a theory of superfluid flow in porous media,

 We adopt a bottom-up strategy starting at the pore-scale,

 We have developed and validated HellFOAM, a superfluid helium simulator 
with OpenFOAM® based on the Super-PISO algorithm,

 Investigation of the thermal counterflow of He II in a micro-tube and past a 
cylinder,

 The numerical simulations match analytical solutions in both the Landau 
and Gorter-Mellink regime,

 The numerical model captures the complex flow patterns past a cylinder,

 Illustration of the complexity to build a comprehensive theory of superfluid 
flow in porous media including quantum turbulence.
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Thank you for your attention
Questions?

H. Allain, M. Quintard, M. Prat and B. Baudouy, Upscaling of superfluid helium flow in porous media, Int. J. Heat Mass Transfer 53 (2010), 
4852-4864

H. Allain, R. Van Weelderen, B. Baudouy, M. Quintard, M. Prat and C. Soulaine, Investigation of suitability of the method of volume averaging for 
the study of heat transfer in superconducting magnet cooled by superfluid helium, Cryogenics 53 (2013), 128-134

H. Allain, B. Baudouy, M. Quintard and M. Prat, Experimental investigation of heat transfer through porous media in superfluid helium, 
Cryogenics 66 (2015), 53-62

C. Soulaine, M. Quintard, H. Allain, B. Baudouy and R. Van Weelderen, A PISO-like algorithm to simulate superfluid helium flow with the two-
fluid model, Computer Physics Communications 187 (2015), 20-28

C. Soulaine, M. Quintard, B. Baudouy and R. Van Weelderen, Numerical Investigation of Thermal Counterflow of He-II Past Cylinders, Physical 
Review Letters 118, 074506 (2017)

www.cypriensoulaine.com



Nondimensionalization of superfluid equations

 Density ratio

 Reynolds number

 Dimensionless number that 
quantifies the mutual friction

1Soulaine et al., Numerical Investigation of Thermal Counterflow of He-II Past Cylinders, Physical Review Letters 118, 074506 (2017)



Dimensionless superfluid equations



Heat transfer in superfluid helium flow in porous media

1Allain et al., Investigation of suitability of the method of volume averaging for the study of heat transfer in superconducting magnet cooled by superfluid helium, Cryogenics 53 (2013), 128-134
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