
Design of a Superconducting Magnet for 

Magnetic Density Separation 
Jaap Kosse1, C. Zhou1, M. Dhallé1, G. Tomás1, S. Wessel1, E. Krooshoop1, A. den Ouden2, P. Rem3,

J. Vandehoek4, G. Grasso5, T. Miller6, M. ter Brake1, H. ten Kate1

1University of Twente, The Netherlands,
2Radboud University, The Netherlands,

3Delft University, The Netherlands,
4Urban Mining Corp., The Netherlands,
5Columbus Superconductors SpA, Italy,

6Sumitomo (SHI) Cryogenics Europe Ltd., United Kingdom

1Jaap Kosse, HTS2018 Modelling Workshop



Jaap Kosse, HTS2018 Modelling Workshop 2



Particles are 
separated 
by mass 
density

Ferrofluid

+Vertical 
magnetic 

field 
gradient

MDS: novel 
recycling 

technology

Magnetic Density Separation (MDS)?

ferrofluid

3Jaap Kosse, HTS2018 Modelling Workshop



• NbTi demonstrator magnet

• MgB2 prototype magnet

• Show benefits of superconductivity for MDS
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Goals of the research



• What is MDS?

• How does MDS work?

• What kind of magnet is needed?

• Cryostat

• Conclusions & outlook
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How does MDS work?

𝐹𝑚𝑎𝑔

𝐹𝑚𝑎𝑔

𝐹𝑚𝑎𝑔

𝐹𝑧

𝐹𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦

𝑧

𝛻 𝐻

𝛻 𝐻𝜌𝑓𝑙 , 𝑀𝑠

magnet

𝜌𝑝

At a height 𝑧𝑒𝑞, the net force on the waste 

particle is zero.

𝐹𝑧 + 𝐹𝑏𝑢𝑜𝑦𝑎𝑛𝑐𝑦 + 𝐹𝑚𝑎𝑔 = 0

= 𝜌𝑓𝑙 − 𝜌𝑝 𝑉𝑝𝑔 − 𝜇0𝑀𝑠𝛻 𝐻

Assuming |𝐻| 𝑧 = 𝐻0 exp(−2𝜋𝑧/𝜆),
the stable equilibrium height depends on the 

mass density 𝜌𝑝 as

𝑧𝑒𝑞 =
𝜆

2𝜋
ln

2𝜋𝜇0𝑴𝒔𝑯𝟎

𝑔𝜆 𝜌𝑝 − 𝜌𝑓𝑙
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How does MDS work?
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𝑧𝜌𝑚𝑎𝑥

𝑧𝜌𝑚𝑖𝑛

Δ𝑧

Δ𝑧 = 𝑧𝜌𝑚𝑖𝑛
− 𝑧𝜌𝑚𝑎𝑥

=
𝝀

2𝜋
ln

𝜌𝑚𝑎𝑥 − 𝜌𝑓𝑙

𝜌𝑚𝑖𝑛 − 𝜌𝑓𝑙

𝑧𝑒𝑞 =
𝜆

2𝜋
ln

2𝜋𝜇0𝑴𝒔𝑯𝟎

𝑔𝜆 𝜌𝑝 − 𝜌𝑓𝑙

𝜆 determines distance between different densities

What determines 𝜆, and how to generate |𝐻| 𝑧 = 𝐻0 exp(−2𝜋𝑧/𝜆) ?

x

z



• What is MDS?
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MDS requires a strong vertical 

gradient, that depends only on z-

coordinate.

Harmonic current distribution generates

|𝐻| 𝑧 = 𝐻0 exp −
2𝜋

𝜆
𝑧

Decay rate scales with periodicity 𝜆 of 

current distribution.

What kind of current distribution is needed?
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MDS requires a strong vertical 

gradient, that depends only on z-

coordinate.
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Approximate ideal distribution with racetracks

𝑧 𝑦

𝑥
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Direction of particle movement

𝑰 𝑰

𝜆

Width of a coil is 𝜆/2
Determined by required Δ𝑧



More accurate approximation possible

𝑧 𝑦

𝑥
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“Conventional” MDS

ferrofluid
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• Horizontal gradient components can slow 

down/stop particles→minimum flow speed

• Particles need time to reach 𝑧𝑒𝑞

Minimum system length



Angled MDS magnet

15Jaap Kosse, HTS2018 Modelling Workshop

~12 degree angle from horizontal 

plane

Particles move to the right by 

horizontal magnetic force component

x

z

P. Rem, Patent number WO 2017/111583



Angled MDS magnet
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Magenta lines: 

particle equilibrium heights

Particles will tend to 

follow these lines. 

But in the right direction?

Arrows: 

direction of gradient 𝛁|𝐇|/|𝛁|𝐇||

Problem area

x

z



Angled MDS magnet
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4 coil system doesn’t 

work! Problem area

x

z

Nor does 2 or 5…

→ 3 coils it is!



Demonstrator magnet lay-out

𝑧 𝑦

𝑥
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Direction of particle movement

𝜆 = 0.6𝑚 requested by user: 

determines coil width 

Winding pack 

thickness ~50 mm

𝑰
𝑰

• 1.36 mm NbTi wire

• 300A, ~2080 turns/coil

• 4.5K operating temperature,  2K temperature margin

• 5T peak field
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• Wet winding on SS yoke

Demonstrator magnet lay-out
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• Wet winding on SS yoke

• Al5083-H321 cassette (2 parts)

Demonstrator magnet lay-out
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• Wet winding on SS yoke

• Al5083-H321 cassette (2 parts)

• Pure Al strips for thermal function

Demonstrator magnet lay-out
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Angled MDS magnet
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z

P. Rem, Patent number 
WO 2017/111583



Cryostat of angled MDS magnet
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C. Zhou

Hybrid current lead 

Cu+HTS+NbTi

Vetronite, sliding support,

Pillars Demountable with screw bolts for 

both side walls 

Vacuum port, valve, 

pressure gauge…

Vetronite, 4 rods

Top plate 20 mm

SHI cryocooler cold head
minimize distance between 

coil and fluid bottom ~50 mm 

y

z
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• MDS is a recycling technology, allows separation based on mass density

• NbTi demonstrator magnet is starting construction phase

• Angled, aimed at electronic waste

• Three-coil lay-out chosen. Minimizes horizontal gradient components.

• Conduction-cooling

• To be installed at TU Delft

• MgB2 prototype system is in material testing phase.

• Non-angled, aimed at light plastics

Conclusion
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Thanks for the attention
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