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Abstract
The focus of this paper is on the mechanical design of a NbTi-based demonstrator magnet for
magnetic density separation (MDS) that is being constructed at the University of Twente. MDS
is a new recycling technology that allows the separation of non-magnetic particles based on
their mass density, using a vertical magnetic field gradient and a ferrofluid. The unique
mechanical design challenge for this type of magnet is the desired minimization of the distance
between a ~1 m2 planar array of cryogenic racetrack coils and the ambient-temperature
ferrofluid bath. The optimization of the magnet geometry results in a distance between the coils
and ferrofluid of 50 mm. This is made possible by opting for conduction-cooling, for the
inclusion of room-temperature rods that pass through the cold mass to support the cryostat, and
for the geometry of the cassette that reacts to the Lorentz force.

Keywords: vertical magnetic field gradient, racetrack, magnet, magnetic density separation,
ferrofluid, superconductor, mechanical

1. Introduction

At the University of Twente a superconducting NbTi demon-
strator magnet formagnetic density separation (MDS) is under
construction. MDS is a new recycling technology that allows
to separate non-magnetic materials based on their mass dens-
ity [1–6] and that ideally requires a magnetic field with a
magnitude that only changes in the vertical direction. Such
a one-directional magnetic field gradient requires a dedicated
electromagnet design, as discussed in [12, 14].

In the MDS process, illustrated in figure 1, shredded
feed particles are immersed in a superparamagnetic fluid
(ferrofluid), which flows over a magnet. The fluid, consist-
ing of a carrier liquid (usually water) with a concentration
of superparamagnetic nanoparticles dispersed in it [7], is

Original Content from this work may be used under the
terms of the Creative Commons Attribution 4.0 licence. Any

further distribution of this work must maintain attribution to the author(s) and
the title of the work, journal citation and DOI.

magnetized to saturation by a magnet that generates a ver-
tical magnetic field gradient [1]. Since the fluid is attracted to
the magnet but the feed particles are not, the net force on the
particles pushes them to an equilibrium height that depends on
their mass density. Different-density particles float at different
heights in the fluid bed. The horizontal component of the force
on the ferrofluid pushes feed particles towards separator blades
that collect the different-density streams. After this, the ferro-
fluid is recovered and the separated feed products go through a
sensor sorting process for final purification [6]. A transport belt
moves over the magnet to carry away any magnetic particles
that might be present in the feed stream.

Compared to alternatives, the MDS process is cost- and
energy efficient, potentially providing a significant step for-
ward towards a circular use of resources [2, 5]. The major
advantage compared to other types of magnetic separation
using a ferrofluid is the ability to separate multiple density
fractions in a single process step, whereas the other types of
separation are based on a binary sink-float approach [8]. The
binary sink-float approach is used for the separation of for
example gold [9], diamonds [10] and coal [11].
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Figure 1. Schematic of an MDS system. Non-magnetic feed
particles are immersed in a ferrofluid that is attracted to a magnet.
When the magnet is tilted at an angle α with respect to the
horizontal, the combination of vertical forces on the feed particles
(gravity, buoyancy and effective repulsion by the magnet) dictates
their equilibrium height, whereas the horizontal component of the
magnetic repulsion pushes them towards the separator blades. An
angle α of 12◦ is used in the demonstrator system [14]. Also
indicated are the coordinate systems used in this paper: z is the
vertical direction while z′ indicates the normal distance to the
magnet surface.

The demonstrator magnet will be the first superconducting
MDS system. The advantages of superconducting electromag-
nets compared to the permanent magnets currently used in this
technology are discussed elsewhere [12]. A comparison of the
performance obtainable forMDSwith various technical super-
conductors is made in [13].

For the derivation of the required coil shape (racetracks),
size (length 1.4 m, width 0.3 m, thickness 50 mm per coil)
and number (3) of coils for the demonstrator, the reader is
referred to [14]. The thermal- and electrical aspects of the
design are described in [15], detailing how the coils are cooled
to an operation temperature of 4.5 K resulting in a 2 K margin
with the current sharing temperature (6.5 K at 5.2 T, 300 A).
The present work discusses the design of the magnet to func-
tion from a mechanical point of view. It focuses on two main
questions:

(a) How to handle the Lorentz force and the attraction force
between coils and ferrofluid. This attraction force is estim-
ated to be up to 34 kN for this particular system, designed
for the separation of shredded electronic material;

(b) How tominimize the coil-to-fluid distance so that the mag-
netic field is utilized to its fullest extent. The large planar
surfaces that are formed by the bottom of the ferrofluid bed
and the top surface of the coils present a unique minimiz-
ation challenge that is absent in most other applications of
superconducting magnets.

Perhaps the closest similar applications of superconduct-
ing magnets are wiggler- and undulator magnets for accel-
erators [16]. Here an horizontal array of racetrack coils is
also often used [17]. The main differences are that the undu-
lator coils have a much shorter length compared to MDS,
since the volume of interest is just the beam-pipe of the
accelerator. Thus, more design freedom is possible for the sup-
port structure.

The layout of this paper is as follows: firstly, the cryostat
is introduced in section 2. Of course, the main function of the
cryostat is to minimize heat transfer towards the coils [18]. To
eliminate convection, the vessel is pumped vacuum. From a
mechanical viewpoint, this implies that the outer vessel needs
to be strong enough to withstand the outside atmospheric pres-
sure as well as the force that pulls the ferrofluid towards the
magnet.

Secondly, the mechanical properties of the coils are dis-
cussed in section 3. Each coil consists of a winding pack,
a mandrel, spacers, side-plates and end-pieces. The winding
packs are anisotropic composite materials for which the mech-
anical properties are derived. The shape of the winding packs
are introduced in [14].

Thirdly, the mechanical behaviour of the cold mass is con-
sidered in section 4. Besides the coils, this includes their
enclosure. This cassette consists of two high-strength alu-
minium alloy machined plates, that enclose the winding packs
and are bolted together. During cool-down, they shrink-fit
around the coils providing pre-compression. During excitation
of the magnet they react to the Lorentz force. Underneath the
bottom aluminium alloy plate, several high-purity aluminium
heat drains are attached to provide a high thermal conduct-
ivity link between coils and cryocooler. Thus the required
mechanical- and thermal functions of the cold mass are spa-
tially decoupled.

Finally, the support structure that keeps the cold mass in
place in the cryostat is considered in section 5. This structure,
made from G11, is optimized to minimize the conductive heat
load to the cold mass and to the radiation shield, while provid-
ing adequate mechanical strength. Depending on the loading
situation, parts of the structure can be under compression or
under tension.

Figure 2 gives an idea of how the main system compon-
ents are arranged in practice. The magnet is tilted 12◦ relat-
ive to the horizontal plane to propel the feed stream [14]. To
account for this, two coordinate systems (x,y,z) and (x ′,y,z ′)
are used throughout the paper: z is the vertical direction, z′ is
directed normal to the coil surface, x and y are the horizontal
components whereas x′ is the parallel-to-the-coil direction and
lies in the xz-plane with an angle of 12◦ with respect to x. The
feed particles move through the fluid bed in the x-direction, as
indicated in figure 1.

Table 1 presents the thickness of the components that sep-
arate the coils and the ferrofluid by 50.5 mm.

2. Cryostat

In this section the design of the cryostat is introduced. The
cryostat has a main chamber in the shape of a half-cylinder
with a flat cover plate (or D-shaped) and is illustrated in
figure 3.

The main vacuum vessel has a 20 mm thick flat plate and a
8 mm thick curved section. Attached to this half-cylinder is a
turret housing a cryocooler, instrumentation, current leads and
other services. This separate turret allows the cooler to work in
the optimum orientation and outside the strong magnetic field
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Figure 2. Exploded view of main components of the magnet system. The x ′z ′-plane is rotated 12◦ clockwise to the xz-plane, z is opposite
gravity.

Table 1. Components determining the coil-to-ferrofluid distance, in
order of closeness to ferrofluid. The MLI blankets have 10 layers
each and take up 3 mm per blanket when uncompressed [19].

Component Layer thickness (mm)

Cryostat top plate 20
3 MLI blankets and vacuum 12
Radiation shield 2
1 MLI blanket and vacuum 4
Cassette 12
G11 plate 0.5
Total 50.5

region, in this design below 100 mT [20]. The main chamber
is made of AISI 304 stainless steel. The magnetic attraction of
the plate towards the coils is estimated to be roughly:

Fmag = χVB∇B/µ0 (1)

= 2.7 · 10−3 · 0.02 · 2.5 · 25/(4π10−7) N = 2.7 kN. (2)

Here the magnetic susceptibility χ of 2.7×10−3 is represent-
ative for SS304 [18]. V is the volume of the top plate and B the
average magnetic flux density. The value 2.7 kN is relatively
small compared to the 1 atm ambient pressure (i.e. 160 kN).

The initial concept of the MDS demonstrator assumed a
helium bath-cooled NbTimagnet. However, this would require
a double-walled cryostat. It was later realized that the flat top
plate(s) of the cryostat would need a significant thickness to
resist the combination of the outside pressure and themagnetic
force from the ferrofluid-magnet interaction. To maximize the
vertical gradient of the magnetic field magnitude at the fluid
bed, the demonstrator magnet design was optimized to min-
imize the distance between the coils and the ferrofluid.

Figure 3. Schematic of the AISI 304 stainless steel MDS cryostat
indicating the main vacuum vessel with D-shaped side flanges. The
flanges are attached to the main chamber via double O-ring
connections. One of the flanges has a turret attached to it which
houses the cryocooler and instrumentation ports. The turret is
directed vertical whereas the top plate is placed at a 12◦ angle
relative to the horizontal plane. The reason for this tilt is discussed
in [14]. Also present in the turret are the current leads. Electrical-
and thermal connections are made by accessing the turret via a
side-flange with diameter 400 mm. Inside the cryostat a steel table is
welded parallel to the top plate. During assembly the cold mass is
installed on an aluminium plate, which is then slid onto the steel
table. The support structure between cryostat and the floor is not
shown.

Thus, it was decided to use a conduction-cooled mag-
net. Besides the enhanced performance, i.e. a higher vertical
magnetic gradient, this also saves material, and reduces in
system mass. Also, the absence of cryogens reduces the risk
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of injury, which is an important feature for use in an industrial
environment.

The magnet’s cold mass is supported in the main chamber
by means of a structure consisting of fibreglass pillars, as fur-
ther detailed in section 5. The cold mass rests via these pil-
lars on a 40 mm thick aluminium plate which can be slid onto
a base table located inside the main chamber. This plate has
multiple bolts that assure the parallel positioning of the coils
with respect to the top plate, by adjustment of the tip, tilt and
distance of the cold mass relative to the plate.

To help minimize the required top-plate thickness, nine
stainless steel columns are installed to support the flat top
plate, thus minimizing its deflection. The columns pass
through holes in the cold mass and stay at room temperat-
ure. A single-walled system supported with columns allows an
increase in the vertical magnetic field gradient in the ferrofluid
of a factor 2 compared to a double-walled cryostat without the
column structure.

To verify that the displacements and stresses are accept-
able, a FEM analysis was performed of the main chamber.
The Young’s modulus was set to 198 MPa and Poisson’s
ratio to 0.2895 [18]. The simulation geometry is illustrated
in figure 4(a). The side flanges of the chamber were con-
sidered rigid and fixed in this analysis. The applied loads are
1 bar on the outside surfaces, and an extra 0.3 bar on the top
plate due to fluid-to-magnet attraction, and the reaction force
(3 · 104 Pa×1.1m2 = 34 kN) on the aluminium plate where the
G11 pillars are mounted. The result, shown in figures 4(b)–(d),
indicates that the maximum stress remains below 100 MPa,
less than half of the 240 MPa yield strength of SS304 at room
temperature [18]. The maximum stress is located at the welds
between the top plate and half-cylinder. The maximum deflec-
tions of both the half-cylinder and of the top plate are around
0.6 mm. If the stainless steel column structure is omitted in the
simulation, the maximum stress increases to 150 MPa and the
deflection of the top plate becomes an unacceptable 5.7 mm.

The obtained results for the cryostat without the column
structure are compared to analytical results. Consider a
clamped rectangular plate with sides a and b undergoing a uni-
form pressure p. The deflection dz of the centre of the plate is
then given by:

dz=
12Xpb4

Ed3
(
1− ν

)
, (3)

where X is a scalar depending on the ratio b/a, E is Young’s
modulus, d is the thickness of the plate and ν Poisson’s ratio
[22]. Here b is 1.426 m and a is 1.134 m, while p is set to
1.3 bar. For this ratio of b/a, X is around 0.0018. This yields
a dz of 5.5 mm, very close to the 5.7 mm found with the FEM
simulation.

3. Winding pack composite properties

This section describes the mechanical properties of the
winding pack, needed for the simulation of the mechan-
ical behaviour of the cold mass during cool-down and
energizing. As discussed in [13], the winding pack of the coils

Figure 4. (a) Schematic of the FEM analysis, indicating the main
stainless steel chamber, steel support columns and the aluminium
alloy inner plate. The arrows give an impression of the forces acting
on the cryostat. (b) The deflection of cryostat chamber when
subjected to atmospheric pressure and magnet-fluid force. The
direction of the deflection is indicated with black arrows. The top
plate and sidewall both move up to 0.6 mm inwards. (c) The
maximum von Mises stress occurs at the inner (continuous) and
outer (disconnected) welds between the top plate and half-cylinder,
and is lower than 100 MPa. For the outer weld the stress is mostly
tensile, as indicated by the principal stress plot in (d). Compressive
regions can be identified in (e), such as the inner welds and the
stainless steel pillars.

consists of wires containing NbTi filaments, a copper mat-
rix and electrical insulation (Formvar), embedded in epoxy
resin (Stycast 2850FT blue). All these materials have dif-
ferent Young’s moduli, yield stress and thermal expansion
coefficients.

Since it is not feasible to perform mechanical 3D calcula-
tions in which every NbTi strand is explicitly modelled, mech-
anical properties representing the winding pack as a homo-
genous material are sought. For simplicity we attribute to the
insulation layer the same properties as Stycast, resulting in a
three-component composite. The assumption is made that the
wire occupies 75% of the winding pack, an estimate that was
confirmed during the winding of the coils.

Early on in the design phase, it was foreseen to use a rect-
angular conductor to wind the racetrack coils, since a higher
packing factor is achievable and thus a better performance
can be obtained [26]. The conductor was changed to a round
cross-section one because it was feared that the rectangular
conductor would twist during the coil winding.
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Table 2. Mechanical properties at 4.2 K of materials in the winding
pack.

Young’s Thermal
Volume modulus Poisson’s expansion

Material fraction E (GPa) ratio ν 293→ 4 K (%)

Copper 0.388 124 [27] 0.345 [28] −0.324 [18]
NbTi 0.287 82 [27] 0.33 [28] −0.188 [18]
Stycast 2850FT 0.25 24 [25] 0.3 [31] −0.53 [32]
Formvar 0.075

The NbTi/Cu conductor is capable of handling load in the
longitudinal direction (indicated as (1) below) better than in
the radial directions (2) and (3), which must be transferred via
the Stycast. Thus the winding pack has anisotropic mechan-
ical properties. Literature data on impregnated winding packs
show that an orthotropic stress–strain relationship gives an
accurate description of the behaviour of these composites
[29, 30].

The stress–strain relation of an orthotropic material can be
written as:

ε11
ε22
ε33
ε23
ε31
ε12

=



1
E1

−ν21
E2

−ν31
E3

0 0 0
−ν21

E2

1
E2

−ν32
E3

0 0 0
−ν31

E3
−ν32

E3

1
E3

0 0 0
0 0 0 1

2G23
0 0

0 0 0 0 1
2G31

0
0 0 0 0 0 1

2G12




σ11

σ22

σ33

σ23

σ31

σ12


(4)

This orthotropic compliance matrix contains nine unknowns
[21]. These were estimated using the Cell Periodicity feature
in COMSOL as well as with the (inverse) rule of mixtures.
The results are shown in table 3 and show a good agreement
between the two methods. The largest difference is found in
the Poisson’s ratios; in the rest of this work the values obtained
from the FEM model are used.

The calculated elastic modulus E1in the longitudinal direc-
tion is around 50% larger than that in the radial direction (E2,3).
The calculated thermal contraction of the winding pack in the
filament direction∆L1/L1 is roughly the same as the value for
stainless steel (−0.296% [18]), whereas in the radial directions
it is in between steel and aluminium (−0.415% [18]).

4. Mechanical behaviour of the cassette

In this section the mechanical behaviour of the cassette sur-
rounding the coils is described. First the requirements it needs
to satisfy are introduced, followed by a discussion of the selec-
ted design, showing how it meets these requirements. Also,
some inadequate designs are shown.

The enclosure of the coils needs to fulfil several functions:

(a) The coils need to be kept in place. The high current
density and the strong magnetic field result in substan-
tial Lorentz forces, which need to be contained so that
the coils maintain their shape and position. In contrast

Table 3. Winding pack orthotropic material properties at 4.2 K,
calculated using a FEM model of the unit cell (cell periodicity) and
using the (inverse) rule of mixtures.

Property Cell periodicity Rule of mixtures

E1 (GPa) 76 79
E2 (GPa) 55 50
E3 (GPa) 55 50
G23 (GPa) 21 19
G31 (GPa) 18 19
G12 (GPa) 21 19
ν21 0.24 0.21
ν31 0.24 0.21
ν32 0.30 0.33
(∆L1/L1)293→4 K (%) −0.303 −0.304
(∆L2/L2)293→4 K (%) −0.349 −0.352
(∆L3/L3)293→4 K (%) −0.349 −0.352

to other superconducting systems, such as particle accel-
erators [33] or MRI magnets, a ppm accuracy in the
magnetic field profile is not required for MDS. This
is because the separation process is also influenced by
factors such as poor wettability, turbulence and differ-
ences in feed particle sizes [1]. The concept of magnetic
field quality in the context of MDS magnets in discussed
in [14].

(b) The magnet and the ferrofluid attract each other. The
enclosure needs to prevent the coils from moving a sig-
nificant distance towards the fluid.

(c) The design needs to ensure that no mechanical energy
release is possible with a magnitude sufficient to provoke
a quench [24].

(d) The enclosure needs to provide a thermal connection
between the cryocooler and the coils. This is important
firstly to keep the static temperature difference between
the winding pack and the cryocooler small, but also to
obtain a reasonable cool-down time of the cold mass.

(e) The coils are not allowed to deform significantly due to
gravity.

(f) The winding pack needs to be electrically insulated from
the enclosure.

(g) The enclosure’s thickness on the top of the coils increases
the distance between coils and fluid, thus decreasing the
gradient of the magnetic field magnitude at the fluid bed.
It is crucial to minimize this thickness.

(h) The mass of the enclosure influences the required dimen-
sions of the support structure that connects the cassette
to the main body of the cryostat, and thus the conductive
heat load on the cold mass. Secondly, the mass of the cas-
sette influences the cool-down time. Over-engineering the
mechanical strength of the enclosure thus has a negative
effect on the thermal aspects of the system.

The MDS demonstrator cold mass design is the result
of multiple iterations. First the final geometry is introduced.
Designs that were investigated but did not meet all criteria are
discussed in section 4.6. A schematic of the coldmass is shown
in figure 5.
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Figure 5. Schematic side view and bottom view of coils (1) and
surrounding cassette. The cassette consists of two machined
aluminium alloy plates (10,11), which are bolted together. Most of
the bolts and nuts are not shown in the image. Underneath the
bottom aluminium alloy part several high-purity aluminium
heat-drain bars (6) reduce thermal gradients across the coils. The
coils are wound around stainless-steel pole pieces (2) and have
copper spacers (4) and copper end-pieces (3). Four vertical (7) G11
fibreglass pillars and four horizontal (8) G11 tie rods hold the
cassette in place. Nine holes (9) in the yokes and cassette allow for
the presence of room-temperature stainless steel columns, which
help to reduce the thickness of the cryostat’s flat plate. These
columns are fixed to the same sliding plate as the vertical G11
pillars on the bottom side, and at the other side touch the cryostat
flat wall. The stainless steel columns are not pictured in the figure.
Also not shown are thin G11 plates on the top and bottom of the
winding pack for electrical insulation.

The coils are enclosed in two aluminium alloy AL5083-
H321 half cassettes, designated as top- and bottom plates, have
a thickness of 12 mm at the thinnest sections. This thickness
increases to 24mm in certain sections in order to create enough
length for M10 threads in the top plate. The stainless steel
yokes have an H-profile cross-section to allow for this. M10
threaded rods and nuts connect the two aluminium plates. By
using the threaded rod & nut solution the top plate of the cas-
sette remains flat. A ring of M12 bolts surrounds the cassette.
Here there is space to use a bolt-and-nut configuration (see the
top-left of figure 5). The bolted connections are discussed in
more detail in section 4.4.3.

Four vertical and four horizontal G11 pillars hold the
cassette in place on the sliding plate below. These pil-
lars are optimized to balance mechanical strength with the
heat in-leak through conduction. Depending on the loading

Figure 6. Simulation geometry, consisting of a quarter of the cold
mass. Coils and stainless steel yoke are enclosed by two aluminium
alloy parts, connected by steel bolts. Also shown are copper
crescents and end-pieces. Copper is chosen for these parts due to its
high thermal conductivity and because its thermal contraction is
close to that of the winding pack. Underneath the cassette pure
aluminium heat drain bars are present, as well as a copper block
representing the link between the cryocooler and the cold mass.
This block is pressed to the bars by using a combination of steel
bolts and titanium spacers. A vertical G11 pillar is connected to the
bottom cassette part via a stainless steel fixture.

scenario (room-temperature magnet, energized magnet with
full fluid bed, energized magnet with partially-filled fluid bed)
they can be loaded in tension or in compression. Section 5
deals with these pillars.

To remove the heat load on the cassette, high-purity alu-
minium heat drain bars with RRR >1500 are attached under-
neath the cassette. These are glued in place using Stycast
2850FT epoxy resin, since the thermal contact is not critical
due to the large contact area. For more details on thermal
aspects the reader is referred to [15]. A copper thermal link
connects the aluminium bars to the cryocooler. This link is
flexible to allow cool-down of the system without applying a
significant mechanical load on the cryocooler due to thermal
contraction.

The coils are fitted inside the cassette using stainless steel
shims.

The coils are wet-wound using Stycast 2850FT. This spe-
cific epoxy was selected because it has a thermal expansion
coefficient that is relatively close to that of the conductor.

The Lorentz forces contribute the largest force on the coils
that needs to be contained. In section 4.6 we introduce several
unsuccessful concepts, most of which also rely on the use of
an aluminium alloy casing to provide a pre-compression force
during cool-down due to the alloys large thermal contraction.

4.1. Simulation geometry

The mechanical calculations on the cold mass were per-
formed using COMSOL Multiphysics. The simulation geo-
metry consists of a quarter of the cold mass and is shown in
figure 6. The geometry represents the upper left quadrant of an
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x ′y-symmetry plane. The assumption is made that the mechan-
ical load on this quarter in combination with symmetry bound-
ary conditions accurately represents the whole cold mass. As a
simplification the 12◦ angle is neglected. Thus, gravity is dir-
ected perpendicular to the coils’ surface (in −z′). By consid-
ering this specific quarter of the geometry, the presence of the
high-purity aluminium heat-drains running in the x′-direction
is amplified.

In the simulation geometry only the vertical G11 pillar is
considered, to verify the effect of the ferrofluid-coil attraction
on the displacement of the cold mass and to analyse the glued
connection between the pillar and its fixture. The horizontal
G11 tie rods are assumed to have a low stiffness in the vertical
direction as motivated in section 5, and are not modelled in
this specific simulation.

The coils are modelled as composites with homogeneous
orthotropic mechanical properties, as derived in section 3. To
allow for this anisotropy a curvilinear coordinate system is
defined with a principal axis in the direction of the current in
the coils.

4.2. Contact conditions

The components form an assembly in which relative move-
ment of boundaries is possible depending on the settings.
The boundary contact types between the different component
are

• Contact. Boundaries may have a gap between them, and
when touching a contact pressure can be present. For the
contact between the sides of the cassette and the outer flat
sides of the winding pack, a 0.1 mm initial offset is put to
represent imperfect shimming. For the connection between
the bottom cassette and the stainless steel fixture holding
the G11 pillar, a friction coefficient of 0.3 is added. This
is required to prevent free motion of the pillar and fixture in
the x ′y-plane;

• Thin elastic layer. This layer represents the thin G11 plates
that are on top (0.5 mm thick) and bottom (2 mm thick)
of each coil. The Young’s modulus of this layer is set to
20 GPa [18]. This method avoids the need to mesh the thin
plates;

• Glued. The glued layer reflects the epoxy connection
between boundaries; adhesion between layers takes place
at room temperature for boundaries of this type as long as
their initial distance is less than 0.5 mm. The glue has a
elastic modulus of 24 GPa [25]. The main difference with
the thin elastic layer boundary is that the glued boundary can
break if either the tensile strength or the shear strength of the
epoxy is exceeded. In the simulation the tensile strength is
set to 100 MPa at 77 K and 42 MPa at 300 K [37]. Interpol-
ation is set to linear and extrapolation to constant. The shear
strength is similarly set to 32 MPa at 77 K and 18 MPa at
300 K [37].

• Continuity. This represents boundaries that can be con-
sidered fixed to each other. An example is the simplified
representation of threaded connections.

4.3. Loads

The following loading paths are considered in the simulations:

• First, gravity, pre-stress due to winding tension and pre-
stress due to bolt tightening are applied. The whole
geometry is kept at room temperature. Gravity is applied
as a body load to each component. The bolt tightening is
applied using COMSOL’s bolt pre-stress feature. The cor-
rect method of applying the pre-stress resulting from wind-
ing the coils was validated first with a solenoid, as for this
case an analytical formula is available to verify the result
[39]. The pre-stress in the COMSOL model was applied
by enforcing an initial stress in the azimuthal direction.
The agreement with the analytical solution was sufficient
to conclude that also on the racetrack coils the pre-stress
can be approximated by applying an initial stress of 50 MPa
(determined by the winding tension) in the direction of the
wire. The same curvilinear coordinate system used to apply
the anisotropic material properties is used. Also taken into
account is the stress resulting from compressing the coil
during the curing of the Stycast in the manufacturing pro-
cess. This pressure is exerted on the straight section of the
racetracks and is estimated to be 5 MPa.

• Second, the cold mass is cooled down to 4.5 K. This is sim-
ulated in steps so that the stress in the epoxy layer between
the G11 pillar and its steel fixture can be checked for dam-
age due to differential thermal contraction, over the entire
temperature range.

• Third, the Lorentz forces are applied to the winding packs
as a body force on the composite using the results of a
3D FEM magnetic field calculation. The total horizontal
Lorentz forces on the quarter of the winding packs (figure 6)
are 489 kN in the −x′-direction and 290 kN in +y [13].

• Last, the attraction force between coils and ferrofluid is
applied as a body force. The worst-case scenario of 34 kN
is taken corresponding to an unstable ferrofluid in which
the nanoparticles agglomerate near to the bottom of the bed
[34]. In the remainder of the section, when the magnet is
considered energized this means that the Lorentz force as
well as the fluid attraction force are taken into account. Note
that in reality the attraction force and the Lorentz force are
likely to ramp up simultaneously. This is the case when the
magnet is energized while the ferrofluid is present above the
magnet and in the normal operation.

4.4. Simulation results

4.4.1. Aluminium alloy cassette. The largest stress in the alu-
minium cassette is situated around the holes in the cassette
for the room-temperature stainless steel columns that sup-
port the cryostat top plate. The von Mises stress in the cas-
sette after energizing is shown in figure 7. The peak stress
increases from 174 MPa after cool-down to 197 MPa after
applying the Lorentz force. This is around 72% of the yield
stress of the alloy at 4.2 K (275 MPa [35]) and slightly higher
than the factor 2/3 initially aimed for. The 197 MPa is 34%
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Figure 7. Von Mises stress in the aluminium cassette after
cool-down of the cold mass and energizing.

of the 572 MPa ultimate tensile strength of AL5083 H321 at
4.2 K [36].

While local plastic yielding of the cassette could in prin-
ciple be allowed, the gain in performance, that is, of the ver-
tical magnetic field gradient at the fluid bed, by reducing the
cassette thickness is small (at most 12%). For a more powerful
magnet, i.e. one that generates higher Lorentz forces, a more
aggressive cassette design (i.e. allowing local plastic yielding)
might be beneficial. However, reducing the cassette thickness
would also reduce the applied compression on the coils during
cool-down, as further discussed in section 4.5.

The high-purity aluminium bus bars see a stress of 40 MPa.
Since the yield strength of pure aluminium is as low as 35MPa
[18], some plastic yielding of the bars can occur. This non-
linear stress–strain relation is not taken into account in the
model. The maximum stress in the Stycast glue layer between
the bars and the cassette is below 30MPa, well below the yield
strength [37].

A question that arises in view of the stress concentration
around the holes is whether using such a stainless steel column
structure is indeed preferred.

The deflection of the cryostat top plate scales with the top
plate thickness as d−3, as seen in equation (3). In combination
with the results from section 2, it is estimated that the cryo-
stat top plate, if unsupported by columns, needs a thickness
of 43 mm to obtain the same deflection as a 20 mm suppor-
ted plate. Thus the gain of using the column structure for the
cryostat thickness is at least 23 mm whereas the cassette is
only 12 mm thick. The issue of whether these columns also
make sense for more powerful MDS magnets is addressed in
section 4.5.

4.4.2. Winding pack. The computed displacements of the
winding packs are shown in figures 8(a)–(c) in the directions
x′, y and z′. Three scenarios are presented: (1) The initial room-
temperature situation including winding pre-tension, gravity
and tightening of the bolts, (2) cool-down to 4.5 K, and (3)
energizing the magnet with a ferrofluid present above it.

The shrinkage of the cold mass in the x′-direction
shows almost no variation with the y-direction. Likewise the

displacement in y shows almost no variation in x′. Thus it is
concluded that the aluminium cassette behaves as a rigid body
during the shrink-fit.

The relative displacement of the winding pack in the x′-
direction towards the origin is 0.369%, in the y-direction
0.353%. It makes sense that the shrinking in the y-direction is
somewhat less when considering that the transverse thermal
expansion of the unconstrained winding pack is −0.352%
compared to −0.304% in the longitudinal direction (table 3).
The calculated values of the constrained winding pack are in
between those of the unconstrained winding pack and of the
empty cassette (−0.415%).

In the z′-direction the cold mass moves downwards because
the G11 pillars to which the cold mass is attached are fixed at
the bottom. The magnitude of this displacement is exagger-
ated because the whole pillar is cooled to 4.5 K in this simula-
tion. In reality one side of the pillars is attached to the room-
temperature cryostat whereas the other is attached to the 4.5 K
cold mass. A 1D FEM calculation estimates the heat-sinked
vertical pillars to shrink 0.5 mm.

As for the variation of the z′-displacement with the x′- and
y-coordinates, some bending (0.6 mm) of the coils takes place.
This is the consequence of the presence of the aluminium bars
on the bottom of the cassette that allow the bottom cassette to
pull on the winding pack harder than the top cassette.

During the energizing of the magnet the Lorentz force
tries to expand the coils. In the x′-direction the cold mass is
rigid enough so that no large deformation takes place. The
same holds for the displacement in the y-direction. In the z′-
direction, however, the coils moves half a millimetre towards
the ferrofluid. This counteracts the expected movement during
cool-down.

The von Mises stress in the winding packs is shown in
figure 8(d). The maximum (89 MPa) is found in the inner
section of the heads after cool-down. This decreases to 83MPa
after the magnet is turned on.

The different stress components are shown separately in
figure 9. From figure 9(a) it can be seen that a tensile longitud-
inal stress is present at room temperature, caused by the wind-
ing tension. After cool-down this stress component mostly dis-
appears due to the shrink-fit of the cassette. When energizing
the magnet the longitudinal stress increases, with a maximum
at the inner radius of the bent sections of up to 40MPa. Assum-
ing parallel loading of the composite in the direction of the cur-
rent, the rule of mixtures can be applied to estimate the longit-
udinal stress in the different components of the winding pack.
This leads to an estimated 12 MPa tensile stress in the epoxy,
which is well below the yield strength in tension of more than
100 MPa of Stycast 2850FT at 4.2 K [37]. NbTi/Cu supercon-
ductor can handle up to 500MPa in tension before a significant
degradation of the superconducting properties occurs [24] so
that a large safety margin is present.

In the transverse direction1, see figure 8(b), the winding
pack sees an initial small compression at room temperature
due to the winding tension, and a large increase in compression

1 Taken here as the direction perpendicular to the conductor in the x ′y-plane.
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Figure 8. Simulation results of the displacement of the winding
packs. (a)–(c) refer to the displacements in directions x′, y and z′

respectively; (d) shows the von Mises stress.

during cool-down. When the magnet is energized part of the
compression is relaxed. The magnetic forces are not sufficient
to cause a positive transverse stress in the composite wind-
ing pack. A negative transverse stresses reduces the forma-
tion and propagation of cracks in the epoxy, and the release
of mechanical strain in the form of heat that is associated
with these cracks, and is thus required [23] for LTS magnets.
Thus the aluminium cassette is thick enough as far as the pre-
compression is concerned.

The maximum shear stress at the interface between coils
and the stainless steel yokes, see figure 9(c), is 7 MPa. This
shear stress would be higher if this connection would be glued.
A Teflon coating applied to the steel yoke before winding
allows for the free relative movement of the components. The
copper crescent spacers, see figure 5, are however glued in
the winding pack and a shear stress of up to 14 MPa devel-
ops in the outer heads of the winding packs at this interface.
This remains below the epoxy’s shear strength of 32 MPa at
77 K [37].

The coils stay in contact with the steel yokes after energiz-
ing. The maximum contact pressure of 85 MPa occurs after
cool-down, see figure 9(d), and reduces by around 20 MPa
after excitation.

Figure 9. Simulation results of stresses in the winding packs: (a)
Longitudinal stress; (b) Transverse stress; (c) Shear stress. (d)
Contact pressure.

4.4.3. Clamping the coils—bolts & threaded rods. Next we
focus on the simulation of the cold mass as a whole. The two
cassette parts need to be attached to each other in order to keep
the coils in place and to maintain contact. This is achieved
by using an array of 128 stainless steel M12 bolts surround-
ing the coils, and by 48 stainless steel M10 threaded rods that
run along the y-centreline of each coil. Figure 10(a) shows a
schematic representation of the bolts and threaded rods. To
minimize the required computational effort, the geometry is
simplified as shown in figure 10(b).

Perhaps counter-intuitively, the tensile load on the bolts
and threaded rods increases significantly during cool-down,
from 30 to 130 MPa depending on the bolt location. This
is caused by the higher thermal expansion coefficient of the
aluminium alloy compared to the winding pack (aluminium
shrinks −0.415%, stainless steel −0.296% and the winding
pack −0.303 to −0.349%, see section 3). In other words,
the cassette ‘wants’ to shrink more than the coils. Thus, the
outer parts of the cassette are pulled apart, as illustrated in
figure 10(c). The bolts keep the two cassette parts together,
resulting in the increased tensile stress on the bolts, see
figure 10(d). Since the length-scales of interest in the x ′y-
plane are much bigger than the length of the bolts, differential
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Figure 10. (a) Schematic of the method used to fix the cassette to
the coils. Around the cassette, bolts and nuts keep the two
aluminium alloy parts together. Through the yokes of the coils
threaded rods are present, fixed in threads in the top cassette and by
nuts underneath the bottom cassette. (b) This geometry is simplified
in the mechanical simulations; the outer bolts and nuts are modelled
by bolts with two heads. The threaded rods are represented by a
bolt, fixed to the top cassette by a simplified thread. The washers are
represented by increasing the bolt head thickness. (c) During
cool-down the two cassette halves try to pull themselves away from
each other, as they shrink towards the x′-symmetry plane. (d) This
results in a tensile load on the bolts.

thermal shrinking in the z′-direction does not play a significant
role.

The stress in the bolts is shown in figure 11. To ensure that
the bolts see approximately the same load during cool-down, a
pre-stress is applied to the bolts at room temperature of around
20 MPa. However, the bolts connecting the thermal link to the
cassette are pre-stressed to 160 MPa as the clamped connec-
tion between the thermal link and the cassette benefits from
a high force. This link and the interface with the cold mass
is discussed in more detail in [15]. Titanium spacers are used
between the bolt heads and the thermal link to ensure that this
pre-tension is not lost during cool-down, since the stainless
steel bolts have a relatively low thermal contraction coeffi-
cient. Since titanium has a thermal contraction coefficient even
lower than that of stainless steel [18], nevertheless the bolts
remain in tension.

4.5. Effect of cassette thickness

In this section the influence of the cassette thickness is presen-
ted on (1) the transverse compression of the winding pack dur-
ing cool-down, (2) the longitudinal stress in the winding pack
and (3) the stress in the cassette itself. All these are obtained
from COMSOL simulations. The geometry of the cold mass is
simplified to keep the calculation time acceptable. It consists
of an octant of the geometry, see figure 12. The aluminium
cassette is simplified to a single solid piece. Perfect shimming
of the coils in the cassette is assumed, i.e. there is no offset
between boundaries at room-temperature. The effect of wind-
ing tension, which is beneficial for the transverse stress and
unwanted for the longitudinal stress, is not considered. The

Figure 11. Stress in the bolts in longitudinal direction z′ after
pre-tensioning at room temperature and after cool-down.

Figure 12. Simulation geometry, consisting of an octant of the cold
mass. The copper pieces and winding packs are glued together. The
winding pack and the aluminium have a contact boundary condition.

longitudinal stress is evaluated in point A in figure 12, since
it is the highest at this location and also the magnetic field is
highest here. The transverse stress is evaluated at point B. The
magnetic field is of similar magnitude at this point.

A parametric study is performed where the thickness of the
aluminium alloy cassette is swept from 12 to 100mm. For each
thickness, a simulation is performed that starts with a calcula-
tion of the thermal stress, followed by applying a Lorentz force
of various magnitudes. The electromagnetic forces range from
0.5 to 8 times the Lorentz force level experienced by the NbTi
demonstrator during normal operation, FL0.

In figure 13 the transverse stress in the winding pack is
presented as a function of the cassette thickness. The stress
is negative after cool-down due to the differential thermal
contraction and increases in magnitude with increasing cas-
sette thickness. The Lorentz force increases this stress, with a
magnitude that seems to be fairly independent of the cassette
thickness. It was chosen to maintain a negative (compressive)
transverse stress to prevent tension on the epoxy, thus these
simulations are used to estimate the minimal cassette thick-
ness required to handle a certain Lorentz force.

In figure 14 the longitudinal stress in the winding pack is
plotted as a function of cassette thickness. The cool-down res-
ults in a longitudinal compression of around −14 MPa, virtu-
ally independent of the thickness of the aluminium cassette.

Upon applying an electromagnetic body force to the wind-
ing packs equal to that of normal operation, the longitudinal
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Figure 13. Transverse stress (in x ′y-plane) in the winding pack as a
function of cassette thickness dcas, see figure 12, plotted for different
Lorentz force levels, indicated by different colours. These levels are
relative to the NbTi demonstrator (FL0). Data-points are indicated
with markers. The hatched area indicates load-cases in which the
winding pack in under positive (tensile) transverse stress.

stress increases to around −4 MPa. A further increase of the
force level results in an increase of the stress that depends on
the thickness of the cassette. NbTi/Cu conductor can handle a
tensile stress of 500 MPa [24]. With an estimate that the unin-
sulated conductor occupies 68% of the winding pack volume,
a maximum still reasonable winding pack longitudinal stress
of 340MPa is found. Only at force levels of upwards of 7 times
that in the demonstrator, in combination with a thin cassette, is
this value approached. However, such a low cassette thickness
does not provide enough pre-compression to prevent positive
transverse stresses, as explained in the context of figure 13.
The minimum thickness corresponding to a certain Lorentz
force level is indicated with a dashed black line in figure 14.

Thus, it was concluded that the longitudinal stress compon-
ent is not a major factor in determining the minimum winding
pack thickness for NbTi MDS magnets.

If the cassette is relatively thin, the winding pack domin-
ates the thermal shrinkage of the cold mass, and if it is thick,
the cassette dominates. Thus during cool-down a tensile stress
develops in the cassette that decreases with increasing cassette
thickness.

The von Mises stress in the aluminium is shown in
figure 15. This stress is estimated by multiplying the stress in
the solid bulk (figure 12) by a factor three to obtain the stress
concentration around the holes, see figure 7, that allow the
room-temperature columns to pass through. The assumption
is made that this factor three between the stress in the bulk of
the aluminium and the stress concentration around the holes is
independent of the thickness of the cassette.

The minimum thickness that provides sufficient transverse
pre-compression corresponding to a certain Lorentz force

Figure 14. Longitudinal stress in the winding pack as a function of
cassette thickness dcas, see figure 12, plotted for different force
levels, indicated with different colours. Data-points are indicated
with markers. The hatched area above the dashed line indicates
load-cases in which the winding pack in under positive (tensile)
transverse stress.

level is indicated with a dashed black line in figure 15. The
maximum stress is about the same as for the demonstrator.
Higher stress levels might also be allowed as far as the alu-
minium is concerned, since aluminium alloys exist with a
yield strength of at least 700 MPa at cryogenic temperat-
ures, for example 7175-T4 with 745 MPa and 7075-T6 with
750 MPa [35].

In conclusion, the stress in the cassette is not a limiting
factor in the performance (i.e. the distance between the coils
and the ferrofluid). Thus, removing the holes that allow the
room-temperature columns would not bring any advantages as
far a the required cassette thickness is concerned. The columns
are therefore a good solution for not just the demonstrator but
also for more powerful MDS magnets.

A second conclusion is that the main factor determining the
minimum cassette thickness is the amount of pre-compression
applied by the cassette due to differential thermal shrinkage
during cool-down.

Another conclusion is that very high strength aluminium
alloy is not required.

As a thicker cassette implies a larger distance between the
coils and the ferrofluid, it is of interest to consider designs that
do not require the presence of a strong cassette on the fluid
facing side of the magnet. Several such concepts are presented
in the next section.

4.6. Asymmetric cassette design attempts

In this section a few earlier concepts for the mechan-
ical design are presented, which were explored but found
unsuitable. Three concepts were conceived aiming to handle
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Figure 15. Von Mises stress in the aluminium alloy cassette as a
function of cassette thickness dcas, see figure 12, plotted for different
force levels. Data-points are indicated with markers. The hatched
area indicates load-cases in which the winding pack in under
positive (tensile) transverse stress.

the Lorentz forces by using the space available below the
coils, thus reducing the thickness of the cassette at the top-
side and hence also the fluid-magnet distance. These are
schematically depicted in figures 16(a)–(c). A fourth concept
was to enclose the coils in a steel reinforcement ring, see
figure 16(d).

The first, most simple approach taken was to increase the
thickness of the mechanical cassette only of the bottom, as
shown in figure 16(a). However, this caused a significant bend-
ing of the winding pack, since the thermal contraction of the
bottom plate exerts a stronger force than the top plate, resulting
in asymmetric tension on the winding pack.

The second option, illustrated in figure 16(b), utilizes slits
between the coils, to allow for reinforcement ribs on the cryo-
stat top plate. Similar bending as in the previous design is
found, as the asymmetric contraction is still present.

In an attempt to neutralize the effect of the asymmetric con-
traction, a material with a low thermal contraction coefficient
could be attached to the bottom of the cassette, see figure 16(c).
Ti-6Al-4V has a thermal contraction of only 0.173% between
room temperature and 4.2 K, but a relatively average Young’s
modulus of 114 GPa and it is prone to brittle fracture at high
stress levels [18]. A different material option could be Hastel-
loy C-276, with a thermal contraction of 0.218% and Young’s
modulus of 205 GPa [18]. Alternatively, one might even con-
sider a ferromagneticmaterial, such as FeNi, with 0.195% con-
traction for Fe-9%Ni [18]. An additional benefit would be a
reduced stray magnetic field around the magnet (the 0.5 mT
line is at around 3.5 m from the centre of the demonstrator).

Simply using a flat plate bolted to the aluminium alloy base
plate has the downside that the thermal contraction force is not
equal in the two horizontal directions. Thus the coils still see

Figure 16. Compilation of concepts to reduce the coil-to-fluid
distance with no satisfactory results. (a) Increasing the thickness of
the bottom part of the cassette results in vertical bending of the
coils, due to asymmetric contraction during cool-down. (b) Cutting
out part of the top of the cassette enables the use of a ribbed, thus
stronger, cryostat plate, but also results in too much bending.
(c) Reinforcing the cassette on the bottom by using stiff beams also
is not useful. (d) Making use of the space on the sides of the coils by
using a reinforcement ring leads to in-plane bending, as the ring is
not stiff enough due to the long arm over which the Lorentz force
has to be transferred.

an asymmetric force causing them to bend. One would need to
resort to a ribbed structure to equalize the thermal contraction
in both horizontal directions.

A further idea was to enclose the coils in a reinforcement
ring, see figure 16(d). At first sight, this symmetric approach
looks promising since no vertical bending of the coils is
present. However, even a 0.20 m thick steel ring was found
to lack the required stiffness to prevent horizontal bending.
The effective moment caused by the Lorentz force in the x′-
direction is large as a result of the long arm. Moreover, this
type of mechanical enclosure results in a high tensile stress of
some 300 MPa in the coil heads.

From the four options only the third one (figure 16(c))
shows some potential for further exploration. The gain of in
magnetic field gradient would be about 13% for the demon-
strator. This is the effect of subtracting the cassette top plate
thickness of 12 mm from the coil-to-fluid distance. The loss in
performance due to the symmetric design is considered accept-
able in view of the higher simplicity of the mechanical struc-
ture for the demonstrator magnet. As detailed in [13], however,
the performance of high-field MDS magnets can be signific-
antly improved if a suitable asymmetricmechanical design can
be found.

The idea of placing magnetic iron underneath the coils
to help boost the magnitude of the magnetic field was dis-
carded early on in the design process in order to have more

12



Supercond. Sci. Technol. 34 (2021) 115019 J J Kosse et al

Figure 17. Side view of the cassette that encloses the coils and of
the pillar structure suspending it inside the cryostat. The structure
consists of four solid horizontal tie-rods (two ‘Hor I’ and two ‘Hor
II’) and four vertical hollow pillars (‘Vert I’ and ‘Vert II’). They are
made from G11 fibreglass tube and the tube ends are glued in
stainless steel sockets.

freedom in the design to meet the mechanical- and thermal
requirements of the magnet. A ‘back-iron’ underneath the
coils would take up space that is now available for the cas-
sette, high-purity thermal bus, instrumentation, and assembly
access. Also, the added weight of the iron was considered
unattractive as it would require increasing the strength of the
warm-cold support structure and hence an increased heat in-
leak. Thus iron was excluded from the design essentially for
simplicity.

5. Cold mass support structure

5.1. Introduction

This section concerns the design of the G11 structure that hold
the MDS cold mass in place. Since these pillars are at room
temperature on one side and at cryogenic temperature at the
other, they will be referred to as warm-cold pillars.

The warm-cold pillars are shown in figure 17 and are made
up out of four hollow tubes (z′ oriented and indicated as ‘ver-
tical’), and four solid tie-rods (indicated as ‘horizontal’). A
schematic is shown in figure 17. Two of these tie-rods are
placed in the x′-direction with a +3◦ angle offset in the x ′z ′-
plane, and two at −3◦. We will assume that they are actually
oriented in the x′-direction, neglecting the 3◦ offset.

In the design of the pillar structure, a trade-off is made
between heat in-leak, requiring a small cross-sectional area of
the pillars, and strength against buckling, requiring a certain
minimum cross-section. A safety factor of four was chosen
to determine the tube size and wall dimensions. Furthermore,
upon energizing, the pillars may—depending on the position
and scenario—also become loaded in tension.

First the critical buckling load is considered and next the
heat in-leak through the pillars. Then, a figure-of-merit is
introduced to compare materials to find the best pillar material
optimized for high buckling strength and low heat in-leak. It
was found that G11 is the optimum practical material. Addi-
tionally, the pillar design is checked for tensile strength, since
it is required to handle the attraction force between ferrofluid

Figure 18. Cross-section of a G11 hollow pillar with length L, inner
diameter Di and outer diameter Do, as well as two sockets. The aim
of the pillar is to separate the cold mass from the cryostat bottom
plate with minimal heat in-leak. The fixtures, made from stainless
steel 304, are considered to be at a uniform temperature, since their
thermal conductivity is around 20 times higher than that of G11 [18]
both at 4.5 K and at room temperature. The tube is thermalized at an
intermediate temperature of around 77 K by a connection to the
thermal shield, at a distance L2 from the cold end [15].

and coils. These analytical calculations are compared to FEM
simulation results.

5.2. Buckling: critical load

Euler’s buckling criterion for a tube determines that buckling
will occur once the compressive load exceeds a certain critical
value Fcr [18]:

Fcr =
Cπ3E
L2

(D4
o −D4

i )

64
, (5)

where E is Young’s modulus, L is the length of the pillar, and
Do and Di its outer- and inner diameters of the tube, respect-
ively. The constant C in the buckling criterion depends on the
boundary conditions of the loading. Aworst-case value of 0.25
is assumed [18].

The critical load can be seen as the gravitational load Fz on
each pillar, times a safety factor of N:

Fcr =
NFz
n

. (6)

Here n is the number of pillars and the 12◦ angle between the
z′- and z axis is neglected.

The heat in-leak to the cold end of n tubes is given by:

Q̇c,total =
nk̄∆T
L2

π

4
(D2

o −D2
i ), (7)

where L2 is the distance between the cold end of the pillar and
the heat sink, as illustrated in figure 18. The heat sink temper-
ature is set to 77 K in the calculations. k̄ is the effective heat
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conductivity coefficient, determined by a thermal conductivity
integral, for the temperature gradient across this section of the
pillar (∆T= 77 K− 4 K).

The total heat in-leak of n pillars that can withstand buck-
ling, including the safety factor N, is obtained by solving
equation (5) for Do and filling this expression in equation (7):

Q̇c,total =
nk̄A∆T
L2

π

4

[√(
64NL2Fz
nCπ3E

+D4
i

)
−D2

i

]
. (8)

In the case of a solid rod (Di = 0), this reduces to:

Q̇c,total = 2k̄∆T
L
L2

√(
NnFz
CπE

)
. (9)

A figure of merit (FOM) is defined to compare materials to be
used for the pillars. Equations (8) and (9) indicate that the heat
in-leak is minimized by minimizing k̄/

√
E. Therefore,

FOM≡ k̄√
E
. (10)

Note that the length of the pillar does not influence the heat
in-leak at 4.5 K, only the relative placement of the radiation
shield L/L2 is important2. With the number of pillars the heat
in-leak increases as well. Hence it is more optimal to use a few
relatively thick pillars than many thin ones.

Between 4.5 K and 77 K, the effective thermal conduct-
ivity is 0.21 W/m/K for G11 and 4.5 W/m/K for SS304 stain-
less steel, calculated using thermal conductivity integrals [18].
Young’s moduli at room temperature are 20 GPa for G11 and
195 GPa for SS304 steel, respectively [18, 38]. This gives:

FOM(G11) =
0.21√
20

≈ 0.047, (11a)

FOM(SS304) =
4.5√
195

≈ 0.32. (11b)

G11 thus allows to reduce the heat in-leak by a factor 7 com-
pared to SS304 when using rods. The next section concerns
the attainable reduction in heat in-leak by using hollow tubes.

5.3. Optimized pillar dimensions against buckling

Equation (8) is used to relate the diameter of the warm-cold
pillars to the heat in-leak for a gravitational load of 5 kN. A
conservative safety factor of four is included. The result is
shown in figure 19, for a 4-pillar G11 design, and in figure 20
for four SS304 pillars. The heat load is summed for all four
pillars. The thermal heat sink is connected at L2 = 0.37L [15].
The length of the pillars is set to 0.272m. Even though increas-
ing L2 decreases the in-leak at the cold side, in this case the

2 The distance between the room-temperature socket and the heat-sink section
does of course influence the heat in-leak at the sink, and therefore its temper-
ature due to the limited cooling power of the cooler. Consequently, it has an
impact on the heat-load at 4.5 K. This effect is not taken into account here.

Figure 19. Relation between the inner- and outer diameters of the
pillars and the heat load through four pillars at 4.5 K, Q̇c,total, for a
four-pillar G11 configuration with L2 = 0.37L= 100 mm, see
figure 18. The heat load and diameters are linked through the
required resistance against buckling. The selected pillars have an
inner diameter of 20 mm and an outside diameter of 26.2 mm and
are indicated by black square markers. It can be seen that these
pillars are somewhat over-dimensioned.

Figure 20. Relation between the inner- and outer diameter of the
pillars and the heat load through four pillars at 4 K, Q̇c,total, for a
four-pillar SS304 configuration with L2 = 0.37L, see figure 18.

need for accessibility during assembly did not allow a larger
distance between heat sink and cassette.

The solid line shows how the outer diameter of the pil-
lar needs to increase to reduce the heat load. The inner dia-
meter is shown by the dashed line. The pillar quickly becomes
thin-walled as the diameter increases, i.e. the cross-sectional
area decreases and thus the heat in-leak is reduced. However,
the reduced cross-sectional area also implies an increase of
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the experienced stress following fluid-cold mass attraction.
For SS304 this limits the minimal heat load to 0.7 W, since
for smaller cross-sectional areas the tensile stress becomes
unacceptable.

G11 is in the buckling-limited region for all plotted diamet-
ers. As a safety margin, half the room temperature yield stress
is the maximum. This yield stress is 240 MPa for SS304 and
375 MPa for G11 [18].

Even with four G11 solid rods, the total heat in-leak is only
0.19 W. Thus G11 is chosen as the material for the warm-
cold pillars. Very thin-walled tubes theoretically allow for a
low heat load; however, any imperfections in wall thickness
or tube wall imperfections will then have a large effect on the
buckling strength.

The calculations in the preceding section are based on ver-
tical pillars with a cross-sectional profile that is optimized
for the buckling resistance versus the heat in-leak via con-
duction. However, it was estimated that the thermal budget,
as discussed in [15], allows for vertical pillars with a larger
cross-sectional area. So the chosen pillars have inner and outer
diameters of 20 mm and 26.2 mm, respectively. The main
motivation behind this choice is that a mechanical failure has
much worse effects than a slightly higher operating temperat-
ure. If a pillar breaks, the magnet stops being useful, whereas
at a slightly higher operating temperature one can still utilize
the magnet with a smaller temperature margin or with a lower
magnetic field. The selected pillars have a buckling strength
of 10 kN, while the gravitational load is 1.3 kN. Thus a safety
factor of 8 is present.

The four vertical warm-cold pillars of the demonstrator
magnet introduce a heat load at 4.5 K of 138 mW, still five
times lower than what can be achieved with stainless steel
pillars.

It was decided that further methods to increase the buck-
ling resistance were not necessary, since with the chosen pillar
structure the heat load is low enough. For example, buckling
strength can also be substantially improved by reducing the
effective length L of the pillars by interconnecting them at 1
or 2 temperature levels.

The horizontal tie rods, shown in figure 17, do not experi-
ence a strong compressive load and are not in risk of buckling.
The heat in-leak of four of these rods, thermalized to 77 K at
half a meter from the cold mass, and with a 20 mm diameter,
is estimated at 39 mW. This diameter is chosen to provide suf-
ficient stiffness. Both the rods and tubes are manufactured by
Von Roll, and the specific type of G11 is Vetronite [38]. The
stresses in the pillars structure in various load-cases are the
focus of the next section.

5.4. Vertical & horizontal pillar structures

Two methods are used to estimate the stress in the pillars and
the rods. The first is analytical and based on the assumption
that the vertical pillars handle all forces in the z′-direction and
the tie rods all x′-forces:

Fvert-pillars = Fz cosα+Fmag,z ′ ±Ftorque; (12)

Fhor-pillars = Fz sinα+Fmag,x ′ . (13)

Table 4. Average vertical stress σz ′ in vertical warm-cold pillars
and average horizontal stress σx ′ in horizontal warm-cold pillars for
various load cases, calculated both using analytical expressions and
a simplified 3D COMSOL model, respectively. FEM results are
presented in brackets.

Stress σz ′ (MPa) Stress σx ′ (MPa)

Case Vert I Vert II Hor I Hor II

Room temperature −6(−5) −6(−6) −9(−9) −11(−11)
Cool-down −6(−4) −6(−5) −1(0) −3(−2)
High torque −5(−4) +17(+17) +4(+2) −7(−5)
Full fluid bed +19(+19) +24(+24) 0(−2) −5(−5)

The torque on the tilted cassette due to the force between coils
and ferrofluid only causes stress in the vertical pillars, as the
tie rods are assumed to be parallel to the cassette.

When the cold mass is cooled down to 4.5 K the ver-
tical pillars shrink and the cold mass is free to move down
due to the low stiffness of the tie rods in their transverse
direction. Thus no thermal stress is created in the bulk of
the vertical pillars. The connection of the pillars to the fix-
ture on the cold side was evaluated in section 4.4. The tie
rods do develop a thermal stress and this will be estimated
next.

The cassette itself is considered to be a rigid object that
shrinks by 0.37%. This corresponds to the shrinkage of the
cold mass in the x′-direction as calculated in section 4.4. The
assumption of a rigid object can be made since the pillars have
a low stiffness compared to the cassette.

The tie rods are thermalized roughly half a meter from the
cassette and have a total length of 0.72 m. The fibre direction
is longitudinal. To estimate the thermal contraction of these
tie rods, a simple 1D FEM calculation is performed in which
the tie rod is divided into a section of 0.22 m with one end at
293 K and the other end at 77 K, and a 0.5 m section with one
end at 77 K and the other at 4.5 K. Thermal contraction and
conductivity are taken from [18]. The result is that the tie rod
shrinks 0.194%.

Part of the contraction will not result in stress, as the cold
end of the tie rod is allowed to move over a distance ∆x ′ =
−1.1 mm due to the shrinking cassette. The resulting thermal
stress on the tie rods is 8 MPa.

The stress in the pillars during different loading scenarios
are presented in table 4. The two analysed scenarios are those
in which the total force and in which the exerted torque are
maximum. The first scenario corresponds to normal operation
in which the magnet is fully energized and attracts the entire
fluid volume, the second one to a situation where part of the
fluid is accidentally obtained and a highly asymmetric force
balance occurs. Data from a COMSOL model agree well with
analytical estimates. During all load-cases the stress is well
below the allowed values. The vertical pillars are under com-
pression unless the magnet is energized and there is a ferro-
fluid present, see figure 1. At this point, it depends on the
filling level of the fluid tank whether the Vert I pillars see a
compressive- or a tensile force.

The mentioned simulation model has a geometry, see
figure 21, representing the coils and pillars, as well as a 1-piece
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Figure 21. Simplified geometry used in simulation of the pillar-cold
mass structure. The mechanical cassette is modelled as a single
object with mixed properties of the aluminium alloy, stainless steel
yoke, and copper pieces making up the actual cassette. Half of this
object is shown in the figure.

cassette-yoke-copper composite. The total mass of the com-
bined object is 520 kg.

When comparing the vertical displacement of the cold mass
after cool-down (−0.5 mm) and upon energizing, it is found
that the coils move up by 0.37mmdue to the ferrofluid-magnet
attraction, in the case of a full fluid bed.

6. Conclusion

The paper dealt with the mechanical design of a conduction-
cooled NbTi-based MDS demonstrator magnet. The cryostat
of the system has a main vessel housing the cold mass and a
turret in which a cryocooler and other services are placed. The
novelty of the cryostat is that it has a large flat surface facing
the ferrofluid, in order to minimize the distance between fer-
rofluid and coils. This 50.5 mm distance between the cryostat
and the top surface of the coil is made up from components
listed in table 1.

The top plate of the cryostat is supported by room-
temperature stainless steel columns passing through holes in
the cold mass. They allow the top plate to be relatively thin
(20 mm). This column structure is advantageous for more
powerful MDS magnets as well, despite the added complex-
ity in cold mass construction and cryostat. By opting for
conduction-cooling of the cold mass, a double-walled cryo-
stat is not necessary. The performance of the demonstrator is
a factor 2 higher than that of a bath-cooled system that does
not use the column structure.

Several concepts for cold mass design were presented. The
selected design uses a cassette consisting of two aluminium-
alloy machined plates that shrink-fit around the coils during
cool-down and provide a compressive force on the winding
pack. Underneath the cassette, high-purity aluminium heat
drains ensure that the thermal gradient across the cold mass
is smaller than 100 mK. It was found that the bolts that con-
nect the two cassette halves gain a significant tensile stress of
up to 140 MPa during cool-down, due to differential thermal
shrinkage.

The main factor determining the minimum cassette thick-
ness, 12 mm per plate for the demonstrator, is the amount of
pre-compression required to prevent positive transverse stress
in the winding pack due to the Lorentz force. The effects of
the thickness on the longitudinal stress in the winding pack
and on the von Mises stress in the cassette itself are shown to
be secondary importance.

The cold mass is kept in place using a fibreglass pillar and
tie rod structure, the dimensions of these were optimized to
minimize heat in-leak. The support structure can handle both
compressive and tensile loads, without yielding or buckling.
G11 is found to be the optimum material choice to withstand
buckling with a minimum heat in-leak.
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