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Ferrofluid pocket bearings are a type of bearing that are able to carry a load using an air pocket encapsulated by
a ferrofluid seal. Previously designed ferrofluid bearings show the great potential of the stick-slip-free and low
viscous friction bearings, however until now the load capacity is limited. In this article a method is presented to
increase the load capacity in a simple and cost effective way by the addition of ferromagnetic material around
the magnet. First, a mathematical model of the bearing is presented and is validated by experiments using an
axially magnetized ring magnet surrounded by two steel rings. The model is used to optimize the dimensions of

the added ferromagnetic material for maximum load capacity. Depending on the fly height, the load capacity has
been increased by a factor three to four by the addition of steel rings to the ferrofluid pocket bearing config-

uration.

1. Introduction

The kerosene based magnetic fluid or so called ferrofluid that NASA
developed in the 1960s appeared to be interesting to apply in seals and
bearings as shown by Rosensweig et al. in the 1970s [1-4]. A ferrofluid
can be defined as a fluid with paramagnetic properties that are gener-
ated by being a colloidal suspension of small magnetic nanoparticles
(10nm) [5,6]. The application of an external magnetic field increases
the pressure inside the fluid after which the fluid is capable of carrying
loads [7-9], thus can act as an actuator [10-16] or seal [17-21]. Fer-
rofluid can be used to yield mechanisms that have complete absence of
both stick slip and mechanical contact resulting respectively a potential
high precision and high lifetime [7,8,22,23].

Because the fluid in ferrofluid bearings is contained by the presence
of a magnetic field that is generated by for example a permanent
magnet, no seals or active components are required. Therefore, a fer-
rofluid bearing is a passive, simple, and cost effective alternative to
traditional bearings. Examples of these ferrofluid bearings can be found
in literature, but despite the great potential, application is still very
limited [7-9,24-29]. One reason for this is that the load capacity and
stiffness is relatively limited. Lampaert et al. recently developed a
mathematical model to describe the load and stiffness characteristics of
ferrofluid bearings, which makes it now possible to design for max-
imum load capacity [7,8,22,23,26,30-33].

The load capacity of a ferrofluid bearing is created by the
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pressurized air pocket(s) encapsulated by the ferrofluid seals. The shape
of the magnetic field and the number of air pockets between non-
connected seals seem to be of great importance to the load capacity.
The goal of this article is to increase the load capacity of ferrofluid
bearings by the addition of ferromagnetic material.

The addition of ferromagnetic material, in this case steel, has the
ability to concentrate the magnetic field generated by the permanent
magnet and could therefore increase the load capacity [34,35]. Fur-
thermore, steel could alter the shape of the magnetic field such that
multiple air pockets can be created. Steel has a high magnetic satura-
tion and a high relative permeability which makes this material suited
for improving the load capacity.

First, a model is presented to calculate the load capacity of a fer-
rofluid double pocket bearing. This model is validated by experiments
and will then be used to optimize the geometries of the steel rings. The
acquired knowledge can be used as design rules for increasing the load
capacity of planar ferrofluid bearings by the addition of ferromagnetic
material.

2. Methods

First, an analytical model for the load capacity of a ferrofluid double
pocket bearing is presented based on the available literature. Second,
the four different bearing models, model A through D, are presented
after which the FEM analysis, using COMSOL Multiphysics, is
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Fig. 1. This figure presents the cross section of the ferrofluid bearing with the
defined parameters. The ring magnet is surrounded by two ferromagnetic rings,
in this case steel, with an aluminum disk placed inside. The entire setup is
mounted on a steel baseplate. Important parameters are the pressures and areas
of the air pockets and the magnetic field intensities at the different fluid in-
terfaces.

introduced to calculate the magnetic field intensities. These magnetic
field intensities in combination with the analytical model are used to
calculate the load capacity. Next, the experimental setup used for the
validation of the described model is presented after which the optimi-
zations of models A-D are described.

2.1. Analytical model

The analytical model for a ferrofluid single pocket bearing [8,9,24]
is extended to a model predicting the load capacity of a ferrofluid
double pocket bearing, schematically represented in Fig. 1. The Navier-
Stokes equations for incompressible magnetic Newtonian fluids can be
simplified to equation (1) assuming a stationary, low Reynolds number
incompressible flow with a Newtonian fluid model. The relation pre-
sents the pressure gradient Vp as the product of the magnetic perme-
ability of vacuum u,, the magnetization strength of the fluid M; and the
magnetic field gradient VH.

Vp = u,M;VH 1

Application of the Fundamental theorem of calculus gives the re-
lationship used for calculating the load capacity of the air pockets,

1Axis of symmetry
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equation (2).

E)ocket = f (Pi - po)dApocket = ,u()MS AH Apocket 9
A

Both the pressure inside the air pocket and the pressure inside the
ferrofluid ring contribute to the total load capacity of the bearing.
Although the load carrying contribution of the seal is relatively small in
comparison to that off the pocket, it will be included in the calculation
to get the most accurate prediction of the total load capacity. Equation
(3) shows the approximation of the load capacity of the seal as de-
scribed by Lampaert et al. [7].

A
Fea = f (Ps - po)dAseal ~ /"OMS AH %al 3
A

For a bearing configuration with two seals and two pockets the total
load capacity is simply obtained by adding the load capacities of both
pockets and both seals. Each contribution to the total load capacity is
calculated by integrating the pressure difference over the area, as can
be seen in equation (4). This is visually shown in Fig. 5, where the load
capacities of the ferrofluid bearing for the magnet only and for the
magnet with steel rings correspond to the orange and red surface re-
spectively. The pressure distribution is a result of the magnetic field
intensities of the fluid-air interfaces (H; H;, Hy Hy,), see Fig. 1. By in-
tegrating this pressure distribution, the total load capacity is calculated.

Implementation of a second ferrofluid seal has the advantage that
the pressure can be increased twice, one time over each ferrofluid seal.
It is important to note that the pressure contribution of the doughnut
shaped second pocket, A, as given in equation (4) can be rewritten to
equation (5), in which the pressure contributions of both pockets act on
a circular surface as defined in Fig. 1. To illustrate this, the pressure
distribution which is given in Fig. 5 corresponds to the magnetic field
intensities at the interfaces between ferrofluid and air, given in Fig. 4.

Foaa = [ @y = Py )dAn + [ 0y — po)dAn + [ (o, — Py )dAp
+ f (B — Py )dAs2 4

A A
Fioaa ® #OMS((Hil - Hol)(Al + %) + (Hp - Hoz)(Az + %))
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Fig. 2. This figure presents the four different bearing models and their design variables. In contrast to Model C and D, model A and B have no ferromagnetic
baseplate. Model A and C are defined from bottom up and model B and D are defined from top down.
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Table 1
This table presents a list of variables which are considered to be con-
stant for the different bearing models A-D.

Optimization constants Optimization: Constants

M; =35kA/m

Mo = 4m+107'N /A2
Winag = 8.5mm

Tmag = 6mm

Thase = 3mm

hsy = 0.2mm
Biaturation,steel = 24T
Minagnet = 1.25T

Po =10°Pa

2.2. Bearing models

There are four distinct bearing models presented in this section,
which will be referred to as model A, model B, model C and model D
(Fig. 2). In all the models the ring magnet is sandwiched between two
steel rings with varying widths and thicknesses. Both steel rings are
attached to the magnet such that no volume exists between the steel
rings and magnet.

The variables which are considered to be constant during the opti-
mization of the bearing models A-D can be found in Table 1.

In model A the rings are fixed with respect to the bottom surface of
the magnet. The thickness of the steel rings is defined with T, and T,
and the width of the steel rings is defined with Wj; and Wjg,,. An ad-
ditional parameter Az; is defined in equation (6), in which 7; indicates
the thickness of the steel rings for either the left or right side.

Azi=T - Tmag 6

It can be concluded from the results of the model presented in
section 3.2 that the top surface of the steel rings has to be at equal
height as the surface of the magnet such that no steel protrudes beyond
the thickness of the magnet. Therefore, model B is introduced. The steel
rings are now fixed with respect to the top surface of the magnet and
extended downwards.

To investigate the influence of a ferromagnetic baseplate on the load
capacity, model C and D are introduced. Model C and D correspond to
model A and B respectively, however with a 3 mm steel plate added.
The baseplate is directly attached underneath the lowest part of the
ferrofluid bearing (Fig. 2).

2.3. FEM analysis and load calculation

The magnetic fields generated by the different bearing configura-
tions are calculated using the numerical analyses package COMSOL 5.3.
The magnetic field intensity at the different fluid-air interfaces
(H;; Hi; Hy, Hy,) have to be evaluated in order to calculate the total load
capacity according to equation (5).

The low grade steel of the rings surrounding the magnet is modelled
by using the BH curve from the soft iron (with losses) material in the
COMSOL library. Fillets are constructed at all the corners to prevent
singularities in the calculations [36]. The model and the result of a
single simulation example can be seen in Fig. 3 and Fig. 4. This example
corresponds to model C as defined in Fig. 2. The bearing models are
parameterized and controlled by Matlab (2017b) using the Livelink
toolbox to find an optimal geometry.

The distribution of the magnetic field given in Fig. 3 is evaluated
along a horizontal line at a specified height above the highest surface of
the bearing, the so called fly height as defined in Fig. 1. An example of
this line evalutation is given in Fig. 4 and is used to extract the magnetic
strengths of the different interfaces. The ferrofluid will position itself at
maximum load such that the inner fluid interfaces H; and H;, are
located at the maximum field intensities thus the peak values of Fig. 4.
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Fig. 3. This figure presents the distribution of the magnetic field expressed in
Tesla for the bearing testing setup of model C consisting of the ring magnet,
steel rings and baseplate. The magnet is modelled after HKCM 9963-58947
with an axial magnetization strength of 1.25 T. The magnetic behaviour of the
steel rings and baseplate is modelled in COMSOL using the built-in BH-curve of
soft iron.
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Fig. 4. This figure presents the results of the FEM analysis for the magnetic field
intensities, at 2 different fly heights, for the ring magnet (40 mm x 23 mm X
6 mm) with and without the addition of 3 mm X 6 mm steel rings. The magnetic
flux density of the magnet is 1.25T.

Hy; is evaluated at the valley between the peaks in the middle of the
magnet at a fly height of zero. When the value of Hy, is bigger than
either H;; or Hj,, one seal and one air pocket is created. This comes
from the fact that the fluid flows to the outer interface when the peak at
a certain fly height is lower than the lowest value of the field intensity
at the magnet (h= 0). The load capacity is then calculated with only the
first part of equation (5). When both peaks are higher than the lowest
field intensity at the magnet, two seals are created and both terms in
equation (5) are taken into account. Hy, is evaluated at the fluid in-
terface of the outer seal for a certain fly height. When the flyheight
decreases, the ferrofluid seal is pushed outwards. For the magnet only,
the outer interface of the ferrofluid seal increases from a radial distance
of 21 mm-21.2mm for fly heights of 1 mm-0 mm respectively. When
steel rings are added, the radial distance of the outer interface remains
21.5mm for a fly height of 1 mm, but increases to the radial distance of
the outer steel ring at a fly height of 0 mm due to the steel rings. These
values are observed experimentally and are interpolated linearly.

The radial position of the different field intensities are used to cal-
culate the areas of the seals and the pockets. Finally, the load capacity
of the bearing is calculated by combining the different field intensities
with the corresponding areas and substituting this in equation (5).

To summarize, the FEM model (Fig. 3) is used to calculate the
magnetic field produced by the magnet. This field is then evaluated to
obtain the field intensities (Fig. 4), which can be used to calculate the
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Fig. 5. This figure presents the pressure increase over the ferrofluid seals for
both the magnet and the magnet with steel rings. The total load capacities for
the magnet only and for the magnet with steel rings are indicated as the red and
orange area resp. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)

corresponding pressure distribution (Fig. 5) using the presented ana-
lytical model. Finally, the load capacity is obtained by integrating the
pressure distribution of the area, indicated by the red area in the figure.
Note that in Fig. 5 the pressure distribution and load capacity for the
magnet only and for the magnet with steel rings are presented.

2.4. Experimental setup

The analytical model presented in section 2.1 is validated by com-
paring the predicted load capacity of the bearing with and without steel
rings to the results of the measurements. Measurements are done to
investigate the maximum load capacity of the bearing and validate the
analytical model.

2.4.1. Load capacity

The maximum load capacity of the bearing with and without steel is
measured using a tensile testing machine (Zwick/Roell Z005) capable
of measuring the force over displacement. To prevent systematic errors,
the machine is calibrated before measuring the load capacity. Each
measurement is done three times to detect possible random errors. The
velocity of the head of the testing machine is set to be 1 mm/min.

The bearing is mounted on top of a steel base plate, which corre-
sponds to bearing model C (Fig. 2), and clamped on the table below the
machine, see Fig. 6. Both the rings and the baseplate are made of low
grade steel in the test setup, since the material is relatively cheap and
has desirable ferromagnetic properties, which approximates the mate-
rial used in the analytical model. There is assumed that the stiffness of
the table is infinite with respect to that of the bearing. Moreover, the
mounting is assumed to be rigid. Note that the volume inside the

Head

Bearing

Steel base plate

Fig. 6. This figure presents the bearing consisting of a ring magnet, two steel
rings and ferrofluid. The ring magnet, HKCM 9963-58947 with dimensions
40 mm X 23 mm x6mm and a flux density of Bz = 1.25T, is placed on a steel
baseplate. This plate is clamped on the table and placed below the testing
machine. 1 mL of ferrofluid is added to the bearing. The velocity of the head of
the testing machine is set to be 1 mm/min.
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magnet (and steel) in Fig. 6 is reduced by placing an aluminium cy-
linder inside. This is done in order to minimize the compressibility ef-
fect of air by reducing the volume of the inner air pocket [7]. Alumi-
nium is chosen for its non-ferromagnetic properties, high stiffness and
availability.

All the components are sealed and mounted with glue to prevent air
leakage out of the two pockets. Then, 1 mL of FerroTec EFH1 is added.
This amount of ferrofluid is redundant and can therefore create one or
multiple air pockets and has a load carrying capacity up to fly heights of
1 mm.

The measurement of the load capacity starts just before the head of
the testing machine touches the ferrofluid. No pressure can be build up
across the seals at this point yet, because there are no separate air
pockets and therefore no difference in magnetic field intensity across
the ferrofluid seal (AH = 0). The fly height is then decreased until the
head of the testing machine starts pushing on the magnet itself. This
indicates the end of the measurement of the load capacity.

2.5. Optimization

In this section the validated model, see results in section 3.1, will be
used to optimize the geometry of the bearing models given in Fig. 2 for
maximum load capacity. For the optimization, the fly height h is set to
be 0.2 mm. The optimization of model A shows that the thickness of the
steel rings should be equal to the thickness of the magnet, see results in
section 3.2. Therefore, bearing model B is introduced. The configura-
tion given in Fig. 2 of model B is optimized in a symmetric and asym-
metric way. To investigate the influence of a ferromagnetic baseplate
model C and D are introduced, as presented in section 2.2.

2.5.1. Optimization model A and C

The bearing models A and C presented in Fig. 2 will be optimized in
both a symmetric and asymmetric configuration. The symmetric opti-
mization is done in order to see the effect of the different variables on
the load capacity of the bearing. Symmetric means in this case that the
cross section of both steel rings have the same dimensions, thus
Wit = Weight> Tiefi = Trign: and therefore Az = AZyign;, as can be seen in
Fig. 7. The design variables are normalized with respect to the di-
mensions of the magnet such that the results are easier to interpret. The
normalizations are given in equations (7)—(9).

Titeel
Tratio = —
mag 7
w. _ "Vsteel
ratio — T
Wmag 8
Az
AZrario =
Tmag 9

This results in two design variables for the symmetric optimizations,
namely: T, and Wygihe. The design variables for the asymmetric

symmetric optimization

. M’agnet . Steel

Fig. 7. This figure shows the variables for symmetric optimization and the cross
sections of the steel rings.
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optimizations for both models are: Tratio—lefts
Wratio—tefts Tratio—rights Wratio—right- The AZyaso is introduced to investigate
the height of the steel relative to the height of the magnet.

2.5.2. Optimization model B and D

The bearing models B and D, presented in Fig. 2, will be optimized
in a symmetric and asymmetric way. The symmetric optimization is
done in order to see the effect of the different variables on the load
capacity of the bearing. Due to symmetry, Wi,y = Wign and Tiepp = Trigh-
The design variables for the symmetric optimization of models B and D
are reduced to: T, and Wi, and are defined in Fig. 7.

Finally, the asymmetric optimization is performed to see if in-
troducing asymmetry in the system can further improve the load ca-
pacity. Note that all the different parameters are again normalized with
respect to the magnet in the results. The design variables for the
asymmetric  optimization of models B and D are:

Ealio—lefls M/ratio—lefh ’E‘atio—right’ I’Vralio—rigl'u; as defined in Fig~ 2.

2.5.3. Optimization algorithm

To find an optimum for the configurations described above, an al-
gorithm is designed. The algorithm can be seen as a multi-point ap-
proximation method. It evaluates a certain preset subdomain of the
design space. The optimal point of the subdomain is considered to be
the midpoint of the next subdomain in the next cycle. The process can
be seen in Fig. 8. In the asymmetric optimization of the steel rings, this
results in a 4D subdomain, consisting of all the design variables. This
algorithm solves the optimization problem and is convenient since the
function evaluations ask a lot of computational effort.

A subdomain is built using its midpoint, the length of the subdomain
and the number of samples. The side length of the subdomain is chosen
such that the dimensions of steel increase from no steel rings up to the
inner side of the magnet completely filled with steel. Then the sub-
domain is evaluated and the minimum value is determined. To achieve
convergence, the size of the new subdomain must be smaller than that
of the previous one. Therefore, the length of each side of the new trust
region is scaled. Scaling (< 1) of the subdomain makes the algorithm
converge to a certain optimum. The scaling number is determined
iteratively by varying this number. A small scaling number makes the
subdomain converge too fast and the optimal value is not found
(S < 0.4). A larger scaling number result in more iterations, but the
optimum is found (0.4 < S < 0.1).

3. Results

3.1. Load capacity

The load capacity has been analytically calculated and
Optimization Algorithm Visualisation

i e — — | M reration1

. M iteration2
Ny [T tteration3
2 3 e ’ | M tterationa
'8 ) ‘:_?g © Found
= . ). ) : optimum
o
>
S e
ap
k7
q) 5
a-

Design Variable X;

Fig. 8. This figure presents the way the optimization algorithm works. In the
first step the entire domain is considered in which 9 points are evaluated. The
best point will be the centre of the next iteration step in which the domain will
be smaller. These steps will be repeated until an optimum is found.
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Fig. 9. This figure presents the load capacity predicted by the analytical model
and measured by the testing machine versus different fly heights for the magnet
only and the magnet with 3 mm wide inner and outer steel rings that have the
same z-position as the magnet.

experimentally measured for both the single magnet and the magnet
with steel rings for several fly heights. These results can be seen in
Fig. 9. The results of the different experiments are indicated with
continuous lines while the calculations are indicated with crosses.

Notable is that adding a 3 mm wide inner and outer ring of steel
improves the load capacity of the bearing at fly height 0.2 mm with
approximately a factor 4. For higher fly heights this factor ranges ap-
proximately from 3 to 4. This is a significant improvement compared to
the ferrofluid pocket bearing without the steel rings. Also note the zig-
zag pattern in the measurements for the improved bearing at lower fly
heights.

The overall behaviour of the load capacity of the improved bearing
is predicted well by the calculations and both the model and mea-
surements are in good accordance with each other.

3.2. Optimization

The results of the optimization of model A are given in Fig. 10. From
this plot it can be concluded that the load capacity is the highest for
Az = Omm for all the different normalized widths of the steel rings.
Note that the load capacity significantly decreases if Az,q;, deviates
from zero.

The results of the symmetric optimization of model B are given in
Fig. 11, Figs. 12 and 13. Fig. 11 shows the load capacity for the two
design variables in a single surface plot. Figs. 12 and 13 show side views
or cut troughs of the surface plot in Fig. 11.

Fig. 13 shows that the T,,;, needs to be approximately 1.2 or higher.
The load capacity decreases significantly when the T,,;, decreases. In
combination with Fig. 13 this leads to the conclusion that for a

-10 |
-0.5 0

0.5 1
Zratio

Fig. 10. This figure presents the load capacity of the ferrofluid bearing with
additional steel rings for varying thicknesses and widths of the rings. These
dimensions are normalized with respect to the thickness and width of the
magnet.
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Fig. 11. This figure presents a surface plot of the load capacity of model B with
varying dimension parameters Hyyi, and Wigso.
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Fig. 12. This figure presents the load capacity of model B versus Wy, for dif-
ferent H,go.
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Fig. 13. This figure presents the load capacity of model B versus H,y;, for dif-
ferent Wyasio-

symmetric configuration of steel rings without baseplate the maximum
load capacity of approximately 48N is achieved for T4, ~ 1.8 and
Wigtio ~ 0.26.

The results of the symmetric and asymmetric optimization of model
A, B, C and D are given in Table 2. It can be concluded that the addition
of the ferromagnetic baseplate changes the optimal geometry of the
added ferromagnetic rings as can be seen in Figure 14. Furthermore,
when the baseplate is added, an additional 3N (~ 6%) increase in load
capacity can be obtained.

A visual representation of the optimized bearing configurations for
the bearing models is given in Figure 14. The dimensions of the steel
rings and the load capacities can be found in Table 2.
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4. Discussion
4.1. Analytical model and measurements

Overall, the measurements show that the load capacity of the fer-
rofluid double pocket bearing is increased 3 to 4 times depending on
the fly height by the addition of steel rings around the ring magnet.
Addition of these ferromagnetic rings increases the difference in mag-
netic field intensities over the ferrofluid seal. This increase has the
advantage that capillary effects can be overcome such that two air
pockets are created. Both the increase in difference in field intensities
and the addition of the second seal contribute to the total load capacity,
leading to an increase of a factor 4.

The measured load capacity of the bearing with and the bearing
without steel rings correspond well to the calculated load capacity.
However, the calculations do slightly differ from the actual measure-
ments for both models. From the results it can be seen that at lower fly
heights the load capacity for both models is overestimated. This over-
estimation is probably due to the fact that capillary effects are not taken
into account in the mathematical model. Moreover, these capillary ef-
fects increase when the fly height decreases.

Also for a magnet with steel rings, the load capacity is over-
estimated. It seems that the capillary effects are overcome and two seals
are formed. However, for low fly heights, the ferrofluid is pushed
outwards too far due to the steel rings and do not participate in the load
capacity anymore. Therefore, the volume of effective ferrofluid de-
creases during the measurements, leading to an overestimation of the
load capacity. When the amount of effective ferrofluid is overestimated,
the realistic value of the H,; is not the lowest value for the field in-
tensity at the magnet and is therefore not located at the valley. The
outer interface of the ferrofluid will be located at a higher field in-
tensity, leading to a lower load capacity.

On top of that, the steel rings are modelled in COMSOL as soft iron.
In reality, there will be a difference in material properties between the
steel rings and the material used in the model. The overall behaviour/
shape of the predicted load capacity of the bearing with steel does
correspond well to the measurements, and therefore the model can be
seen as valid and is used for optimization. It is likely that finding a
better BH curve will reduce the overestimation of the load capacity.
Another possible error in the FEM model is the applied radius of the
fillets, which might also differ from the actual fillets of the steel rings
and magnet used in the experimental setup. Note that in general the
FEM model starts to become unreliable when the fly height is ap-
proaching zero. This is due to effects in the FEM analysis near bound-
aries and corners of the magnet.

When the fly height is decreased in the measurements, the assumed
incompressible ferrofluid is pushed outwards. The fluid-air interfaces
get displaced outwards, this increases the areas of the seals and changes
the magnetic field intensities at the different interfaces. These effects
are included in the analytical and numerical model. In the model, the
most outer interface is assumed to linearly increasing from a radial
distance of 21 mm-21.2mm and 21 mm to the radial distance of the
edge of the outer steel ring for the magnet only and the magnet with
steel rings respectively. Implementation of a more realistic gradient in
this outer interface will probably yield better results.

When the fly height is decreased the air pressure inside the pockets
increases until the point that the seals cannot withstand the pressure
anymore. Air escapes out of the pocket and causes the ripples or zig-zag
pattern in the measurements in Fig. 9.

4.2. Optimization model A and C

When the Wy, is (very) small there is simply very little steel added
to the bearing resulting in that the influence of the steel on the mag-
netic field is almost negligible. To prevent instant saturation, the Wy,
has to be higher than a certain value. Approximately a W, of 0.3
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Table 2
This table presents the overview of the optimization of the load capacities for the different bearing models discussed in this article without and with baseplate.
Model Design variables Field intensities Result
Tratio—left Wiatio—left Tratio—right Wiatio—right % 105 % 105 % 10 % 105 LOAD CAPACITY [N]
il Ho Hip Hopp
Alm Alm Alm Alm
A Symmetric 1 0.27 1 0.27 8.268 3.652 7.581 1.486 47.29
Asymmetric 1 0.24 1 0.29 8.238 3.648 7.585 1.417 47.65
B Symmetric 1.8 0.26 1.8 0.26 8.53 3.708 7.692 1.547 48.06
Asymmetric 1.71 0.27 1.71 0.31 8.500 3.702 7.700 1.5 48.31
C Symmetric 1 0.37 1 0.37 8.835 4.225 8.198 1.420 51.19
Asymmetric 1 0.35 1 0.37 8.822 4.224 8.203 1.420 51.20
D Symmetric 1 0.37 1 0.37 8.835 4.225 8.198 1.420 51.19
Asymmetric 1 0.35 1 0.37 8.822 4.224 8.203 1.420 51.20

balances complete magnetic saturation and diffusion of the magnetic
field into the steel when the width of the steel rings becomes to large.

Regardless of the width of the steel rings, the thickness of the steel
rings has to be equal to the thickness of the magnet to obtain the
maximum load capacity (section 3.2). When the thickness of the steel
rings is less than that of the magnet, the magnetic field is less con-
centrated at a fly height just above the magnet because the field lines
have to travel a greater distance through the air to close the magnetic
circuit using the steel. Also due to the low relative permeability of air,
the magnetic field lines diffuse into the air, which lowers the load ca-
pacity. On the other hand, when the thicknesses of the ferromagnetic
rings are higher than the magnet, the fly height is defined as the dis-
tance between the non-ferromagnetic plate and the top of the steel rings
instead of the magnet (Fig. 2). The magnetic field will in this case be
concentrated within the volume above the magnet and between the
steel rings surrounding the magnet while the load capacity is de-
termined by the fly height above the steel rings where the magnetic
field is much weaker. Therefore, taking the thickness of the steel rings
smaller than that of the magnet is less detrimental to the total load
capacity of the ferrofluid bearings than taking the thickness too big.

Besides that, steel rings with the same thickness as the magnet have
the advantage that the flat top prevents the ferrofluid from dripping
down. In this way, the ferrofluid can be used in an optimal way since
the ferrofluid seal is able to span a greater horizontal length which
increases the load capacity since the difference in magnetic field in-
creases between both interfaces (AH = H; — Hy).

1Axis of symmetry

[OJAuminum [l Magnet [l Steel

Axis of symmetry

CAluminum [l magnet [l Steel

Axis of symmetry

4.3. Optimization model B and D: symmetric

When the T4, is (very) small there is simply very little steel added
to the bearing resulting in that the influence of the steel on the mag-
netic field is almost negligible, see Fig. 12. The magnetic field has to
travel through the air instead of the added steel. Therefore, increasing
the thickness of the steel rings increases the load capacity significantly
until a T4, of 1.2 is reached for the bearing without baseplate (model
B). For a Ty, of 1, the thickness of the steel rings and the magnet are
equal. In this case, the magnetic field leaves the steel and has to make a
180° turn through the air to close the magnetic circuit. Steel rings which
are slightly thicker than the magnet reduce this turn to 90°. Therefore a
Tratio Of at least 1.2 results in the highest load capacity. Further in-
creasing the thickness of the steel beyond a ratio of 1.2 has no influence
on the load capacity since the magnetic field does not protrude into the
added steel since this would increase the path by the magnetic field
lines to close the magnetic circuit. When a baseplate is added below the
bearing the thickness of the steel rings has to be equal to the thickness
of the magnet.

This can be explained by looking at the magnetic properties of the
added material. Once the width of the rings is too small, magnetic sa-
turation of the rings occurs which can be seen in Fig. 12. After the
ferromagnetic material is saturated, the magnetic field is not influenced
by the material anymore. Therefore, the magnetic saturation of the
ferromagnetic material limits the load capacity. Increasing the width
increases the load capacity. However, when the width of the rings is too
large, the field lines are not concentrated at the edges of the magnet
where the ferrofluid will be placed, but distributed into the steel rings,

[JAuminum [limagnet [l Steel
Axis of symmetry

[OAtuminum [l Magnet [l Steel

Fig. 14. This figure presents the optimal bearing configurations to achieve maximum load capacity for the ring magnet sandwiched between steel rings without being
placed on top of a baseplate (model A and B) and placed on top of a baseplate (model C and D).
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which decreases the load capacity. When the width of the rings is in-
creased even further, the dispersion does not increase and therefore the
load capacity remains constant which explain the behaviour in Fig. 12
for increasing widths of the steel rings.

Therefore, it can be concluded that the steel needs to have a certain
minimum width to prevent magnetic saturation. The optimal width of
the rings for the symmetric model B is W4, = 0.26 which balances the
magnetic saturation and dispersion of the magnetic field. When a
baseplate is added (Model D) the rings need to be a little bit wider
(Table 2), namely W, ~ 0.37. Note that when the inner ring is in-
creased such that the magnet is completely filled with steel, the mag-
netic field is short circuited and the load capacity decreases.

4.4. Optimization model B and D: asymmetric

The optimal thickness of the rings in the asymmetric optimization of
model B happens to be symmetric, namely T,,;, = 1.71 for the bearing
without baseplate, see Table 2. The thickness of the rings exceeds the
thickness of the magnet such that it is easier for the magnetic field to
close the magnetic circuit. Only a turn of 90° is required for the mag-
netic field when it leaves the steel ring instead of a full 180° turn. When
an additional ferromagnetic baseplate is added the optimal thickness of
the rings is equal to the thickness of the magnet which is quite con-
venient when mounting the bearing. This way the entire magnet is
surrounded by steel except for the top surface where the ferrofluid is
placed. Besides that the addition of the baseplate changes the optimal
thickness significantly such that the bearing can be mounted much
more easily, the load capacity is increased by approximately 3N (~6%)
therefore it is recommended to choose the thickness of the rings equal
to the thickness of the magnet and to mount the bearing on a ferro-
magnetic baseplate.

The optimal width for the steel rings also depends on the presence of
a baseplate. As earlier mentioned, a certain minimum value for the
width is required to prevent magnetic saturation. If the width is too
large the concentration of the magnetic field is decreased which de-
creases the load capacity but this effect is not as detrimental as the
magnetic saturation of the steel. When a baseplate is present, the op-
timal widths of the steel rings is slightly bigger with respect to a bearing
without baseplate, namely Wratio ~ 0.27 (model A) &
Wratio ® 0.26(model B)  versus Wy 20.37 (model C) & Wy ~ 0.37
(model D) respectively. Introducing asymmetry into the system only
increases the load capacity marginally (0.1%) and one can therefore
argue whether it is worth the trouble to implement this in practice.

The load capacity can even be increased further if the strength of the
magnet and the magnetic saturation of the ferromagnetic material are
increased. A larger magnet (a larger T, Or W) has a bigger volume
and therefore higher magnetic field intensities which increases the load
capacity. This is not investigated in this article since it is not a cost
effective way to increase the load capacity. Also, a stronger magnet
results in an increase of the optimal width of the rings in order to
prevent complete magnetic saturation. Increasing the magnetic sa-
turation of the ferromagnetic material does exactly the opposite,
namely resulting in a smaller optimal width. This comes from the fact
that less material is needed to prevent saturation. Thus, choosing ma-
terials with better magnetic properties for the rings can increase the
load capacity of the described ring magnet even more. However, using
different ferromagnetic materials than steel could increase the costs,
which makes the increase in load capacity by adding a ferromagnetic
material less cost effective. These and many other possible improve-
ments are not discussed in this article since the goal was to increase the
load capacity of a ferrofluid bearing in a cheap and easy manner.

5. Conclusion

The experiments show that the model is in good accordance for the
bearing with and without the ferromagnetic rings.
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Overestimation of the load capacity is probably caused by capillary
effects, an overestimation of the amount of effective ferrofluid and a
mismatch between the modelled magnetic saturation and the actual
material properties of the steel used in the test setup. The bearing
furthermore shows excellent repeatability after an initial compression.

The addition of steel rings does not only increase the differences in
field intensities, but also gives the opportunity to overcome the capil-
lary effects and give rise to a second seal. Therefore, it can be concluded
that the load capacity of the ferrofluid pocket bearing can be improved
by the addition of steel rings up to a factor of 3-4, depending on the fly
height and the dimensions of the steel.

Optimization shows that the maximum load capacity is reached if
the thickness of the steel is equal to the thickness of the magnet and if
the bearing is mounted on a ferromagnetic baseplate. Moreover, the
optimal width depends on the magnetic saturation of the rings and the
strength of the magnet. Ideally, the rings are on the verge of being
completely saturated which optimally concentrates the magnetic field
at the corners of the magnet. The optimal width of the steel for the ring
magnet described in this report is approximately a third of the width of
the magnet.
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