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“The best things in life are on the other side of terror, on the other side of your
maximum fear, are all of the best things in life.”

— Will Smith






Preface

September 2012, the beginning of my final year before going to university. Still not knowing
what to choose, being scared of making the wrong decision. The one thing I knew at that
time was that I already had a passion for technology. I wanted to understand and get to the
bottom of new technologies and wanted to understand the underlying principles. During this
last year before going to university I researched with a friend of mine the possibility of riding
a Formula-1 car upside down through a tunnel. We made a small wind tunnel in order to
simulate the velocity of a Formula-1 car, and in it a small scale model of the car. Optimizing
this set-up, ultimately, the Formula-1 car did stick to the top! Observing my own joy doing
this, I was determined to go to an university of technology but still feared the choices I had
to make.

Ultimately choosing for Mechanical Engineering at the Delft University of Technology, was
until now one of the best decisions in my life. During my years I have learned that fear can
be good and can bring you great things. It is fear of failure, fear of losing, but failure is
sometimes better than succeeding immediately. You learn so much more from failure and
what to improve. For this you need people around you that care for you, and these I have
met. They give you the last push in order to overcome your fears, at the moment you do not
expect it.

Looking back I have not only gained a lot of new knowledge which prepared me for the
future, but saw the importance of good people around you who want to push you to this new
knowledge. My time in Delft was awesome, thank you.

"Somebody opens the door, and in that moment, you realize you have never
been in a freaking airplane with the door open. You are looking out down to
death. They say, ’On three,” and they say, 'One, two,” and he pushes you on two
because people grab on three. You fall out of the airplane. In one second, you
realize that it is the most blissful experience of your life. You are flying. There is
zero fear. You realize at the point of mazimum danger is the point of minimum
fear. It is bliss."

— Will Smith, Skydiving experience

Delft, University of Technology M.C. de Graaf
January, 2018
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Abstract

In fluid bearings the load is supported by a pressurized thin film of fluid. The bearing faces
are separated by this thin film allowing for lower friction, wear and vibration than many other
types of bearings. Fluid bearings have superior wear behavior but still the lifetime of this
concept is in not infinite. Hydrostatic bearings do rely on pumps which are sensitive to failure
and contribute to the system energy loss. Wear in hydrodynamic bearings is generally caused
by poor lubrication during high loading conditions or low speeds. This wear gets especially
troublesome when surface textures are used that can get worn away completely.

In this thesis two mechanisms utilizing surface textures for pressure buildup in a lubricating
film using magnetorheological (MR) fluids are studied. The first uses local viscosity variation
resulting in so-called virtual surface textures. These surface textures can be created using an
MR fluid because their flow behavior can be controlled in presence of a magnetic field. The
variable rheological properties of an MR fluid add an extra design variable to the system which
can increase the performance of bearings. The second is also a new mechanism introduced in
this thesis, the use of local sedimentation of magnetic particles in locations of higher magnetic
field strengths resulting in physical surface textures. This second method can be considered
as an initial step in the development of self-healing bearings, that is, bearings with a surface
texture that is resistant to wear.

Figure 1: Formation of chain-like agglomerates in an MR fluid when subjected to a magnetic
field.

In this thesis it is demonstrated that it is possible to create self-healing physical surface
textures using an MR fluid as lubricant. It is demonstrated that these surface textures
pressurize the fluid in order to obtain a load carrying capacity. The magnetic properties of
an MR fluid are obtained when particles that have magnetic properties are suspended in a
carrier fluid. When subjected to a magnetic field, the fluid greatly increases its apparent
viscosity, to the point of becoming a solid. The strength of the solid phase is caused by the
formation of certain structures by the particles, such as chain-like agglomerates (Fig. 1).

The first example studied to show the potential of virtual MR texturing is similar to a step
geometry (Fig. 2). This in combination with a local varying magnetic field. This step shows

Master of Science Thesis M.C. de Graaf
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an antisymmetric pressure distribution which indicates pressurization of the fluid which can
result in a load carrying capacity (Fig. 3). This demonstrates that it is possible to create
surface textures using solely an MR fluid and a local varying magnetic field. This step cannot
be obtained using a magnetic field that is constant across the film thickness. A constant
magnetic field only results in a solid part in the middle of the channel for flow mode.

Velocity surface over the channel for u = 0.3 m/s
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Figure 2: Solid part created at the middle
of the length of the channel.

Figure 3: The normalized pressure distri-
bution in the MR fluid with a solid part
in the middle of the channel for different
velocities of the moving wall.

A proof of concept for a hydrodynamic thrust bearing lubricated with an MR fluid in order
to create surface textures is modeled and produced. For the models virtual and physical
surface textures are considered which correspond to two extremes respectively, the case that
the particles stay completely in suspension and for the case that the particles show complete
sedimentation. The experimental results correspond to the situation where the magnetic
particles are completely sedimented (Fig. 4). These sedimented particles form the physical
surface textures over which the carrier fluid flows.

Experimental results compared to model for 6=0
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Figure 4: Comparison of the experimental results to numerical simulations for complete sedi-
mentation.

It is demonstrated that the surface textures created are self-healing (Fig. 5). During the
experiments the sedimented particles agglomerate around the magnets, because here the
magnetic field is the strongest. These magnetic particles do not wear down and do not leave
the system. These steps are self-healing, because magnetic particles are traded among these

steps. The carrier fluid is pressurized by these textures which results in a load carrying
capacity.
M.C. de Graaf Master of Science Thesis



Figure 5: lllustration of the self-healing bearing. (a) MR fluid is trapped between the bearing
surfaces and no magnetic field is applied. (b) Agglomerates are formed around the magnets. (c)
During operation magnetic particles are traded among the self-healing steps.

Master of Science Thesis M.C. de Graaf
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Chapter 1

Introduction

1-1 Introduction of the project

In 1929 the definition "the study of the deformation and flow of matter” for the new term
"rheology" was accepted the moment the American Society of Rheology was founded. This
term was invented by Professor Bingham [4]. Since the discoveries of Rabinow and Winslow
in the 1940’s [28, 64], the importance of magnetorheological (MR) fluids started to grow.
Rabinow invented a high-speed magnetic fluid clutch (Fig. 1-1). He used a mixture of para-
magnetic particles, for example iron, and a carrier fluid such as oil. When this mixture was
exposed to a magnetic field it acted as a transmission for the force between two independently
movable members. On top of that, since 1939 Winslow begun some experiments where it was
established that when acted upon by an electric field an oil-occluding fibrous mass was formed
by certain particles suspended in low viscosity oils.

Currently MR fluids are applied in many different fields. In the field of Mechanical Engineer-
ing they are used for damping in different applications, such as damping in vehicles used in
the heavy industry. A good example is the MagneRide [12], which is a computer controlled
suspension system that uses MR fluids. Here the amount of damping is controlled with mag-
netic energy. Besides this MR fluids are used for creating damping in prosthetic legs, where
the fluid damps the shocks created when the patient for example is walking normally or jumps
[14]. In [26] it is seen that the technology is also used in aerospace. Here it is implemented
in a helicopter seat design to minimize the shock load-induced injury. These injuries are
caused by harsh vertical landings or crash landings. MR fluids are even used for the military
and defense, US Special Operations Command (SOCOM) is working with the Massachusetts
Institute of Technology (MIT) to develop a new type of suit. This suit is called The Tactical

e

7153

i ,

INVENTOR.
._']'E;F ob Rabinow

ﬂleﬁﬁMﬁfﬂm

AéEorneys.
Figure 1-1: Different types of the electromagnetic clutches designed by Rabinow that use the
magnetic fluid. Picture from [28].
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Assault Light Operator Suit (TALOS) and it is required that this suit will be bulletproof and
enhance the strengths of the wearer [63]. At last there is the magnetorheological finishing
technology, this is a technology used for polishing optical surfaces, where a magnetorheological
finishing slurry is used for the polishing [55].

As seen MR fluids are used in many different applications and bring great potential. Never-
theless, the use of magnetic fluids in rotational bearings is not that well developed yet and
this brings great opportunity. The science behind bearings is well developed but still most
bearings are basically the same as years ago [56]. Optimizing the geometry and the properties
of the possible lubricants used, did improve the performance of the bearings. Despite this
optimization and years long of development, wear and lifetime of bearings still occur to be
big problems. To overcome this, big changes are required to solve this. In fluid bearings the
load is supported by a pressurized thin film of fluid. The bearing faces are separated by this
thin film allowing lower friction, wear and vibration than many other types of bearings [54].

Fluid Bearings J

Hydrostatic Hybrid Hydrodynamic

Fluid, gas, air Viscous fluid, gases Viscous fluid, gases

N

. Externally pressurized squeeze ’ ( 1 ‘ .
[ Externally pressurized ’ ( film/sclf-acting bearing Squeeze film Self-acting
¥
| Load |
— e
«— Pump i
pressure — Pump
pressure

Figure 1-2: Categorization of fluid bearings.

Fluid bearings can be categorized as in figure 1-2. For hydrostatic bearings the fluid is exter-
nally pressurized by a pump. These pumps required, are sensitive to failure and contribute
to the system energy loss, just as bearing friction otherwise would. For a good performance
a hydrostatic bearing has to be equipped with a shaft position control system [27]. Hydrody-
namic bearings pressurize the fluid due rapid movement of the bearing faces and thus rely on
high speed. A squeeze film is where a film exists due to relative normal motion. Self-acting
bearings pressurize the fluid using certain surface textures as seen in spiral groove bearings.
At low speeds the bearings have a high friction and short life. This high friction is especially
happening during starts and stops where the speed is not sufficient to maintain the thin
fluid film. This can be prevented by externally pressurizing the fluid at lower speeds. These
bearings can be categorized as hybrid bearings, and are a combination of hydrostatic and
hydrodynamic bearings. A pump is used to prevent sliding friction at low speeds, then again
these are sensitive to failure and contribute to the system energy loss.

M.C. de Graaf Master of Science Thesis
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1-2 Problem definition & research objective

Fluid bearings minimize friction and wear but still encounter different problems. The main
causes of failure for lubricated bearings can be summarized as the following [7]:

e Pumps required for externally pressurization of the fluid are sensitive to failure and
contribute to the system energy loss.

e At lower speeds, starts, and stops, metal to metal contact in the bearing cannot be
avoided due to a not sufficient oil pressure and viscosity.

e Metal to metal contact occurs when the variation of the load and vibration exceed the
acceptable level due to which the fluid film breaks.

e There can be a decrease in viscosity and load carrying capacity of the lubricant caused
by the temperature increase of the lubricant during operation.

Smart fluids, like magnetic fluids, have the potential to improve the performance of these
bearings and overcome these drawbacks. In literature it is seen that the tuneability for the
rheological properties of ferrofluids is low and currently the load capacity is limited, in contrary
to MR fluids. The variable rheological properties of an MR fluid add an extra design variable
to the system which can increase the performance of bearings. MR fluids in combination with
a constant magnetic field are used in fluid bearings in order to globally control the viscosity.
This is already used to lower vibrations and prevent a decrease in viscosity and load carrying
capacity for example caused by a temperature increase during operation. This is done in
hydrodynamic bearings, and so a pump is also excluded from the system. Hydrodynamic
bearings have superior wear behavior but still it is seen that the lifetime of this concept is not
infinite. Wear of this bearing concept is generally caused by poor lubrications during high
loading conditions or low speeds. This wear gets especially troublesome when surface textures
are used that can get worn away completely. Considering textured hydrodynamic bearings,
using an MR fluid in this application can be beneficial regarding wear and controllability of
these surface textures. These bearings do not require external pressurization of the fluid, but
utilize surface textures to pressurize the fluid. This pressurization results in a load carrying
capacity. Whether using the limiting shear stress of an MR fluid to form local solid textures,
or, using sedimentation of magnetic particles from an MR fluid to form local solid textures in
order to pressurize the fluid (Fig. 1-3). These surface textures consist of magnetic particles
that do not wear down and do not leave the system. Therefore the objectives in this thesis
are as following;:

e Demonstrate the possibility to create surface texturing using an MR fluid as lubricant
with a new concept in bearing technology.

e Demonstrate that these surface textures pressurize the fluid resulting in a load carrying
capacity.

(=1
c
Pressure

| |
— [ e

g
G

Figure 1-3: A step which can be recreated with the use of magnets (red) and MR fluid (green)
in order to obtain a pressure distribution over the length of the channel.
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1-3 Thesis organization

In figure 1-4 the organization of this thesis is shown. The first chapter is a general introduction
with some background, an introduction to the current problems in bearing technology which
have to be overcome, and the research objectives. The most important information is found
in chapter 2 and 3. Here the research done regarding a textured hydrodynamic bearing using
an MR fluid is presented. In chapter 2 several numerical simulations using different 2D fluid
models incorporating an MR, fluid are discussed. Here the possibility of using an MR fluid
in order to create surface texturing which can pressurize the fluid is investigated. In chapter
3 the work done in chapter 2 is elaborated into 3D fluid models. Based on these models a
hydrodynamic thrust bearing is made in order to validate the models. In chapter 4 all the
work is discussed, and links everything together. At last there are chapter 5 and 6, containing
the main conclusions and recommendations for further research respectively.

Chapter 1: Introduction
A general introduction on the project in
which also the current problems in bearing
technology and research objectives are

discussed.
I
v !
Chapter 2: 2D fluid models Chapter 3: Bearing using a
Presents several numerical simulations using MR fluid
different 2D fluid models incorporating an Elaboration of the work done in chapter 3
MR fluid. Here the possibility of using an into 3D fluid models. Based on these models
MR fluid in order to create surface texturing a hydrodynamic thrust bearing is made in
is investigated. order to validate the models.

Appendices
Additional information and work done during
the project.

Figure 1-4: Organization of the thesis.
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A new concept in bearing technology: Magnetorheological texturing

M.C. de Graaf
Delft University of Technology, Mekelweg 2, 2628 CD Delft, the Netherlands

Abstract

Hydrodynamic bearings have superior wear behavior but still the lifetime of this concept is not infinite. Wear of
this bearing concept is generally caused by poor lubrication during high loading conditions or low speeds. This
wear gets especially troublesome when surface textures are used to improve lubrication that can get worn away
completely. The concept discussed in this work is that of creating the behavior of surfaces textures with the use
of a magnetorheological (MR) fluid. The fluid together with a local magnetic field can locally create solid like
behavior of the lubricant resulting in a so-called virtual surface texture that is not sensitive to wear.

This work presents several numerical simulations using different 2D fluid models incorporating an MR fluid.
A configuration of a step geometry using MR fluid shows an antisymmetric pressure distribution. This indicates
pressurization of the fluid which can result in a load carrying capacity. This demonstrates that it is possible to

create virtual surface textures using solely an MR fluid and a local magnetic field.

Keywords:

Magnetorheology, Hydrodynamic bearing, Tribology, Numerical simulation

1. Introduction

A hydrodynamic bearing is a type of fluid bear-
ing in which the load is supported by a thin layer of
rapidly moving pressurized liquid between the bear-
ing surfaces [1]. Hydrodynamic bearings use the
squeeze film principle or surface textures to pressur-
ize the fluid (a changing fluid film height). At lower
speeds hydrodynamic bearings have high wear and
short life. This high wear especially occurs during
starts and stops where the speed is not sufficient to
maintain the thin fluid film.

Surface textures can be used to pressurize the fluid
in hydrodynamic bearings. In [2] the friction charac-
teristic of a journal bearing with dimpled bushings is
investigated. These dimples contribute to the load car-
rying capacity and improve the frictional performance
of journal bearings. In [3]-[5] textured thrust bearings
are demonstrated. It is shown that the presence of
the textures can provide better lubrication efficiency
through both a reduction of friction and an increase in
load carrying capacity. Also there are hydrodynamic
bearings that utilize grooves textured in the bearing
faces in order to obtain a load carrying capacity [6, 7].
Nevertheless, at lower speeds, starts, and stops these
surface textures do wear down and the contribution to
the bearing performance is lost. Therefore a surface
texture is desired that is not sensitive to wear.

In the work of [8] a bearing is proposed where the
resistance is increased locally by using an MR fluid
and a local magnetic field. Here the resistance is mod-

Preprint submitted to Master of Science Thesis

ified locally in the lubricating film, however at a cer-
tain location in the lubricating film, the magnetic field
is uniform across the full film gap. This concept can-
not be used for textured hydrodynamic bearings, be-
cause for this a varying resistance over the bearing gap
is required.

The magnetic properties of a magnetic fluid are ob-
tained when particles that have magnetic properties
are suspended in a carrier fluid. The magnetic particle
material often used for an MR fluid is carbonyl iron
since this has a saturation magnetization equal to 2.1
tesla, the highest value of known elements [9]. MR
fluids can appear as a liquid but can also act solid, de-
pending on the strength of the magnetic field applied
to it. This solid phase is due to the attractive dipo-
lar forces between the particles that have been mag-
netized by the applied magnetic field. The strength of
the solid phase is caused by the formation of certain
structures by the particles, such as chain-like agglom-
erates (Fig. 1) [10]. The particles of MR fluids are
normally around the size of micrometers [11]. The
aggregation process for an MR fluid is more intense
in presents of a field, that is why their flow behavior
can be controlled [12].

In [14] a new concept of hydrostatic bearings is pre-
sented that is lubricated with an MR fluid. A constant
gap size for alternating payloads is achieved due to the
fact that when an MR fluid is exposed to an external
magnetic field the rheological properties change. In
[15] a test bench has been developed to demonstrate

January 14, 2019



Figure 1: Formation of chain-like agglomerates in an MR
fluid when subjected to a magnetic field.

that magnetic fluids can be used to develop active jour-
nal bearings. In [16] experiments are done with a con-
structed MR fluid film bearing. The dynamic proper-
ties of this bearing are evaluated both in its active and
its inactive state. What the former concepts all have
in common is that the magnetic field is constant and
applied globally and not locally.

Numerical simulations can be used to predict the
performance of MR fluid based applications. Litera-
ture reports several works in which a numerical simu-
lation is used for modeling an MR fluid. In [17] and
[18] only the magnetic field is considered for an MR
fluid brake and clutch. In [19] and [20] the flow of the
MR fluid is also considered but only at microscopic
level. In [21] a higher level model coupled with mag-
netic simulation is presented which successfully de-
scribes MR fluids behavior in flow mode. Considering
textured hydrodynamic bearings, using an MR fluid
in this application can be beneficial regarding wear
and controllability of these surface textures. For tex-
tured hydrodynamic fluid bearings using an MR fluid
a model regarding shear mode is required. In this
sense it is desired to create a model which can de-
scribe MR fluids at a higher level and in shear mode.

For a textured hydrodynamic bearing one surface is
moving tangentially relative to the other which results
in a shear flow (Fig. 2). In the situation that the fluid
has a constant yield stress across the full height of the
channel, either no flow or a complete Newtonian flow
happens. However, in order to create a solid part at
the bottom of the channel, the yield stress at the bot-
tom has to be higher than at the top of the channel.
This varying yield stress cannot be obtained with a
constant magnetic field. Now, a gradient in magnetic
field is required, which results in a decreasing yield
stress over the channel height.

A solid part at the bottom for the full length of the
channel, does not show a change in pressure distribu-
tion over the length of the channel. To obtain a pres-
sure distribution, only locally the channel must behave
as a solid while the other part of the channel behaves
as a fluid (Fig. 3). This creates a difference in fluid
transport along the length of the channel resulting in a
changing pressure over the length of the bearing. This
pressurization of the fluid results in a load carrying
capacity in a bearing [13].

In this paper it is demonstrated that these surface

T(x.y) u(x.y)
y
U —y L
\ T(ny) u(XaY)

Figure 2: Shear mode for a Newtonian fluid (top) and an MR
fluid (bottom) between two parallel surfaces where one sur-
face is moving relative to the other surface.

textures can be created with an MR fluid with a lo-
cal magnetic field. This is done with several numer-
ical simulations using different 2D fluid models. At
the end using a local magnetic field a configuration
of a step geometry using MR fluid is created. Over
this step an antisymmetric pressure distribution is ob-
tained that indicates pressurization of the MR fluid.
This step consists of the magnetic particles in the MR
fluid and these do not wear down and do not leave the
system.

2. Method

In order to create virtual surface textures with an
MR fluid, a non-Newtonian fluid model which is able
to describe the behavior of an MR fluid has to be vali-
dated. Therefore first a fluid model regarding the flow
mode is made. This is followed by a model which can
describe an MR fluid in shear mode. Finally a self cre-
ated magnetic field is applied locally in order to obtain
a virtual surface texture which is able to pressurize the
fluid.

2.1. Fluid model

A model that is used to describe these non-
Newtonian fluids is the Bingham model (Eq. 1 and
2) [22].

It > 7y (D)
I7l < 7 2

T=Ty+77Y,
=0,

Here 7 is the shear stress, 7, is the yield stress, n
is the viscosity, and ¥ is the shear rate. Compared to
the Newtonian model, it is seen that the shear stress
now dependents on the yield stress of the fluid. For
an MR fluid this yield stress is caused by a magnetic
field, and with a change in magnetic field this yield
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Figure 3: The step geometry (top graph) leads to a sawtooth
pressure profile (lower graph). The combination of a mag-
netic field and MRF (middle graph) also produces a similar
geometry and therefore pressure.

stress changes (Fig. 4). This yield stress causes the
solid phase of the MR fluid. The moment this yield
stress is exceeded, the MR fluid starts to flow just like
a Newtonian fluid.

Newtonian
Bingham plastic
i Bingham-Papanastasiou

Shear stress

Shear rate

/

Figure 4: Different models where the shear stress versus the
shear rate is shown. Here H, > H, and m is the regulariza-
tion parameter.

To simulate this behavior a numerical simulation
is made in COMSOL Multiphysics [23] where the
Bingham-Papanastasiou model is implemented [24].
The Bingham-Papanastasiou model proposes an ex-
ponential regularization for the Bingham model (Eq.
3).

=1,(1 =) + nyy 3)

Ty —mly
n=;(1—e )+ )

Here ng represents the viscosity when no magnetic
field is applied, and m is the regularization parameter.
The value of m controls the exponential growth of the
shear stress. The higher the value, the faster the shear
stress growths (Fig. 4). When there is no magnetic
field present, the yield stress in the fluid is equal to 0
and then the apparent viscosity (Eq. 4) is equal to the
viscosity when no magnetic field is applied, n = 1.

2.2. Flow mode with a constant yield stress

To validate the model used, first a pure pressure
driven flow (Poiseuille flow) is modeled using an MR
fluid for different yield stresses. For this the parame-
ters in [21] are considered. The dimensions used for
this model are normalized (Table 1). Here the height
of the channel is taken equal to 1, and the ratios be-
tween parameters used in [21] are used for further
parameterization. The simulation for the flow mode
evaluates the MR fluid for different yield stresses,
which correspond to a certain constant magnetic field.

Table 1: Normalized parameters from [21] used for simulat-
ing the MR fluid in flow mode

Parameters ‘

Channel (1xh) [L,,., - 7] 10x 1
Regularization parameter [m,,,, - h] | 1250
Viscosity [1,0m] 0.28
Pressure drop [Ap,om - (1/h)] 60

Yield stress [7,,,on, - (1/1)] 0,12,2,3

2.3. Shear mode with a varying magnetic field

Pure shear flow for both a Newtonian fluid and MR
fluid are seen in figure 2, this mode is also referred to
as Couette flow. In order to create a solid part at the
bottom of the channel, a varying yield stress is used.
In the model a linear decrease in yield stress over the
channel height is applied. For the model normalized
parameters are used (Table 2). To simulate the shear
mode the MR fluid is evaluated for different velocities
of the moving surface.

2.4. Step bearing configuration

Local solidification in the MR fluid is created with
a local magnetic field. To realize this an array of mag-
nets and metal blocks is used. Using different param-
eters (table 3) an environment is simulated represent-
ing a bearing consisting of 4 layers (Fig. 5). The MR



Table 2: Normalized parameters used for simulating an MR
fluid in shear mode.

Parameters ‘

Channel (1 x h) [L,,,., - ] 10x 1
Regularization parameter [m,,,,, - h] | 10*

Viscosity [77,0m] 1
Yield stress bottom [, ., - (1/h)] 1
Yield stress top [7y.0r, - (1/1)] 0

Surface velocity [u,,,,] o5

3 3
0° 10°

,2

[S]
e

[ Ferromagnetic Bl MRF140CG
I Magnet

[ Non-magnetic

Figure 5: An environment representing a bearing consisting
of 4 layers: 2 layers of metal, a layer containing square mag-
nets and metal blocks, and a layer of MR fluid. Here the top
metal surface represents the moving shaft and the bottom
two layers the fixed bearing surface.

Table 3: Normalized parameters used for simulating the MR
fluid MRF140CG

Parameters ‘

Channel (1x h) [L,,,, - ] 15x 1
Ferromagnetic layer (1x h) [L,,,,, - /] 15x1
Magnets (1 x h) [L,,., - 1]

Ferromagnetic blocks (1 x h) [L,,, - ]

Flux density [B,,., - (1/h)] 07
Regularization parameter [/, - 1] 10
Viscosity [17,0rm] 1

. 1 3 3 3
Surface VeIOCIty [um)rm] 100° 20° 10° 4°

fluid used is MRF140CG provided by Lord Corpora-
tion [25].

The magnetic field that is created is related to the
flow of the MR fluid. This means a relation has to
be found between the magnetic field strength and the
yield stress of the MR fluid which can be implemented
into COMSOL. In [26]-[31] different models and ap-
proaches are presented to obtain the yield stress de-
pending on the magnetic field. For the purpose of this

model the relation between yield stress and magnetic
field strength for MRF140CG is used. Implementing
this and coupling the fluid and magnetic analysis, the
behavior of the MR fluid is obtained. To simulate the
shear mode the MR fluid is evaluated for different ve-
locities of the moving surface.

Using this magnetic field, local solid zones are
formed, located where the shear stress is lower than
the local yield stress. These local solid zones act as
a virtual surface texture, and influence the flow of the
fluid and thus increase the pressure. To see if obtain-
ing a load capacity from this is an possibility with an
MR fluid, an antisymmetric pressure distribution over
the surface textures has to be obtained (Fig. 3). The
surface textures created have a step geometry. This
step geometry is represented by the solid part in the
MR fluid and can be created by a locally applied mag-
netic field.

3. Results and discussion

3.1. Flow mode with a constant magnetic field

The results for the velocity profiles for pressure
driven flow (Poiseuille flow) are seen in figure 6.
A parabolic velocity is observed for no yield stress
applied, and is becoming flatter for increasing yield
stress. No yield stress corresponds to the behavior of
a Newtonian fluid. The situations where a yield stress
is applied correspond to the behavior of an MR fluid
subjected to a certain magnetic field. This also applies
to results for the apparent viscosity, shear stress, and
shear rate seen in figure 7, 8, and 9 respectively.

Velocity profiles
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Figure 6: The velocity profiles for a Poiseuille flow of the
MR fluid for different yield stresses.

The results are as expected and correspond to the
results in [21]. For no yield stress the apparent vis-
cosity stays constant and the shear rate goes linearly
to zero in the middle all according to the Newtonian
model. For the MR fluid where a yield stress is ap-
plied different behavior is observed. In the regions
the yield stress exceeds the shear stress, the veloc-
ity is constant, the apparent viscosity increases, and
the shear rate is equal to zero. In these regions the
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Figure 7: The apparent viscosity for a Poiseuille flow of the
MR fluid for different yield stresses.
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Figure 8: The absolute normalized shear stress for a
Poiseuille flow in the MR fluid for different yield stresses.

MR fluid can be seen as one solid moving through the
channel. No change is seen in the shear stress which
is expected, only some irregularities are seen at some
points. These irregularities happen at the point where
the shear stress is equal to the yield stress applied in
the different situations. This position is the boundary
between fluid and solid.

3.2. Shear mode with a varying magnetic field

For shear mode the MR fluid is subjected to a vary-
ing yield stress in order to obtain the solid phase. In
figure 10 the results for the velocity profiles are seen

Shear rate over the normalized channel height

Normalized channel height

4 6
Normalized shear rate

Figure 9: The normalized shear rate for a Poiseuille flow in
the MR fluid for different yield stresses.

for different velocities of the moving wall using a lin-
ear decrease in yield stress over the channel height.
The results for the apparent viscosity, shear stress, and
shear rate are seen in figure 11, 12 and 13 respectively.
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Figure 10: The velocity profiles of the MR fluid for different
velocities of the moving wall.
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Figure 11: The apparent viscosity of the MR fluid for differ-
ent velocities of the moving wall.
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Figure 12: The normalized shear stress in the MR fluid for
velocities of the moving wall. Also the yield stress in the
fluid is plotted here, this one is the same for every velocity.

The applied yield stress has a large impact on the
velocity of the fluid, the apparent viscosity and the
shear rate. At the region the yield stress exceeds the
shear stress the velocity of the MR fluid is zero, the
apparent viscosity is high, and the shear rate is ap-
proaching zero. This indicates that in this region the
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Figure 13: The normalized shear rate in the MR fluid for dif-
ferent velocities of the moving wall.

MR fluid appears solid and a virtual surface texture
is created over the whole length of the channel. At
a higher velocity the impact of the yield stress is less
and the size of the virtual surface textures decrease.
This is because for higher velocities the shear stress
in the fluid is greater. The regions where the yield
stress is dominant over the shear stress are becoming
smaller and more fluid starts to flow. At one moment
the shear stress exceeds the yield stress completely in
the MR fluid and no solid phase is present. Still the
effect of the yield stress is seen in the velocity pro-
file. At the bottom of the channel the liquid is still
more viscous than at the top where it approaches the
viscosity of the MR fluid where a lower yield stress
is applied. This more viscous liquid results in more
resistance to flow and therefore no perfectly linear ve-
locity profile is obtained.

3.3. Step bearing configuration

The result for the magnetic field strength of the cre-
ated array is seen in figure 14. For this array a quite
evenly spread magnetic field strength is obtained. Us-
ing the metal blocks in between the magnets, the mag-
netic field is deflected and a high magnetic field is ob-
tained at the bottom of the channel. Due to this lo-
cal magnetic field a local solid part, a virtual surface
texture, is created in the middle of the length of the
channel (Fig. 15). In figure 16 to 19 the results for
the velocity profile, apparent viscosity, shear stress,
and shear rate respectively are seen. Everything is ob-
tained at the middle of the length of the channel.

The relation between the different results for a solid
part in the middle of the length of the channel (figure
16 to 19) is the same as for the results discussed for
where the solid part is present over the length of the
whole channel (figure 10 to 13). Although these rela-
tions are still there, compared to the earlier results the
velocity starts to increase less at the top of the chan-
nel, the shear stress is not constant anymore, and the
shear rate does not increase linearly because of the
not linear yield stress. Here the physics of a pressure
driven flow and shear flow are now combined. Due to

2

Figure 14: Simulated array of magnets and metal blocks.
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Figure 15: Solid part created in the middle of the length of
the channel at a velocity for the moving wall of 0.3.
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Figure 16: The velocity profiles of the MR fluid with a solid
part in the middle of the length of the channel for different
velocities of the moving wall.

the step, the fluid is pressurized which causes a shear
stress due to a pressure driven flow which is added
to the constant shear stress due to shear flow. This
should result in a linear decrease in shear stress over
the channel height. This trend is seen in with some
irregularities (Fig. 18). At the edges of the created
array the magnetic field strength is higher (Fig. 14).
Here the resistance to flow is higher than at middle of
the length of the solid part. This is what causes the ir-
regularities observed. This is also affecting the shape
of velocity profile and the shear rate.

The result for the pressure distribution over this vir-
tual surface texture is seen in figure 20. The pressure
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Figure 17: The apparent viscosity in the MR fluid with a solid
part in the middle of the length of the channel for different
velocities of the moving wall.

Shear stress over the normalized channel height

1F T 3
0.91 —0.01mis | ]
0.8- —— 0.15m/s b
0.7r — 0.3 m/s b
0.6 0.75 m/s T
0.5F —2m/s 1
0.4 — Yield stress | 1
0.3F B
0.2 B
0.1+ B

0 £ 1 -

1.2

Normalized channel height

Normallzed shear stress
Figure 18: The normalized shear stress in the MR fluid with

a solid part in the middle of the length of the channel for
different velocities of the moving wall.
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Figure 19: The normalized shear rate in the MR fluid with
a solid part in the middle of the length of the channel for
different velocities of the moving wall.

distribution obtained indicates that there is the pos-
sibility to create a load carrying capacity. Even when
the shear stress in the MR fluid exceeds the yield stress
(Fig. 18), and no solid part is present, a pressure dis-
tribution is observed (Fig. 20). This is because the
magnetic field still influences the viscosity of the MR
fluid. Instead of a solid part at the bottom in the mid-
dle of the length of the channel, a more viscous fluid
than in rest of the channel is observed. This means
that at the bottom the fluid flows with more resistance

than at the top which causes the observed pressure dis-
tribution. So even for this situation it is possible to
obtain a load carrying capacity.
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Figure 20: The normalized pressure distribution in the MR
fluid with a solid part in the middle of the length of the chan-
nel for different velocities of the moving wall.

4. Conclusion

A magnetic field that is constant across the film
height cannot be used to create a solid part in shear
mode. Therefore a magnetic field that varies across
the film height needs to be applied. For a fluid that is
depending on a magnetic field a solid part is created
at the bottom over the whole length of the channel,
where the yield stress is the highest. As a result to an
increase in velocity, this solid part decreases in size.

A virtual surface texture is obtained by applying a
magnetic field that varies across the film height locally
at the middle of the length of the channel. Due to
this surface texture a pressure distribution is obtained
which indicates that creating a load carrying capac-
ity is possible using an MR fluid. It is interesting to
note that for where the shear stress exceeds the yield
stress and no solid part is observed, still a pressure
distribution is obtained. This indicates that also a load
carrying capacity can be obtained if no solid part is
present. This is due to the more viscous MR fluid
at the location of the previous solid part resulting in
more resistance to flow.
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Abstract

Fluid bearings do have several disadvantages which have to be overcome. Some fluid bearings require an external
pump which is sensitive to failure, others have fixed surface textures which are sensitive to wear, especially during
starting and stopping. By applying a magnetic field the viscosity of a magnetorheological (MR) fluid can be
altered, up to the point it becoming a solid. Using an MR fluid in combination with a magnetic field, local and
controllable surface textures can be created which are less sensitive to wear.

In this work a proof of concept for a hydrodynamic thrust bearing lubricated with an MR fluid is modeled and
produced. For the models two mechanisms utilizing surface textures for pressure buildup in a lubricating film
using MR fluids are studied. The first uses local viscosity variation resulting in so-called virtual surface textures.
The second uses local sedimentation of magnetic particles in locations of higher magnetic field strengths resulting
in physical surface textures. The experimental results correspond to the situation where the magnetic particles
are completely sedimented. Here self-healing surface textures are created, over which the carrier fluid flows. The

carrier fluid is pressurized by these textures which results into a load carrying capacity.

Keywords:

Magnetorheology, Hydrodynamic, Tribology, Numerical, simulation

1. Introduction

To minimize friction and prevent wear are the main
reasons why lubricants are used in fluid bearings. In
fluid bearings the load is supported by a thin film of
fluid which is externally pressurized or which is pres-
surized by a rapid movement of the bearing faces. But
these lubricated bearings encounter different problems
[1]. Metal to metal contact cannot be avoided due to
a not sufficient oil pressure and viscosity at certain
working conditions or due to that the oil film thickness
breaks when the variation of the load and vibration ex-
ceed the acceptable level [2, 3]. In addition, a decrease
in viscosity and load carrying capacity is possible due
to the temperature increase of the lubricant during op-
eration. Smart fluids, like magnetic fluids, have the
potential to improve the performance and overcome
the drawbacks of fluid bearings [4, 5].

The magnetic properties of a magnetic fluid are ob-
tained when particles that have magnetic properties
are suspended in a carrier fluid. MR fluids are flu-
ids that can have a liquid behavior but can also act
solid, depending on the strength of the magnetic field
applied to it. MR fluids becoming a solid is due to the
attractive dipolar forces between the particles which
have been magnetized by the applied magnetic field
[6]. The strength of the solid phase is caused by the
formation of certain structures, such as chain-like ag-
glomerates. The aggregation process for an MR fluid

Preprint submitted to Master of Science Thesis

is more intense in presents of a field than for ferroflu-
ids, another well known magnetic fluid [7]. Due to
this more intense aggregation process the flow behav-
ior can be controlled [8].

In [9] an MR fluid film bearing is constructed,
which is capable of exciting the MR fluid. The pur-
pose is to evaluate the dynamic properties of this bear-
ing both in its active and its inactive state. In [10] a
virtual textured hydrostatic bearing is proposed where
the resistance is increased locally by using an MR
fluid and a local magnetic field. In [5] it is seen that
the critical pressures of the proposed thrust bearing
using a magnetic fluid are larger than those of the nor-
mal lubricated bearing under high speeds. In [11] it is
shown that the load capacity of a magnetic-fluid-based
porous inclined slider bearing is found to be greater
than the configuration using a conventional lubricant
seen in [12]. The research in [13] elaborated on [11]
considering a slider consisting of an inclined pad and
a flat pad. It was seen that the magnetic fluid increases
the load capacity, and does not alter the friction.

In [14]-[17] journal bearings lubricated with a fer-
rofluid are presented. There it is concluded that the
bearing performance is modified significantly, like in-
crease in stiffness and load capacity, but only only for
certain conditions. Far from these conditions, an in-
significant effect is obtained for the magnetic lubrica-
tion. In [18] it is investigated if magnetic fluids can
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be used as active lubricants in a hydrodynamic jour-
nal bearing, here both a ferrofluid and an MR fluid
are tested. It is seen that the rheological change of
the ferrofluid is negligible for the purpose of a tunable
lubricant. On the other hand, the MR fluid has good
potential to be used as an tunable lubricant. In [19]
an active hydrostatic bearing with MR fluid is pre-
sented. Here it is shown that the drawbacks (stiffness,
response time and variation in bearing gap) of conven-
tional hydrostatic bearings are overcome with the use
of an MR fluid.

Ferrofluids already show potential to overcome the
drawbacks of lubricated bearings, but seen is that the
tunability is low and it only works for certain condi-
tions. Therefore it is beneficial to look into MR fluids
and their application to overcome the drawbacks of
wear present in lubricated bearings. The MR fluid to-
gether with a local magnetic field can locally create
solid like behavior of the lubricant resulting in surface
textures that are not sensitive to wear.

In this paper three different designs of hydrody-
namic thrust bearings lubricated with an MR fluid are
considered. All of the designs are numerically mod-
eled and experimentally measured. The designs are
modeled for the case that the particles stay completely
in suspension and for the case that the particles show
complete sedimentation, resulting in virtual and phys-
ical surface texturing respectively. Comparing the re-
sults of the model with the results of the experiments
demonstrates which situation is likely to occur.

2. Method

First the model for perfect mixture resulting in vir-
tual surface texturing is discussed followed by the
model for complete sedimentation resulting in phys-
ical surface texturing, at last the experimental set-up
is discussed. The models and proof of concept consist
of several layers. In figure 1 a top view configuration
is seen of the layer containing the magnets. Here 6 is
the angle under which the magnets lie, r is the radius
of the bearing, [ is the length of the magnet, and b is
the width of the magnet. In figure 2a the cross section
at location A-A in figure 1 is seen for the model used
for perfect mixture. In this figure every layer used in
the model is shown. In figure 2b the cross section is
seen for the model used for complete sedimentation.
Here the MR fluid film now consists of steps created
by the sedimented magnetic particles over which the
carrier fluid flows. In this model only the fluid film
containing the steps is considered. The proofs of con-
cept only consist of the layers below the MR fluid in
figure 2.

In the numerical simulations a vapor pressure equal
to 1 atmosphere is used. Here the vapor pressure as re-
lating to cavitation refers to the vapor pressure in equi-
librium conditions. Without cavitation for § = 0, the

negative pressure and the positive pressure will cancel
out. However, due to the release of gas entrained in
oil, the negative pressure cannot be lower than vapor
pressure. In most cases the vapor pressure is nearly
ambient due to long time exposure to air [20]. For
this reason the vapor pressure is taken equal to 1 at-
mosphere.

Figure 1: Configuration of the magnets used in the numerical
simulations and proofs of concept.

== Ferromagnetic
mm Magnet i
— Non-magnetic

== MRF122EG
== Magnetic particles
— Carrier fluid

(b)

Figure 2: 2D section at location A-A in figure 1 of the geom-
etry used in the numerical simulation. (a) Perfect mixture.
(b) Complete sedimentation.




2.1. Model for perfect mixture

A three-dimensional numerical simulation in
COMSOL Multiphysics [21] is made. This is done
taken into consideration that on this model a proof
of concept can be based. A model that is used to

describe these non-Newtonian fluids is the Bingham
model (Eq. 1 and 2) [22].
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Here 7 is the shear stress in the fluid and ¥ the
shear rate. In the Bingham model the shear stress
is dependent on the yield stress of the fluid. For
an MR fluid this yield stress is depending on the
magnetic field, the higher the magnetic field strength
the higher the yield stress. Using a local magnetic
field the viscosity and fluid pressure of the MR fluid
can be controlled locally. To simulate this behav-
ior the Bingham-Papanastasiou model [23] is imple-
mented in the numerical simulation. The Bingham-
Papanastasiou model proposes an exponential regular-
ization for the Bingham model (Eq. 3 and 4).
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Here 1o represents the viscosity for no applied
magnetic field, and m is the regularization param-
eter. The higher the value of m, the closer the
Bingham-Papanastasiou model follows the Bingham
plastic model. From this the apparent viscosity is ob-
tained (Eq. 4).

The model for the perfect mixture is build up out of
several layers representing a thrust bearing (Fig. 2a).
Two layers of ferromagnetic material, one contain-
ing the magnets, a non-magnetic layer separating the
magnets from the MR fluid, an MR fluid film which
in reality is surrounded by air but is not shown in the
figure, and a sliding top layer made of non-magnetic
material. The MR fluid used is MRF122EG provided
by Lord Corporation [24]. The parameters used in the
model can be seen in table 1.

For this model a combined study regarding mag-
netism and fluid flow is used. The magnetic field is
simulated for the whole domain. Given every part has
its own magnetic properties, a certain magnetic field is
formed. After simulating the magnetic field, the fluid
flow of the MR fluid is simulated. This is done only
for the domain where the MR fluid is present. Because
the viscosity is depending on the local magnetic field,
the results from the study regarding the magnetic field
across the film height are obtained beforehand. The
apparent viscosity (Eq. 4) is implemented in the sim-
ulation. Here it is seen that the yield stress depends

Table 1: Parameters used for simulating the perfectly mixed
MR fluid.

Parameters ‘

Outer diameter bearing 30 [mm]
Ferromagnetic layer thickness 2 [mm)]
Magnet (1xb x h) 7.5x1.1x1 [mm]
Remanent flux density of the magnet | 1.28 [T]
Separation layer thickness 0.15 [mm]

MR fluid film height 0.2 [mm]

MR fluid film diameter 20 [mm]

Air surrounding MR fluid thickness 0.2 [mm]

Top layer thickness 2.2 [mm]
Viscosity MRF122EG 0.086 [Pa-s]
Regularization parameter 1

6 0, 30, and 36 [degree]

on the magnetic field strength, which is obtained in
the study for the magnetic field. The relation between
the magnetic field strength and the yield stress for
MRF122EG is used. The shear rate, obtained in the
numerical simulation is a variable that is obtained dur-
ing the study for the fluid flow. The viscosity 779 and
the regularization parameter m are known constants.
The appropriateness of the chosen regularization pa-
rameter is checked with the results.

Bar magnets are used to create a magnetic field that
decreases across the height of the fluid film. Due to
the gradient in magnetic field strength, the effective
viscosity of the fluid appears to be higher at the bot-
tom. Near the magnets local surface textures are cre-
ated that influences the tribological performance. This
surface texture is used to pressurize the liquid and so
a load carrying capacity is obtained.

2.2. Model for complete sedimentation

In an MR fluid where the magnetic particles are
completely separated from the carrier fluid the mag-
netic particles cluster around the magnets. These ag-
glomerates of magnetic particles represent physical
steps, and these steps are simulated in a second model.
An approximation for the dimensions of these steps is
obtained in the previous model where a perfect mix-
ture is assumed. It is assumed that for > 1000 the
fluid appears solid. Based on this the steps are repre-
sented using rectangular blocks with a certain length,
width, and height equal to 7.5E-3 mm, 1.1E-3 mm,
1.8E-4 mm respectively. Using these dimensions the
particles occupy 19% of the volume. This corresponds
to the volume fraction of iron in MRF122EG. This
rectangular block is used to approximate the behavior
and see if it corresponds to the situation where the car-
rier fluid separates from the magnetic particles. These



steps are combined with a fluid that has the same vis-
cosity as for the carrier fluid of MRF122EG. This is
illustrated in figure 2b, a solid part representing the
steps over which an oil flows. These steps pressurize
the liquid and so a load carrying capacity is obtained.

In this model only the MR fluid film is simulated
using the same angles and dimensions as in the model
for perfect mixture. Now the particles are completely
sedimented and in the fluid film now physical textures
are present over which the carrier fluid flows. The
sensitivity for the dimensions and viscosity is consid-
ered in this model. A change in value of 10% for the
viscosity and dimensions of the step is implemented
to obtain the parameter which has the most significant
impact on the load capacity.

2.3. Experimental setup

Three proofs of concept seen in figure 3 are build up
similar to the model. The Anton Paar rheometer MCR
302 (Fig. 4) is used for the experiments. This rheome-
ter measures the normal force exerted on the parallel
plate spindle used. The dimensions of the rheometer
determine the diameter of the layer MR fluid, and also
the maximum dimensions of the magnets which have
to placed under this layer MR fluid. The diameter of
the spindle under which the MR fluid is captured is
equal to 20 mm.

Figure 3: Proofs of concept used for the experiments. Here
0 =0,0=30,and 6 = 36.

The proof of concept consists of 2 layers of 2 mm
thick steel, one of these layers containing 8 magnets,
a layer of 0.15 mm thick glass that separates the MR
fluid from the magnets, and several screws and bolts
to hold it together. Both the layers of steel are made
by laser cutting, where the bottom plate locks the pro-
totype in the rheometer and the top plate contains the
magnets. The magnets have a remanent flux density of
1.28 Tesla and the dimensions are 7.5x1.1x1 mm. Be-
cause the steel layer containing the magnets is 2 mm

Figure 4: The Anton Paar rheometer MCR 302 used for the
experiments and one proof of concept placed in the rheome-
ter.

thick, 2 magnets have to be stacked on top of each
other resulting in the total of 8 magnets.

The measuring position, which is equal to the fly-
ing height, is set using the rheometer. The proof of
concept is placed in the rheometer, then the zero-gap
is set in order to determine the position with respect
to the spindle. The rheometer lowers the spindle until
first contact is made, this position is equal to a height
of 0 mm. This is done without the presence of any
liquid.

During operation of the rheometer, the MR fluid
is captured between the glass and the spindle of the
rheometer. During the experiments the revolutions per
minute of the spindle is given as an input and the nor-
mal force acting on the spindle is given as an output.
A total of 10 measurements are done using an interval
of 10 milliseconds between data points, up to a total
of 1000 data points. In the end the average of these 10
measurements is taken.

3. Results and discussion

In figure 5 the results for the numerical simulations
can be seen. Here both the results for a perfect mix-
ture and complete sedimentation of magnetic particles
and carrier fluid are shown for 6 equal to 0, 30, 36 de-
grees and a flying height equal to 200 um. For perfect
mixture the yield stress in the MR fluid is in the or-
der of 10°. Using an exponential growth factor m = 1
the Bingham-Papanastasiou model follows the Bing-
ham plastic model down to a shear rate y = 10s7".
Shear rates lower than ¥ = 10s~! are assumed to be
of negligible influence to the solution. The shear rate
in the simulation is in order of 103, so this is a valid
assumption.



Numerical simulation results for 6=0
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Figure 5: Results for the numerical simulations. Here the
results for both perfect mixture and complete sedimentation
are shown.

For perfect mixture an exponential decay (increas-
ing form) in load capacity is seen for every configu-
ration. This is due to a trade-off between saturation
of the liquid (influencing the viscosity and the geom-
etry of the bearing), and the load capacity due to the
pressurization of the fluid for increasing velocity. At
low speed the viscosity of the fluid appears higher and
size of the textures are larger because of the lower
stresses. The moment the velocity increases, the vis-
cosity decreases and also the size of the textures de-
crease which results in a smaller increase in load ca-
pacity.

For complete sedimentation physical surface tex-
tures are implemented over which a fluid flows with
a viscosity equal to the viscosity of the carrier fluid.
This is used to approximate the behavior and see if
it corresponds to the situation where the carrier fluid
separates from the magnetic particles. Here a linear
increase for the load capacity is observed. This is due
to that now the geometry of the bearing is fixed and
the viscosity is constant.

In figure 6 the experimental results together with
the numerical results for complete sedimentation (Fig.
5) are seen for 6 equal to 0, 30, 36 degrees and a flying
height equal to 200 um. For the experimental results
the average of 10 measurements is shown for an in-
terval of 10 milliseconds between data points up to a
total of 1000 data points. A boxplot is shown to indi-
cate the sensitivity of the measurements.

At zero speed, already a normal force is obtained
due to the magnetization of the MR fluid. The appli-

Experimental results compared to model for 6=0
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Figure 6: Comparison of the experimental results to numeri-
cal simulations for complete sedimentation.

cation of an external magnetic field increases the pres-
sure inside the fluid after which the fluid is capable of
carrying loads as already seen for ferrofluid bearings
[25]-[28]. The local magnetic field has a strong effect
on the fluid and pressurizes the liquid resulting in a
load capacity at zero speed. Also the fluid shows vis-
coelastic behavior due to the higher viscosity of the
fluid at zero speed. This viscoelastic behavior results
in a stiffness depending on the magnetic field [29, 30]
resulting in a load capacity. For an increase in veloc-
ity the fluid is sheared and the viscosity decreases and
with it less elastic behavior is seen. The load capacity
increases at the point pressurization of the liquid due
to the rapid movement of the bearing faces overcomes
these effects.

It is observed that the experiments where 8 > 0
show similar behavior as for a fixed geometry with
a fluid flowing over it with a viscosity equal to 0.03.
Knowing that the viscosity of the carrier fluid is equal
to 0.03 it shows that there is the possibility that what
is measured is actually the carrier fluid separated from
the magnetic particles flowing over physical surface
textures created by the magnetic particles itself. At
first the vapor pressure is taken equal to the atmo-
spheric pressure, but for 6 equal to zero this shows dif-
ferent behavior. A lower vapor pressure significantly
lowers the value of the load capacity for 6 = 0. This is



due to the pressure distribution which is antisymmet-
ric for 8 = 0. For 6 > 0 the vapor pressure has a less
significant impact, because here the positive pressur-
ization is dominant. A lower vapor pressure is sim-
ulated which does correspond with the experimental
data of & = 0. Seen is that this new vapor pressure
which is close to 1 atm, still corresponds for 6 equal
to 30 and 36 degrees.

The impact of different parameters are considered,
these parameters are the width, length, and height of
the bearing, and also the viscosity of fluid flowing
over the steps. The impact is investigated for a change
of 10% for each parameter, and the influence on the
load capacity of the parameter which has the most sig-
nificant impact is obtained (Fig. 6). It is seen that for
6 = 0 the height of the step has the most significant
impact, besides the vapor pressure. For 6 equal to 30
and 36 the length of the step has to most significant
impact. The change in load capacity due to the vapor
pressure falls within these limits.

Observed is that the experimental results corre-
spond to the situation where the magnetic particles
are completely sedimented. This sedimentation is ob-
served after doing the experiments (Fig. 7). Clearly
the oil is separated and is laying on top of the mag-
netic particles, also oil is seen on the spindle. Already
in literature this separation of the carrier fluid from
the magnetic particles is observed. In [31] this phe-
nomenon is discussed using two terms, Fluid Particle
Separation (FPS) in combination with the clumping
effect. It is discovered that the magnetic particles of
the MR fluid are trapped in the forming chains of the
magnetic field, the so called clumping effect [32, 33].
Here the carrier fluid can still flow freely separately.
This effect occurs when for a longer period of time a
high magnetic field is applied [34].

Figure 7: Oil seen on the spindle and laying on top of the
magnetic particles after the experiments.

The FPS is linked to the clumping effect. Experi-
ments done in [35, 36] showed separation of the car-
rier fluid. This is caused by the distribution in mag-
netic field, the pressure that is build up due to squeez-
ing and changes in the chain structure of the magnetic
particles. From this study, it is concluded that the
fluid-particle separation phenomenon increased at low
carrier fluid viscosity, low compression speed, and

high magnetic field intensity.

It can be stated that during the experiments the par-
ticles form self-healing physical surface textures. The
agglomerated magnetic particles do not wear down
and do not leave the system. Over these textures a
fluid flows with a viscosity equal to the viscosity of
the carrier fluid (Fig. 8). At the top the MR fluid is
trapped between the bearing surfaces and no magnetic
field is applied, so the magnetic particles are evenly
spread over the volume. Then a magnetic field is ap-
plied to the MR fluid by adding permanent magnets
indicated with red in the figure. Near these magnets
the magnetic field strength is high and therefore ag-
glomerates are formed around the magnets. When
the velocity of the bearing is increased, some of the
magnetic particles further away from the magnets are
sheared off because here the magnetic field is not suf-
ficient to hold them in place. The magnetic particles
that are kept in place form steps that pressurize the
fluid. These steps are self-healing, because magnetic
particles are traded among these steps. A magnetic
particle sheared of from the previous step, fills a gap
in the following step and so the steps do not decay.

Figure 8: Illustration of the self-healing bearing.

4. Conclusion

It is concluded that a self-healing bearing is created.
The surface textures consists of the magnetic particles
over which the carrier fluid flows which is pressur-
ized resulting in a load carrying capacity predicted
with the numerical model for a complete sedimenta-
tion. Near the magnets the magnetic field strength is
high and therefore agglomerates are formed around
the magnets. During operation the magnetic particles
are traded among the created textures. These textures



are self-healing, because the magnetic particles do not
wear down and do not leave the system.
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Chapter 4

Discussion

An MR fluid is a type of smart fluid in a carrier fluid. When subjected to a magnetic field,
the fluid greatly increases its apparent viscosity, to the point of becoming a viscoelastic solid
(appendix A-1 to A-3). MR fluids are non-Newtonian fluids, therefore different models are
proposed to model the stress-strain relation in these fluids (appendix A-4). Currently MR
fluids bring great potential in many different applications, but still a lot is to be achieved in
the bearing technology (chapter 1). Despite years long of development, wear and lifetime of
bearings still occur to be big problems.

In fluid bearings (appendix A-5) the load is supported by a pressurized thin film allowing
lower friction, wear and vibration than many other types of bearings. Hydrostatic bearings
do rely on pumps which are sensitive to failure and contribute to the system energy loss.
Hydrodynamic lubrication (appendix A-6) is also used but at lower speeds, starts, and stops,
metal to metal contact in the bearing cannot be avoided. The variable rheological properties
of an MR fluid add an extra design variable to the system which increases the performance of
bearings. What former concepts discussed in literature (appendix B) all have in common is
that the applied magnetic field is constant and/or applied globally and not locally. They all
improve the performance to a certain extent, but do not discuss the wear which is generally
caused by poor lubrications during high loading conditions or low speeds. Therefore the main
focus is to consider the possibility of recreating surface textures that pressurize the fluid in
a hydrodynamic bearing in order to carry a load. These surface textures consist of magnetic
particles that do not wear down and do not leave the system.

In the first paper (chapter 2) several numerical simulations are developed using different 2D
fluid models incorporating an MR fluid in flow and shear mode, also referred to as Poiseuille
flow and Couette flow. For the flow mode (appendix D) succesfully a numerical simulation
(appendix E-1) is developed where the results correspond to the results in [16]. In this model
the Bingham-Papanastasiou model is implemented to model the non-Newtonian behavior of
an MR fluid. By applying a constant yield stress to the MR fluid a constant magnetic field is
simulated. The higher the yield stress, the bigger the region the shear stress does not exceed
the yield stress. In this region the MR fluid is in solid phase. This solid phase results in a
so-called plug flow at the center of the channel, which grows in size for increasing yield stress.

In the numerical simulation for the shear mode (appendix E-2) a varying yield stress is
required to obtain a solid part in the channel. This varying yield stress is linearly decreasing
over the channel height. Using this a solid part is created over the length of the channel.
Applying a higher velocity to the moving wall in the model, results in a smaller solid part.
This is because due the higher velocity the shear stress in the fluid increases. The region
where the shear stress exceeds the yield stress grows and less solid phase is seen.
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For the model regarding the step bearing configuration (appendix E-4) a local magnetic is
created (appendix E-3). Using the magnetic field created by the self created array combined
with the MR fluid MRF140CG (appendix I), locally a virtual texture is created (Fig. 4-
1). This solid part represents a step geometry which is used to pressurize the MR fluid. A
pressure distribution over the length of the channel is observed (Fig. 4-2). This pressure
distribution indicates that there is the possibility to create a load carrying capacity. Even
for where the shear stress does exceed the yield stress and no solid part is visible, a pressure
distribution is observed. This is due that the MR fluid is still more viscous at the bottom
of the channel. The flow resistance is higher at the bottom which results in the observed
pressure distribution.

Velocity surface over the channel for u = 0.3 m/s Pressure distribution over the normalized length of the channel
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Figure 4-1: Solid part created at the
middle of the length of the channel.

Figure 4-2: The normalized pressure dis-
tribution in the MR fluid with a solid part
in the middle of the channel for different
velocities of the moving wall.

The work done in the first paper is elaborated in the second paper (chapter 3). Here the
2D fluid models are used to create a 3D model. For this numerical simulation the MR fluid
MRF122EG (appendix J) is considered. In the configuration used the magnets lie under
a certain angle equal to 0, 30, and 36 degrees. The angle equal to 36 degrees is based on
the angle for which the highest load capacity is expected (appendix E-7). In one model it is
assumed that the magnetic particles are perfectly mixed with the carrier fluid (appendix E-5),
resulting in virtual surface textures. For this situation an exponential decay (increasing form)
in load capacity is obtained (Fig. 4-3). This is due the the trade-off between saturation of
the liquid (influencing the apparent viscosity and the geometry of the bearing), and the load
capacity due the rapid movement of the bearing faces. In the numerical simulation where it
is assumed that magnetic particles completely separate from the carrier fluid (appendix E-6)
a linear increase in load capacity is obtained (Fig. 4-3). Here the physical surface textures
that pressurize the fluid consist of the magnetic particles which are completely sedimented.
Over these steps a fluid flows of which its viscosity is equal to viscosity of the carrier fluid.

The proofs of concept are made using the same parameters as used for the 3D models. Using
these proofs of concept, an experimental set-up is made and experiments are done using
the Antor Paar MCR 302 rheometer (appendix F). The alignment error is also taken into
consideration, and it is expected that this will have no significant influence on the results
(appendix G). Observed is that the experimental results correspond to the situation where
the magnetic particles are completely sedimented (Fig. 4-4). This sedimentation is seen after
doing the experiments. Clearly the oil is separated and is laying on top of the magnetic
particles and also oil is seen on the spindle (appendix H). It can be stated that during
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Figure 4-3: Results for the numerical simulations. Here the results for both perfect mixture and
complete sedimentation are shown.

the experiments the particles form self-healing physical surface textures. The agglomerated
magnetic particles do not wear down and do not leave the system. Over these physical
textures a fluid flows with a viscosity equal to the viscosity of the carrier fluid (Fig. 4-5). The
magnetic particles are kept in place by the magnetic field and form steps that pressurize the
fluid. These steps are self-healing, because magnetic particles are traded among these steps.
A magnetic particle sheared of from the previous step, fills a gap in the following step and so
the steps do not decay.

Experimental results compared to model for 6=0 Experimental results compared to model for 8=30 Experimental results compared to model for 6=36

04 1
0.35 Error due height Error due length H 09 Error due length T
- --Cut-off=1atm -7 - --Cut-off =1 atm . .4 - --Cut-off =1 atm Ve
— 03[ |—Cut-off =0.965 atm - ——Cut-off = 0.965 atm — 08/| —Cut-off = 0.965 atm P
Z ——Experimental data - ——Experimental data i Z 0.7} |—Experimental data
025 .- . = T
e : £0s6 142 +
1 805 4
. i 1 Soa 5
- - T <) 1
Lt -
=) = 1 — 02 T 1
1
1 0.1
-~ 0
01 50 200 400 600 800 1000 0 50 200 400 600 800 1000 50 200 400 600 800 1000
Speed [rpm] Speed [rpm] Speed [rpm]

Figure 4-4: Comparison of the experimental results to numerical simulations for complete sedi-
mentation..

Figure 4-5: lllustration of the self-healing bearing.
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Chapter 5

Conclusions

In this thesis the possibility of using MR fluids in fluid bearings is considered. Because fluid
bearings still encounter several problems regarding wear and lifetime, magnetic fluids could
be used to improve the performance. The goal was to develop a fluid bearing using an MR
fluid to solve the different problems seen currently regarding wear and lifetime. Here the most
important conclusions are summarized.

5-1

Literature

Here the main conclusions are presented considering information found in literature.

5-2

Despite years long of development, wear and lifetime of bearings still occur to be big
problems.

Fluid bearings allow lower friction, wear and vibration, but still require external pres-
surization or significant wear occurs at lower speeds, starts, and stops.

Magnetic fluids have the potential to improve the performance of fluid bearings due
their variable rheological properties.

The tunability for the rheological properties of ferrofluids is low and currently the load
capacity is limited.

Due the more intense aggregation process in an MR fluid the flow behavior can be
controlled.

The variable rheological properties of an MR fluid add an extra design variable to the
system which can be used to increase the performance of fluid bearings.

The resistance in a bearing can be increased locally by using an MR fluid and a local
magnetic field.

Currently MR fluids are only applied in combination with a constant magnetic field.

Magnetorheological texturing

Here the main conclusions are presented considering the research on the possibility of creating
surface textures using an MR, fluid.

A constant yield stress cannot be used to create a solid part in shear mode.

A varying magnetic field is required to obtain a solid part in the MR fluid in shear
mode.

A virtual surface texture in the MR fluid can be created using a local varying magnetic
field.

This virtual surface texture pressurizes the MR fluid which indicates that creating a
load carrying capacity is possible using an MR fluid.

A pressure distribution is also obtained for no visible solid part.

The pressure distribution for no visible solid part remains constant for higher velocities.
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Conclusions

5-3

Self-healing bearing

Here the main conclusions are presented considering the research on the self-healing hydro-
dynamic thrust bearing using an MR fluid.

For a perfectly mixed MR fluid combined with a local varying magnetic field virtual
surface textures are created.

The virtual surface textures result in an exponential decay (increasing form) in load
capacity.

The size of the virtual surface textures for a perfectly mixed MR fluid decreases in size
for increasing velocity.

For a completely sedimented MR, fluid combined with a local varying magnetic field the
physical surface textures result in a linear increase in load capacity.

e The experimental results do correspond with the situation of complete sedimentation.
e The experimental results show a load capacity at zero speed due the magnetization of

the MR fluid.
A self-healing hydrodynamic thrust bearing is created.
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Chapter 6

Recommendations

The results are already promising, but more research can be done to extend on this. Based on
the new knowledge gained in this research several recommendations can be made for further
research. Now only a proof of concept is made which demonstrated the possibility of creating
physical surface textures using an MR fluid. The technology is in a too early stage to make it
successful in industry and has to be developed furthermore in order to make it more attractive.
This can be done by a possible bachelor project regarding some fundamentals of MR, fluids
influencing the performance of the bearing. More work can be done by possible master
projects regarding modeling and a new demonstrator. When this is all done successfully and
the results are promising, the next step towards industry is possible.

6-1 Fundamentals of the MR fluid (Bachelor project)

Investigation of the fundamentals of MR fluids can be done in a bachelor project. This can
be done by making a simple set-up where different magnets in combination with different MR
fluids can be tested, observing the behavior. The findings can be used in master projects in
order to more efficiently model and experimentally validate different configurations. Taking
this into consideration the following recommendations are suggested.

e Investigate the application of a ferrofluid based MR fluid [22].

e Investigate the material and magnetic properties of MR, fluids.

e Investigate what parameters influence the sedimentation/diffusion of the magnetic par-
ticles.

6-2 Modeling of the MR fluid (Master thesis)

Making a good model can save time in optimizing the bearing configurations. This can be
done in a master project implementing the findings in this thesis. Complete models can be
optimized and used for designing a new demonstrator in which more configurations can be
implemented. Taking this into consideration the following recommendations are suggested.

e Include the load capacity obtained at lower speeds due magnetization of the MR fluid
in the models.

e Model the MR fluid as a thin-film flow combined with a modified Reynolds equation.

e Investigate the influence of material and magnetic properties of the MR fluid used on
the performance of the bearing.

e Model the formation of the textures due sedimentation/diffusion in the fluid.

e Model a journal bearing using magnetorheological texturing.

e Make a complete model of the bearing which can be used for optimization.
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6-3 Demonstrator using an MR fluid (Master thesis)

Disposing of a good demonstrator different concepts can easily be tested. In this demonstrator
different configurations of magnets and different MR fluids can be tested resulting in different
load carrying behavior. The performance of these configurations can be investigated also
regarding friction, vibration dampening characteristics, and bearing life. Taking this into
consideration the following recommendations are suggested.

e Design a new demonstrator in which the dimensions are not that limited and more
configurations can be tested.

e Integrate different configurations of the magnetic field resulting in different configura-

tions of self-acting hydrodynamic bearings.

Investigate the amount of friction created during operation, especially at lower speeds.

Investigate the vibration dampening characteristics in the bearing using an MR fluid.

Investigate the bearing life and main causes of failure.

Investigate the possibility to create virtual surface texturing instead of physical surface

texturing.

e Implement a magnetic field that can be altered during operation in order to have active
control over the performance of the bearing.

If the results are promising after testing different configurations taking the material and
magnetic properties into consideration, the next step towards industry can be made. Now
enough knowledge is developed in order to be able to make a first prototype. This can be
done in collaboration with a company which is familiar with bearing technology. Especially
successfully implementing the recommendation "Implement a magnetic field that can be altered
during operation in order to have active control over the performance of the bearing.” can be
a huge selling point. Developing a prototype on a larger scale than done in research, possibly
implementing the active control, can bring this technology to industry.
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Literature

A-1 Magnetorheology

The magnetic properties of a magnetic liquid are obtained when particles that have magnetic
properties are suspended in a carrier fluid. The most often used magnetic particle material
for an MR fluid is iron, this is because the saturation magnetization of iron is 2.1 Tesla, this
is the highest value of known elements [42]. This high saturation magnetization increases
the maximum magnetorheological effect, this is due to the increase in maximum inter par-
ticle attraction. To achieve a stable suspension, the particles have to be protected against
agglomeration due to van der Waals interaction. This stability can be achieved by coating
the particles with long chained organic molecules as seen in figure A-1 or by electric charge
stabilization [46]. Nonetheless mixing these particles in the carrier fluid can cause formation
of clusters of these particles or the particles have the tendency to settle out of the fluid and
come to rest against a certain barrier. This behavior will not be seen when the thermal energy
of the particle will be in the same order of magnitude as the gravitational and magnetic energy
of the particles [34]. Also a way of improving the stability is using additives. To enhance the
redispersibility of MR fluid oleic acid can be used, but this cannot prevent particle settling.
To counter the particle settling silica nanoparticles can be added, but this again makes the
redispersion extremely difficult [30].

magnetic particle

surfactant

Figure A-1: A schematic view of the coated magnetic particles in a ferrofluid. Picture from [46].

MR fluids are fluids that can have a liquid behavior but can also act solid, depending on
the strength of the magnetic field applied to it. If we look at ferrofluids it is seen that
these fluids do not get as ’solid’ as the MR fluids. MR fluids becoming a solid is due to the
attractive dipolar forces between the particles which have been magnetized by the applied
magnetic field. The strength of the solid phase is caused by the formation of certain structures
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by particles, such as chain-like agglomerates [45] as schematically shown in figure A-2. An
essential difference between ferrofluids and MR fluids is the size of the magnetic particles,
where the particles of ferrofluids go up to 15 nanometer and of MR fluids are normally around
the size of micrometers. Furthermore, the magnetic moment of the particles for an MR fluid
is induced by the magnetic field, where the particles for a ferrofluid have permanent dipole
moment. Also the particles for a ferrofluid perform intens thermal motion which limits the
agglomerate formation, therefore there is no significant change in flow behavior when a field
is induced. This aggregation process for an MR fluid is more intense in presents of a field,
and that is why their flow behavior can be controlled [30]. These fluids are very attractive for
applications in the industry, because the viscosity can easily be controlled by the application
of a magnetic or electric field. For example it is really useful for damping as discussed before,
or bearings where now the fluid is of constant viscosity.

Figure A-2: Schematic overview of the formation of chain-like agglomerates when a magnetic
field is applied. On the left there is no magnetic field applied and the MR fluid acts as a fluid.
On the right a magnetic field in the direction of the arrow is applied, where the MR fluid acts as
a solid.

A-2 Viscosity properties

Assuming a fixed magnetic moment within the particles and no interaction between the
magnetic particles, applying a magnetic field to a MR fluid will cause the magnetic particles
in the fluid to align in the direction of the magnetic field due to an alignment torque. This
will increase the viscosity of the fluid (figure A-3). If a perpendicular shear force is applied
to the field, an additional torque will be created which will reduce the effectiveness of the
alignment torque which is now counteracted. Increasing the magnetic field will increase the
alignment torque which increases resistance to the torque created by the shear stress. All in
all, the free rotation of the particles is hindered and this causes the observation of increase in
viscosity [34]. This is called rotational viscosity and can be expressed as in equation A-1 [46,
29].

n=m(l+29) (A1)

Equation A-1 only is valid when there is no field present (An = 0) and is called the Einstein
formula where 7y [Pa-s] is the viscosity of the carrier fluid and ¢ is the volume concentration
including the surfactant. When there is a field present, An is no longer equal to zero and the
relation in equation A-2 is obtained:

3 ~a — tanh(«)

- 5 .
n=mno|l+ §<l5 + §¢m3m (B) (A-2)
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Figure A-3: The magnetic moment in the particle will align with the externally applied magnetic
field which causes higher shear load. Picture from [48].

Here « is the Langevin parameter, 3 [rad] is the angle between the magnetic field and vorticity.
The Langevin parameter shown in equation A-3 is the ratio of magnetic and thermal energy
of the particles, and is used in the Langevin formula to calculate a theoretical magnetization
curve [19]. If an appropriated model of inter particle interactions is chosen, this theoretical
magnetization curve will agree with the experiments.

o — pomH
kT

(A-3)

Here po (= 47 - 1077 [N/A?]) is the permeability of vacuum, m [N-m/T] is the magnetic
moment, H [A/m] is the magnetic field strength, kp (= 1.38064852 - 10~2 [J/K]) is the
Boltzmann’s constant and 7' [K] the absolute temperature. As discussed before, applying a
magnetic field will cause the magnetic particles in the fluid to align in a certain way. This
alignment can be caused by one of the two processes: the Neel relaxation or the Brownian
relaxation. For the Neel relaxation the particle itself is static, and therefore the magnetic
moment which is inside the particle will align with the magnetic field. For the Brownian
relaxation the magnetic moment inside the particle stays static instead of the particle itself,
and so the particle aligns with the magnetic field. Both these processes have a time constant
shown in equation A-4 (Neel) and A-5 (Brownian), and the process with the smallest time
constant will occur [44].

1 Ev
TN = —ekBT (A-4)
Jfo
_ 3‘777
B = TBT (A'5)

Here fy [Hz] is the Larmor frequency of the magnetic moment in the anisotropy field of the
particle, K is the anisotropy constant of the particles, V' [m?] is the volume of the magnetic
core, and V [m?] is the volume of the particles including the surfactant layer. It is seen that
for the Brownian relaxation the time constant is linearly dependent on the volume, where the
Neel relaxation is exponentially dependent on the volume of the particle. This exponential
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behavior causes the time constant of Neel to be higher after a critical size of the particle, this
is shown in figure A-4.

108
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T
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Figure A-4: Neelian and Brownian relaxation process as function of the diameter of the magnetic
particle. Picture from [44].

As seen in figure A-4, when the diameter of the particle is around 13 nm the Brownian
relaxation will dominate because of its smaller time constant, this diameter is called the
critical diameter [44]. In figure A-5 the classification of magnetic fluids is seen [21]. The
typical diameter of the particles in magnetorheological fluids are from 1 to 100 um, preferably
in the range of 1 to 10 pm. Particles larger than 100 pm can cause increased friction and
accelerated wear [65, 23].

If ferrofluids are considered, the Neelian relaxation will dominate because here the particle
size is below the critical diameter. Only a little part of the conventional ferrofluids will be
influenced by the Brownian relaxation.
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Figure A-5: Classification of magnetic fluids.

As stated before it is seen that the time constant for both the Brownian relaxation and
the Neelian relaxation depend on a volume. For Brownian it is the volume of the particles
including the surfactant layer, for Neelian it is the volume of the magnetic core. But the
difference is that Brownian depends on the viscosity 7 of the fluid, where Neelian depends
on the anisotropy constant K of the particles. Commonly the Neel particles and Brownian
particles are called magnetically weak and magnetically hard particles respectively.
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Additionally in figure A-6 experimental data of APG513A is shown and it shown that the
increase of viscosity significantly depends on the shear rate. This cannot fully be explained by
the theory of rotational viscosity, and therefore the term magnetoviscous effect is introduced
[45]. This term is used to indicate concentrated suspensions, where inter particle interaction
plays a significant role. For highly diluted suspensions with negligible particle interaction the
term rotational viscosity will be used. From the experiments it is assumed that the leading
component in the description of magnetoviscosity is the formation of chain-like aggregation
or clusters of particles under the influence of a magnetic field. The strong increase of viscosity
with the magnetic field strength is assumed to be caused by the hindrance of rotation of these
agglomerates. Furthermore observed decrease in viscosity under shear strain can be explained
by the rupture of the chains in a shear flow [47].

A model presented in [59] is used to investigate the influence of particle size distribution for
the flow behavior of a magnetic fluid. Here it can be observed that not magnetically weak,
but magnetically hard particles show an strong enough inter particle interaction to contribute
significantly to a chain formation explained before.
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Figure A-6: The change of viscosity as a function of the magnetic field strength is shown of the
APG513A for various shear rates. Picture from [45].

The appearance of the chain-like agglomerates that cause this magnetoviscous effect can be
linked to the interaction parameter shown in equation A-6 [46]:

2
po MgV
A= ———— A-6
24kpT (A-6)
Here My [A/m] is the spontaneous magnetization of the magnetic material. The chain-like
aggregation will appear if this parameter is greater than one. For magnetic fluids there is the
possibility that the particles are coated, this requires a modified interaction parameter which

is as following [59]:
J 3
A= A A-
(d + 23> (A-T)

Here s [m] is the parameter that represents the thickness of the surfactant layer and d [m] is
the diameter of the particle. In figure A-7 the modified interaction parameter is shown for
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particles with a diameter larger than 13 nm, the critical diameter. For these particles the
parameter clearly exceeds 1, this is because of the strong magnetic dipole interaction.

1 | 1 1 1
10 12 14 16 18 20
d [nm]

bd
b

Figure A-7: The modified interaction parameter for particles with a 2 nm thick surfactant as a
function of the particle diameter. Picture from [46].

Furthermore there is the Mason number, this number describes the viscosity changes against
the relation of shear stress to magnetic interaction forces [39]. This Mason number is defined
for electrorheological suspensions, where the electrostatic polarization forces and hydrody-
namic forces are the main forces that govern the behavior. Considering this, the Mason
number is defined as in equation A-8 [32].

FH ey
Mn=°"-"r = _ ¢ A-8
"=TFE 2ep€c 32 B2 (A-8)

Here ¢ (= 8.854210-107!2 [F/m]) is the permittivity of free space, €. is the relative dielectric
constant of the continuous phase, 3 is the relative polarizability, E [V /m] is the applied electric
field strength, 7. [Pa-s] is the viscosity of the continuous phase, and % [s~!] is the macroscopic
shear rate. In [32] an experiment is done where the relative viscosity as a function of 4 for
different currents was obtained as shown in figure A-8. Here the different currents indicate
the different magnetic field strengths.

Using this experimental data and direct substitution of the magneto statics variables for

electrostatic variables initially the Mason number for MR suspensions is defined as in equation
A-9:

Ny
MnH)= ——— A-9
n< ) 2”0#06]2\/1112 ( )

Here fi. is the relative permeability of the continuous phase, and Syar = (1 — )/ (ptp + 24tc)
where fi, is the relative permeability of the particle material. In [32] it is shown that shear
viscosity data at various shear rates and magnetic field strengths do not collapse to the
function shown here above. It appears that this is in part caused by nonlinear particle mag-
netization. What is done instead is that a Mason number defined in terms of the suspension
magnetization M [A/m] is more useful and is seen equation A-10.
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absence of an applied magnetic field.
Picture from [32].

2 42
Mn(M) = My

 2popc(M)? (A10)

Here ¢ represents the volume fraction of the magnetic particles. It is noted that every term
in equation A-10 can be measured experimentally. In figure A-9 the experimental data is
shown where the suspension magnetization was measured experimentally. The data collapses
on to a single curve for all volume fractions. Now that these results are obtained, to describe
the relation between the shear rate and field strength of the apparent viscosity of an MR
suspension requires relatively few experiments.

A-3 Magnetic properties

The magnetic particle with relative magnetic permeability p, that is suspended in a non-
magnetic fluid experiences a magnetic moment according to equation A-11 [45].

m = drpop s Ba® Ho (A-11)
Here 11y is the relative permeability of the fluid, a [m] is the radius of the particle, Hy [A/m]
is the external magnetic field and 8 = (up — puf)/(pp + 241¢). When the relative permeability
of the fluid is greater than that of the particle, there is the case of an inverse magnetic fluid
[17]. Equation A-11 is the magnetic moment just for one particle and it can be used to obtain
the interaction energy between two particles within the carrier liquid seen in equation A-12.

w

1 (mamg _ 3(ma7")(m/ﬂ“)> (A-12)
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Here r [m] is the separation vector between the centers of the two particles, and m, & mg
are the magnetic moments of the different particles. The ratio of this interaction energy to
kT is related to the certain formation of particles. This is called the interaction parameter
shown in section A-2. To reach equilibrium in the structuration of an MR fluid, the way of
increasing the magnetic field is important. Increasing the field too quickly will cause formation
of labyrinths, but increasing it slowly will cause formation of separated columns [20, 41].

If the concepts of magnetism are considered the following parameters are important, the
magnetic field strength H, the magnetic flux density B and the magnetization M. The
magnetization is defined as the magnetic moment per unit volume [31]. The interpretation
of B and H used is according to Faraday and Maxwell, H is the primary magnetic field that
causes the field B in magnetizable matter [53]. In essence it can be said that the magnetic
field strength is a measure of the force in free space, at contact surfaces with materials the
experienced force is maximum. Over the distance of this material the force decreases, this
is characterized by the magnetic flux. The relation between the three parameters is as in
equation A-13:

B = po(H + M) (A-13)

The direct relation between the magnetic field and the magnetic flux density is seen in equation
A-14.

Where u = p,pp and the relative permeability is denoted with p,.. This relative permeability
is the ratio of the permeability of a specific medium to the permeability of free space and it
is related to the magnetic susceptibility x as in equation A-15.

wr=14+x (A-15)

This magnetic susceptibility indicates whether a material will be attracted to a magnetic field
or will be repelled by the magnetic field. The magnetic susceptibility can be calculated with
the use of a SQUID (Superconducting quantum interference device). With this device the
hysteresis loop can be measured and from this the susceptibility can be calculated, using that
magnetic susceptibility is the ratio between the magnetization of the material and the applied
magnetic field strength: x = M/H [9].

Also with the susceptibility it can be indicated whether a material is paramagnetic or diamag-
netic. A positive value of the susceptibility indicates that the material is paramagnetic, and a
negative value of the susceptibility indicates that the material is diamagnetic [31]. The param-
agnetic materials are the ones that will be attracted by an externally applied field. Internally
induced magnetic fields will be in the direction of the applied magnetic field. Diamagnetic
materials will be repelled by externally applied magnetic fields and internally there will be a
formation of induced magnetic field opposite to the direction of that applied magnetic field.
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A-4 Magnetization model for an MR fluid

Different models are used for magnetic fluids. For ferrofluids the Newtonian model, 7 = 0%,
is used [1]. Here 7 is the shear stress, n the dynamic viscosity, and 4 the shear rate. For
MR fluids this model is insufficient and a more complex model is used for example Bingham
plastic [8], T = 7, + 1}, and Herschel-Bulkley [23], 7 = 7, + K4™. In [66] the herein-proposed
magnetization model is developed to extend these models to describe the behavior of MR
fluids. When the shear stress exceeds the yield stress, the Bingham plastic model assumes
that the viscosity remains constant. The possibility is that this is not the case because of the
shear-thinning/thickening effect, therefore the Herchel-Bulkley is introduced to incorporate
this [7]. This effect is incorporated in the flow index n, for n < 1 the fluid is shear-thinning,
and for n > 1 the fluid is shear-thickening, this can be seen in figure A-10. Furthermore the
Bingham-Papanastasiou, 7 = 7,(1 — exp(—m+~)) + 77, can be used to model the magnetic
behavior.

Comparison of different magnetization models
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Figure A-10: The Herschel-Bulkley, Bingham plastic, and Bingham-Papanastasiou models com-
pared to each other.

In figure A-10 the 3 main magnetization models are shown and compared to each other. It is
seen in the figure that for the Herschel-Bulkley model shear-thinning and shear-thickening are
incorporated. When n is equal to 1 and K is equal to the 7, the Herschel-Bulkley will follow
the Bingham plastic model. For numerical simulations these two models can be difficult to
implement because for 4 = 0 the shear stress has two values, 7 = 0 and 7 = 7,. This is not
the case for the Bingham-Papanastasiou model.

A-5 Fluid bearings

In this section categories in lubricated bearings will be discussed, the working principles and
how they generally are designed. First a general introduction will be given, this will be
followed up by a discussion about hydrostatic and hydrodynamic bearings.

A-5-1 Lubricated bearings

The biggest problem seen in systems which contain moving components is wear which is
caused by contact between the bearing faces, this can lead to different failure modes. To
avoid this the use of proper lubrication is very important. Two main bearings that can work
with lubrication are the journal bearing and the thrust bearing, both are rotary bearings.
The journal bearing is simply a shaft rotating in a bearing, where the shaft and bearing
are separated by a layer of lubricant. Commonly they are used for supporting radial loads.
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Thrust bearings are designed to support a predominately axial load. For this also lubricants
can be used, which can support the axial thrust when pressurized. A few advantages of using
lubricants are that they provide damping, reduce noise and reduce transmitted vibration [38].

In figure A-11 the Stribeck curve is shown which is used to describe the friction properties
between two surfaces, for example for the hydrodynamic bearing which will be in the right
region which describes fluid friction. The left region is for solid/boundary friction and the
middle region for mixed friction [58]. For an MR fluid the viscosity can be altered by altering
the magnetic field, this means the value of the Hersey number can be altered also.

)

T

-

v d

Friction coefficient p

Boundary Mixed Full-film lubrication
(Elastohydrodynamic or hydrodynamic)
-

Hersey number #N/P

Figure A-11: Stribeck curve with the dimensionless lubrication parameter, the Hersey number,
where 7 [Pa-s] is the dynamic viscosity, N [m/s] is the sliding speed, P [N] is the projected load.
Picture from [24].

A-5-2 Hydrostatic bearing

If the purpose of bearings is considered it can be said that the main function of a bearing is
to provide accurate movement between supported and supporting members. This movement
is with low frictional resistance in the moving direction and good stiffness and damping in
the supporting direction. In figure A-12 the basic working principle of a hydrostatic bearing
is shown. First there is a constant pressure supply system which relies on a hydraulic pump
that supplies the lubricants through a flow restrictor. Besides this, there also is a constant
flow supply system which relies on a constant flow pump. In figure A-13 three structures
are shown where hydrostatic bearings are based on, the journal bearing [51] which usually is
combined with thrust bearings, and the linear guide way [57]. The advantage of a pressurized
lubricant supply is that it can suppress lubricant heating and viscosity loss and it prevents
contact between the brush and shaft of the bearing during starting and stopping [56].

There are different lubricant supply methods which will all influence the hydrostatic bearing
static stiffness differently as seen in figure A-14. In practical use the constant flow supply
system is not that common, because it requires expensive peripheral equipment [3]. Also for
this system the load-carrying capacity and stiffness also change due to change of viscosity
of the lubricant. For constant pressure systems the hydrostatic bearing stiffness strongly
depends on the flow restrictor [5]. These bearings are designed for high stiffness and low
energy consumption and this stiffness depends on the characteristics of the flow, the lubricant
supply pressure, the geometry of the hydrostatic pad, compensator, and bearing clearance.
By optimizing the flow restrictors according to the bearing clearance a high bearing stiffness
can be obtained.
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Figure A-14: The influence of different lubricant supply methods on the static stiffness of a
hydrostatic bearing. Picture from [3].

A-5-3 Hydrodynamic bearing

Besides the hydrostatic bearing, there is the hydrodynamic bearing which does not require
any supply pump for the lubricant. In the 19th century Beachamp Tower noticed leakage of
the oil out of a hole located beneath the load. This hole was plugged with a cork, but oil
could still go out. After replacing the cork with a wooden plug, this plug was still forced out
by some pressure generated in the system [61]. The measurements Beachamp then did for the
oil pressure gave experimental confirmation for hydrodynamic lubrication. He found that this
could separate the sliding surfaces by a hydraulic force. Due to this Reynolds provided the
first analytical proof that hydrodynamic pressure could separate the two sliding surfaces of a
bearing. The friction coefficient of hydrodynamic bearings is very low, because the operating
surfaces are fully separated by a lubricating film. Between the two moving surfaces a viscous
liquid film is generated on the condition that the surfaces must move relatively to each other
with sufficient velocity. Also the two moving surfaces have to be under an angle relatively to
each other as seen in figure A-15, otherwise no pressure field will form to support the load
[56]. Nevertheless it was found by Beauchamp that a bearing with two parallel surfaces with
one of them having four radial grooves cut in it was able to carry loads [60].

Although hydrodynamic bearings do not require a supply pump, there are other disadvantages
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Figure A-15: Schematic illustraion of the pressure generation between two plates that are not
parallel to each other. Picture from [56].

that are present and are as following:

e During starting and stopping, the bearing doesn’t have any load capacity and this will
cause the bearing surfaces to touch. Before load capacity is obtained, a non-zero sliding
velocity is required.

e Because of the condition that it requires a non-zero sliding speed, damage during starting
and stopping is inevitable.

e If the limits of the hydrodynamic lubrication are exceeded, for example by an excessive
load or insufficient speed, the friction will rise and there is a possibility for bearing
seizure.

A-6 Performance analysis

In this section the performance of lubricated bearings will be analyzed, different models can
be used for this. The hydrodynamic lubrications will be analyzed with the use of the Reynolds
equation. bearings will be discussed.

A-6-1 Hydrodynamic lubrication

In [56] the Reynolds equation is used to find most of the critical bearing design parameters
such as the pressure distribution, load capacity, friction force and oil flow. This Reynolds
equation is seen in equation A-16.

o (h3op o (h3op oh oh
8%(1761‘) +ay<nay =6 U@'{'Vafy +12(wh—w0) (A—16)

Equation A-16 is based on a column of lubricant as shown in figure A-16. Here g, and g
[m3/s] are the rates at which the lubricant flows into the column horizontally and wy and
wp, [m/s] are respectively the velocities at which the bottom and top of the column move
up. In the Reynolds equation itself U and V' [m/s] represent the surface velocities in x and y
direction and h is a function that describes the specific film shape. This full equation is too
complex for convenient use, that is why it has to be simplified. The approximations used in
[56] to do this are:

1. Undirectional velocity approximation: here it is assumed that V is equal to zero,
because there are not many cases that the journal bearing slides along a rotating shaft.

2. Steady film thickness approximation: here it is assumed there is no difference
between wy, and wg, which requires the distance between the surfaces to remain constant
during operation.
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Figure A-16: Continuity of flow in a Figure A-17: Pressure distribution
column. Picture from [56]. in the narrow bearing approximation.

Picture from [56].

3. Isoviscous approximation: here it is assumed that the viscosity of the lubricant is
constant over the film.

4. Narrow bearing approximation [13]: here it is assumed that the pressure gradient
along the x axis is neglectable, because compared to the pressure gradient along the
y axis it is very much smaller. This approximation was used in the analysis of load
capacity in journal bearings [40]. So this means dp/dz < dp/dy, this all is represented
in figure A-17.

Using all these approximations equation A-16 will come down to:

0 op oh
(=) = — A-1
3 ( 6y> 6U - (A-17)

Integrating this twice and using the boundary conditions zero pressure at the edge of the bear-
ings and zero pressure gradient along the central plane of the bearing the pressure distribution
is obtained in equation A-18.

_3Undh (| , L?
p_h3dx<y T (A-18)

For the pressure distribution in terms of bearing geometry, lubricant viscosity and speed the
Reynolds equation has to be integrated over the function h = f(z,y). Furthermore different

parameters can be found by integrating the pressure distribution, these are shown in table
A-1.

For a hydrodynamic journal bearing the Reynolds equation can be obtained using an angular
coordinate system as seen in equation A-19 [62]. Here the outflow in the sides is neglected
and a purely circumferential flow is supposed, as well an infinitely long journal bearing is
considered.

dp

h — h*
— = 6nRw

h3

(A-19)
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Table A-1: Critical bearing design parameters obtained in [56].

L B
Load Capacity W = { { pdxdy
L B B B
Friction force per unit length F = { { Tdxdy — % = L({ %g—gd:v — g %d:v
L B

r f f Tdzdy

Coefficient of friction p=iy =90y

f f pdxdy

L 00 B

Lubricant flow Q: = { Gdy & Qy= { qydx

Here dp/df is there pressure gradient, R [m] is the radius, w [rad/s] is the angular velocity,
h [m] is the film thickness, and h* [m] is the film thickness at the section where the fluid
pressure and its gradient is zero.
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Appendix B

Technologies and experiments

In this chapter the focus is mainly on information found in literature regarding bearings using
magnetic fluids. For this both ferrofluids and MR fluids are considered in order to find the
differences in performance. Doing this it can be found what already has been done and where
improvement is required.

B-1 Center bearing assembly

In the application in [18] the MR fluid is not used as a bearing itself, but here it used for
vibration dampening characteristics. The support member includes a bladder formed of an
elastomeric material which contains an MR fluid as seen in figure B-1 and B-2. By varying
the power a field will be created around the bladder, the viscosity of the MR fluid can be
varied what will cause a change in vibration dampening characteristics.

S

FIG. 2
Figure B-1: The center bearing assembly Figure B-2: A cross section of the center
including a support member (31) contain- bearing assembly, where the support struc-
ing a rheological fluid. Picture from [18]. ture (31) containing the rheological fluid

(33) is seen on top of the roller bearing.
Picture from [18].

B-2 Magnetic fluid-based magnetorheological fluids

Normally in an MR fluid only the suspended particles are magnetic, and the carrier fluid is
non-magnetic. In [22] an MR fluid is proposed where not only the suspended particles are
magnetic, but where also the carrier fluid has magnetic properties because for this a ferrofluid
is used. Due to the use of a ferrofluid as carrier fluid, the force between the magnetizable
particles is enhanced. This causes the stiffness and viscosity of MR fluid to increase as shown
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in figure B-3. By using this ferrofluid-based MR fluid in certain applications like clutches or
dampers, the size of them can be reduced without reducing the generated forces.
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Figure B-3: Operational differences between a conventional MR fluid with a non-magnetic carrier
fluid, and the ferrofluid-based MR fluid. Picture from [22].

B-3 Planar ferrofluid bearings

In [37, 36, 34, 11] planar ferrofluid bearings are demonstrated. Here a ferrofluid seal is used to
encapsulate a pocket of air to carry a limited load. The bearings have low viscous friction and
stick-slip is absent. Compared to traditional bearings a ferrofluid bearing is a passive, simple,
and cost effective alternative. This is because no seals or active components are required,
the fluid in the bearings in contained by a magnetic field that is generated by permanent
magnets.
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Figure B-4: The cross section of a Figure B-5: The cross section of the ferrofluid
disc-shaped magnet to define the pa- bearing with the defined parameters in [11].

rameters used in [36]

B-4 Journal ferrofluid bearings

In [33, 15, 49, 50] journal bearings lubricated with a ferrofluid are presented. It is observed
that the bearing systems have an improved performance due to the magnetic fluid as compared
to a conventional lubricant. By the application of a magnetic field the load carrying capacity
of the bearings is increased, and with it the magnetic lubrication has negligible effect on the
frictional force. But far from the conditions designed for, an insignificant effect is obtained
for the magnetic lubrication.
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B-5 Thrust bearing using a magnetic fluid lubricant under mag-
netic fields

In [43] a thrust bearing is presented which is using a magnetic fluid as a lubricant in combi-
nation with a constant magnetic field. The main focus in this work is the investigation of the
critical pressure of the bearing using this magnetic fluid. It is shown that this bearing has
advantages over normal thrust bearings that use normal oil lubrication. Due to the magnetic
field the viscosity increases, the critical pressure increases compared to normal thrust bear-
ings. This bearing can be used without a supply of fluid because along the circumferential
side of the shaft a magnetic seal is created by the applied magnetic field.

B-6 Hydrodynamic bearing lubricated with magnetic fluids

In [62] a test bench (figure B-6) has been made to demonstrate that magnetic fluids can be used
to develop active journal bearings. This is done because lubricated bearings main advantages
are their low friction and very high precision, compared to rolling and friction bearings. A
disadvantage of these lubricated bearings is the working velocity range as discussed before.
From the results it is concluded that ferrofluids cannot be used for this purpose because the
change in rheology and its effect in the bearing are not sufficient. Besides for the ferrofluid,
also tests were done with an MR fluid where a stainless steel shaft and a carbon steel shaft
is used. The results for the stainless steel shaft show that only at low speed and a lower
eccentricity the magnetic effect was detectable. The results for the carbon steel shaft are
more promising and show a high increase in bearing load capacity as shown in figure B-7.

Figure B-6: From left to right the test bench, bearing with two shafts and magnetic pole view
are shown. Picture from [62].
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Figure B-7: The load capacity of the journal bearing with the carbon steel shaft which is
lubricated with an MR fluid, in (a) the angular velocity is 50 rev/min and in (b) it is 200 rev/min.

Picture from [62].
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B-7 Active hydrostatic bearing with magnetorheological fluid

In [25] a new concept of hydrostatic bearings seen in figure B-8 is presented which makes use
of an MR fluid. This is done because the disadvantage of hydrostatic bearings is the change
in gap size with increasing payload. By using a MF fluid a constant gap size for alternating
payloads can be achieved due to the fact that when MR fluids are exposed to the change
of an external magnetic field the rheological properties change. The response time for this
application will be short because there is no use for valves which were used for a change of the
flow rate to compensate for the alternating payload. In figure B-9 the change in gap size h is
shown for increasing current, and thus magnetic field. In figure B-10 the change in gap size h
is shown for increasing payload. Combining these two it can be concluded that by changing
the magnetic field, the same gap size can be achieved for different payloads and thus the gap
size can be kept constant.

Figure B-8: The thrust bearing with MR fluid used used as a test setup. Picture taken from
[25].

n =90 1/min |

Q = 450 mUmin|
F, =130N

600 T F =0N

200 T T T T T
0 200 400 600 800 1000
coll current I [mA]
Figure B-9: Here the change of the bearing Figure B-10: Here the change of the bear-
gap h with increasing coil current is shown. ing gap h is shown with increasing load F’
The load on the bearing was due to the self- for different magnetic fields. Picture from
weight of the bearing F{, and no additional [25].

load F is present. Picture from [25].

B-8 Virtual Textured Bearing

In the work of [35] a bearing is proposed where the resistance is increased locally using a
local variation of the viscosity of the lubricant. This can be realized with for example an
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MR fluid or an electrorheological fluid. Here the local resistance over the whole bearing gap
is obtained due to a constant magnetic field. The bearing presented is a combination of a
hydrostatic and hydrodynamic bearing, and thus has a larger working regime. At low speeds
it uses hydrostatic lubrication, and then at high speeds it naturally switches to hydrodynamic
lubrication.
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land pad land
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Figure B-11: The virtual textured hydrostatic bearing where a magnetic field and an MR fluid
is used to increase the resistance locally. This can be implemented in a journal bearing, where in
the dark zones a magnetic field is present in order to increase the resistance. Picture from [35].

B-9 Dynamic Characteristics of Magnetorheological Fluid Film Jour-
nal Bearing

In [10] results are shown of the experiments done with a constructed MR fluid film bearing.
This bearing is capable of altering the rheological properties of the MR fluid using two lateral
coils supplied with a direct current. The purpose of the experiments is to evaluate the dynamic
properties of this bearing both in its active and its inactive state. The experimental setup
consisted of a Bently Nevada Rk-4 rotorkit and an MR fluid bearing. The results in the paper
show that the use of an MR fluid do enhance the dynamic characteristics of a journal bearing.
Due to the use of an MR fluid influences the dynamic properties, the orbit of the shaft is
reduced by 75% in both axes of motion and the amplitude of the journal motion is decreased
by 45% within an overall time of 1.2 seconds.

B-10 Thrustbearing using an MR fluid

In [2] a porous slider bearing using a wedge, lubricated with a magnetic fluid, is discussed.
Here a constant externally applied magnetic field is present. It is shown that the load capacity
of the bearing is found to be greater than the configuration using a conventional lubricant
seen in [52]. The research in [6] elaborated on [2] considering a slider consisting of an inclined
pad and a flat pad. It was seen that the magnetic fluid increases the load capacity, and does
not alter the friction.

B-11 Conclusion

It is seen that magnetic fluids have the potential to improve the performance of fluid bearings.
A planar ferrofluid bearing is a passive, simple, and cost effective alternative, but the load
is limited and trail formation is influencing the performance. The performance of journal
bearings lubricated with a ferrofluid is modified significantly, like increase in stiffness and
load capacity, but only for certain conditions. Far from these conditions, an insignificant
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effect is obtained for the magnetic lubrication. It is seen that the rheological change of the
ferrofluid is negligible for the purpose of a tunable lubricant. In contrary to an MR fluid which
has good potential to be used as an tunable lubricant, and it is shown that the availability
of control over the dynamic properties of a bearing can be enhanced. MR fluids improve the
load capacity, stiffness, critical pressure, and can be used to maintain a constant bearing gap
for different payloads. What the former concepts discussed all have in common is that the
applied magnetic field is constant and/or applied globally and not locally. They all improve
the performance to a certain extent, but do not discuss the wear which is generally caused
by poor lubrications during high loading conditions or low speeds.
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Appendix C

Schedule

The schedule as seen in figure C-1 will be discussed, this schedule will be followed to complete
the research. The schedule is subdivided into different tasks with their own deliverables. The
tasks are modeling, fabricating, measurement, optimization and finalizing the thesis. For
every tasks some time is reserved and these tasks will be shortly explained here.
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Figure C-1: Schedule used during the research on an MR fluid used in a bearing.

C-1 Modeling

November | December |  January | February | March | April May
'WES Activity Start Finish  Dx lion |45 46 47 48(49 50 51521 2 3 4 5|6 7 8 9(10 11 12 1314 15 16 17 18]19 20 321 22(23 24
(week)  (week) [weeks) |6 13 20 27| 4 11 18 8 15 22 19 30| 6 13 20 27|14 11

[ 1 Modeling 45 23 17| INTERNSHIP |
11 Make a COMSOL model of the MRF 2D 45 19 13|
D11 2D model Posieulle flow (constant magnetic field) 46 *
D12 2D model of related magnetic field 43 *
D13 2D model Couette flow (varying magnetic field) 19 ‘
14 Make 2 COMSOL model of the MRF 30 0 3 4
D14 3D madel thrust bearing 23 4

Figure C-2: Schedule used for the modeling.

In figure C-2 the schedule is seen for the modeling of the MR fluid in COMSOL. At first
several 2D models will be made which include the model for the Posieulle flow, magnetic field
and the Couette flow. For the Posieulle flow a constant magnetic field will be applied, which
means a constant yield stress of the MR fluid. After this a magnetic field will be created in
COMSOL which decreases across the height of the gap wherein the MR fluid is trapped. This
varying magnetic field will be used in and related to the 2D model of the Couette flow. When
the 2D models are finished, the 3D model which will represent the thrust bearing can be
made. Here the MR fluid acts as lubrication and is also used to create local surface texturing.
Seen in the schedule are parts indicated with red, in January this represents the Christmas
break and the 3 months after that represent my internship at Van Oord.
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Figure C-3: Schedule used for the prototyping.

C-2 Prototyping

In figure C-3 the schedule is seen for the prototyping of the new cone which can be used in
the rheometer. This cone is made in such a way that surface texturing is created using a
specific magnetic field and the MR fluid. The design of the new cone starts during the time
the 3D COMSOL model is made of the MR fluid. This is done because then these designs
can be adjusted to each other to make them agree. The design of the cone is limited by
the dimensions and other specifications of the rheometer, and this of course has to be taken
into consideration. When the design is finished, the cone can be fabricated which will be
done after the summer break indicated with red. In the end this new cone will be tested and
optimized if required.

C-3 Measurements

October
Was Activity Start  Finish Dl ion (40 41 42 43 44
(week]  [week) [weeks; 1 8 1522 29

| 3 Meast 40 [ 5|
31 Measure load cammying capacity of MRF cone design 40 41 2
031 Load carrying capacity results 41 *
32 Validate the results with the COMSOL model 42 44 3
D3.2 Agreement of model and experiments results 44 *

Figure C-4: Schedule used for the measurements.

In figure C-4 the schedule is seen for doing the measurements related to the fabricated new
cone. This cone will be used in a rheometer which can measure the torque, rotating speed,
and most importantly the load capacity. These experimental results can be compared to the
results that come from the COMSOL model. This way it can be seen if the model is in
agreement with the reality and can be used as a representative model which can be used for
future designs.

C-4 Optimization of the model

November
WBS Activity Stat  Finish D) ion |45 46 47 48
(week) (week) (weeks) [5 12 19 26
| & Optimization of the model 45 [ 2]
41 Optimize the 3D COMSOL MRF model [5 [ 2
D4.1 Optimized COMSOL model 46 ¥

Figure C-5: Schedule used for the optimization of the model.

In figure C-5 the schedule is seen for the optimization of the 3D COMSOL model. If the
experiments are in agreement with the results that come from the model and the model is
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representative, it could be beneficial to optimize the model. This way the model can be more
efficient and easier to work with for future work.

C-5 Finalizing the thesis

November December |
WBS Activity Start  Finish  Duratation | 45 45 47 48|49 50 51 52
[week) (week) (weeks) |5 12 19 26] 3 10 17
B Finalizing the thesis 47 51 5| [ |
51 Combinging all documentation and completing the thesis 47 51 5
D5.1 Draft 4 ¥
D5.2 Final thesis 51 i

Figure C-6: Schedule used for the finalizing the thesis.

In figure C-6 the schedule is seen for finalizing the thesis. This is purely combining all
documentation and writing the thesis. During all the other tasks documentation will be done
also, but this of course have to be gathered and combined properly. It is planned to write
a paper about the 2D models in this research, where also is proven that the concept of MR
fluid bearings are a reality. Then an other paper is written about the 3D model based on the
2D models, combined with the experiments and results.
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Appendix D

Flow mode with constant a magnetic
field

In figure D-1 the shear stress and velocity profile in flow mode for both a Newtonian fluid and
MR fluid are shown. The flow is caused by a difference in pressure at inlet and outlet. This
flow mode is also referred to as Poiseuille flow. As seen in the figure, the velocity profile is
hyperbolic for the Newtonian fluid but for the MR fluid it can be divided into three regions.
The blue colored regions in figure D-1 represent the post-yield regions and the middle region
represents the pre-yield region. The post-yield regions are near the walls of the channel, here
the shear stress exceeds the yield stress (|7| > 7,) which causes the MR fluid to flow. In
contrary, there is the pre-yield region at the center of the channel. Here the shear stress does
not exceed the yield stress (|7| < 7,) and the MR fluid is in solid phase. In this region the
velocity is constant and is also referred to as plug flow.

—,
9

Figure D-1: Flow mode for a Newtonian fluid (top) and an MR fluid (bottom) between two
fixed parallel surfaces. Here p; > py which causes the fluid to flow.
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Appendix E

Numerical simumlation

Here the different numerical simulations will be discussed required for the research done. At
first the 2D numerical simulations will be discussed regarding the flow mode, shear mode,
magnetic configuration, and step bearing configuration. Followed by the 3D numerical simu-
lation regarding perfect mixture and complete sedimentation of the MR fluid.

E-1 Flow mode with a constant magnetic field

This simulation is based on the research in [16] and is used to validate that the Bingham-
Papanastasiou model is implemented correctly in COMSOL Multiphysics. The Bingham-
Papanastasiou model is implemented by adding a blank material to the study which has an
apparent viscosity represented with the analytic function as seen in figure E-1.

| | | 1 | | 1 I
m

Settings 25

Plot E&l Create Plot

Label: Apparent viscosity = 0.5

Function name:  mu E

¥ Definition

T T T T T T

Expression:  mu_0 + (tau_y/spf.sr)*(1 - exp(-m*abs(spf.sr)]) s

Arguments:  spf.sr -2.57 T T A T T T T T 5 T \10'"
Figure E-1: Analytic function for the ap- Figure E-2: Different boundary conditions
parent viscosity implemented in COMSOL. applied to channel, and results taken along

the orange line in the model.

Here mu__ 0 is the viscosity for no applied magnetic field of the MR fluid, tau_ y is the constant
yield applied to the fluid, and spf.sr is the shear rate given by COMSOL. For the Poiseuille
flow this shear rate is the only variable in the function, and the viscosity and yield stress
will be known in advance. The normalized parameters used in this model are seen in table
E-1. During the study a parametric sweep will be done for the yield stress, representing an
increasing magnetic field.

The study that is chosen is the 'Creeping Flow (spf)’, and a P2 4+ P1 discretization of fluids
for the fluid flow. Different boundary conditions are applied to the system and are indicated
in figure E-2. Indicated with red is the inlet where a pressure is applied, indicated with blue
is the outlet where no pressure is applied, and a no slip boundary condition is applied to the
walls indicated with black. The results for the velocity profile, stress, apparent viscosity, and
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56 Numerical simumlation

Table E-1: Normalized parameters from [16] used for simulating the MR fluid in flow mode

Parameters ‘

Channel (1 x h) [Lyorm - A 10x1
Regularization parameter [myorm - h] | 1250
Viscosity [1norm] 0.28
Pressure drop [Apnorm « (1/h)] 60

Yield stress [Ty norm - (1/R)] 0,1,2,4,3

Velocity surface with normalized yield stress = 0 N/m Velocity surface with normalized yield stress = 2 N/m

_I T T T T I_ T T T T T T
3t . 3k i
2.5k 7 25 25F 4
2 7 2F 1 0.25
1.5r § 2 1.5¢ .
1 1k . 0.2
o I— s o
0 oH i 0.15
-0.5+ N _0.5F 4
af 101 O3 1 t1oa
-1.5F E 0.5 1.5+ i
2F i 2k i 0.05
-2.5 Lo 1 1 1 1 /] 0 250 L 1 L I /] 0
0 2 4 6 8 0 2 4 6 8
Figure E-3: Velocity surface for the Figure E-4: Velocity surface for the
Poiseuille flow where the normalized yield Poiseuille flow where the normalized yield
stress is 7, = 0 N/m. stress is 7, =2 N/m.

shear rate are plotted along the orange line. Furthermore an extremely fine physics-controlled
mesh is applied.

To visually check if the Bingham-Papanastasiou model is implemented correctly the velocity
surface is plotted as seen in figure E-3 and E-4. For no applied yield stress no plug should be
observed, only for a value greater than 0 for the yield stress should result in a plug. In figure
E-3 no yield stress is applied and no plug is observed. In figure E-4 a yield stress is applied
and here in the middle of the channel a constant velocity is observed indicating a plug flow.

E-2 Shear mode with a varying magnetic field

For these numerical simulations the study ’Creeping Flow (spf)’ is used, and a P2 + P1
discretization of fluids for the fluid flow. The mesh applied is an extra fine physics-controlled
mesh. The boundary conditions for the shear mode are indicated in figure E-5. Indicated
with red is the inlet and indicated with blue is the outlet where for both no pressure is applied
and normal flow is assumed. Indicated with black is the wall with a no slip condition, and
indicated with green is a wall with a no slip condition and a certain velocity u, representing
the moving wall. The results for the velocity profile, stress, apparent viscosity, and shear rate
are plotted along the orange line.

The shear mode is simulated for different velocities where the same analytical function as in
E-1 is implemented. By applying a constant yield stress, and so a constant magnetic field, not
the desired behavior is obtained. An analytical function for the apparent viscosity as in figure
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> o -1
3
2.5 F Analytic
PE [ [@a Plot & CreatePlot
1.5 F
1 £ Label Apparent viscosity ,@
057 3 Function name:  mu
0 £
0.57 F = Definition
-1: : Expression:  mu_0 + ((yield(y))/spf.sr)*(1 - exp(-m™“spf.sr))
-1.5
-2 E  Arguments: ¥, spfsr
2.5 T T T T T T |LAARAALLLY) T oudl Derivatives: Automatic -
0 1 2 3 4 5 6 7 8 9 10
Figure E-5: Different boundary conditions Figure E-6: Analytic function for the ap-
for the flow mode applied to channel, and parent viscosity implemented in COMSOL
results taken along the orange line in the for the couette flow.
model.

E-6 is implemented. Here the yield stress varies across the height of the channel and cannot
be seen as a constant anymore and that is why the apparent viscosity now also depends on
the height. For the normalized yield stress a linear decrease from 1 to 0 over the height of
the channel is used. The normalized parameters used in this model are seen in table E-2.

Table E-2: Normalized parameters used for simulating an MR fluid in shear mode.

Parameters ‘
Channel (1 x h) [Lyorm - A 10x1
Regularization parameter [, - h] | 10*
Viscosity [1norm] 1
Yield stress bottom [7y norm - (1/h)] 1
Yield stress top [Ty norm - (1/R)] 1

Surface velocity [tnorm]

Velocity surface over the channel for u = 0.15 m/s Velocity surface over the channel for u = 2 m/s
3.5_| T T T T |_ 3.5_| T T T T I_
3t 1 3t ¥ 2
2.3— . 0.14 2.3: ) 18
1.5 1 11012 450 1 1138
1F . 0.1 1r . '
B B R e ———
of 1 : oF 1 tq1
-0.5r B 0.06 -0.5r T 0.8
A1k B -1F 7 0.6
asL ] 004 5[ ] o
-2‘ T 002 -2“ . 02
-2.5_1 1 1 1 1 I_ O -2'5_I 1 1 1 1 I_ O
0 2 4 6 8 0 2 4 6 8
Figure E-7: Velocity surface for the shear Figure E-8: Velocity surface for the shear
mode where u = 0.15 m/s, the velocity of mode where u = 2 m/s, the velocity of the
the wall. wall.

To visually check if the Bingham-Papanastasiou model is implemented correctly the velocity
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58 Numerical simumlation

surface is plotted as seen in figure E-7 and E-8. Here the varying yield stress is applied over
the whole length of the channel. Seen in figure E-7 is that at lower speeds a solid part now is
created at the bottom of the channel, and when the velocity becomes significantly larger as
seen in figure E-8 this solid part disappears because the yield stress in the fluid is overcome
by the shear stress.

E-3 Magnetic configuration

For the magnetic configuration the Halbach array and a self created array are considered.
The study 'Magnetic Fields, No Currents (mfnc)’ is used in this model. A Halbach array is a
special arrangement of permanent magnets as seen in figure E-10 that augments the magnetic
field on one side of the array while cancelling the field to near zero on the other side. The
self created array is an arrangement of permanent magnets and iron blocks which creates a
high gradient in magnetic field.

Figure E-9: Direction of the magnetic flux in each magnet used in the Halbach array.

Both the Halbach array and self created array are simulated in an environment representing
a bearing as shown in figure E-10 and figure E-11. The different layers are indicated with the
different colors.

I Ferromagnetic B MRF140CG I Ferromagnetic B MRF140CG
I Magnet [ Non-magnetic I Magnet [ Non-magnetic

Figure E-10: The Halbach array in an en- Figure E-11: The self created array in an
vironment representing a bearing. environment representing a bearing.

To the corners of the magnets a small fillet is applied to obtain a better mesh around the
corners (Fig. E-12), this is also done for the self created array seen in figure E-13. The mesh
used for the magnetic studies is a finer physics-controlled mesh, and a cubic discretization for
the magnetic scalar potential. Here the outer boundaries will be magnetically insulated and
to one corner of this environment a zero magnetic scalar potential is applied. The direction of
the magnetic flux inside each magnet of the self created array is in the positive y-direction. To
obtain the magnetic field strength in the MR fluid, which can be used to calculate the yield
stress in the MR fluid, the B-H curve and the relation between the magnetic field strength and
yield stress is required. The relations used to calculate all this can be found in the datasheet
of MRF140CG seen in appendix I. The normalized parameters used are seen in table E-3.
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E-3 Magnetic configuration 59

Using these parameters the magnetic field seen in figure E-14 and E-15 are obtained. The
self created array is used in further research.

-2 1 1 T T T T f -2 T T 1 T T T T
-3 -2 -1 0 1 2 3 -3 -2 -1 0 1 2 3
Figure E-12: Refinement of the mesh for
the Halbach array around the corners of the
magnets due to a fillet.

Figure E-13: Refinement of the mesh for
the self created array around the corners of
the magnets due to a fillet.

Table E-3: Normalized parameters used for simulating magnetic configurations.

Parameters ‘
Channel (1 x h) [Lyorm - A 15x1
Ferromagnetic layer (1 x h) [Lyorm - A 15x1
Magnets (1 x h) [L,orm - h] xg
Ferromagnetic blocks (1 x h) [Lorm - h] % X %
Flux density 1 [T]

Magnetic field strength Hallbach array
T T T T

Magnetic field strength self created array

- ; - - . ; : ; : -
x10° x10°
1.4 1.4
1.2 1.2
1 1
0.8 0.8
0.6 0.6
0.4 0.4

A1k 7 0.2 -1r ) 0.2

1.5 ) ) ) ) ) . 1.5t . ) . ) . E

Figure E-14: Magnetic field strength us-
ing the Halbach array in an environment
representing a bearing.

Figure E-15: Magnetic field strength us-
ing the self created array in an environment
representing a bearing.
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60 Numerical simumlation

E-4 Step bearing configuration

It is wanted to create a step in the channel. For this the magnetic field must not act over the
whole length of the channel as in section E-2, but only a certain part of it. To implement this
the self created magnetic array in section E-3 is used. For this model the studies 'Magnetic
Field, No Currents (mfnc)’ and ’Creeping Flow (spf)’ are combined. In the first study the
magnetic field is simulated for the whole domain seen in figure E-11. Given every part has its
own magnetic properties, the magnetic field is formed. After simulating the magnetic field,
the fluid flow of the MR fluid is simulated in study 2 using the results obtained in study 1 as
seen in figure E-16. This is done only for the domain where the MR fluid is present. Because
the viscosity is depending on the local magnetic field, the results from the study regarding the
magnetic field over the film height are obtained beforehand. The apparent viscosity shown in
figure E-17 is implemented in the model. Here m fnc.normH is the magnetic field strength
obtained in study 1 and spf.sr is the shear rate that will be obtained in study 2.

¥ Values of Dependent Variables Settl ngs
Analytic
Plot E&l Create Plot

Initial values of variables solved for

Settings: Physics controlled -

Walues of variables not solved for Label: Dynamic viscosity =
Settings: User controlled A Function name: | mu
Method: Solution -
= * Definition
Study: Studly 1, Stationary - [
Expression:  mu_0 + (int1{mfnc.normH)/spf.sr)*(1 - exp(-m*abs(spf.sr)))
Selection: | Automatic -
Store fields in output Arguments:  mfnc.normH, spf.sr
Settings: All x Derivatives: | Automatic =
Figure E-16: Settings for the second study Figure E-17: Analytic function for the ap-
where the results from the first study re- parent viscosity implemented in COMSOL
garding the magnetic field are known. for the couette flow where a step is created.

For this study an extremely fine physics-controlled mesh is used, with a cubic magnetic scalar
potential discretization for the magnetic field and a P2 + P1 discretization of fluids for the
fluid flow. The boundary conditions for the magnetic domain are the same as in section E-3
and for the fluid domain the same as in section E-2. The normalized parameters used are
seen in table E-4.

Table E-4: Normalized parameters used for simulating the MR fluid MRF140CG

Parameters ‘

Channel (1 x h) [Lyorm - A 15x1
Ferromagnetic layer (1 x h) [L,orm - 7] 15x1
Magnets (1 x h) [Lyorm - ] x2
Ferromagnetic blocks (1 x h) [Lyorm -h] | 3 x 2

Flux density [Bjorm - (1/h)] 107°
Regularization parameter [1m,,5,m, - h] 104

Viscosity [1norm] 1

Surface velocity [unorm] ﬁ, %, 1%, %, 2

To visually check if the Bingham-Papanastasiou model is implemented correctly the velocity
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E-5 Perfectly mixed MR fluid 61

surface is plotted as seen in figure E-18 and E-19, here the magnetic field is applied over a
certain length of the channel. In figure E-18 it seen that for a lower velocity a solid part,
representing a step, is created in the middle of the channel. This solid part again disappears
for a significantly higher value of the velocity as seen in figure E-19.

Velocity surface over the channel foru = 0.3 m/s

Velocity surface over the channel foru = 2 m/s

T T T T T T
2 . 2r 7
2
1s f . 03 15 ; 18
1 == 0.25 1 ! 1.6
0.5 02 05 i;
0 1 t{o1s or | 1
0.5 3 -0.5F b 0.8
1k ] 0.1 Ak | 0.6
0.4
-1.5F i 005 .15} ) 04
-2- 1 1 1 | 0 '2_ 1 1 1 | O
-2 0 2 -2 0 2

Figure E-19: Velocity surface for the cou-
ette flow where u = 2 m/s, the velocity of
the wall. Here the magnetic field applied is
obtained by the self created array.

Figure E-18: Velocity surface for the cou-
ette flow where u = 0.3 m/s, the velocity
of the wall. Here the magnetic field applied
is obtained by the self created array.

E-5 Perfectly mixed MR fluid

This numerical simulation is a 3D model regarding perfect mixture of magnetic particles and
carrier fluid. For this the studies "Magnetic Field, No Currents (mfnc)’ and 'Creeping Flow
(spf)’ are combined. Furthermore a cubic magnetic scalar potential discretization for the
magnetic field and a P2 4+ P1 discretization of fluids for the fluid flow is used. The bearing
is build up as in figure E-20, which is a 2D section as seen in figure E-21. In reality all the
layers have a larger diameter than the MR fluid film, which is surrounded by air. All the
parameters used in this model are seen in table E-5.

== Ferromagnetic

= Magnet mm MRF122EG

— Non-magnetic
1

A

Figure E-21: Configuration of the
magnets used in the numerical simu-
lations and proof of concepts.

Figure E-20: 2D section at location
A-A in figure E-21 of the geometry
used in the numerical simulation for
perfect mixture.

At first only the magnetic field will be simulated considering the whole domain. The bearing
is simulated in a sphere of air of which its boundaries are magnetically insulated and the
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Table E-5: Parameters used for simulating the perfectly mixed MR fluid.

Parameters ‘

Outer diameter bearing 30 [mm]
Ferromagnetic layer thickness 2 [mm]
Magnet (1 x b x h) 7.5x1.1x1 [mm)]
Flux density inside the magnet 1.28 [T]
Separation layer thickness 0.15 [mm]
MR fluid film height 0.2 [mm]

MR fluid film diameter 20 [mm]

Air surrounding MR fluid thickness | 0.2 [mm]

Top layer thickness 2.2 [mm]
Viscosity MRF122EG 0.086 [Pa-s]
Regularization parameter 1

0 0, 30, and 36 [degree]

to the top half a zero magnetic scalar potential is applied. Given every part has its own
magnetic properties, a certain magnetic field will be formed over the model representing a
bearing. Now this is done, the flow of the MR fluid can be simulated. This is done only for
the domain where the MR fluid is present. For the boundary conditions for the fluid film
an open boundary, no slip condition to the top and bottom surface, and a velocity given in
polar coordinates applied to the top surface is considered. Because in the study for fluid
flow the viscosity is depending on the local magnetic field, the results from the previous study
regarding the magnetic field over the film height are now considered as known. The expression
for the apparent viscosity implemented is the as seen in figure E-17 which was used for the
step bearing configuration in section E-4.

The mesh used for the simulation has to be a trade-off between magnetics and fluid flow. For
a magnetic study it is sufficient to have a high discretization and a normal mesh, but for a
fluid flow it is desired to have have a dense mesh and many layers in the fluid film. Therefore
a user-controlled mesh is applied. The sphere that represents the air surrounding the bearing
has a extremely coarse free tetrahedral mesh. The bearing it self, excluding the fluid film, has
an extra fine tetrahedral mesh. This is because it is adjacent to the fluid film. The fluid film
itself has a free triangular mesh with a maximum element size of 1.87E-4 m and a minimum
element size of 2.88E-6 m which is swept through the film resulting in a total of 10 layers.

In figure E-22 and B-2 the magnetic field strength over the length and width of the magnets
is seen. Here it is seen that magnetic field strength decreases over the height of the fluid film,
but does not reach 0 at the top. Also seen is that the magnetic field over the width of the
magnet is different, and that is also why the magnetic and fluid study had to be combined
for the 3D model.

In figure E-24 the different pressure distributions on the top bearing face obtained are seen.
For obtaining the load capacity a surface integration for the pressure is done over this surface.
For this a vapor pressure has to be implemented, otherwise no load capacity will be obtained
for § = 0 because here the pressure distribution is antisymmetric. This vapor pressure will
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Magnetic field strength in the bearing [A/m] Magnetic field strength in the bearing [A/m]
><10-3 T T T x10-3 [ T
m x10° m x10°
0,95 2 0.0% 2
0.9 1.8 0.9 1.8
0.85 1.6 0.85 1.6
007.§ 1.4 0.8 1.4
i ER
062 1 063 1
0.55 0.8 0.55 0.8
004.% 0.6 004.? 0.6
0.4 0.4 0.3 04
0.35 0.2 0.35 0.2
0.3 0 0.3 0
4 4.5 x1073m 0.013 0.014 m
Figure E-22: Magnetic field strength over Figure E-23: Magnetic field strength over
the length of the magnets. Here green in- the width of the magnets. Here green in-
dicates the fluid film. dicates the fluid film.
Pressure distribution [Pa] for 1000 rpm and 6=0 Pressure distribution [Pa] for 1000 rpm and 6=30 Pressure distribution [Pa] for 1000 rpm and 0=36
m n T T T | m C T T T ] m C T T T ]
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0.002} 1 0.002}- / 11, 0.002} 5
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Figure E-24: Pressure distribution for 1000 rpm on the top bearing face for # = 0,30 and 36.

be used as the cut-off ratio for the integration. When the pressure will be less than the vapor
pressure, this value will be cut off and equal to the vapor pressure. For # > 0 already a load
capacity will be obtained not considering a vapor pressure because here the positive pressure
dominates.

E-6 Complete sedimentation

This numerical simulation is a 3D model regarding complete sedimentation of magnetic par-
ticles and carrier fluid. A model is made where physical steps are implemented over which a
fluid flows with a viscosity equal to the carrier fluid. The physical steps modeled are based
on results for the apparent viscosity in the 3D model seen in section E-5. Here the regions
where 1 > 1000 are considered solid. The dimensions of this step do change for increasing
velocity. This is why for the dimensions of the steps in the model average values are taken.
Here the length of the step is equal to the length of the magnet, the width is equal to the
twice the width of the magnet, and the height is taken equal to 180 pum. This corresponds
to the volume fraction of iron in MRF122EG. An illustration of the model is seen in figure
E-25, which is a 2D section as seen in figure E-21.

In this mode only the fluid film layer containing the steps is considered. For this model
a ’Creeping Flow (spf)’ was used with the same boundary conditions used for the model
considering a perfectly mixed MR fluid in section E-5. Furthermore a cubic magnetic scalar
potential discretization for the magnetic field and a P2 + P1 discretization of fluids for the
fluid flow is used. Also for this model a user-controlled mesh is used. The model consists
of two layers, one layer containing the steps and fluid (180 pm), and one layer of fluid (20
pum). For both a normal mesh is swept through it resulting in a total of 10 layers for the layer
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== Ferromagnetic == Magnetic particles
== Magnet . = Carrier fluid
— Non-magnetic

Figure E-25: 2D section at location A-A in figure E-21 of the geometry used in the numerical
simulation for complete sedimentation

containing the steps and 5 layers for the layer of fluid.

Pressure distribution [Pa] for 1000 rpm and 6=0 Pressure distribution [Pa] for 1000 rpm and 6=30 Pressure distribution [Pa] for 1000 rpm and 0=36
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Figure E-26: Pressure distribution for 1000 rpm on the top bearing face for § = 0,30 and 36.

In figure E-26 the different pressure distributions on the top bearing face obtained are seen.
The sensitivity for a change in value of 10% for different dimensions of the steps, and the
viscosity of the fluid is investigated in order to see which parameter has the most significant
impact on the load capacity. In figure E-27 it is seen that for § = 0 a change in height of
the step will have the most significant impact on the load capacity. For # = 30 and 36 the
length of the step will have the most significant impact on the load capacity. In figure E-27
the reference line is the load capacity where l = 7.5F —3 mm, b = 2.2F —3 mm, h = 1.8 —4
mm, 17 = 0.03 Pa-s, and a vapor pressure of 0.965 atm.
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Figure E-27: Pressure distribution for 1000 rpm on the top bearing face for § = 0,30 and 36.
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E-7 Optimal angle

The configuration used in the numerical models and proof of concept seen in figure E-28 will
have a different load capacity for a different angle 6. It is desired to obtain a configuration
where the highest load capacity will be obtained. To obtain this angle, a simple numerical
simulation is made where the angle is varied from 0 to 68 degrees. The maximum angle is
chosen to be equal to 68, because at this angle the areas with a magnetic field will go past
the outer radius of the measured circle. Two materials are implemented in the simulation,
for one material the viscosity depends on the magnetic field and for the other material the
viscosity is constant. The magnetic field strength is obtained from the numerical simulation
for the thrust bearing in section E-5. This magnetic field is used to determine the yield stress
and so being able to obtain the viscosity in the volumes highlighted in blue in figure E-28.
For obtaining the viscosity the analytic function seen in figure E-29 is implemented. Here it
is seen that the apparent viscosity depends on the yield stress which varies over the height of
the fluid film, and the shear rate. The volume not highlighted in blue has a constant viscosity
which is equal to the dynamic viscosity of the MR, fluid.

Settings =L

-PIo-t -@ Create Plot

Label: Apparent viscosity =
Function name: mu

¥ Definition

Expression:  mu_0 + (yield(z)/spf.sr)*(1 - exp(-m*spf.sr))

Arguments:  z, spf.sr

Derivatives: Automatic -
Figure E-28: Configuration of the proto- Figure E-29: Analytic function for the ap-
type used in the numerical simulation. parent viscosity implemented in COMSOL

for obtaining the optimal angle.

The study ’Creeping Flow (spf)’ is used and the same boundary conditions as used in section
E-5 are applied, an open boundary, no slip condition to the top and bottom surface, and a
velocity given in polar coordinates applied to the top surface. An user-controlled mesh is
used, a coarser free triangular mesh is swept through the film resulting in a total of 10 layers.

Pressure distribution [Pa]
T

m - ; Load capacity for different angles
0.01F ] . 45
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-0.01 0 0.01 m Angle [degree]
Figure E-30: Pressure distribution ob- Figure E-31: Load capacity for different
tained for one configuration where 6 = 36 configurations of the magnets.
degrees.
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66 Numerical simumlation

In figure E-30 the pressure distribution for one configuration is seen and in figure E-31 the
change in load capacity is seen for an increasing angle 6. At an angle equal to 0 degrees, there
already is a load capacity and if the angle is equal to 68 degrees the load capacity will be
equal to 0. The maximum load capacity achievable is seen at an angle equal to 36 degrees.
The magnitude of the load capacity in figure E-31 are not correct, but just an indication at
which angle the maximum load capacity can be expected.
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Appendix F

Experimental set-up

For the experiments the Anton Paar MCR 302 seen in figure F-1 is used. This rheometer is
chosen because it was already available at the Delft University of Technology and it is able
to measure a normal force which is desired for this research. Also the Viscotherm VT2 cool
water bath and Julabo AWC100 circulation cooler are part of the set-up and a constant air
pressure for the air bearing is required in the head of the rheometer. For the experiments a
cone & plate, and a parallel plate spindle are used, both illustrated in figure F-2. The cone
& plate spindle is used for measuring the viscosity of the fluid, and the parallel plate spindle
is used for the measurements with the proof of concept where the normal force is measured.
For the cone & plate only one measuring position equal to 0.085 mm can be measured, for the
parallel plate the measuring position can be set to every desired value. For both the spindles
the diameter over which is measured is equal to 20 mm and the angle for the cone is equal to
2 degrees.

A
| |

Figure F-1: Experimental set-up where consisting of the Antor Paar MCR 302 rheometer, Vis-
cotherm VT2 cool water bath, and Julabo AWC100 circulation cooler. A proof of concept is
placed in the rheometer as seen at the right.

In figure F-3 the proof of concept used during the experiments are seen. Here three configu-
rations are seen based on the configuration used in section E-5 and seen in figure E-21. Here

again the angle under which the magnets lie are equal to 0, 30, and 36 degrees. As seen in the
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| Cone &| |Parallel |
plate

7 — < 7 >— |
T~

Figure F-2: lllustration of the cone & plate and parallel spindles used for the measurements.

figure one proof of concept is build out of 2 layers of 2 mm thick steel with diameter of 85 mm
made with a laser cutter, a piece of 0.15 mm thick glass with a diameter of 25 mm indicated
with red in te figure, 8 bar magnets indicated with blue (4 pairs of two) with dimensions
7.5x1.1x1 mm and a magnetic flux density of 1.28 tesla inside each magnet, 3 bolts, 3 flanges,
and 3 nuts. The diameter of the steel layers is equal to the inner diameter of the tub’ in the
rheometer. As seen in figure F-3 one layer of steel, the bottom layer, is used to lock the proof
of concept into place.

& 4

Figure F-3: Different proofs of concept used for the experiments on the top left, and the
components used to make them on the bottom left (red and blue indicate the glass and magnets
respectively). On the right is shown how the bottom layer of the proofs of concept locks in the
rheometer.

For depositing the MR fluid on the proof of concept the Eppendorf Research plus, single-
channel, variable, 20-200 uL, pipette is used. The volume that is deposited is equal to volume
underneath the spindle. Before any measurement the rheometer has to be initialized and this
is done without any spindle. The moment this is done, a spindle can be placed inside the head
and the zero gap position can be set in order to determine the position of the proof of concept
with respect to the spindle. This zero gap is set without any fluid present. For setting the
zero gap the rheometer will lower the spindle until first contact is made, this position will be
equal to a height of 0 mm.

When the machine is initialized and the zero gap is set, a fluid can be deposited on the
proof of concept and a measurement can be initialized. Two test definitions are used for
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the measurements as seen in figure F-5. One consisting of a procedure where the spindle is
moved to the measuring position which is equal to the fly height of 0.2 mm, followed by the
measurement. This is the definition where the measurements will not be zeroed. A second
definition is also used where between the procedure for moving to the measuring position and
measurement, a procedure is added where the normal force is balanced and set to zero. A
measuring position of 0.2 mm was chosen. This is because when a lower position was chosen,
the spindle could not lower to this position when an MR fluid was deposited on the proof of
concept. Before the measuring position was reached already a normal force equal to 15 newton
was sensed, and this limits the machine. This force is present due to the pressurization of the
MR fluid due to the magnetic field. One time the machine was forced to a measuring position
of 0.1 mm, but this resulted in failure of the proof of concept where the glass separating the
fluid from the magnets broke as seen in figure F-4.

Figure F-4: Failure of the proof of concept where the glass separating the fluid from the magnets
broke due to high normal forces.

In the measurement tab of the definition the parameters can be chosen that will be given as
an input during the experiment. For these experiments it was chosen to set the rotational
speed and let it increase linearly to 1000 as seen in figure F-5. The number of data points is
set to 1000, and a constant interval between each point can be set. For the measurement an
interval equal to 10 ms and 1000 ms was chosen. The measurement frequency of the sensor
in the MCR, 302 rheometer is equal to 512 Hz. For an interval of 10 ms the average of 5 data
points will be displayed.

Also some measurements are done to check the viscosity of the MR fluid MRF122EG used
for the experiments, and also for the carrier fluid. To obtain the carrier fluid from the MR
fluid, the Eppendorf Centrifuge 5415 is used to separate the carrier fluid from the magnetic
particles as seen in figure F-6. Little bottles designed for this centrifuge containing the MR
fluid can be placed in the little holes in the centrifuge. The MR fluid is centrifuged for 10
minutes at a speed of 14000 rpm and the carrier fluid separated from the magnetic particles
was obtained as seen in figure F-6. Both the results for MRF122EG and its carrier fluid are
seen in figure F-7.

The viscosity obtained for MRF122EG is equal to 0.0856 Pa-s and that for the carrier fluid
the viscosity is equal to 0.0302 Pa-s. Looking at the datasheet for MRF122EG in appendix
J it is seen that the viscosity of the MR fluid does not correspond with the data provided on
the sheet. The viscosity that is measured will be used during this research.
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Data points Set value
Number: 1000 Variable:  n  Rotational Speed
© ot | J
Start Point ) [E] Initial: 1

Start Interval: 10000 ms Final: 1000 1/min

* Procedure.
— | Move to | default m.|| ) Caloutator
[Move to | defautt m. | Profile calculator (used for calculation of rates and point densities)
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Mode: Set point density -
|[set NF | auto balan.
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~) Additional settings

[ <None -

Figure F-5: Test definitions used for the experiments and details on how the measurement is
done.

Figure F-6: Eppendorf Centrifuge 5415 used for separating the magnetic particles from the carrier

fluid.

Shear stress as a function of shear rate MRF122EG Shear stress as a function of shear rate carrier fluid
2 —— 30 R
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Figure F-7: Measurements done for MRF122EG and its carrier fluid for determining the viscosity.
Here no magnetic field is applied.
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Appendix G

Error

The shape of the surfaces in which between the MR fluid is captured can have an influence
on the load capacity obtained. In a hydrodynamic thrust bearing where the parallel surfaces
which have a velocity relatively to each other and have no surface texturing, the fluid will not
be pressurized. When the two surfaces are not parallel due to any shape of one of the two
surfaces, there is the possibility the fluid will be pressurized which can create a load carrying
behavior. In figure G-1 three shapes of a surface are shown, a wedge, a parabolic cylinder,
and an elliptic paraboloid are seen. Each shape can be described by an error which describes
a length indicated with red in figure G-1.

P e

Figure G-1: Common shapes of a surface that can pressurize the liquid in a hydrodynamic
bearing.

For being able to predict the possible error by the proof of concept, the surface has to be
measured and this can be done with the Bruker white light interferometer. Knowing the
shape, a numerical simulation will be used to see the contribution of the possible error.

G-1 Numerical simulation

For the numerical simulation a "Thin-Film Flow, Shell (tffs)’ study was used in combination
with an extremely fine physics-controlled mesh. To the border of the surface a zero pressure
border condition was applied. Because the surface is seen as a thin film, a height has to
be given to the wall above reference plane and to the base below reference plane. The wall
above reference plane represents the moving bearing face, and to the base below reference
plane the error is applied. To the plane above reference a height of 200 pum is given, equal to
the film height. To the base plane a height is given which is depending on x for the wedge
and parabolic cylinder, and a height depending on x and y for the elliptic paraboloid. The
height for the base plane for the wedge, parabolic cylinder, and elliptic paraboloid are seen
in equations G-1, G-2, and G-3 respectively.
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In figure G-2, G-3, and G-4 the pressurization of the liquid due to a wedge shape, a parabolic
cylinder shape, and a elliptic paraboloid are seen respectively. Here the viscosity is equal to
the viscosity of MRF122EG when no magnetic field is applied, 0.085 P-s. For each result the
film height is equal to 200 pym, and an error of 10 um is applied. The velocity applied is 1000
rpm, which is equal to the maximum velocity applied during the experiments. Doing this an
antisymmetric pressurization of the liquid is seen for the wedge and the parabolic cylinder.
In contrary there is the elliptic paraboloid where no pressurization of the liquid is seen. The
viscosity is sweeped from 0 to 1 resulting in different load capacities (Fig. G-5).
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Figure G-2: Pressurization of the liquid due
to a wedge shape.

Figure G-3: Pressurization of the liquid due
to a parabolic cylinder shape.
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Figure G-4: Pressurization of the liquid due
to an elliptic paraboloid shape.

Figure G-5: Increasing load ca-
pacity due an increase in viscos-

ity.

To obtain the load capacity due to the different shapes, the pressure distribution can be
integrated over the top surface of the bearing. Because no cavitation is considered in the
numerical models, no load capacity will be obtained due to the antisymmetric results. That
is why the negative pressure is cut-off at 0.965 atm, in order to obtain an approximation for
the load capacity. For a viscosity of 0.085 Pa-s and a velocity of 1000 rpm, no load capacity
due to the error is obtained for any of the shapes as seen in figure G-5.
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G-2 Shape of the proof of concept

In figure G-6 the tilted flatness of the proof of concept is seen, the area that is measured is
the area which will be covered with MR fluid. The result is tilted because the table of the
Bruker white light interferometer seen in figure G-7 on which the proof of concept is placed
has to be leveled manually. So by tilting the result, the shape of the proof of concept can be
obtained. It is seen that it is an elliptic paraboloid with a height of approximately 20 pm.

X Profile: AX=20420.7441 um; AZ=2 8511 ym Y Profile: AX=20201.0904 pm; AZ=-1.1303 pm
M M
R R
20 .
s e
bt P 10
4 = a
5 o \‘ 5 0
odH=" ; 10
4 . 20
0 5000 10000 15000 20000 0 5000 10000 15000 20000
pm pm

Figure G-6: Tilted result of the surface of the proof of concept.

Figure G-7: Bruker White Light Interferometer, used to measure the surface of the proof of
concept.

But because the results are tilted, a possible wedge will be ignored. In figure G-8 the untitled
result is seen, and here it is seen that a wedge is present. The maximum measured is 76
pm and the minimum measured is -88 um. But in this measurement also the possible wedge
of the table of white light interferometer is measured. To obtain this error only a piece of
glass which is used in the proof of concept is placed on the table, and the result is seen in
figure G-9. Here the maximum measured is 81 pgm and the minimum measured is -81 pm.
Subtracting these results it can be stated that a wedge of approximately 3 um is present in
the proof of concept.

During experiments it was observed that the carrier fluid separates from the magnetic par-
ticles. This means that the fluid that has to be considered for causing an error in the load
capacity has a lower viscosity than the MR fluid itself. Looking at the graph for the errors
due to a wedge (Fig. G-5) it can be concluded that the effects of the shape of the proof of
concept will not have an impact on the results.
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Figure G-9: Untiled result of the surface of glass used in the proof of concept.
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Appendix H

Oil separation

During the experiments it was observed that carrier fluid was separating from the magnetic
particles. This is seen for the different configurations used in figure H-1, H-2, and H-3. This
separation resulted in different results for the load capacity than predicted with the numerical
simulations.

Figure H-2: Oil separating from the magnetic particles during the experiments for 8 = 30
degrees.

Figure H-3: Oil separating from the magnetic particles during the experiments for § = 36
degrees.
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LORD TECHNICAL DATA

MRF-140CG Magneto-Rheological Fluid

Description

LORD MRF-140CG fluid is a hydrocarbon-based
magneto-rheological (MR) fluid formulated for general
use in controllable, energy-dissipating applications such
as shocks, dampers and brakes.

MRF-140CG fluid is a suspension of micron-sized,
magnetizable particles in a carrier fluid. When exposed
to a magnetic field, the rheology of MRF-140CG fluid
reversibly and instantaneously changes from a free-
flowing liquid to a semi-solid with controllable yield
strength. Altering the strength of the applied magnetic

field precisely and proportionally controls the consistency

or yield strength of the fluid.

MRF-140CG fluid can be used in valve mode (fluid
flowing through an orifice) or in shear mode (fluid
shearing between two surfaces). In the absence of a
magnetic field, MRF-140CG fluid flows freely or allows
free movement. Upon application of a magnetic field,
the fluid’s particles align with the direction of the field in
chain-like fashion, thereby restricting the fluid’s move-
ment within the gap in proportion to the strength of the
magnetic field.

Features and Benefits

Fast Response Time — responds instantly and reversibly
to changes in a magnetic field.

Typical Properties*

Appearance Dark Gray Liquid
Viscosity, Pa-s @ 40°C (104°F) 0.280 + 0.070
Calculated as slope 800-1200 sec'
Density
g/cms3 3.54-3.74
(Ib/gal) (29.5-31.2)
Solids Content by Weight, % 85.44

Flash Point, °C (°F)
Operating Temperature, °C (°F)

>150 (>302)

*Data is typical and not to be used for specification purposes.

Dynamic Yield Strength — provides high yield strength
in the presence of a magnetic field and very low yield
strength in the absence of a magnetic field; allows for a
wide range of controllability.

Temperature Resistant — performs consistently
throughout a broad temperature range, meeting the
requirements of demanding applications such as auto-
motive shock absorbers.

Hard Settling Resistant — provides high resistance to
hard settling; easily redispersed.

Non-Abrasive — formulated to not abrade the devices in
which the MR fluid is used.

Application
For more information on MR technology, refer to the MR
Design Guides located on www.lord.com/mr.

Mixing — Under common flow conditions, no separation
is observed between particles and the carrier fluid.
However, a degree of separation may eventually occur
under static conditions. If needed, use a paint shaker to
redisperse the particles into a homogeneous state prior
to use.

Storage

Keep container tightly closed when not in use.
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LORD TECHNICAL DATA

Caution ary Information Yield Stress vs. Magnetic Field Strength
Before using this or any LORD product, refer to the Mate- 7
rial Safety Data Sheet (MSDS) and label for safe use and 6
handling instructions.
For industrial/commercial use only. Not to be used in £
household applications. Not for consumer use. g v
% 30
e
Shear Stress as a function of Shear Rate with *
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Values stated in this technical data sheet represent typical values as not all tests are run on each lot of material produced. For formalized product
specifications for specific product end uses, contact the Customer Support Center.

Information provided herein is based upon tests believed to be reliable. In as much as LORD Corporation has no control over the manner in which
others may use this information, it does not guarantee the results to be obtained. In addition, LORD Corporation does not guarantee the perfor-
mance of the product or the results obtained from the use of the product or this information where the product has been repackaged by any third
party, including but not limited to any product end-user. Nor does the company make any express or implied warranty of merchantability or fitness
for a particular purpose concerning the effects or results of such use.

“Ask Us How” is a trademark of LORD Corporation or one of its subsidiaries.

LORD provides valuable expertise in adhesives and coatings, vibration and motion control, and magnetically responsive technologies. Our
people work in collaboration with our customers to help them increase the value of their products. Innovative and responsive in an ever-changing
marketplace, we are focused on providing solutions for our customers worldwide . . . Ask Us How.

LORD Corporation
World Headquarters
111 Lord Drive

Cary, NC 27511-7923
USA

Customer Support Center (in United States & Canada)

+1877 ASK LORD (275 5673) I ﬁl?l:
www.lord.com L L

©2008 LORD Corporation OD DS7012 (Rev.1 7/08) AS](US HOW
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MRF-122EG Magneto-Rheological Fluid

Description

LORD MRF-122EG fluid is a hydrocarbon-based
magneto-rheological (MR) fluid formulated for general
use in controllable, energy-dissipating applications such
as shocks, dampers and brakes.

MRF-122EG fluid is a suspension of micron-sized,
magnetizable particles in a carrier fluid. When exposed
to a magnetic field, the rheology of MRF-122EG fluid
reversibly and instantaneously changes from a free-
flowing liquid to a semi-solid with controllable yield
strength. Altering the strength of the applied magnetic

field precisely and proportionally controls the consistency

or yield strength of the fluid.

MRF-122EG fluid can be used in valve mode (fluid
flowing through an orifice) or in shear mode (fluid
shearing between two surfaces). In the absence of a
magnetic field, MRF-122EG fluid flows freely or allows
free movement. Upon application of a magnetic field,
the fluid’s particles align with the direction of the field in
chain-like fashion, thereby restricting the fluid’s move-
ment within the gap in proportion to the strength of the
magnetic field.

Features and Benefits

Fast Response Time — responds instantly and reversibly
to changes in a magnetic field.

Typical Properties*

Appearance Dark Gray Liquid
Viscosity, Pa-s @ 40°C (104°F) 0.042 + 0.020
Calculated as slope 500-800 sec™'
Density
g/lcm? 2.28-2.48
(Ib/gal) (19.0-20.7)
Solids Content by Weight, % 72

Flash Point, °C (°F)
Operating Temperature, °C (°F)

>150 (>302)

*Data is typical and not to be used for specification purposes.

Dynamic Yield Strength — provides high yield strength
in the presence of a magnetic field and very low yield
strength in the absence of a magnetic field; allows for a
wide range of controllability.

Temperature Resistant — performs consistently
throughout a broad temperature range, meeting the
requirements of demanding applications such as auto-
motive shock absorbers.

Hard Settling Resistant — provides high resistance to
hard settling; easily redispersed.

Non-Abrasive — formulated to not abrade the devices in
which the MR fluid is used.

Application
For more information on MR technology, refer to the MR
Design Guides located on www.lord.com/mr.

Mixing — Under common flow conditions, no separation
is observed between particles and the carrier fluid.
However, a degree of separation may eventually occur
under static conditions. If needed, use a paint shaker to
redisperse the particles into a homogeneous state prior
to use.

Storage

Keep container tightly closed when not in use.
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LORD TECHNICAL DATA

Caution ary Information Yield Stress vs. Magnetic Field Strength
Before using this or any LORD product, refer to the Mate- :
rial Safety Data Sheet (MSDS) and label for safe use and * /———-

handling instructions.

For industrial/commercial use only. Not to be used in
household applications. Not for consumer use.
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Values stated in this technical data sheet represent typical values as not all tests are run on each lot of material produced. For formalized product
specifications for specific product end uses, contact the Customer Support Center.

Information provided herein is based upon tests believed to be reliable. In as much as LORD Corporation has no control over the manner in which
others may use this information, it does not guarantee the results to be obtained. In addition, LORD Corporation does not guarantee the perfor-
mance of the product or the results obtained from the use of the product or this information where the product has been repackaged by any third
party, including but not limited to any product end-user. Nor does the company make any express or implied warranty of merchantability or fitness
for a particular purpose concerning the effects or results of such use.

“Ask Us How” is a trademark of LORD Corporation or one of its subsidiaries.

LORD provides valuable expertise in adhesives and coatings, vibration and motion control, and magnetically responsive technologies. Our
people work in collaboration with our customers to help them increase the value of their products. Innovative and responsive in an ever-changing
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