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Abstract

Ferrofluids are conventionally used in such DC magnetic field applications as rotary and
exclusion seals, stepper motor dampers, and heat transfer fluids. Recent research
demonstrates ferrofluid use in alternating and rotating magnetic fields for MEMS/NEMS
application of microfluidic devices and bio-applications such as targeted drug delivery,
enhanced Magnetic Resonance Imaging, and hyperthermia.

This thesis studies ferrofluid ferrohydrodynamics in uniform and non-uniform rotating magnetic
fields through modeling and measurements of ferrofluid torque and spin-up flow profiles. To
characterize the water-based and oil-based ferrofiuids used in the experiments,
measurements were made of the mass density, surface tension, viscosity, magnetization
curve, nanoparticle size, and the speed of sound. Initial analysis for planar Couette and
Poiseuille flows exploit DC magnetic field effects on flow and spin velocities with zero spin
viscosity. Above critical values of magnetic field strength and flow velocity, multiple values of
magnetic field, spin velocity, and effective magnetoviscosity result, indicating that zero spin
viscosity may be non-physical. Torque and spin-up flow profile measurements show the effect
of volume torque density and body force density in uniform and non-uniform rotating magnetic
fields. Ferrofiuid “negative viscosity” measurements in uniform and non-uniform rotating
magnetic fields occur when magnetic field induced flow creates torque that exceeds the torque
necessary to drive a viscometer spindle. Numerical simulations of torque and spin-up flow in
uniform and non-uniform rotating magnetic fields, including contribution from the spin velocity
and spin viscosity terms, are fitted to measurements to estimate the value ranges of relaxation
time t =~ 1.3-30 ps and spin viscosity n’' ~ 1-11.8x10° Nes in waterbased ferrofiuid.
Based on the ferrohydrodynamic theory and models, theory of the complex magnetic
susceptibility tensor is derived, which depends on spin velocity, that can be a key to external
magnetic field control of ferrofluid biomedical applications. Preliminary impedance analysis
and measurements investigate complex magnetic susceptibility change of ferrofluid in



oscillating and rotating uniform magnetic fields and allow calculation of the resulting dissipated
power or mechanical work in pumping fluid.
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Chapter 1. Introduction to Ferrofluids

1.1 Background and Research Motivations

Ferrofiuids [1] are suspensions of permanently magnetized colloidal particles
immersed in a suitably chosen carrier fluid. In the presence of time-varying
magnetic fields, ferrofluid particles will rotate in order to align their magnetic
dipole moment with the applied field, but because of the fluid viscosity, the

magnetization M will lag behind the time-varying magnetic field H.With M

not parallel to H, there is a body-torque on the ferrofluid with volume density,
givenby u MxH (with g = 4nx 107 Henriessm the magnetic permeability
of free space), which can drive fluid flow. At the same time, there is a

body-force on the ferrofluid given by u, (M+V)H , which is non-zero in a

non-uniform magnetic field which can also drive the fluid flow. In this thesis,
research focuses on the theory, measurement and applications of the
magnetization dynamics and the effects of magnetic force and torque densities

on ferrofiuid flow in uniform and non-uniform rotating magnetic fields.

Ferrofluids are stable colloidal suspensions of permanently magnetized
nanoparticles in a carrier liquid like water or oil. Each particle is typically made
from magnetite (Fe3;04) coated with a monolayer of surfactant to prevent the
particles from agglomerating under van der Waals attraction forces.
Furthermore, the ~10 nanometer particle diameter is small enough to ensure
that the particles remain dispersed by Brownian motion and do not
agglomerate under gravity and magnetic interactions. Ferrofluids are therefore
stable suspensions that exhibit superparamagnetic susceptibilities with
suspended magnetic particles constituting typically up to 10% of the total fluid

volume.
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Ferrofluids are a scientifically and commercially important realization of
magnetically polarizable systems. As such, they are characterized by the
presence and effect of long-range body-couples and non-symmetric viscous
stresses, as well as more exotic phenomena, such as couple stresses
representing the direct-contact transport of microstructure angular momentum.
Due to their physical, chemical and magnetic properties, ferrofluids are of
increasing interest in the design of magneto-responsive colloidal extractants
[2-4], microfluidic pumps and actuators driven by alternating or rotating
magnetic fields [5-9] , and in biological applications such as drug delivery
vectors, magnetic cell sorting schemes, and magnetocytolysis treatment of

localized tumors [10, 11].

The phenomenon of spin-up flow of ferrofluid has received considerable
attention [12-17] during the early development of the field of
ferrohydrodynamics. Experiments were carried out by placing a sample of
ferrofluid in a cylindrical container subjected to a rotating magnetic field.
Regardless of the field source used, the basic observations are the same. In a
stationary cylindrical container, the ferrofluid is observed to rotate
rigid-body-like in a direction which depends on the applied magnetic field
amplitude and frequency. Such essentially rigid-body motion is observed at the
free surface of the fluid throughout the inner core of fluid and extends right up

to a thin boundary layer next to the stationary cylindrical vessel wall.

The general observation in the literature is that the ferrofluid and magnetic field
rotate in opposite directions. However, some authors [13-15] report
observations where the ferrofluid switches between co-rotation and
counter-rotation with respect to the applied magnetic field depending on
magnetic field amplitude and frequency. Explicitly, [14] reports co-rotation of
field and fluid for low applied fields and counter-rotation for high applied
magnetic fields, whereas [13] and [15] observe counter-rotation for low applied

magnetic fields and co-rotation for higher applied fields. We have made similar
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observations in our laboratory, where a water-based ferrofluid placed in a
cylindrical container and subjected to the uniform rotating magnetic field
generated by a three-phase two-pole rotating magnetic machine stator is
observed to co-rotate with the applied magnetic field for low stator winding
current amplitude and counter-rotate with respect to the magnetic field for

higher stator winding current amplitudes.

The confusion regarding field and fluid rotation sense, and the applicability of
various theoretical analyses [18-22], is compounded when one considers that
all available observations are made at the free-surface of the opaque ferrofiuid
using various types of tracer particles on the surface. Some magnetic fluids
were even not true ferrofiuids because the particles were too large. It is clear
that this will be problematic and probably not representative of the bulk-flow
situation when one considers that curvature-driven flows have been observed
at ferrofluid free surfaces [17]. Thus, there remains a need for accurate, direct
measurements of bulk-flow related quantities to explain these conflicting
reports. Such measurable quantities explained in this thesis are the total
torque required to restrain a stationary hollow cylinder containing ferrofluid and

spin-up velocity profile in rotating magnetic field.

Observations of counter-rotation of field and fluid led [13] to investigate the
direction in which the cylindrical container would rotate if it could freely do so.
This represents an indirect measurement of the magnetic torque applied on
the ferrofluid. One would expect the counter-rotating fluid to drag the cylindrical
container with it, but experiments show the container co-rotating with the field
whereas the fluid counter-rotates. Such observations have since been
corroborated by [14] and [17]. However, all these observations are of a
qualitative nature, not having directly measured the actual torque required to
restrain the container. Hence, the motivation of our contribution — to obtain

direct quantitative measurements of the torque required to restrain the
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cylindrical container during spin-up flow of a ferrofiuid and to directly measure

the bulk flow of ferrofluid in uniform and non-uniform rotating magnetic fields.

There are a number of ways in which magnetic nanoparticles can be used for
biomedical applications [43-46]: a) Magnetic nanoparticles can bind to drugs,
proteins, enzymes, antibodies, or organisms; b) Magnetic nanoparticles can be
directed to organs, tissues, or tumors using an external magnet for therapeutic
effect; and c) Dissipation in alternating and rotating magnetic fields can cause
heating of magnetic nanoparticles for use in hyperthermia. These applications

require better understanding of ferrohydrodynamics.

The theory of the magnetic susceptibility tensor can help to understand the
magnetic permeability change and the power dissipation in ferrofiuids, which
can be applied to bio-imaging applications such as Magnetic Resonance

Imaging (MRI) and to hyperthermia treatments.
1.2 Scope of the Thesis

Chapter 2 presents a summary of some useful magnetic, rheological and

physical properties of the ferrofluids used in experiments and computer
simulations as well as a brief description of the experimental techniques used

to measure these properties.

Chapter 3 describes the system of governing ferrohydrodynamic equations

that are solved in this thesis.

Chapter 4 describes the magnetoeffective viscosity of ferrofluid planar Couette

and Poiseuille flows. Analysis shows the different behavior of ferrofluid under
uniform magnetic field intensity A (current driven) and magnetic flux density

B (flux driven) on planar Couette flow and on planar Poiseuille flow.
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Chapter 5 describes some bio-medical applications of ferrofluid which can be

analyzed by the complex magnetic susceptibility tensor that is derived in this
chapter from the magnetic relaxation equation. The real and imaginary parts of
the complex magnetic susceptibility tensor represent the energy storage and
dissipation in the ferrofluid. Applications to magnetic resonance imaging,
hyperthermia, and other biomedical applications are discussed. Impedance
measurements in this chapter show a change of magnetic susceptibility in a

uniform rotating magnetic field.

Chapter 6 presents torque experiments of ferrofluid in a uniform rotating

magnetic field using a Couette viscometer. The measurements are taken for 3
cases: ferrofluid inside a spindle, ferrofluid outside a spindle, and ferrofluid
simultaneously inside and outside a spindle. This experimental data proves

that the magnetization A7 is not parallel to the magnetic field A, which

drives the flow by a volume torque density term u A x H . The rotating

magnetic field setups are described in Appendix A

Chapter 7 presents viscometer torque experiments of ferrofluid in a

non-uniform rotating magnetic field. Experimental measurements show a
stronger effect in a non-uniform rotating magnetic field than in a uniform

rotating magnetic field, which is due to the non-zero body force density term

#,(M+V)H in the non-uniform rotating magnetic field.

Chapter 8 presents spin-up velocity profile measurements of ferrofluid in

uniform and non-uniform rotating magnetic fields. Experimental data also
shows a stronger effect from the non-uniform rotating magnetic field. The
strength of the magnetic field at the container wall is maximum for a

non-uniform rotating magnetic field. This causes the velocity profile to be near
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maximum close to the container wall and forms an essentially rigid body

motion velocity profile in a non-uniform rotating magnetic field.

Chapter 9 uses FEMLAB software to compare the predictions of an iterative

finite element numerical simulation with the experimentally measured torque
and spin-up flows in Chapters 6-8, in order to determine best fit values of
magnetization relaxation time and ferrofluid spin viscosity. Fitting the
simulation with the experimental data of spin-up velocity profiles in the
non-uniform rotating magnetic field shows that the spin viscosity, n’, has a
non-zero value in the range of ~1-11.8x10™ [N-s]. The value of relaxation time
© ~ 1.3-30 [us] and was determined by fitting the torque experimental data

with the simulation.

Chapter 10 summarizes the accomplishments and contributions of this thesis

and also lists some interesting topics for future research.
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Chapter 2. Physical and Magnetic Properties of
Ferrofluids

Three types of commercial ferrofluids were obtained from Ferrotec Corporation,
(Nashua, NH): water-based ferrofluids MSGW11 and EMG705 and an

oil-based ferrofluid EFH1. Physical properties of these ferrofluids were

measured because of a lack of literature values: the mass density p [kg/m’)],

viscosity 7 [Nss/m?, and surface tension y [N/m]. For comparison, the

physical properties of non-magnetic fluids are also measured: de-ionized (DI)
water and Nytro, a commercial transformer oil. The magnetization curves of
these ferrofluids were measured by using an ADE Technologies Digital

Measurement Systems (DMS) Vibrating Sample Magnetometer (VSM). From
the magnetization curves the saturation magnetization u M [Tesla), volume
fraction of magnetic particles ¢, magnetic susceptibility y, magnetic particle

diameter d, and magnetic Brownian, Néel and effective relaxation time

constants (z,,7y,7,, [s]) were determined. The particle size and distribution

of these ferrofluids were also measured using Transmission Electron
Microscopy (TEM). The speed of sound in the ferrofluids and other
non-magnetic fluids were measured by an Ultrasonic Velocity Profiler (UVP) in

order to calibrate ultrasound velocity measurements.

2.1 Physical Properties

2.1.1 Mass Density

The measured room temperature mass densities of each of the sample

ferrofluids used in our work and other non-magnetic fluids are listed in Table
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2-1. All the mass density values we report are within the range given in

Ferrotec Corporation’s data sheets.

2.1.2 Surface Tension

The coefficient of surface tension is a measure of the force necessary to hold a
fluid interface together. The surface tension values listed in Table 2-1 were
obtained by using a K10ST Kriiss Tensionmeter. This apparatus first dips a
small metal plate slightly below the surface of the fluid sample and records the

force required to pull the plate out, which determines the surface tension value.

2.1.3 Viscosity

The viscosity values listed in Table 2-1 were obtained using a CSL500
rheometer from TA instruments configured in a Couette cell geometry. The
rheometer performs a controlled shear rate sweep to determine the viscosity of
the suspension. Because ferrofluids act like Newtonian fluids if no magnetic
fields are applied, the resulting shear-strain to shear-rate profile is a straight
line with constant slope. The ratio of the shear-strain to the shear-rate given by
the slope of the measured profile is the viscosity of the fluid. In Table 2-1 we
note that the EFH1 oil-based ferrofluid has a viscosity of 7.27 cP (0.00727
Ns/m?), which is about 3.6 times as viscous as the MSG W11 water-based

ferrofiuid and 2.9 times as viscous as the EMG705 water-based ferrofiuid.
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Table 2-1: Physical properties of ferrofluids and non-magnetic fluids at 18 °C. The mass
densities were calculated by using the mass measured with an Acculab VI-3mg
micro-scale and the volume measured by a VWR 89000-396 5 ml graduated container.
The surface tensions were measured using a K10ST Kriiss Tensionmeter. The
viscosities were measured using a CSL500 rheometer from TA instruments configured
in a Couette cell geometry. The viscosities were determined by performing a controlled
shear rate sweep.

Material P, [kgm’] ¥+ [mN/m] 77, [Nsim’]
Dl-water 998 71.9 0.00101
Nytro Transformer Oil 890 234 0.01026
EMG705 (water-base) 1194 421 0.00248
MSG W11 (water-base) 1200 39.1 0.00202
EFH1 (oil-based) 1221 248 0.00727

2.2 Magnetization Characteristics

In determining the magnetic properties of a ferrofluid, it is important to

differentiate between the externally applied field and the field inside the
ferrofluid. The difference between the external magnetic field H, and the
internal magnetic field H, is described by the demagnetization factor, D,

given by

H, = H, — MD 2.1)

The demagnetization field arises due to effective magnetic charge induced on
the surface of a magnetic material, with magnetization M, which partially
cancels the externally applied magnetic field. For the internal magnetic field to
be uniform for a uniform external magnetic field within the ferrofiuid sample,

the ferrofluid container shape must be an ellipsoid of revolution such as a
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sphere, infinitely long cylinder or a prolate of oblate spheroid. However, for
other non-ellipsoidal containers, such as the finite length cylinder used in our

measurements, (2.1) is approximately true.

Magnetization curves of the ferrofluids were measured using an ADE
Technologies Model 880 Digital Measurement Systems (DMS) Vibrating
Sample Magnetometer. Ferrofluid samples were placed in the DMS plastic
sample containers of interior height = 3 mm , diameter = 5.7 mm and volume =
0.076 ml, whose dimensions approximate those of an oblate spheroid with
major to minor axis ratio of n = 2.4. The demagnetizing factor D corresponding

to an oblate spheroid is [87]

2 2
il arcsin L1 . 2.2)

_1
D—2 (nz—l)% n n’ -1

Using (2.2) and n = 2.4 we obtain a demagnetization factor of D = 0.211. This
value and (2.1) were used to calculate the internal magnetic field used in the
abscissa of the magnetization curves shown in Figure 2-1, Figure 2-2 and
Figure 2-3. All VSM data were taken at room temperature, T = 299 K with
sample volume V = 0.073 ml. EMG705 has a saturation magnetization of 206
Gauss and the sample volume is approximately 0.073 ml; MSG W11 has a
saturation magnetization of 154 Gauss and the sample volume is
approximately 0.073 ml; EFH1 has a saturation magnetization of 421 Gauss
and the sample volume is approximately 0.071 ml. The approximate saturation
magnetization and sample volume are given at the top of Figure 2-1 to Figure
2-3.

The vibrating sample magnetometer measures the sample magnetization in

emu (electromagnetic units). The magnetization x,M in units of Gauss (10™

Tesla) is related to emu as Gauss = , where V [ml] is the ferrofluid

47V (ml)
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sample volume in units of milliliters and is given at the top of Figure 2-1 to
Figure 2-3.

Ms = 206.6276, V = 0.072846
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Figure 2-1 Measured magnetization curve for EMG705 water-based ferrofluid
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Figure 2-2 Measured magnetization curve for MSG W11 water-based ferrofluid
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Figure 2-3 Measured magnetization curve for EFH1 oil-based ferrofluid

36



In our magnetization experiments the externally applied field H, increases

until the saturation magnetization M, is reached. The same field magnitudes

are also applied in the opposite direction to demonstrate that ferrofluids in a
DC magnetic field do not exhibit hysteresis. This is a result of the random
reorientation of the free magnetic particles in the carrier fluid, removing any

memory from the fluid that would contribute to hysteresis.

The saturation magnetization of each ferrofluid was assumed to equal the
magnetization value at the largest applied internal magnetic field. The volume

fraction of each ferrofluid was calculated from

MS
¢ —E9 (23)

where M, is the domain magnetization ( 446 kA/m for magnetite or

M, = 5602 [Gauss] = 0.5602 [Tesla]).

In order to determine the initial magnetic susceptibility, the slope of the
low-field linear region was also determined. The Langevin curves in Figure 2-1,
Figure 2-2 and Figure 2-3 do not have enough precision in the low-field region
to accurately determine the slope. For this reason, the low-field linear regions
were separately measured for the water-based ferrofluids and the oil-based

ferrofluid and are shown in Figure 2-4, Figure 2-5 and Figure 2-6. The slopes,

corresponding to the magnetic susceptibilities y , were determined through a

simple linear least squares fit of the linear region data.
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Figure 2-4 Measured magnetization linear region for EMG705 water-based ferrofluid, 3 =
3.14.
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Figure 2-5 Measured magnetization linear region for MSG W11 water-based ferrofluid,
= 0.56.
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Figure 2-6 Measured magnetization linear region for EFH1 oil-based ferrofluid, y = 1.59.

2.3 Magnetic Particle Size

For a monodisperse ferrofluid the Langevin equation describes the equilibrium

magnetization for a given applied magnetic field [1]:

1
—= L(a) = cotha——, 2.4
M (@) o @4

§

wherea =MV, u,H/kT , M, isthe domain magnetization, H is the
magnetic field within the particle, V) is the magnetic core volume per particle, T

is the absolute temperature in Kelvin, and k = 1.38 x 102 J/K is Boltzmann’s

constant. Using this expression, and the data contained in Figure 2-1 and
Figure 2-4, the minimum and maximum particle-size diameters for EMG705
water-based ferrofluid was estimated. The minimum and maximum

particle-size diameters for MSG W11 water-based ferrofluid and EFH1
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oil-based ferrofluid were also estimated using the data contained in the

saturation and linear regions of the magnetization curves.

Assuming the particles were spheres of diameter d, the minimum particle
diameters for ferrofluids were estimated by fitting the saturation data of Figure

2-1, Figure 2-2 and Figure 2-3 to the Langevin curve high-field asymptote:
1 6 kT
limL@)~|1-— |=| | -——— |, 2.5
et (@ ( aj ( Tt/lonHd3] @3)
The maximum particle diameters for the water-based ferrofluids and oil-based

ferrofluid were obtained by using the low-field limit of the Langevin curve:

3
lim L(a)» Z = Z £ M,Hd" _ xH
a<«xl 3 18 kT M

5

, (2.6)

and the values of the initial susceptibilities, y =M /H , were obtained from the

slopes of Figure 2-4, Figure 2-5 and Figure 2-6.

For suspensions that are non-dilute with respect to the magnetic cores

(¢ = 10% ), Shliomis has proposed a correction to equation (2.6) to account

for the effect of dipole-dipole interactions

Z(21+3) =£¢ ﬂon2d3 . (27)
x+l 6 kT

For higher magnetic volume fraction ferrofluids, (2.7), rather than (2.6), should

be used to estimate the largest particle diameter.

The resulting particle diameter ranges thus obtained are summarized in Table
2-2. Note that these diameters are only estimates. More accurate
measurements were obtained using a JEOL 2011 Transmission Electron

Microscope (TEM), also listed in Table 2-2.
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Table 2-2 Magnetic properties of water-based and oil-based ferrofluids. An ADE
Technologies Model 880 Digital Measurement System (DMS) vibrating sample
magnetometer (VSM) was used to measure the magnetization curve for each sample.

Ferrofiuid Saturation Magnetic Volume fraction, [%] Estimated Particle
magnetization  susceptibility M particle diameter (TEM),
M,
X $=— diameter (VSM), [nm}
MM, [Gauss] uM,
[nm]
EMG705 206.6 3.14 3.69 7.9-16.9 4.8-19.5 mean:
(water-based) 15.6+5.3(StD)
MSG W11 153.9 0.56 2.75 5.5-12.4 6.3-27.6 mean:
(water-based) 9.4+3.4(StD)
EFH1 421.2 1.59 7.52 6.9-13.3 *

(oil-based)

* The particle diameter value for EFH1 oil-based ferrofluid is absent because the
uncontaminated TEM images were unavailable due to incomplete evaporation of the

oil-based ferrofluid, which causes an unsuccessful deposit of the oil-based ferrofluid
particles on the copper sample holder.
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2.4 Relaxation Times

In studying the dynamics of ferrofluids in time-varying magnetic fields, one
must consider how the local magnetization changes, or “relaxes,” due to fluid
convection, particle rotation, and applied fields. The simplest relaxation
equation for an incompressible, magnetically linear ferrofluid undergoing
simultaneous magnetization and reorientation due to fluid convection at flow

velocity v and spin angular velocity @ is Shliomis’ first magnetization

equation [25]:

aﬂ+v-VA71+MVoV—5xM+L[M—M0]=0, (2.8)
ot Ty
where 7. is the effective relaxation time constant and M, is the equilibrium

magnetization generally given by the Langevin equation of (2.4). Equation (2.8)
is applicable under conditions not far removed from magnetization equilibrium

[26-28].

The two commonly accepted mechanisms by which ferrofluid magnetic
particles relax are Brownian motion, resulting from collisions between the
magnetic particles and the constituent molecules of the suspending medium,
and Néel relaxation, resulting from rearrangement of the magnetic domains
without rotation of the particle. The characteristic time describing Brownian

motion is [1]

4zn, R
BT

2.9
where 7, is the shear viscosity of the suspending fluid, and R=R, +¢ is the
hydrodynamic radius being the sum of the magnetic particle radius, R,, and

the surfactant layer thickness, & . In estimating the Brownian relaxation time

we assume the surfactant layer thickness is approximately § =2 nm [4].
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The Néel relaxation time is given as [1]

(%)
T, =180 7, (2.10)
where 7, is a characteristic time of the magnetic material (109 s for

magnetite), Vp is the magnetic volume of the particle, and K is the anisotropy
constant of the magnetic domains, which spans the range of about 23,000 to
100,000 Joule/m® for magnetite and depends on the size of particle. K
increases as particle size decreases and here we use a representative value

of K =78,000 Joules/m® for 12.6 nm diameter magnetic nanoparticles [23].

These two relaxation processes occur in parallel and the shortest time

constant dominates the effective relaxation time constant. Therefore, the

effective time constant describing magnetic particle relaxation is given by [1]
11 1 TpTn

=—t—7,=—0N 2.11)
Ty Ta Ty Ty + 17Ty

The resulting Brownian, Néel, and effective relaxation times thus obtained are
summarized in Table 2-3 The calculated effective relaxation times have a wide
range because of the strong dependence on particle diameter and ferrofluid
particles have a wide distribution of size as given in Table 2-2. Direct

experimental determination of these relaxation times would be preferable and

should be the subject of future work.
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Table 2-3 Calculated Brownian, Néel and effective relaxation time constants of
water-based ferrofluids and oil based ferrofluid. The nanoparticle sizes used in
relaxation time constant calculations were obtained from the VSM and TEM estimated
particle diameter range from Table 2-2.

Ferrofluid

Ty [ns] Ty, I8l T, lns]
EMG705 7.59-8.59 (VSM) 1.30x107-4.78x10"" (VSM) 0.12-8.59 (VSM)
(water-based) 0.64-12.2 (TEM) 2.98x10°-5.85x10% (TEM) 0.0030-12.2 (TEM)
MSG W11 0.66-3.38 (VSM) 5.16x10-0.147 (VSM) 0.0051-3.38 (VSM)
ter-b:
(water-based) 0.84-24.2 (TEM) 1.18x10°1.19x10* (TEM) 0.012-24.2 (TEM)
EFH1 (oil-based) 3.57-14.28 (VSM) 2.56x10°12.0 (VSM) 0.025-14.3 (VSM)

2.5 Transmission Electron Microscope Measurements

The Transmission Electron Microscope (TEM) measurements were taken
using a JEOL 2011 high contrast digital TEM, which can perform TEM scans
from nanometers to microns. The TEM images for water-based ferrofluids are
shown in Figure 2-7 and Figure 2-8. The particle sizes listed in Table 2-2 were
obtained by image processing of Figure 2-7 and Figure 2-8. All the clear
particle images were selected from the TEM images to determine particle size
distributions. Table 2-2 shows that EMG705 water-based ferrofluid has a mean
particle diameter of 9.4 nm with standard deviation of +3.4 nm. MSG W11
water-based ferrofluid has a mean particle diameter of 15.6 nm with standard
deviation of £5.3 nm. The particle diameter values for EFH1 oil-based ferrofiuid
are absent because the uncontaminated TEM images were unavailable due to
incomplete evaporation of the oil-based ferrofluid, which causes an
unsuccessful deposit of the oil-based ferrofiuid particle on the copper sample

holder.
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Figure 2-7 Transmission Electron Microscope image of EMG705 water-based ferrofluid
(50,000 magnification). The magnetic nanoparticles have a mean diameter of 9.4 nm and
a standard deviation of +3.4 nm.
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Figure 2-8 Transmission Electron Microscope image of MSG W11 water-based ferrofluid
(60,000 magnification). The magnetic nanoparticles have a mean diameter of 15.6 nm
and a standard deviation of +5.3 nm.
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2.6 Speed of Sound Measurements

The speed of sound for the ferrofiuid samples are an essential property for the
spin-up velocity profile measurements in chapter 9 using an ultrasound
velocimeter. The speed of sound measurements of water-based ferrofluids,
oil-based ferrofiuid and other non-magnetic fluids such as deionized (DI) water
and a commercial transformer oil for reference were taken with two different
methods by using a Signal Processing Corporation’s DOP 2000 pulsed
Doppler ultrasound velocimeter. All the speed of sound measurements were
taken in a fluid sample container provided by Signal Processing Corporation
specifically designed for measuring the speed of sound in fluids. As shown in
Figure 2-9, the cylindrical chamber holds a calibrated micrometer and an
insertable ultrasound probe at diametrically opposite ends on the perimeter.
The distance between the ends of the ultrasound probe and the micrometer

was precisely controlled by the micrometer.

The signal processing method suggested by Signal Processing Corporation
measures the differential change of the ultrasound echo correlation signal due
to a known incremental change in the distance between the face of the
ultrasound probe and the reflecting face of the micrometer. The ratio between
the nominal change in round-trip distance and actual change in distance leads
to an estimate of the speed of sound of the fluid sample in the container
chamber. However, the results of speed of sound from the Signal Processing
method were not repeatable enough to inspire trust without corroboration from
an independent experiment. While the technique usually yields reasonable
results, a small error or disturbance in turning the micrometer can lead to

non-physically high measured speeds of sound.
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Ultrasound probe

Micrometer

Sample fluid

N

Figure 2-9 Schematic cross-section showing the container used to measure the speed
of sound in the sample fluids.

The Echo Referring method (MIT’s relative method) uses the same
experimental setup as the Signal Processing method. Instead of a change in
the distance between the ultrasound probe and the micrometer, the Echo
Referring method uses a fixed distance, which avoids any disturbance from
turning the micrometer. By this method, the micrometer was maintained at a
known fixed position and the distance between the two reflecting surfaces was
a fixed distance. The echo correlation signals for all the different fluid samples
were recorded in sequence as shown in Figure 2-10. The nominal speed of
sound in the DOP 2000 was set as the speed of sound in water, Vs_nomina =
Vs_water.- BY €valuating the echo correlation signals and the round-trip travel

time of sound in the sample fluid, the effective distances were estimated as:

D,

cﬂ:l

sample Vs _nominal

2.12)
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where D . is the estimated effective distance, ¢

¢ sample

is the one way travel

time of sound in the sample fluid, and v

s—-

»omiat 1S the€ Nominal speed of sound

in the DOP 2000 setup.

The actual distance between the two surfaces of the ultrasound probe and

micrometer were:

D=t v (2.13)

act — “sample” s _sample

where D, , is the estimated actual distance, and v

. sampie 1S the speed of
sound of the sample. The actual distance equals the effective distance when a
fluid with known speed of sound, as DI water, was used and the nominal speed

of sound was set as the known speed of sound.
Combining (2.12) and (2.13) yields

D ,
— actvs _ nominal (2 ] 1 4)

vx_.\‘ample D
i

Because the effective distance for the various ferrofluid samples is estimated
by the echo signal and the speed of sound is determined relative to a
reference fluid sample (e.g., de-ionized water), this method was called the
Echo Referring Method (or MIT method). Table 2-4 shows that the results of
the two techniques of measuring the speed of sound at 18° Celsius differ by
less than 4%, which falls well within practical engineering approximation.
Moreover, scientific reference quotes a value of 1476 m/s for the speed of
sound in water at a temperature of 18° Celsius [37], which again differs from
our relatively simple measurement by less than 1%. The agreement between
the two measurement techniques, as well as the close agreement with the
accepted value for the speed of sound in water inspires confidence in the

measured values of the speed of sound in the ferrofluid samples.
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Figure 2-10 Echo intensity image of DI water, MSG W11 water-based ferrofluid and EFH1
oil-based ferrofluid. The speed of sound in the DOP 2000 was set as the speed of sound
in water, Vs_nominai- By evaluating the echo correlation signals and the round-trip travel
time of sound in the sample fluid, the effective distances were estimated. Using
equation (2.14) the speeds of sound for all samples were calculated, where the actual
distance was measured using the micrometer. Note the echoes close to 0 distance are
the transducer echo, which is from the transducer impedance mismatching with the
plastic container wall/ferrofluid interface.
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Table 2-4 Speed of sound measurements for water-based ferrofluids, oil-based
ferrofluid, and non-magnetic fluids at a temperature of 18° Celsius. The resulits of two
different methods of measuring the speed of sound agree to within less than 4%. The
value of the speed of sound in water at 18° Celsius is 1476 m/s [37] as reported in the
literature which exceeds our measured velocity by less than 1%.

Material Speed of sound, [m/s] Speed of sound, [m/s] Difference, [%]
Signal Processing Echo Referring (MIT)
Method Method
Dl-water 1459 1462 -0.21
Nytro 1456 1403 3.64
EMG705 (water-based) 1487 1432 3.70
MSG W11 (water-based) 1487 1439 3.23
EFH1 (oil-based) 1143 1116 2.36
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Chapter 3. Theoretical Background and
Governing Equations

The ferrohydrodynamic governing equations are the electro-magnetic field
equations, the fluid mechanical conservation of linear and angular momentum
equations including magnetic force and torque density equations, together with
a magnetization relaxation constitutive law. These equations are applied to the
description of ferrofluid behavior in static, oscillating, and rotating uniform and
non-uniform magnetic fields. Boundary conditions provide all the additional

requirements to make the set of ferrohydrodynamic equations complete.

3.1 Maxwell’s Equations

Ferrohydrodynamic experiments are conducted at low frequencies, typically up
to 500 Hz, and at low velocity much less than the speed of light, so that the
analysis is accurate in the magnetoquasistatic limit (MQS). In the

magnetoquasistatic limit, Ampere’s law reduces to

VxH =0 (3.1)
where H [Amp/m]is the magnetic field. The volume current density source
term and the displacement current density correction term of Ampere’s law are
ignored as ferrofiuid is non-conductive and is operated in the MQS regime.
Then the irrotational magnetic field can be replaced by the gradient of a

magnetic scalar potential ¥ [Amp] as

H=-v¥ (3.2)

Gauss's law for the magnetic flux density requires that the divergence of

magnetic flux density equals zero.

V-B=0 (3.3)



where B is the magnetic flux density [Tesla). The constitutive relation of

magnetic flux density, magnetic field and magnetization is
B=u(H+M) (3.4)

where u, =4zx10"" [henry/m] is the magnetic permeability in free space and

M is the magnetization of ferrofluid [Amp/m]. Combining Ampere’s law (3.2),

Gauss’ law for magnetic field (3.3) and the constitutive relation (3.4), yields

VY = VoS (3.5)
which is Poisson’s equation with an effective magnetic charge density term as

1, VoM .

3.2 Magnetization Relaxation Equation

The ferrofluid magnetization relaxation equation used in this work is Shliomis’
first relaxation equation [25]
oM -

E—+v-Vﬂ+M(V-V)—5xH+

1

(M-M,)=0 (3.6)
T

where 7, [s] is the effective relaxation time constant given in section 2.4,

v [m/s] is the ferrofluid linear flow velocity, @ [1/s] is the ferrofluid spin
velocity which is an average particle rotation angular velocity, and M,

[Amp/m] is the equilibrium magnetization. This is valid when Qr <1, where
Q [1/s] is the angular frequency of the applied magnetic field. Shliomis’
second magnetization relaxation equation, derived microscopically using the
Fokker-Planck equation in the mean field approximation, considers Qz>>1.
More recently, Shliomis has derived a more complicated third magnetization
equation from irreversible thermodynamics which describes magnetoviscosity
in the entire range of magnetic field strength and flow vorticity. It is stated that

this new magnetization equation is an improvement over that of the first and
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second equations by being valid even far from equilibrium. In our study, the
first Shliomis magnetization relaxation equation, (3.6), in the low frequency

limit can approximately state the dynamic relation of 7 and Af asin our
work 7 ~107°s and the magnetic frequency of operation is typically up to 500
Hz so that at most Q7 =~ 0.03. In the low field strength limit the equilibrium
magnetization can be replaced by M, = y,H, where y, is the initial

susceptibility of ferrofluid as described in sections 2.2-2.3. Further substitution

of the equilibrium magnetization relation into (3.6) leads to the expression,

a—M-+(§-V)ﬁ-5xH+l(M"-ZO’ﬁ)=o (3.7)
ot T

where the ferrofluid is considered incompressible so that Ve« =0.

3.3 Fluid Dynamic Equations

The fluid dynamic equations are given by conservation of linear and angular

momentums. Conservation of linear momentum is [1]

p—DD—:=—Vp'+F+2§Vx5+(n+/1—4’)V(V-;)+(77+C)V2; (3.8)

where p [kg/m’] is the ferrofiuid mass density, p [N/m? is the dynamical
pressure including gravity effects, p'=p-p(7-g), 7 [m]is a position vector
with respect to an arbitrary origin, g [m/s? is the acceleration of gravity, F

[N/m®] is the magnetic force density, ¢ [Ns/m? is the vortex viscosity and

from microscopic theory for dilute suspensions obeys the approximate

relationship, ¢ =1.57¢, where ¢ is the volume fraction of particles of section

2.2 also being in reference [25], 7 is the dynamic shear viscosity [Ns/m?], and

A [Ns/m? is the bulk viscosity. Conservation of angular momentum is [1]
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J%:T+2§(Vx;—25)+(77'+/1')V(V-5)+77’VZE (3.9)
where J [kg/m] is the moment of inertia density, T [N/m?] is the magnetic

torque density, 7 [Ns] is the shear coefficient of spin viscosity, and A' [Ns] is

the bulk coefficient of spin viscosity. Furthermore, we take the force density
and the torque density in the fluid dynamic equations to be time average

values given that the applied magnetic field is oscillating or rotating. Thus, the

time average body force density is given as F = <,u0 (A_/I - V)ﬁ) and the time

average body torque density is givenas T = <,uoﬁxﬁ>, where the delimiters

( ) denote time average values of body force and torque densities. Using

complex notation in the sinusoidal steady state, the time average values are
easily calculated as (4B)= -;—Re{ﬁfi'} , where A= Re{ﬁe’“’} , B= Re{ée’“’} :

A A

A and B are arbitrary complex amplitudes, and Q=2xf is the radian

frequency [29].

This set of three vector differential equations, (3.7)-(3.9), governs the

ferrohydrodynamic behavior of isothermal ferrofiuids.

In our study we consider the ferrofluid to be incompressible so that the

conservation of mass equation

Liv-(pv)=0 (3.10)

reduces to

Vev =0, p=constant (3.11)
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3.4 Boundary Conditions

In principle, all that is required to solve (3.5), (3.7), (3.8) and (3.9) for a given
flow situation and applied magnetic field is a complete set of boundary

conditions.

For Maxwell’s equations, the boundary conditions are

e

|B|=0, 7x|H|=K (3.12)
where 7 is the unit vector normal to the boundary and K [Amp/m] is the

surface current density at the boundary, and | | denotes the jump value

across the boundary.

Further considering Poisson’s equation (3.5), a simple boundary condition

given below is

¥|ac =¥, (3.13)
where ¥, is the magnetic scalar value at the boundary, which is specified by

the applied magnetic field or the surface current density at the boundary. More

detail is discussed in section 9.2.3 with equation (9.61).

In the sinusoidal steady state the magnetization relaxation equation of (3.7)
does not impose any spatial boundary conditions. The magnetization is
rewritten in terms of the magnetic scalar potential ¥, the linear velocity v
and the spin velocity @, which gives the particular solution to Poisson'’s

equation of (3.5).

For the fluid dynamic equations, the linear momentum equation requires an
initial condition and two vector boundary conditions, commonly accepted to be
the same as in classical fluid mechanics. For a rigid and stationary boundary,

the no-penetration and no slip boundary conditions are:
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n-[v]|=0, ax|v|=0 (.14

where |7]| represents the jump in fluid velocity across the boundary.

As with the translational velocity field, (3.9) describing spin velocity requires an
initial condition as well as two vector boundary conditions. The appropriate
boundary conditions for the spin field, on the other hand, are still a subject of

debate. However, because most analyses of ferrofluid behavior neglect the
effect of “spin-diffusion” by setting r'=A4'=0, thereby reducing the

second-order internal angular momentum equation (3.9) to zero order and thus
not requiring any boundary conditions on the spin field, @ , the spin-boundary
condition has not received as much attention as the translational velocity
boundary condition. Including non-zero spin viscosity, various possible spin
velocity boundary conditions are imaginable, depending on assumptions for
the particle/wall interaction effects. In this contribution we analyze two of these
possibilities: (i) The “spin—no-slip” boundary condition and (ii) spin—vorticity

matching at surfaces. The spin-no-slip boundary condition:

7-||@|=0, 7x|@|=0 (3.15)
corresponds to the assumption that particle/wall interactions are so strong that

no relative spin between the particle and surface is possible. Spin/vorticity

matching boundary conditions:

E—leV
2

=0 (3.16)

corresponds to the assumption that antisymmetric stresses vanish at the wall.
In this case, ferrofluid nanoparticles roll along the particle/wall interface. We
treat both boundary conditions in (3.15) and (3.16) simultaneously by writing

the boundary condition as



=0 (3.17)

“5—7%Vx7

where y is the spin boundary condition selector. When y =0 the general

boundary condition gives the “spin-no-slip” boundary condition of (3.15) and

when y =1 the general boundary condition gives the “spin-vorticity” boundary

condition of (3.16).

3.5 Turbulence in Planar Couette Flow and Taylor

Instability in Taylor-Couette Flow

Our study is focused on the hydrodynamics of ferrofluid in an oscillating or
rotating magnetic field in planar or cylindrical geometry. With the turbulence
and instability analysis below, our work is at low velocity and combined with
the experimental geometry gives a Reynolds’ number that is much less than
the critical Reynolds’ number for turbulence and our Taylor number is less than
the critical Taylor number. Therefore, in our analysis without turbulence, planar
Couette flow just has one velocity component along the channel and without
instability the Taylor-Couette flow just has one velocity component in the
angular direction. This simplifies our simulation and helps us to understand the
fundamental mechanisms of complex ferrofiuid flow behavior under oscillating

and rotating magnetic fields.

Two shear-driven flows bear the name of Couette: the flow between infinite
parallel planes translating at different velocities while maintaining a constant
separation is called planar Couette flow, while the flow between differentially
rotating concentric cylinders is called cylindrical Couette flow, or more
commonly, Taylor-Couette flow. At high velocity there may be turbulence in

planar Couette flow and Taylor instability in Taylor-Couette flows.
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The turbulence for planar Couette flow depends only on the distance d

between the plates, the relative velocity U of the plates, and the kinematic

viscosity v (v=n/p,where 7 is the flow viscosity and p isthe mass

density), which are combined into a single non-dimensional parameter, the

Reynolds number defined as

Re=Ud/v (3.18)
Commonly, laminar flow occurs at low Reynolds’ numbers, where viscous

forces are dominant, and is characterized by smooth, constant fluid motion,
while turbulent flow, on the other hand, occurs at high Reynolds’ numbers and
is dominated by inertial forces, producing random eddies, vortices and other

flow fluctuations. The transition between laminar and turbulent flow is often

indicated by a critical Reynolds number, Re,, which depends on the exact

flow configuration and must be determined experimentally. Within a certain
range around this point there is a region of gradual transition where the flow is
neither fully laminar nor fully turbulent, and predictions of fluid behavior can be
difficult. Ordinarily for a planar geometry, the critical Reynolds’ number is
generally accepted to be 2300 [34-36]. When the Reynolds’ number is smaller
than 2000, the flow is laminar flow. When the Reynolds’ number is greater than
4000, the flow is turbulent flow. A Reynolds’ number befween 2000 and 4000
is in the transition region. A critical speed can also be calculated from the

critical Reynolds’ number as

Re v
U =—= 3.19
‘= (3.19)

Table 3-1 presents the physical and flow properties of planar Couette ferrofluid

flow by assuming the gap of the planar channel is 0.01 m with a representative

velocity 0.1 m/s.
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Table 3-1 Physical and flow properties for water-based and oil-based ferrofluids used
for planar Couette flow.

Ferrofiuid P [kg/m’] 7, IN-sim”] Re (d =0.01 m, U = 0.1 mis)
EMG705 (water-based) 1,194 0.00248 481.45
MSG W11 (water-based) 1,200 0.00202 594.06
EFH1 (oil-based) 1,221 0.00727 167.95

The planar Couette flow in our work is laminar flow, because our Reynolds’

number is much less than the critical Reynolds’ number of 2000.

In contrast, cylindrical geometry Taylor-Couette flow has curvature effects so

that both the inner and outer radii R, and Ry (or the gap width d =R, - R,

and the average radiusR=(R, + R

out

)/2 ) play a role. Because the rotating flow
introduces a Coriolis term into the equation, the flow depends on the angular
velocities of both the inner and outer cylinders, o, and o, . The five
dimensional parameters can be combined into three non-dimensional

parameters in various ways. Here we choose =R, /R ,,, yu=0,,/w,,and

out in?

Re=R w,d/v . A more general parameter, Taylor's number, is defined as

in-""in

R ()14 )

. > 5 (3.20)
0w

which determines instability from the properties of Taylor Couette flow. A

critical Taylor’'s number for Taylor instability is given as T.. When the Taylor’s

number of a Taylor-Couette flow is greater than the critical Taylor's number,
instability occurs. A critical spin velocity of the inner cylinder can be calculated

for a given critical Taylor's number as,
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(1 / 2) 1
. B = < 3.21
e 2Rin2 J(l—ﬂ)(]— u/ﬂz) ( )

Table 3-2 presents the physical and flow properties of ferrofluids. The Taylor’s

numbers in Table 3-2 are calculated from (3.20) by assuming the spin velocity

w, is 50 rpm=5.2rads/s and w,, =0 (stationary container). In our

in

Taylor-Couette flow experiments, we have two cylinder sizes. The inner
cylinder is a 10 ml syringe with 13.9 mm diameter and a 20 ml syringe with

diameter 18.2 mm. The outer cylinder is a 200 ml beaker with diameter 52.2

mm. Here pB=0.27 for the 10 ml syringe and S=0.35 for the 20 ml syringe,

and u=0 for all cases as the beaker is stationary.

Table 3-2 Physical and flow properties for water-based and oil-based ferrofluids used
for Taylor-Couette flow measurements.

Ferrofiuid P, kg/m* 7, [N-ssm?] T(10mi syringe) T(20ml syringe)
EMG705 (water-based) 1,194 0.00248 17414 19348
MSG W11 1,200 0.00202 18181 20294
EFH1 1,221 0.00727 24041 26835

The critical Taylor numberis T =3.31x10° for x=0 [36].In our work the

Taylor numbers in Table 3-2 are smaller than the critical Taylor's number, so

that our spin-up flow is stable.

3.6 Skin Depth

Skin depth ¢ is the distance to which an incident magnetic field penetrates

into an ohmic conductor.
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where o [siemen/m] is conductivity, u [henry/m] is the magnetic

permeability, o =2z [rad/s] is the radian frequency and f [HZ]is the

frequency of the applied magnetic field. Table 3-3 gives the physical properties

and the skin depth for water and ferrofluids we used. Because the skin depth

of our experiments shown in Table 3-3 is much greater than the size of the

experiment geometry, there is no significant skin depth decay in our work.

Table 3-3 Physical properties and skin depths at f = 500 Hz for water, water-based and

oil-based ferrofluids used in experiments.

Material f, [Hz] M, [Henry-m™] O , [siemen/m] S.m]
Dl-water 500 4nx107 5.5x10°® 9597
Tap water 500 4rnx107 5.5x10™~5x10? 100~1000
EMG705 500 5.20x10°® 5.5x10*~5x10 47.2~472
MSG W11 500 1.96x10° 5.5x10*~5x10 80.6~806
EFH1 500 3.25x10° 5.5x10~5x102 62.6~626
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Chapter 4. Effective Magnetoviscosity with Zero
Spin Viscosity Coefficients (n'=0, N’ =0)

Ferrofluids are stable colloidal suspensions consisting of single-domain
magnetic particles coated with a surfactant and immersed in a carrier fluid. A
homogeneous magnetic field tends to orient the magnetic moment of a
colloidal magnetic particle of a magnetic fluid in the direction of the applied
magnetic field with resistance to free rotation of the particle from fluid viscosity
or magnetic crystalline anisotropy. With the Brownian and Néel relaxation
effects and hydrodynamic forces, antisymmetric stress between the magnetic
particle and the carrier fluid affects the effective magnetoviscosity of the
magnetic fluid. By applying Shliomis’ first magnetization relaxation equation to
planar-Couette magnetic fluid flow with an applied uniform DC magnetic field
transverse to the duct axis, the effective magnetoviscosity and particle spin
velocity are derived. Two types of uniform DC magnetic fields are applied,
imposed uniform magnetic field H as shown in Figure 4-1(a) and imposed

uniform magnetic flux density B as shown in Figure 4-1(b).

For both one dimensional cases in Figure 4-1, because V.B =0, with all fields
only depending only on the x coordinate, B, must be spatially uniform.
However, as shown in Figure 4-1(a), the magnetic field A is driven by
(f H-«dl = NI, in the ferrofluid. Because the spin velocity @ is spatially

uniform for planar Couette flow as will be shown in the following analysis, the

magnetic field A is spatially uniform in the ferrofluid. For other flows, such as

Poiseuille flow, the spin velocity is a function of position, so that the magnetic
field A is not constant in the ferrofluid. As shown in Figure 4-1(b) the

magnetic flux density B=A,/4 is spatially uniform when the exciting coil has

constant voltage, but the magnetic field A can be spatially varying.
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(b)
Figure 4-1 (a) With a constant DC current source the DC magnetic field H is spatially

constant in the ferrofluid, / = NI /s for planar Couette flow because the spin velocity
is uniform and B will be a spatial constant that depends on the fluid spin velocity @ .

For non-Couette flow N/ = fodx (b) With an impulse voltage source, v=A (1),
the DC magnetic flux A, is imposed and the DC magnetic flux density B is spatially

uniform in the ferrofluid, B=A /A, where H depends on the fluid spin velocity and

is spatially constant only for Couette flow.
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4.1 Governing equations for Planar Couette Flow

4.1.1 Magnetic Field and Magnetization

For the planar duct Couette flow, with magnetic fluid confined between rigid
walls as shown in Figure 4-2, the top surface is driven at velocity V and the

volume is magnetically stressed by a uniform x directed DC magnetic field

H_ (Figure 4-1(a)) or magnetic flux density B, (Figure 4-1(b)), as shown in

Figure 4-2. The flow velocity ¥ and the spin velocity @ are of the form

i, @.1)

Figure 4-2 A planar ferrofluid layer between rigid walls, in planar Couette flow driven
by the x=d surface moving at velocity V, is magnetically stressed by a uniform x

directed DC magpnetic field H_or magnetic flux density B,.

The imposed magnetic field H_ or magnetic flux density B, do not depend

onthe y and z coordinates for the magnetic circuits shown in Figure 4-1

and Figure 4-2. We assume that the gap d is sufficiently small that the

externally imposed current or magnetic flux sources impose magnetic field

variables and flow variables that are independent of y and z and can only
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vary with x. Gauss’s law for the magnetic flux density B = u,(H +M) and

Ampere’s law for the magnetic field H with zero current density are

VeB=0= iz" =0=> B, =constant 4.2)
— dH
VxH=O:dH’= ~=0= H, H, =constant 4.3)
dx dx

In the absence of y and z directed surface currentsonthe x=0 and x=d

planes, H, = H, =0. Therefore, in the DC steady state, the total magnetic field

inside the magnetic fluid layer is of the form

H=H_(x)i, (4.4)
and in terms of imposed external uniform magnetic flux density B, the total

magnetic flux density inside the magnetic fluid layer has the form

B=B,i +B,(x)i (4.5)
where because of the lack of a surface current source, H, =0 from (4.3), and

B, is only due to z directed magnetization, M,, due to fluid motion. For

z

planar Couette flow we will find that H_ in (4.4) is independent of x.

For low magnetic fields, Shliomis’ first magnetization relaxation equation for

magnetization M in a magnetic field H is given as (3.7). At low fields the

magnetic fluid obeys a linear constitutive law in equilibrium with constant

magnetic susceptibility y,, M=y, H.

Using (4.4) and (4.5) in (3.7), the magnetization components in terms of

imposed uniform magnetic field H, are

XoH, _ _ZOwayT

A CEE TR -
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and the magnetization components in terms of imposed external uniform
magnetic flux density B, are
XoB. !ty ~XB.0,t/ 1y

- I:((oyz')2 +1 +;(0] M. = I:(a)yr)2 +1+ ;(0] @7

X

4.1.2 Magnetic Force and Torque Density

The magnetic force density is given by F = y4,(M-V)H and the magnetic
torque density is given by T = u,(M x H) . Using (4.6), the magnetic force and

torque density with imposed uniform magnetic field H_ are of the form

dH

F = p(MV)H = M, dxx =0 4.8)
— _ - - H? _
T = (W x H) = M H,T, = 2T 7 7 4.9)
(a)yr) +1
Using (4.7), the magnetic force and torque density with imposed external
uniform magnetic flux density B, are of the form
— _ d | B, +_ =d1
F = pp(M-V)H = M, 5(;()——%]1,, =], Z(E%Mf) =0 (4.10)
_ o _ —xo,TB] [(a)yr)z + 1} B
T = p(MxHy=(M_B, - 1;M,M,)7, = - =7, (4l11)
Ho [(wyr) +1+ ;(0]

Note, that the right hand side of (4.10) is zero, because in (4.10) B_ is
constant from (4.2) and we will show that under DC conditions and with 7'=0
that o, is also constant as will be shown in Section 4.2, so that M_ and

M, in (4.7) do not depend on x.
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4.1.3 Planar Couette Flow

For an incompressible fluid and for the assumed flow solutions in (4.1),

V-v=0,V-@=0. The coupled linear and angular momentum conservation

equations with force density F and torque density T for a fluid in a gravity

field —gi are givenin (3.8) and (3.9).

For low Reynolds’ number flows so that inertia is negligible; in the DC steady
state; and neglecting spin viscosity (r'=0), pressure gradient and gravity

effects; the flow and spin velocity equations are

0=F+2{Vxa@+({+n)V¥ 4.12)
0=T+2{(VxV-2d) (4.13)

where in (4.12), the force density is zero from (4.8) and (4.10). Using the

solution form of (4.1), the flow and spin velocity equations reduce to

d? dw
(Con) g o w19
I}—ZC(‘Z‘ +2wyj=0 4.15)

In the absence of magnetic field (#_ =0) or magnetic flux density (B, =0),
T, =0 and with the boundary conditions that v,(x=0)=0 and v,(x=d)=V,
the solution for flow and spin velocities are

% 14
v, (%) =7x, O == (4.16)

With imposed external magnetic field ( /) as shown in Figure 4-1(a) or

magnetic flux density ( B, ) as shown in Figure 4-1(b), the spin velocity (», ) is

spatially uniform as shown in the following section 4.2, which makes the torque
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density (7, ) spatially uniform from (4.2), (4.3), (4.9) and (4.11). Therefore,

integration of (4.15) gives the solution for the flow velocity of the form

T
vz(x)=(2—2——2a)y)x+c 4.17)
Using the boundary conditions that

Vv,(x=0)=0=>C=0

T 4.18
vz(x=d)=V:>(527—2a)yJ=§ (4.18)
the flow and spin velocities are
n=2
4.19
Ly (4.19)
7 4 2

where T, is given by (4.9) for H, imposed magnetic field and (4.11) for B,

imposed magnetic field. Equation (4.19) shows that for planar Couette flow the
magnetic field does not change the flow velocity profile from (4.16) but does

change the spin velocity.
4.1.4 Shear Stress

The general Cauchy stress tensor equation for flow is

T =-pI +n[Vo+V¥" |+ A(V-%)I + {5 (V7 -20) (4.20)

where T is the pressure viscous-stress tensor, T is the unit isotropic dyadic,

+1  ijk = xyz, yzx or zxy
4 is the bulk viscosity, and Z is the polyadic, &y =11 ijk =xzy, yxz or zyx .
0 i=ji=korj=k

Using the solution form of (4.16) and (4.19) with the assumption of

incompressible flow (V-v =0), the shear stress at the x=0 interface is
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dv

I, =(1+¢) 5+ 2o, =(77+{)5—+2{a)y 21)

which has no direct magnetic stress.

The Maxwell stress tensor (Tj =H.B, —%é‘,}.yonH,,] in general has no

surface shear stress contribution (7, = H,B,) in the absence of surface
currents, because tangential A (H,) and normal B (B,) are continuous
across the x=0 interface. In the absence of magnetic field (H_ =0) or
magnetic flux density ( B, =0), the shear force atthe x=0 interface is
obtained by substituting (4.16) into (4.21)

14
T.=n 7 (4.22)

The change of the shear force due to the magnetic field gives the change in

the flow viscosity, An, as

vV vV 20dY T, d
AT =T -T ,=¢(|—+20, |=An—>>An=¢|1+—2—|=2= (4.23

where T, is given by (4.9) for H  imposed magnetic field and (4.11) for B,

imposed magnetic field. -

4.2 Spin Velocity and Effective Viscosity Solutions for

Planar Couette Flow

4.2.1 The Solution for an Imposed External Magnetic Field H,

Using the solution form of the torque density from (4.9) in (4.14) and (4.15), the

solution of the spin velocity @, , when H_ is imposed, is found by solving the

3" order equation
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2
20, + Zobo0yTH,

"2 () +1

Yoo 424
; (4.24)

w.d
Defining the non-dimensional parameters r = An/(24)=(—;-+ I’/ J and

2
P, =M;—;-{"l, equation (4.24) can be rewritten as the 3" order equation

TIN5 PR 1 (4.25)
4 (veid) | 20cld)

Solving equation (4.25) for a real root, the effective viscosity for magnetic fluid

in an imposed magnetic field can be found. This solution is given by Shliomis
[25] and Rosensweig [1], although note that equation (4.25) corrects a few

small errors in Rosensweig's expression (equation (8.96)). Figure 4-3 plots

-g—g vs. P, and also corrects minor errors in Rosensweig’s plot (Figure 8.11).

The effective viscosity An has non-physical multiple values when the applied
magnetic field and flow parameters P, and %T- exceed critical values. This

may be because the analysis assumes the spin viscosity to be 7'=0, which

may be non-physical.
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Figure 4-3 The solution for the change in magnetoviscosity for planar Couette flow

2
. _ Ml . .
versus related magnetic field parameter | P, = T and magnetic flux density

2
parameter [PB I 7552

=———*——— for various values of Kf— . For imposed magnetic
M1+ 2,)"4¢ d

flux density B, x,=1.55 for oil-based magnetic fluid Ferrotec EFH1 [40, 41].

Note that for this case of constant H,, that B, =u,(H,+M,) and that even
though B, is spatially constant it does depend on @, . Using the solution of

M, from (4.6) in B =y, (H,+M,), B, is

_ _ Xo
B, = p, (Hx +Mx) M H, [1 +———|:(wyr)2 +1]J (4.26)
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2
Non-dimensionalizing (4.26) with non-dimensional parameter P, =—”M"—T—

4¢
and B/ =£‘-‘l, equation (4.26) can be written as
Xo®
2 2
B X
ol | P 427
B [ [(a)yz‘)2+1]J " (*27)

Figure 4-4 shows the relationship of related magnetic field and magnetic flux

density. With an imposed constant magnetic field H_, the magnetic flux
density B, is still a spatial constant but depends on the spin velocity. It is also
shown in Figure 4-4 that the magnetic flux density B, has non-physical
multiple values when the applied magnetic field and flow parameters P, and
% exceed critical values. This again indicates that taking the spin viscosity

value of '=0 may be non-physical.
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Figure 4-4 The magnetic flux density parameter (—"—] versus magnetic field
0

parameter P, =

Hr
_”.Q}f:_x for an imposed constant magnetic field 7/ _ for planar

Vt
Couette flow for various 7’ where Y, = 1.55 for oil based ferrofluid Ferrotec EFH1.

4.2.2 The Solution for an Imposed External Magnetic Flux Density
B,

Using the solution form of the torque density from (4.11) in (4.14) and (4.15),

the solution of the spin velocity , is found by solving the 5™ order equation

Zo@,T [(myr)z + 1} B?

ZyOC[(wyr)z +1+ x(,:|2

20,+ +% =0 (4.28)
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d
Defining the non-dimensional parameters r=An/(2¢) = G+ w;/ ] and

ZBit

» =———*—— equation (4.28) can be rewritten as the 5th order equation
M1+ x,) 48

TN ((+2) B+20+ )] 1y
=3) -3l 3]

2) 20 2 (Ve/d)’ 2 w29
M(,_zy+[(‘+ZO)Z<PB+1>J(,_1)+ (1) _
vrrd)'\ 2 (vecid)' 2) 2(verd)'

Solving equation (4.29) for a real root, the effective viscosity for magnetic fluid

in an imposed magnetic flux density can be found. Figure 4-3 also shows the

solution for magnetoviscosity versus P, for various values of % taking

X, =1.55 for oil-based magnetic fluid Ferrotec EFH1 [40, 41].

Note again that B, is a spatial and temporal constant and that H, =ﬂ—MJr

Hy

is also a spatial and temporal constant for planar Couette flow but varying with

x

flow spin velocity o, . Using the solution of A, from (4.7) in H, =&—M ,
Ho

H_is

X

Hy=S oy =By B (4.30)
Fo Hl [@0)7 +1+7,]

Non-dimensionalizing (4.30) with non-dimensional parameter

2
A :L"T2 and H,’= 4 , equation (4.26) can be written as
Ho(l+2,)°4¢ XothT

2

H 2 Zo 2
X_=(1 — P .
H02 ( +XO) [1 [( y’t')2+l+ 0]] B (4 31)
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Figure 4-5 shows the relationship of magnetic flux density parameter P, and

2
magnetic field parameter (Z") for various % With an imposed constant
0

magnetic flux density B_, the magnetic field H_ is still a spatial constant but

depends on the spin velocity. It is also shown in Figure 4-5 that the magnetic

field H_  has non-physical multiple values when the applied magnetic flux
density and flow parameters P, and %r— exceed critical values. This may be

because the analysis uses the spin viscosity value of r'=0, which may be

non-physical.

Figure 4-5 The relationship of related magnetic flux density parameter

1Bt
o+ )4

X

2
) for an imposed magnetic
0

and magnetic field parameter (

vV
flux density B, for various values of 77, where y, =1.55 for oil based ferrofiuid

Ferrotec EFH1.
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4.3 Effective Viscosity Solutions for Planar Poiseuille Flow

The difference between a planar Couette flow and a planar Poiseulille flow is
the driving source for the flow. A planar Couette flow has flow driven by a

surface moving at a constant velocity as shown in Figure 4-2, while a planar
Poiseuille flow is driven by a constant pressure gradient, g_p’ along the planar
74

channel as shown in Figure 4-6.

7 7/,«/ 7

Figure 4-6 A planar ferrofluid layer between rigid stationary walls, in planar Poiseuille

0
flow driven by the constant pressure gradient, EP , along the planar channel, is

magnetically stressed by a uniform x directed DC magnetic flux density B, .

4.3.1 Governing Equations and Boundary Conditions for Planar

Poiseuille Flow

The governing equations of magnetic field and magnetization for a planar

Poiseuille flow are the same as the equations for a planar Couette flow as
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given in section 4.1.1. The magnetic force and torque density equations for a
planar Poiseuille flow are of the same form as for a planar Couette flow as

given in section 4.1.2.

A planar Poiseuille flow also has the same coupled linear and angular

momentum conservation equations as planar Couette flow with force density
F and torque density T for a fluid in a gravity field —gi. givenin (3.8) and
(3.9). The primary difference in the solutions between planar Couette and

Poiseuille flows is that for Poiseuille flow o, is a function of x. For low

Reynolds’ number flows, so that inertia is negligible, in the DC steady state,
and neglecting spin viscosity (7'=0) and gravity effects, the flow and spin

velocity equations are
0=-Vp+F+2(Vxa@+({+n)V¥ (4.32)

0=T+2¢(Vx7v-2a) (4.33)

where in (4.32), the force density is set to zero from (4.8) and (4.10). Using the

solution form of (4.1), the flow and spin velocity equations reduce to

dzvz dwy ap —

+ +2 -——== 4.34
(& +n) P S (4.34)
dv

Ty—zc(dx’+2wy):0 (4.35)
The boundary conditions for the velocityat x=0 and x=d are
v,(x=0)=v (x=d)=0 (4.36)

From symmetry we have the boundary values of the spin velocity and the

velocity derivative as

o,(x=0)=-o,(x=d) 4.37)
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dv dv
d;(x=0)=—d;(x=d) (4.38)

Also by symmetry the spin velocity value at x =§ must be zero

o, (x = i) =0 (4.39)
2
The spin velocity o, (x) is thus an odd function of x, and the flow velocity
v,(x) is an even function of x around x =-‘;—.
4.3.2 Effective Viscosity Solutions for Planar Poiseuille Flow

Taking the derivative of (4.35) respect to x to replace the velocity term in (4.34),

the solution of the spin velocity @, is found by solving the differential equation

of

d dT
G _s+n%, P _, (4.40)
dxc 2, dx o0z

2n

where the torque density 7, is given as (4.11) for an imposed uniform

external magnetic flux density B_. Equation (4.40) is then integrated to yield

+ ?)
2nwy—42—c'lTy +a—’;x+c=o (4.41)

Using the symmetry condition (4.39), the value of constant C is

C= _?ﬁi (4.42)
oz 2

Using the solution of torque density from (4.11) in (4.41) the solution of the

spin velocity o, is found by solving the 5™ order equation dependent on x

2ne, + ' X——

=+ (4.43)
2 Hy [(a)yr)z +1+;(0] oz 2

£+ Zo@,TB; [(a)yr)z +1} _ag_( d) »
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wd 3

Defining the non-dimensional parameters r=w,7, K= e and
n
2
P, = M, equation (4.43) can be rewritten as
HyAsT
P (2 +1)r
r+——-—"( )2+K(-"-—1]=o (4.44)
(r2 +1+ ;(0) d 2

which is a 5th order equation

» +K(§——;—)r“ +[2(1+ %)+ P )7 +2K(%—%)(l+xo)r2

| (4.45)
X
+[(1+,%)2 +P,,]r+K(;—5J(1+%)2 =0
Using the solution from (4.45) in (4.35) the flow velocity is
T
v,(x)= E—zwy dx (4.46)

Using the expression for 7, from (4.11) and non-dimensional parameters

r=w.7T K—ﬂal P —Z_OB_’?_E(C_-*W)
yb - L P

2
5 and P, =%’—f£, equation (4.46) can
n

Ho4ST Ho

be rewritten as

sz(x ) —ZOB:Ta)yTI:Z(wyT)Z+1;|—2a)yT d( _3)
28u, [(a)yr) +1+ 7(0]
Z‘I 2nP, a)yr[(a)yr) +1l+2‘0y7 d(i)
1 () 4142
:_J- 2nP, [r3+"] 42 d(i):— 2P, [r3+r] —+2r d(i)
\§+n[r2+1+x0] d 1-5¢+1[r2+1+zo] d

(4.47)
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where ¢ [Ns/m? is the vortex viscosity and from microscopic theory for dilute

suspensions obeys the approximate relationship, ¢ =1.574, where ¢ is the

volume fraction of particles of section 2.2 [25].
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Figure 4-7 Calculated spin velocity profiles (solid lines) and flow velocity profiles
(dashed lines) as a function of x for various magnetic flux density parameter values of

H,48T

ferrofluid.

2
(P,, =M+—")) for K=1, y,=1.55 and ¢=7.52% for EFH1 oil-based
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Figure 4-8 Calculated spin velocity profiles (solid lines) and flow velocity profiles
(dashed lines) as a function of x for various magnetic flux density parameter values of

2
(PP=M] for K =20, 7,=1.55 and ¢="7.52% for EFH1 oil-based
A8

ferrofluid.
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Figure 4-9 Calculated spin velocity profiles (solid lines) and flow velocity profiles
(dashed lines) as a function of x for various magnetic flux density parameter values of

[ p _ LB +n)
" w4l

ferrofluid.

J for K =40, y,=1.55 and ¢ =7.52% for EFH1 oil-based

Figure 4-7 to Figure 4-9 show the spin velocity profiles from the fifth order

equation (4.45) and flow velocity profiles from (4.47) for various values of

Biz(¢ +7)

magnetic flux density parameter P, = %o with K =1, 20, 40. As a
HoAcT

check it is also shown in Figure 4-7 that with B, =0 (P, =0), the flow velocity

and spin velocity profiles calculated from (4.47) and (4.45) reduce to the usual

Poiseuille flow as given in (4.50) as v,, and w,,.

From (4.21) the shear stress at each surface is
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dv,
dx

+2%o,| (4.48)

x=0,d

TZX |x=0,d = (” + g)

In the absence of magnetic flux density (B, =0), T, =0, and from (4.35) the

relation between flow and spin velocities is

% = 2w, (4.49)

where the sub zero denotes the values in the absence of magnetic flux density.
Substituting (4.49) into (4.34) and using the boundary condition (4.36) the
solution for the velocity profiles of Poiseuille flow and spin velocities in the

absence of magnetic field is

1op.
=——=(x"—dx
Yoo 2n oz (x )
(4.50)
1 6p( d ]
O =" x——
2n 0z 2
which yields the boundary values at x=0 as
dop av d op
=0)=—>, —2(x=0)=——X 4.51
@0 (x=0) 4n oz dx(x ) 2n Oz (*31)
andat x=d as
0, (x=d) 4% gvﬂ(x=d)=iie (4.52)
4n 0z dx 2n Oz
From (4.48) the shear stress atthe x=0 interface with B =0 is
dv dv d op
T - + 20 +2 —_—p—20 __2 £ 4.53
2x0 | x=0 (77 {) dx " é,wyo " '7 dx 2 62 ( )
while the shear stress with B, #0 atthe x=0 interface is
T,|_ =(n+;)dv2 +2w (4.54)
x=0 dx o y o
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Substituting (4.35) and (4.41) into (4.54) and evaluating the values at x=0,

the shear stress reduces to

g+n
x=0 2 Ty =21 y

x=0

-4 (4.55)
=0 2z

>

so that the magnetic field does not change the shear stress at each interface of

a planar Poiseuille flow.

However, the magnetic field does change the flow and spin velocity profile. We

define the effective viscosity, 7, , from the ratio of the mechanical power

necessary to drive the flow with/without magnetic field

a2 O = =% (4.56)

where Q is the volume flow rate per depth with magnetic field, 0= f v, (x)dx,

and Q, is the volume flow rate per depth without magnetic field

Figure 4-10 shows the relationship of the magnetoviscosity and the related

ZonZT(;"'ﬂ)

magnetic flux density parameter P, =
K4l

for various pressure

gradient parameter values of K = o of the planar Poiseuille flow ferrofluid.

2n oz
Figure 4-10 also shows that with the same pressure gradient, higher magnetic
field magnitude has a stronger effect on magnetoviscosity and with the same
applied magnetic field magnitude, higher pressure gradient has a lesser effect

on magnetoviscosity.
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Figure 4-10 The solution for magnetoviscosity versus related magnetic flux density

2
P, - ZB.7(&+m)

) for various pressure gradient parameter values of
Hy46n

parameter (

7d 0
K= 4 . The linearized magnetoviscosity curve in the small spin velocity limit [85]

2n Oz
(* markers) overlaps with the magnetoviscosity curve with K=1, 3, =1.55 and

¢ =7.52% for EFH1 oil-based ferrofluid.

As a check it is shown in Figure 4-10 that the linearized magnetoviscosity
curve in the small spin velocity limit [85] (* markers) from (4.58) overlaps with
the magnetoviscosity with K =1 curve. The linearized magnetoviscosity with

small spin velocity limit was given as [85]

5 =% 4.57)
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is

2 2

2
where 7, = T4 s normalized effective viscosity, 77:-—2’7—-
T H MmHT
070

24
toH T

normalized viscosity, &= is normalized vortex viscosity and

o= Zo [
(1+,’{’0)2 ,uoHo

in the small spin velocity limit [85]. Note that « [85] has a 1/2 factor which is

2
) is the first order term of normalized torque density T,

from the time average value in the sinusoidal steady state. In the DC magnetic

field the 1/2 is removed. Unnormalized (4.57) with nondimensional parameters

P = ZijT(C"'ﬂ)
! HoACn

velocity limit can be rewritten as

, the linearized magnetoviscosity curve in the small spin

Mo 14 A (4.58)
1 (1+156)(1+ )

P

where ¢ is the volume fraction of particles.

Analysis of effective magnetoviscosity show that in a planar Couette flow
magnetic fields change the magnetoviscosity of ferrofluid by changing the
shear stress at the planar channel walls, but keeping the velocity profile
unchanged, and in a planar Poisedille flow magnetic fields change the
magnetoviscosity of ferrofluid by changing the velocity profile and keeping the

shear stresses at the planar channel walls unchanged.

Analytic solutions of effective magnetoviscosity using ferrohydrodynamic

equations with spin viscosity 7'=0 in planar Couette flow show multiple

non-physical values of flow viscosities and magnetic field solutions. These

nonphysical solutions are probably because assuming a zero spin viscosity

n'=0 is nonphysical. Governing ferrohydrodynamic equations with spin
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viscosity 7'#0 results in nonlinear differential equations, which makes

analytic solutions impossible. However, numerical simulations of the governing

ferrohydrodynamic equations with nonzero spin viscosity, n'=0, will be

presented in Chapter 9.
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Chapter 5. Complex Magnetic Susceptibility
Tensor and Applications

There are many ways in which magnetic nanoparticles can be used for
biomedical applications such as [43-46]: a) Magnetic nanoparticles and their
surface coating can bind to drugs, proteins, enzymes, antibodies, or organisms;
b) Magnetic nanoparticles can be directed to organs, tissues, or tumors using
an external magnet for therapeutic effect; c) Dissipation in alternating and
rotating magnetic fields can cause heating of magnetic nanoparticles for use in
hyperthermia treatment; and d) Magnetic resonance imaging can be enhanced
and externally controlled by magnetic field effects due to magnetic

nanoparticles magnetization and motion.

Such chemotherapeutic applications require nanoparticles to be able to pass
through organ and tissue capillary systems without threat of vessel embolism
and be able to transport pharmacologically active materials with an effective
release mechanism of the drug at the target site. All components for the
magnetic nanoparticle carrier system must be nontoxic, biodegradable, and

removable [47].

From the magnetization relaxation equation (3.6), we define the magnetic
susceptibility tensor and derive the generalized three dimensional magnetic
susceptibility tensor for ferrofluid in the sinusoidal steady state in an oscillating
or rotating magnetic field which determines the total magnetic field distribution
inside and outside the ferrofluid and affects ferrofluid and magnetic
nanoparticle motions. The real part of the complex magnetic susceptibility
contributes to self and mutual inductances of ferrofluid while the imaginary part
of the complex magnetic susceptibility contributes to ferrofluid loss. The
inductance and resistance of the ferrofluid depends on and can thus be

externally controlled by the spin velocity and frequency of the applied magnetic
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field. By controlling the ferrofluid magnetic susceptibility, we can for example
control magnetic resonance imaging (MRI) contrast and ferrofluid power
dissipation that can change the temperature of the surrounding region, which

can be used in hyperthermia treatments.
5.1 Brief Summary of Current Research.

5.1.1 Magnetocytolysis

Classical hyperthermia induces damage to cells and tissues, enhances
radiation injury to tumor cells, and improves chemotherapeutic efficacy. A local
thermal effect is desired within cancerous tissues while leaving normal tissues
unaffected [48, 49]. Heating between 41 C° and 46 C° generally reduces the
viability of cancer cells without harming healthy cells and increases cancer cell

sensitivity to radiation and chemotherapy.

Temperatures up to 56 C° (thermoablation) lead to cell death [48-50]. Magnetic
materials for hyperthermia of biological tissues have been used since at least
the late 1950s. Over a nanoparticle diameter range of 5-10 nm, the effective
relaxation time of (3.6) in magnetite varies over two orders of magnitude.
Ferrofluid subdomain particles (10 nm diameter) absorb more power and
reach higher temperature at reasonable AC magnetic fields than by hysteresis

heating of multidomain particles of 1 mm size scale [50-54].

Small amounts of magnetic fine particles in radio frequency (RF) magnetic
fields can easily rise in temperature to cause cell death. For example, for a
magnetic field intensity of 6.5 kA/m at 300 kHz, Néel relaxation has peak
dissipated power density of about 10" W/m?for magnetite nanoparticles of
about 9 nm radius, decreasing to about 108 W/m®at 7 nm radius and to 10°
W/m3at 12 nm radius. Hysteresis losses are about 10°W/m3at 9 nm

nanoparticle radius, rising to about 10'°W/m?3for nanoparticles larger than
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about 10 nm particle radius. Calculations and confirming measurements show
that a temperature rise of about 16 C° in about 30 minutes results from a 3 mm
radius sphere of crushed magnetite embedded in a gel in a magnetic field of

17.6 KA/m at 300 kHz [55].

To study the biological effects of AC magnetic field stressed ferrofluids, both in
vivo and in vitro studies have been done in cancer cell lines and spontaneously
induced tumors in animal models [54]. The term Magnetic Fluid Hyperthermia
(MFH), which uses AC magnetic fields to heat target areas containing
magnetic fluids, is suggested for this new cancer treatment method. It has
been shown [56] that MFH is able to inactivate tumor cells in vitro to at least the
same extent as water bath hyperthermia and that there is no cytotoxic effect of
intracellularly administered dextran-ferrite magnetic particles [57, 58]. An in
vivo study [59] using transplants of a mammary carcinoma showed that high
doses of MFH were able to induce tumor control in 44% of the cases up to 30

days after therapy.

Trials carried out on human and mouse macrophages (leukocytes, white blood
cells) without a magnetic field and in a constant magnetic field did not observe
any cytolysis or toxic effects [60]. Under an alternating magnetic field of 100
Gauss at a frequency of 1 MHz, the temperature of a concentrated ferrofluid
increases from 37 C° to 80 C° in about 2 minutes. Magnetocytolysis
experiments were carried out using very low concentrations of magnetic
nanoparticles, such that no increase in the temperature of the bulk solution
was reported. After being subjected to alternating fields for 5 minutes, it was
observed that 40-50% of the mouse and human macrophages are killed, but
only 3-6 hours after application of the oscillating field. It was found that binding
of the magnetic nanoparticles to the cell membrane is essential for cytolysis.
For iron oxide nanoparticles of 10 nm diameter deposited into tumors in mice
and exposed to a 6500-A/m, 400-kHz magnetic field for 4 minutes, the local

heating, called “magnetic thermoablation,” raised the tumor temperature to
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about 71 °C from 26 °C, causing therapeutic irreversible damage to the tumor
[61]. Similar measurements in mice using water-based dextran-ferrite magnetic
fluid in a 9300-A/m magnetic field at 0.88 MHz raised the tumor temperature to

45 °C, with 33% tumor regression and mouse life span increases of 150% [62].

5.1.2 Drug Delivery

The use of biocompatible ferrofiuids as a delivery system for therapeutic drugs
is commonly called “magnetic drug targeting” [63-65]. Mitoxantrone, a
chemotherapeutic agent that inhibits DNA and RNA synthesis, was ionically
bound to magnetic nanoparticles and was directed to cancerous tumor sites in
rabbits using a 1.7 Tesla magnet focused on the tumor. Complete tumor
remissions with no adverse side effects were obtained using only 20% of the
normal mitoxantrone dosage [66]. Similar success was achieved using

ferrofluids labeled with iodine in a 0.6 Tesla magnetic field [67].

Magnetic targeting of anticancer drugs reversibly bound to magnetic fluids to
locally advanced tumors can be achieved using magnetic fields directed to the
tumor surfaces from outside the patient [54, 68]. Phase | clinical trials using this
approach in patients with advanced and unsuccessfully pretreated cancers or
sarcomas showed successful magnetic drug targeting with epirubin [54] and
epirubicin [68)]. Based on magnetic resonance tomographic techniques,
pharmacokinetics, and the histological detection of magnetite, it was shown
that ferrofiuids could be successfully directed by externally imposed magnetic
fields to the tumors in about one half of the patients. Superparamagnetic
nanoparticles were surface-modified with Poly(Ethylene Gycol) (PEG) and folic
acid, respectively, to improve their intracellular uptake and ability to target
specific cells [69]. It was found that PEG modification of nanoparticles resulted
in decreased uptake by macrophages, whereas folic acid modification did not

result in any change in uptake by macrophages. However, both PEG and folic
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acid modification resulted in increased internalization of magnetic

nanoparticles in breast cancer cells.
5.1.3 Separations

Separation techniques are important for purification of biological materials and
for identification of organisms, cells, and genomic materials. Application of a
magnetic field to a suspension of magnetic nanoparticles confined between
planar sheets causes the nanoparticles to self organize into a regular array of
columns. The column spacing can be controlled from submicron to 100 mm by
varying gap width, nanoparticle size, and concentration. Such a
self-assembled array of magnetic particles was used to separate large DNA in
a microchannel in about 30 minutes, in contrast to the usual pulsed field
agarose gel electrophoresis method, which takes about 12-24 hours [70].
Because pore size control from about 1—100 mm can be obtained without the
need for sophisticated microlithography, there are many separation
applications envisioned for DNA, cells, proteins, organelles, and microparticles

or nanoparticles.

Magnetic fluids have also been used as magnetically responsive extractants
usable in treating aqueous media contaminated with organic compounds. In
one study [70], magnetite (Fe304) nanoparticles of 7.5 nm nominal diameter
coated with a 9 nm diameter bifunctional polymer layer composed of a
hydrophilic Poly(Ethylene Oxide) (PEO) outer region and a hydrophobic
Poly(Propylene Oxide) (PPO) inner region were prepared. With the
advantages of very high surface area and decreased diffusion lengths, these
magnetic fluids were shown to have high capacity for organic solutes, similar
to that of analogous PEO- PPO-PEO block copolymer micelles. Efficient
magnetic nanoparticle recovery using high-gradient magnetic field separation
(HGMS) has been shown and incorporated into a proposed water purification

process [71].
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Magnetic cell sorting schemes based on quadrupole fields [72] and in
microfabricated magnetic arrays [73] have been developed. The objective was
to develop economical, high-throughput, high-purity, and high-recovery
alternatives for separation of heterogeneous cell populations based on

expression of particular surface markers.

An efficient magnetic vector/effector synthesis procedure was developed to
target membrane receptors in target cells for subsequent separation. This
system was used to target, separate, and count damaged red blood cells.
Applications of this technology include: 1) quality testing of human blood
during storage in vitro [74]; 2) studies of the evolution of red blood cell
(erythrocyte) populations during parasitic pathologies such as malaria [75] and
Alzheimer’s disease [76]; and 3) detection of membrane modifications involved

in complex biological processes such as apoptosis (programmed cell death).

5.1.4 Immunoassays

Immunoassays are widely used in biology and medicine for the determination
of the composition of complex samples such as blood by labeling one of the
reaction components with radioisotopes, enzymes, or fluorescent dyes.
Magnetic nanoparticle labels offer advantages as they are inexpensive to
produce, are stable, and can be safely and easily stored, handled, and
disposed of without problems of radioactivity or environmental contamination

[77].

Antibodies were coupled with magnetic nanoparticles and reacted with their
solid-phase adsorbed antigen. The samples were first placed in a magnetic
field of 1500 A/m and then the remanent magnetization in the absence of
magnetic field was measured in a Superconducting Quantum Interference
Device (SQUID) magnetometer. This measurement technique investigated the

binding of Monoclonal Antibodies (MABs) to collagen type Il using
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Dextran-coated iron oxide nanoparticles with 13 nm mean diameter. Then
polystyrene tubes used as sample containers were incubated with the antigen
collagen type Il so that the antigen was adsorbed onto the tube wall. The
measured magnetic moment after switching off the magnetic field is entirely
caused by the remanent magnetization of nanoparticles with hindered mobility
because of their binding to the antigen fixed at the tube wall. Unbound
nanoparticles relax by Brownian relaxation and have no net remanent
magnetization. For this method to work, the Néel relaxation time must be
longer than the measurement period, typically about 100 seconds, which
requires larger size magnetic particles on the order of >20 nm diameter for

magnetite particles [77, 78].
5.1.5 Magnetic Resonance Imaging

Magnetic materials are highly opaque to x-rays and, with 8-10% volume
concentration in ferrofluid, offer comparable image quality to conventional
barium sulfate [79]. Magnetic nanoparticles, conjugated to various MABs
(Monclonal Antibodies), peptides, or proteins, show potential applications for in
vivo monitoring of brain interceliular communication and target-oriented
magnetic resonance imaging in animal and human brains [80]. Dextran-coated
superparamagnetic iron oxide is commercially available for MRI and has been
used for localization and diagnosis of brain and cardiac blood obstructions and
for liver lesions or tumors, where the nanoparticles tend to accumulate
because of the difference in tissue fluidity and endocytotic processes
(incorporation of substances into cells). Approximately 7 nm sized magnetite
nanoparticles coated with polymeric starch were injected into a rat brain. The
magnetic nanoparticles were well distributed within the dorsal hippocampus,
demonstrating the feasibility of using magnetite nanoparticles for in vivo MRI of
the rat brain. Recent research of ferrofluid bio/medical application in MRI

shows dramatic impact of even low concentrations of ferrofluid on the MRI
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relaxation times, the longitudinal relaxation time T1 and the spin-spin
relaxation time T2, the parameters that form the basis for image contrast in

most clinical applications of MRI [83].

5.1.6 Bacterial Threads of Nanomagnets

Magnetotactic bacterial threads can be used to direct the self-assembly of
ordered magnetic microstructures [81]. Bacillus subtilis strain FJ7 is a mutant
strain that can be cultured with intertwining filaments to form weblike structures.
A thread was dipped into an aqueous colloidal suspension containing 10 nm
diameter magnetite nanoparticles between the cell strings to form threads of
magnetic materials with an estimated nanoparticle density of 10'® particles/cm®

and a volume fraction of about 7%.

5.2 Complex Magnetic Susceptibility Tensor

The ferrofluid magnetization relaxation equation (3.6) gives the relationship of

magnetic field Z and magnetization A/ in terms of ferrofiuid velocity, spin

velocity and initial magnetization susceptibility.

In Cartesian geometry, for ferrofluid in a planar channel like Figure 4-2, the

velocity and spin velocity of ferrofluid have the form of

V=V +v,i, O=0l+0,l+o, (5.1)
where there is no x directed flow in the channel geometry shown in Figure 4-2
duetothewallsat x=0 and x=d.The magnetic field and the magnetization

are

H=HJi+HJ +H,] (5.2)

M=MJI+Mji+M,]i (5.3)
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In the sinusoidal steady state of AC oscillating or rotating magnetic fields, the

magnetic field and the magnetization using complex amplitude notation are

A= Re{ﬁef"'}, M =Re {A?ef"'} (5.4)
where Q is the angular frequency of the applied magnetic field. Using
complex amplitude notation, allows time derivatives to be replaced by ;Q

8
250 5.5
P (5.5)

By assuming that the channel structure shown in Figure 4-2 has infinite extent

in the y and z directions, the partial derivatives with respect to y and z are zero

0 0

and all variables can only depend on x. Considering (5.1)-(5.6), the x, y and z

components of the magnetization relaxation equation (3.6) are

7.:jQrM, —(a)erZ —wery)+Mx -2,H. =0

e

: jQM, ~(0,M, - 0,1, ) +M, - 7,H,=0 (5.7)

<l

N"'I

:jQer —(a)xrll:[y —a)y'rAA/[x)+ Mz —xoﬁz =0
where all the velocity terms drop out as the second term from (3.6) equals zero
when the x component of velocity equals zero from (5.1) and the partial

derivatives with respect to y and z are zero from (5.6).

(v-v)M:(v 9wl -a—JM=o (5.8)

The matrix form of (5.7) is

jQr+l  aor -0,T Mx ﬁx
—o7  jQr+l  eogx |M,|=z|H, (5.9)
T -0 jQr+l)|l M H,
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which gives the relationship of magnetic field and the magnetization of

ferrofluid. The general definition of a scalar magnetic susceptibility is

M
M=yH, = 5.10
ZH, x=— (5.10)
where H is the magnitude of the magnetic field and M is the magnitude of the
magnetization. Here we must define a complex magnetic susceptibility tensor

showing the relation between the magnetic field and the magnetization with 3

dimensional components as

M, |=%,|H, (5.11)
where 7, isthe complex magnetic susceptibility tensor and has the form of
Z.\:x lxy sz
In=|Xyx Xy Xy
7(;: Zzy XZZ

(jQr+1Y +(or) w07 -(jQr+)or v +(jQr+)osz
Ll o0, +(jQr+) oz (jQr+1) +(a)y‘r)2 o0, -(jQr+)o,r
w07 -(jQr+)or oo +(jQr+)or  (jQr+1) +(or7)
(jQr+ 1)[(jQr +1)° + (o)’ +(a)yr)2 +(a)zr)2}

(5.12)
The magnetization of the ferrofluid can thus be controlled by varying the

frequency Q of the driving magnetic field and by controlling the ferrofluid spin
velocity by application of magnetic field and/or fluid vorticity. Changing
ferrofluid magnetization by changing frequency and/or spin velocity can
change the net magnetic field inside and outside the ferrofluid and can thus be

used for controlling MR image contrast, heating, and fluid motions.

100



5.3 Power Dissipation
In the sinusoidal steady state, the complex Poynting’s theorem is

v-?:v-(%ﬁxﬁ*]=%ﬁ*-(w§)-%i-(wﬁ*) (5.13)

A

where § = %E' xH is the complex Poynting vector with units of [watts/m?]. In

the absence of volume current density and with the neglect of the
displacement current density because we are in the magnetoquasistatic limit

(MQS), (5.13) reduces to

A

v:§ L iie{-jazit) -2 i1+ 7.) -2

2 A _ 2
+H*°me)(5.14)

where Z =y, (1 +;?m) is the magnetic permeability tensor, and 7, is the

complex magnetic susceptibility tensor.

In (5.14), V-§ represents the power per unit volume propagating out of the
ferrofluid. In the absence of volume current in ferrofluid and with the applied

external magnetic field, the total power propagates into the ferrofiuid. The

complex power density into the ferrofluid equals the negative of V-§ and
depends on the magnetic field and complex magnetic susceptibility tensor of
ferrofluid as

A

1 2 a2 _ A
PM=P,,+sz=—j%ui(H +H*-j_7,,,H) (5.15)

where PY is the total complex power density into the ferrofluid [watts/m?], P,

is the dissipation power density [watts/m®] and P, is the time rate of energy

density storage in the ferrofluid [watts/m®). In the sinusoidal steady state
(oscillating or rotating magnetic field), the time average of the complex power

density in the ferrofluid is
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A

2 A _ A
H' +H*-;7,,,H)} (5.16)

(P) =)+ 2 =Re{ B2 v, i mf 22

The time average value of the dissipated power density is given as

pV=— o[z B (5.17)
4 2

The time average value of the time rate of energy storage density is given as

A

2 A _ oA
i +Re{H*-me}] (5.18)

s

()22

where (P,) is related to the energy density storage in the ferrofiuid.

s

By applying an AC magnetic field (oscillating or rotating magnetic field) in the
y-z plane to the geometry shown in Figure 4-2, the velocity and spin velocity

given in (5.1) is simplified to

V=v,i +v,i, O=0] (5.19)

Using complex amplitude notation, an oscillating magnetic field at 45° to the y

and z axes is taken to be of the form

H=H,Re {(Ty +Z)ef“'} (5.20)
where H, is the amplitude of the magnetic field and Q is the angular frequency

of the applied magnetic field. A CW rotating magnetic field is taken to be the

form

H = Re{H, (i, + j7)e’™} or H=Re{H, (-], +T)e"} (5.21)
and a CCW rotating magnetic field has the form of

H =Re{H, (7, - j7)e’} or H = Re{H,(jT,+T )"} (5.22)
In the absence of x directed magnetic field H_, the time average value of the

dissipated power density is
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(P)=- Q;‘) Im{li{*.;'?‘mf[}
- _%u—ﬂm {(ﬁy *7 +H, *Z)-[(xwfly +szﬁz)l_; +(1WI:Iy +;(ﬂﬁz)7y +(Z,yﬁy +z,,FI,)Z]}

Vi

z

N A g LAy B
_zml»'y"_xzz Xy d1 A1), "+ o 1 1,

(5.23)
where y, is the jth component of the magnetic susceptibility tensor. Using

(5.12), Equation (5.23) yields

-0
(£) =" mfz,

ﬁyr + . lﬁ:r + 0.8 *+y 0 A, *}

(jQr+ 1)(lﬁyr ’LII;[z |2)+w"r (ﬁyﬁ’ *_(I:Iyﬁ, *)*)

-Q
/‘oZo Im . 5 -
2 (jQr+1) +(@,7)

iz, (05 ~1-(@0))2e 1, 4[] |+ 20,5(1- (@) + (o)) m {1, 1,7}

2[(1 —(Qr) +(o,7) )2 +4(Qr)2}

(5.24)
The power of (5.24) dissipated in an oscillating magnetic field is then

(2= (Qr) [1 +(Q7)’ —(a)xr)z]

1-(@e) (@) ] +4(@ry 2

2
where P, vzl and the power dissipation in an oscillating magnetic field
T

is independent of the sign of spin velocity o_. The power dissipated in a

rotating magnetic field is
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(=P (Qr)(Qr-o,) ow

N (Qr-og)

_p (Qr)(Qr +wx12')
1+(Qr+o,7)

(5.26)

, CCW

(B:)

where o, >0 when the spin velocity is counter clockwise (CCW) and o, <0

when the spin velocity is clockwise (CW). Equation (5.26) can be generalized

to

_p (Qr)(Qr+alw,|7)

P (5.27)
)=h 1+(Qr+alo,|7)’
where o is a rotation selector
1, when spin velocity co-rotates with the magnetic field. (5.28)
a= .
-1, when spin velocity counter-rotates with the magnetic field.

Equation (5.25) shows that the power dissipated in an oscillating magnetic field

could be negative when the spin velocity is higher than /1+(Qz)* as shown

in Figure 5-1. Such a high spin velocity could be generated by fluid vorticity.

Figure 5-1 also shows that the power dissipation increases with increasing

spin velocity and the power dissipation reaches saturation of P,/F, =1 with

increasing frequency of applied magnetic field. Equation (5.26) shows that the
power dissipated in a rotating magnetic field could be negative when the spin
velocity counter rotates to the rotating magnetic field with a value higher than
Qr as shown in Figure 5-2. Such a high spin velocity could be generated by
fluid vorticity. Figure 5-2 also shows that the power dissipation reaches

saturation with increasing frequency of the applied magnetic field.
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Figure 5-1 Power dissipation density in an oscillating magnetic field versus Q7 as a

function of spin velocity o, 7.
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Figure 5-2 Power dissipation density in a rotating magnetic field versus Q27 as a

function of spin velocity alwxrl ,wWhere & =1 when the spin velocity co-rotates with

the magnetic field, and o =—1 when the spin velocity counter-rotates with the
magnetic field.

5.4 Impedance Measurements

A set of impedance measurements were designed to demonstrate the complex
magnetic susceptibility change with changing spin velocity strength and

frequency.

5.4.1 Experiment Setup And Apparatus

Impedance measurements used a 2 pole three phase AC motor stator winding,
which can generate a uniform rotating or oscillating magnetic field. As shown

in Figure 5-3 a 20 turn 18 gauge copper wire solenoidal coil with 1 inch (2.54
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cm) diameter was placed vertically or horizontally in a VWR 400 ml plastic
beaker, which was filled with MSG W11 water-based ferrofiuid. The plastic
beaker was placed in the center region of the 2 pole motor stator winding,
which generated the uniform rotating magnetic field as discussed in Appendix
A. The impedance of the coil with and without ferrofluid was measured by a HP
4192 LF (5 Hz - 13 MHz) impedance analyzer.

The measurements were taken in a uniform clockwise and counter clockwise
rotating magnetic field at frequencies of 100, 200, 300, 400 and 500 Hz with an
input current of 0, 1, 2, 3, 3.5, 4, 4.5 and 5 Amps rms for the 2 pole motor stator
winding. In the central region of the 2-pole stator, in the absence of ferrofluid
each ampere rms produces a magnetic field of 38 Gauss rms, so these input
currents correspond to uniform external magnetic fields of 0, 38, 76, 114, 133,
152, 171 and 190 Gauss rms respectively at the mid-height and radial center
of the stator winding. These magnetic field measurements were made in the
absence of ferrofluid, and therefore reflect the external magnetic field and do
not incorporate the demagnetizing effect of the ferrofluid. As comparison the
impedance of the coil in air was also measured. In order to investigate the
effect of a strong DC magnetic field in the vertical direction transverse to the
rotating magnetic field, as might be the case in an MRI scanner, impedance
measurements in a uniform rotating magnetic field were also taken with an
additional DC magnetic field in the axial vertical direction of the 2 pole motor
stator winding with the magnetic field strength of 300, 600 and 900 Gauss for

horizontal and vertical positions of the test coil.
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Figure 5-3 Experiment setup of the impedance measurement. A 20 turn 18 gauge copper
wire solenoidal coil was placed vertically or horizontally in MSG W11 water-based
ferrofluid in a VWR 400 mi plastic beaker. The beaker was centered in a uniform rotating
magnetic field generated by a 2 pole three phase AC motor stator winding.

5.4.2 Complex Magnetic Susceptibility And Impedance

An N turn coil with radius r and length d submerged into ferrofluid with a

complex magnetic susceptibility y = y'-jx" has an equivalent series LR

circuit as shown in Figure 5-4 where the inductance is complex.
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Ry L=L'-jL"
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Figure 5-4 Equivalent circuit for an N turn copper wire coil submerged into ferrofluid
with a complex magnetic susceptibility y = y'— jy". Ry is the resistance of the coil

winding due to the copper wire, while L is the complex inductance.

The magnetic permeability of ferrofluid with a complex magnetic susceptibility

x=x-jx" s

= p (14 x)=p'- ju" (529
where the real part of the magnetic permeability is x'= 4, (1+ ') and the
imaginary part of the magnetic permeability is "= u,7". The complex

inductance of the N turn coil with radius r and length d submerged in the

ferrofiuid is

_urr’N® _ zr’N?
d d

L

(- ju")=L'-JL" (5.30)
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where the real part of the complex inductance is L'= and the
imaginary part of the complex inductance is L"= M . The total
impedance of the coil is

Z=R,+jQ.L=R,+R, +jQL'=R,, +jQL' (5.31)

where the total resistance of the coil, R, includes the resistance from the

coil winding, R, , and the dissipation from the imaginary part of the complex

_ #Qar’ Ny

magnetic susceptibility, R, , which is also a function of the

frequency f, of the applied terminal voltage by the HP impedance analyzer,

where Q, =2zf,. The non-dissipative part of the inductance represents

magnetic energy storage and is given by the real part of the complex magnetic

susceptibility,

,_ p'zr’N® _ puar’N®
d d

L

(x'+1) (5.32)

The complex magnetic susceptibility of the ferrofluid can thus be determined

by measuring the impedance of the coil submerged in the ferrofluid.

With the terminal voltage applied across the coil, the impedance analyzer
measures the impedance change of the coil at the same frequency of the

terminal voltage, which corresponds to the magnetic susceptibility change at
the same frequency. Through spin velocity , , due to the applied rotating

magnetic field in the y-z plane in the geometry shown in Figure 4-2, the
magnetic susceptibility of ferrofluid changes which thus changes the

impedance across the coil.
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For the vertically placed coil, the measured impedance just depends on the x

component of the magnetization. From (5.12) the complex magnetic

susceptibility of the vertically placed coil, z,,is

Lo o Ko QT (5.33)

BT o 1) 1+(Q0)

From (5.31) and (5.32) the inductance L', and effective resistance R,

across of the vertically placed coil are

Lv _y'ﬂerz_ﬂoﬂerz XO +1
v d - d 1 Q 2
Q) (5.34)
R = HQar’N2y"  uQar’N?  y Q1
7 d d  1+(Qr)

which do not depend on the spin velocity o, .

The measured impedance at the radian frequency of the impedance analyzer
Q, of the horizontally placed coil depends only on the y component of
magnetization. From (5.12) the complex magnetic susceptibility of the

horizontally placed coil, y,,is

L, % (1+jQ,7)
lh x»’ (1 + erT)Z + (wxr)z
[ 1) +(0,2)']  w0[14(0) ~(a)] (5.35)

[1-(Q.1) +(es) | +4() ’ [1-(Q.0) +(es) | +4(Q)

Therefore, the inductance L', and effective resistance R

7 across the

horizontally placed coil are
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, _u'zr’N? _ ur’N? Zo [“’(Qer)2 +(a’x7)2]

L, ; e - +1
d 4| [1-(@e) (o) | +4(ur)
R _ ﬂOQeﬂerz,'{" _ ﬂogeﬂ'erz XOQeT[l +(Qe1')2 _(mxr)zjl
o d 4 [1-@a) +(o) ] +4(@)

which depend on the spin velocity o, .

22 T T ; T i r T T T

) I T S S S S
2 6

Figure 5-5 The calculated inductance of the solenoidal coil, placed vertically and

(5.36)

horizontally in a uniform rotating magnetic field, for various spin velocities @, using

the equilibrium magnetic susceptibility value of x, = 0.56 for MSG W11 water-based

ferrofluid and an estimated value of relaxation time constant + =~ 10 ps. Note that L',

is independent of spin velocity @, .
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Figure 5-6 The calculated resistance of the solenoidal coil, placed vertically and
horizontally in a uniform rotating magnetic field, for various spin velocities «, using

the equilibrium magnetic susceptibility value of y, = 0.56 for MSG W11 water-based
ferrofluid and an estimated value of relaxation time constant t =~ 10 ps. Note that

R

v is independent of spin velocity o, .

Figure 5-5 and Figure 5-6 show the calculated inductance and resistance of

the solenoidal coil placed vertically and horizontally in a uniform rotating
magnetic field for various spin velocities @, , The equilibrium magnetic
susceptibility value of yy = 0.56 and an estimated relaxation time constant
value of 1 ~ 10 ps were used for MSG W11 water-based ferrofluid. The solid
curves are the inductance and resistance of the vertically placed coil and the

dashed curves are the inductance and resistance of the horizontally placed coil.

The inductance and resistance of the vertically placed coil do not depend on

spin velocity «_ while the inductance and resistance of the horizontally
placed coil do depend on w, . With zero spin velocity, o, =0, the horizontally

113



placed coil has the same inductance and resistance as the vertically placed

coil.
5.4.3 Experimental Results

Figure 5-7 and Figure 5-9 show the inductance change of a horizontal or
vertical coil submerged in MSG W11 water-based ferrofluid in a 100 Hz, 38
and 144 Gauss uniform clockwise rotating magnetic field to generate ferrofluid
spin velocity. Comparing the inductance change from the coil in air and in the
ferrofluid without the rotating magnetic field shows that the MSG W11
water-based ferrofluid has an initial magnetic susceptibility of around 0.6,
which reasonably agrees with the initial magnetic susceptibility 0.56 of MSG
W11 water-based ferrofluid calculated from the measured magnetization curve
using a VSM as shown in Table 2-2. Figure 5-7 and Figure 5-9 also show in a
vertically oriented or horizontally oriented coil, that increasing the strength of
the rotating magnetic field decreases the real part of the effective complex

magnetic susceptibility.

Figure 5-8 and Figure 5-10 similarly show the resistance change of a
horizontal or vertical coil submerged in MSG W11 water-based ferrofluid in a
100 Hz, 38 and 144 Gauss uniform clockwise rotating magnetic field. It is
shown in Figure 5-8 and Figure 5-10 that the imaginary part of the effective
complex magnetic susceptibility decreases with increasing rotating magnetic

field strength.
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Figure 5-7 The measured inductance change of a vertically oriented coil in a uniform
rotating magnetic field in the horizontal plane at 100 Hz.
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Figure 5-8 The measured resistance change of a vertically oriented coil in a uniform
rotating magnetic field in the horizontal plane at 100 Hz.
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Figure 5-9 The measured inductance change of a horizontally oriented coil in a uniform
rotating magnetic field in the horizontal plane at 100 Hz.
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Figure 5-10 The measured resistance change of a horizontally oriented coil in a uniform
rotating magnetic field in the horizontal plane at 100 Hz.
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Figure 5-11 and Figure 5-13 show the inductance change of the vertical coil
submerged in MSG W11 water-based ferrofluid in a 400 Hz 76 and114 Gauss
uniform clockwise rotating magnetic field in the horizontal plane with
transverse DC magnetic field of 0, 300, 600, 900 Gauss. It is shown in these
two figures that increasing transverse DC magnetic field decreases the real
part of the effective complex magnetic susceptibility. This is probably due to
the non-linear DC Langevin equilibrium magnetization characteristic of section
2.2, where the incremental magnetic susceptibility decreases as the DC
magnetic field increases as the slope of the M-H characteristic decreases as H

increases.

Figure 5-12 and Figure 5-14 show the resistance change of the vertical coil
submerged in MSG W11 water-based ferrofluid in a 400 Hz 76 and 114 Gauss
uniform clockwise rotating magnetic field with transverse DC magnetic field of
0, 300, 600, 900 Gauss. It is shown in these two figures that increasing the
transverse DC magnetic field decreases the imaginary part of the effective
complex magnetic susceptibility. This is probably due to the non-linear DC
Langevin equilibrium magnetization characteristic of section 2.2, where the
incremental magnetic susceptibility decreases as the DC magnetic field

increases as the slope of the M-H characteristic decreases as H increases.
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Figure 5-11 The measured inductance change of a horizontally oriented coil in a
uniform rotating magnetic field in the horizontal plane at 400 Hz, 76 Gauss for various

vertical DC magnetic fields.
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Figure 5-12 The measured resistance change of a horizontally oriented coil in a uniform
rotating magnetic field in the horizontal plane at 400 Hz, 76 Gauss for various vertical

DC magnetic fields.
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Figure 5-13 The measured inductance change of a horizontally oriented coil in a
uniform rotating magnetic field in the horizontal plane at 400 Hz, 114 Gauss for various
vertical DC magnetic fields.
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Figure 5-14 The measured resistance change of a horizontally oriented coil in a uniform
rotating magnetic field in the horizontal plane at 400 Hz, 114 Gauss for various vertical
DC magnetic fields.
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The complex magnetic susceptibility tensor of (5.12) derived from the
magnetization relaxation equation of (3.6) describes how spin velocity can
change ferrofluid complex impedance. Impedance analysis of complex
magnetic susceptibility change of ferrofluid in a uniform rotating magnetic field
as a function of spin velocity allows calculation of dissipated power and work of
oscillating and rotating magnetic fields. Such properties can be used for
determining power dissipation for possible hyperthermia biomedical
applications, conversion of electrical energy to mechanical work in causing
fluid motion, and changes in magnetic field external to the ferrofiuid which can
be used to improve magnetic resonance image contrast. Preliminary
experiments have shown that rotating and DC magnetic fields do change the
effective inductance and resistance of a ferrofluid filled coil, but that nonlinear
effects due to the equilibrium Langevin magnetization curve needs to be
included in future work as the decreasing slope of the M-H characteristic as H

increases causes a decrease in the equilibrium magnetic susceptibility.
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Chapter 6. Viscometer Torque Measurements in
Uniform Rotating Magnetic Fields

The magnetic field induced torque is measured on a rotating or stationary
electrically insulating and non-magnetic cylinder in contact with water-based or
oil-based ferrofluids subjected to a uniform rotating magnetic field generated
by a three-phase AC 2-pole motor stator winding. From the torque
measurement on the rotating cylinder with ferrofluid outside, the effective
magnetoviscosity of the ferrofluid as a function of the magnetic field amplitude
and rotation speed is measured and conditions for effective zero and negative
magnetoviscosity are found. For a stationary cylinder, three experimental
configurations are examined: 1) ferrofiuid entirely within the test cylinder; 2)
ferrofiuid entirely outside the test cylinder; and 3) ferrofluid both inside and
outside the test cylinder. For ferrofluid entirely within the test cylinder, the
torque is found to scale linearly with volume, and to be a function of the applied
magnetic field amplitude, frequency and direction of rotation, with torque in the
same direction as the magnetic field rotation vector, in agreement with recently
derived analysis [42]. For ferrofluid entirely outside the test cylinder, the torque
is in the direction opposite to the magnetic field rotation vector. When the
ferrofiuid is both inside and outside the cylinder the measured torque is the
approximate algebraic sum of the measured torques for ferrofiuid entirely
inside and entirely outside the test cylinder with net torque in the opposite

direction to the magnetic field rotation vector.

6.1 Experimental Apparatus

A Brookfield Model LVDV-I+ Couette viscometer was used as a torque meter,
shown in Figure 6-1. When a fixed rotation speed is selected, the Lexan
(polycarbonate) spindle rotates counterclockwise and the viscometer will apply

the necessary torque in order to keep it rotating at the specified speed. When
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the magnetic field induced shear stress on the spindle is in the clockwise
direction, i.e., in the direction opposite to spindle rotation, it is harder to turn the
spindle at the specified speed; therefore the viscometer applies a higher
torque, above and beyond the torque required to shear the fluid in the absence
of a field and it records an increase of effective ferrofluid viscosity. On the
other hand, when the magnetic field induced shear stress on the spindle is in
the counter clockwise direction, i.e., in the same direction as spindle rotation, it
is easier to rotate the spindle at the specified speed; therefore the viscometer
applies a lower torque, as compared to the torque required to shear the fiuid in
the absence of a field and the viscometer records a decrease of effective
ferrofiuid viscosity. Furthermore, the Brookfield viscometer measures the
torque value applied to the attached spindle and for ferrofluid outside the
spindle calculates the viscosity of the test fluid at the applied spindle rotating
speed. Both the torque and the viscosity values can be displayed at the same
time. At a fixed spindle rotation speed the torque required to rotate the spindle

is proportional to the fluid viscosity outside the spindle.
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Figure 6-1 The experimental setup to measure magnetic field induced torque on a
rotating or stationary Lexan spindle using the 2-pole motor stator winding to impose a
uniform magnetic field. The Lexan spindle is connected to the viscometer and is
centered in the beaker of ferrofluid, which is itself centered within the motor stator
winding.

Figure 6-2 shows the experimental setup for the torque measurements with a
stationary cylinder in a 2 pole uniform magnetic field. A 10 ml syringe was used
as a test spindle which can hold ferrofluid inside. This setup was also used in
the case of ferrofluid outside and both inside and outside the spindle. The
rotating magnetic field setup and magnetic field measurements are described

in Appendix A.
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Figure 6-2 The experimental setup for spindle torque measurements with a stationary
cylinder using the 2-pole motor stator winding to impose a uniform magnetic field. The
10 ml syringe, which is used as a test spindle with ferrofluid inside and/or outside, is
connected to the viscometer and is centered in the beaker of ferrofluid, which is itself
centered within the motor stator winding.

6.2 Viscometer Torque and Magnetoviscosity

Relationship in a Couette Viscometer

6.2.1 Viscous Shear Stress

The Couette viscometer measures the torque to maintain the fixed rotation
speed of a spindle in the test fluid in the cylindrical container shown in Figure
6-3. The spindle with radius a rotates in the counter-clockwise direction with
spin velocity w, centered in the cylindrical ferrofluid container with radius b.

The fluid Reynolds’ number for a cylinder of radius a rotating at angular speed
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o is Re=2Y4_P%4

n n

, where v=uwa is the linear velocity of the spindle

surface. The Reynolds’ number is a ratio of fluid inertial force to viscous force.
In general, high Reynolds’ number flow leads to fluid instability and turbulence
[34]. The Brookfield viscometer instruction manual gives a critical Reynolds’

number of Re ~ 350 for transition to turbulence.

Ferrofluid

Container

Figure 6-3 The experimental setup of the Couette viscometer. The spindle with radius a
rotates in the counter-clockwise direction with spin velocity w, centered in the
cylindrical ferrofluid container with radius b.

In the absence of magnetic field, consider laminar ferrofluid flow between the
two concentric cylindrical walls of the spindle with radius a and the container
inner wall with radius b, where the spindle rotates with spin velocity w as

shown in Figure 6-2 and Figure 6-3. The flow velocity at the stationary

container wallis v (r=5)=0, and the flow velocity at the spindle surface is

<|

(r:a)za)az_;,.

In the absence of body forces, the Navier-Stokes equation for an

incompressible fluid (V< =0) is given as
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p%vt—=p(—+(v-V)v)——Vp+ﬂV2 (6.1)

where p is the ferrofluid pressure, which is independent of ¢, %=0’ and 7

ov,
is the fluid viscosity. In the steady state% =0 and by symmetrya—; =0. With

v =v, (r)7 the Navier-Stokes equation becomes

[viv),=0= a,(,:,( ¢))=0 (62)

The solution for this ordinary differential equation is [36]

v (r) =£+Dr (6.3)
r

where C and D are constants to be determined from boundary conditions.
Applying the boundary conditions at »=aandr =5, the fully-developed

laminar fluid velocity profile is

wba® (b r
= ——— 6.4
V¢(r) bZ_aZ[r b) ( )
For an incompressible, isotropic, Newtonian fluid the viscous stress T,.j" ata

boundary is proportional to fluid viscosity as

5v 6"}'
2

I

where i is the direction of the stress and j is the normal direction to the stress

surface. To calculate the shear stress on the spindle wall at r=a, with i=¢

and j=r, the viscous shear stress is given as [84]

(6.6)

The total force on the spindle is
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f," = I;,V 2zal =-2n il 27al 6.7)

b -d*

where L is the effective length of the spindle submerged in the ferrofluid. The

torque on the rotating spindle is then

4xa’b’nlw
o

L=fla= (6.8)

The Couette viscometer measures the torque on the rotating spindle, which is
proportional to the viscosity of the test fluid, and calculates the viscosity of the

test fluid in the fixed geometry and spin velocity as

L 4ra’*b’Lo
== K=-"— 6.9
=% o (6.9)

where K is the constant related to the experimental setup geometry and spin

velocity of the spindle.

The viscosity with magnetic field stressed ferrofluid is the effective
magnetoviscosity and is also proportional to the torque on the spindle. By
applying the magnetic field to the ferrofiuid, an extra shear stress or torque is
induced on the surface of the spindle. The Couette viscometer measures this

torque and uses (6.9) to calculate the effective magnetoviscosity of the

ferrofluid. Therefore, the magnetic field induces the effective viscosity 7, on

the fluid viscosity shown in (6.10)

L +L

2 zm

K

Mn =1+4A0= (6.10)

where 7, is the effective magnetoviscosity of ferrofluid in the magnetic field,

An is the effective viscosity change due to the magnetic field, L, is the

viscous torque necessary to rotate the cylinder in the absence of magnetic
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field and L, is the additional torque on the rotating cylinder from magnetic

field induced flow.
6.2.2 Magnetic Field Shear Stress

The surface-excess magnetic torque at the wall-fluid interface may be
calculated by evaluating the jump in the “magnetic stress” tensor (or the
so-called Maxwell stress) across the wall-fluid interface. Use of this
mathematical technique circumvents the need to know the exact distribution of
magnetic fields in this region with rapidly varying magnetic properties. The

Maxwell stress applicable to an incompressible ferrofluid is given by [1, 29]

1
T, =H,B,~—8,mH,H, (6.11)

where J, is known as the Kronecker delta, being zero if /= j and one if

i=j.

We are interested in determining the ¢ -directed component of the jump in the

Maxwell stress tensor across the ferrofluid-spindle wall interface at »=a (the
r-directed component is of no consequence as it does not contribute to the

z-directed torque, which is the experimentally measurable quantity). The

¢ -directed surface magnetic force per unit area on the cylindrical wall, F,*, is

given by the jump in the ¢r-component of the Maxwell stress

Ry =T (r=a’) T, (r=a)
= (B,H¢ ) | —(B,H¢) -

However, the jump conditions on the magnetoquasistatic field require that the

(6.12)

normal component of B, B,, and in the absence of surface current, the

tangential component of #, H 4 » be continuous across the spindle wall-fluid
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interface. Therefore, there is no surface-excess magnetic force in the

azimuthal direction

FM=0 (6.13)

and therefore no magnetic field surface torque on the cylindrical container wall.
The spindle torque is only due to the viscous force cause by magnetic field

induced flow and flow induced by spindle rotation.

6.2.3 Measurement Procedure

By measurement of the total torque on the spindle with application of magnetic
field, the magnetoviscosity can be evaluated. From (6.10), if the magnetic field
induced flow is in the same direction as spindle rotation, the magnetoviscosity
is less than the fluid viscosity as the viscometer has to exert less torque to
maintain the set speed; if the magnetic field induced flow is in the opposite
direction of spindle rotation, the magnetoviscosity is greater than the fluid
viscosity as the viscometer has to exert greater torque to maintain the set
speed; if the magnetic field induced flow is in the same direction and same
speed as spindle rotation, the magnetoviscosity is zero as the viscometer
exerts no torque to maintain the set speed; if the magnetic field induced flow is
greater than the spindle speed and in the same direction, the magnetoviscosity
is negative as the viscometer must exert an opposite torque to maintain the set

speed.

For our experiments to measure the effective magnetoviscosity and to
demonstrate zero and negative magnetoviscosity values, an insulating Lexan
(polycarbonate) spindie was used at a fixed rotation speed of 100 rpm
(counterclockwise) as shown in Figure 6-1. To measure the torque only
induced by the rotating magnetic field the spindle was set to remain stationary,
hence, with zero applied magnetic field no torque is required from the

viscometer to restrain the spindle. Under conditions for which a clockwise
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magnetic field induced shear stress arises, the viscometer exerts a balancing
counter-clockwise torque to keep the spindie stationary and the viscometer
records a torque increase which is registered as a positive torque, whereas for
a counterclockwise shear stress a negative torque will be measured. The
range of measurable torque for our Brookfield viscometer is —10.0 uN-m to
67.3 uN-m, where a negative torque means the viscometer exerts a clockwise
torque to balance a magnetic field induced counter-clockwise torque. This
occurs when the magnetic field induced counter clockwise shear stress would

drive the spindle at a velocity greater than its speed with zero magnetic field.

A 2 pole motor stator winding with balanced three phase AC sinusoidal
currents was used to produce clockwise and counter-clockwise uniform
magnetic fields in the absence of ferrofluid (Figure 6-3). The machine inner
bore has 78 mm diameter and 63.8 mm height. In the effective
magnetoviscosity measurements, a Lexan spindle of 25 mm diameter was
used within a beaker of ferrofluid of 38mm diameter, creating an annular gap of
6.5 mm with the spindle in the center of the beaker as shown in Figure 6-1. A
metal spindle is not used in order to avoid eddy currents and ‘induction motor’
torque in rotating magnetic fields. 10 ml and 20 ml syringes were used in the
torque measurement experiments as ferrofluid filled cylindrical spindles,
having an inner diameter of 13.9 mm and 18.17 mm respectively. The syringes
were filled with ferrofiuid so that the height of the ferrofluid in either syringe
equaled 62.41 mm. The syringes were placed so that the fluid was radially and
axially centered along the axis of the motor stator winding. A 200 ml beaker
was used in this experiment for the case when ferrofluid was outside the test
spindle cylinder. The diameter of the beaker was 52.15 mm. Measurements

were taken for both water-based and oil-based ferrofluids.

The effective magnetoviscosity measurements were taken at frequencies of 5,
10, 50, 100 and 500 Hz with an input current of 0, 1, 2, 3, 4 and 5 Amps peak

for the case that ferrofluid is entirely outside the test cylinder. In the 2-pole
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stator, these input currents correspond to uniform external magnetic fields of 0,
38, 76, 114, 152 and 190 Gauss peak respectively at the middie level and
radial center of the stator winding. The stationary spindle torque
measurements were taken at frequencies of 100, 200, 300, 400 and 500 Hz
with an input current of 1, 2, 3, 3.5, 4, 4.5 and 5 Amps rms for the case that
ferrofluid is entirely inside the test cylinder, entirely outside the test cylinder
and both inside and outside the test cylinder. In the central region of the 2-pole
stator, in the absence of ferrofluid each ampere rms produces a magnetic field
of 38 Gauss rms, so these input currents correspond to uniform external
magnetic fields of 0, 38, 76, 114, 133, 152, 171 and 190 Gauss rms
respectively at the mid-height and radial center of the stator winding. These
magnetic field measurements were made in the absence of ferrofiuid, and
therefore reflect the external magnetic field and do not incorporate the
demagnetizing effect of the ferrofiuid. The clockwise rotating magnetic field is
applied for the case that ferrofluid is entirely inside the test spindle and
counterclockwise for the case that ferrofluid is entirely outside the test spindle
and for measurements where ferrofluid is both inside and outside the test
cylinder. Under these conditions the viscometer torque will be
counter-clockwise allowing the full range of torque measurements up to 67.3

pN-m.

Measurements show that for ferrofiuid entirely inside the test cylinder, the
viscometer torque points in the same direction as the magnetic field rotation
vector (co-rotation), whereas for ferrofluid entirely outside the cylinder the
torque points in the direction opposite to the field rotation vector
(counter-rotation). When the ferrofluid is both inside and outside the test
cylinder, the measured viscometer torque is the approximate algebraic sum of
the viscometer torques for ferrofluid entirely inside and entirely outside the test

cylinder and is in the direction opposite to the magnetic field rotation vector.
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For higher frequencies, some measurements contain fewer data points. This is
either because the torque was beyond the maximum Brookfield torque of 67.3
uN-m or because the power supply across the motor winding terminals could
not deliver the required current as the inductive impedance was too high. At
these higher frequencies, the inductive reactance LQ increases with field
radian frequency Q and limits the current that can be supplied to the stator
winding. However by adding an appropriate capacitor, C, in series with the
motor winding, a resonant circuit was created so that the capacitive reactance
1/CQ cancels the inductive reactance, i.e., when LQ=1/CQ, thereby
eliminating current limitations at higher frequencies. This modification to the
experimental setup was needed at frequencies of 400Hz and above. However,
at higher resonance frequencies, the voltage across the stator winding

becomes too large for safe operation

6.3 Measurements of Viscometer Torque during Spin-Up

Flow

6.3.1 Effective Magnetoviscosity Measurements

Measurements with the spindle rotating at 100 rpm (counter-clockwise) with
surrounding ferrofiuid demonstrates that the measured spindle torque
increases for co-rotation of spindle and magnetic field and decreases for
counter-rotation including zero and negative values as shown in Figure 6-4.
Since the spindle torque is proportional to ferrofluid viscosity like that given in
equation (6.9), the zero and negative torque values correspond to zero and

negative viscosity.
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Figure 6-4 Measured spindle torque at 100 rpm counter-clockwise with surrounding
water-based ferrofluid as a function of magnetic field amplitude, frequency, and
direction of rotation. CCW spindle rotation shows a torque increase for co-rotation of
spindle and magnetic field and a torque decrease including zero and negative values
with counter-rotation, corresponding to zero and negative viscosity [33, 34, 42].

The viscometer measures the torque required to balance the viscous
resistance to spindle rotation and converts it to an effective magnetoviscosity
based on the spindle geometry as described in section 6.2.1; therefore the
effective magnetoviscosity is directly proportional to the measured torque
value. These measurements report viscometer viscosity readings that include
zero and negative values as shown in Figure 6-4. Such paradoxical readings
occur when the magnetic body force on the ferrofiuid induced flow is in the
same direction as the rotating spindle (counter clockwise) thus requiring less
torque from the viscometer to turn the spindle, causing the viscometer to read
out a decreased viscosity. If the ferrofluid exerts a shear stress on the spindle
that equals that necessary to turn the spindle at a constant rate, no torque is

required from the viscometer and it records a zero viscosity. The cylinder
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rotation is then entirely due to the magnetic-field-induced flow. A greater
magnetic field induced fluid shear stress requires the viscometer to reverse
torque direction to maintain constant spindle rotation and the viscometer reads
a negative value. When ferrofluid flow is in the opposite direction to the spindle
rotation (clockwise) more torque is required from the viscometer which reads

that the ferrofluid viscosity has increased.

When the spindle rotates at 100 rpm, the Reynolds’ number isRe ~ 280
putting the flow into the turbulent region. The Brookfield viscometer instruction
manual states that the measured torque will be higher than the actual torque.
Thus, the measurements in Figure 6-4 provide an upper-bound for the true

torque.
6.3.2 Stationary Spindle Torque Measurements

In order to more accurately investigate magnetic field induced spindie torque
under laminar flow conditions, measurements were continued with a stationary
spindle so that there is no torque with zero magnetic field. Therefore, any
measured torque is only magnetic field induced. The rotating magnetic field
causes ferrofluid flow that induces a viscous shear stress on the spindle. The
flow Reynolds’ number between the stationary inner and outer cylinder walls is
generally small. Figure 6-5 presents representative data for the 133 Gauss rms
magnetic field induced torque vs. ferrofluid volume for various frequencies in
the range of 100 Hz — 500 Hz, using water-based ferrofiuid with the 20 mi
syringe as spindle cylinder. The essentially linear variation of magnetic torque
vs. fluid volume in Figure 6-5 illustrates that the magnetic field induced torque
is proportional to the volume of the ferrofiuid inside the 20 ml syringe spindle.
This linearity with volume indicates that free surface effects are not important
as flow caused by magnetic forces due to surface deformations would not

scale with volume.
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Figure 6-5 Viscometer torque required to restrain 20 ml stationary spindle syringe with
water-based ferrofluid inside the spindle with 133 Gauss rms applied magnetic field as
a function of volume of ferrofluid for various magnetic field frequencies.

The same sequences of experiments were repeated using water-based
ferrofluid with the 10ml and 20ml syringes and oil-based ferrofluid with 10 ml
and 20 ml syringes with magnetic field amplitude from 0 to 190 Gauss rms and

frequency from 100 to 500 Hz with similar results.

Figure 6-6 presents the measured torque vs. magnetic field amplitude for
various frequencies in the range of 100 Hz — 500 Hz, using water-based
ferrofluid with the 10 ml syringe as spindle cylinder, when the ferrofluid is
entirely inside the syringe, entirely outside the syringe and both inside and
outside the syringe respectively. Figure 6-6 shows that the magnitude of the
measured torque, and therefore the magnetic-field-induced shear stress,
increases with magnetic field amplitude and frequency. At the same time

Figure 6-6 also shows that the approximate measured torque, when ferrofluid
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is both inside and outside the syringe, is the approximate algebraic sum of the
torques for ferrofluid entirely inside and entirely outside the syringe, with net
negative spindle torque indicating that the outside counter-rotation flow has

larger magnitude torque than the inside co-rotation flow.

The same sequences of experiments were repeated using water-based
ferrofluid with the 20 ml syringe and oil-based ferrofluid with 10 ml and 20 ml

syringes with similar results as shown in Figure 6-7-Figure 6-9.

The peak measured torque values in Table 6-1 for water-based MSG W11 and
oil-based EFH1 ferrofluids shows that torques in a 20 ml spindle are stronger
than in a 10 ml spindle, because the 20 ml spindle has a larger radius and

more ferrofluid.
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Figure 6-6 Viscometer torque required to restrain the 10 ml stationary spindle syringe
with 9.5 ml MSG W11 water-based ferrofluid as a function of uniform magnetic field
amplitude and frequency with ferrofluid entirely inside, entirely outside, and both inside
and outside the syringe.
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Figure 6-7 Viscometer torque required to restrain the 20 ml stationary spindle syringe
with 16.5 ml MSG W11 water-based ferrofluid as a function of uniform magnetic field
amplitude and frequency with ferrofluid entirely inside, entirely outside, and both inside
and outside the syringe.
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Figure 6-8 Viscometer torque required to restrain the 10 ml stationary spindle syringe
with 9.5 ml EFH1 oil-based ferrofluid as a function of uniform magnetic field amplitude

and frequency with ferrofluid entirely inside, entirely outside, and both inside and
outside the syringe.

139



%0 ‘ ! ;
== 100Hz ff inside a
—B-200Hz | SN NI A

4

50
%
; , ff outside
1 i i
'mo 50 100 150 200
Applied Magnetic Field, [Gauss rms]

Figure 6-9 Viscometer torque required to the restrain 20 ml stationary spindle syringe
with 16.5 ml EFH1 oil-based ferrofluid as a function of uniform magnetic field amplitude
and frequency with ferrofluid entirely inside, entirely outside, and both inside and
outside the syringe.
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Table 6-1 Peak measured viscometer torques (uN-m) /gauss in a uniform rotating
magnetic field

Torque Rate [PNm/Gauss] 100 [Hz] 200 [Hz] 300 [Hz] 400 [Hz] 500 [Hz]
MSG W11 inside 0.094 0.158 0.190 0.216 0.240
(water-based)
10 ml spindle outside 0.122 0.204 0.273 0.318 0.354
both 0.026 0.049 0.065 0.079 0.091
MSG W11 inside 0.159 0.268 0.337 0.382 0.416
(water-based)
20 mi spindle outside 0.248 0.357 0.455 0.524 0.590
both 0.046 0.081 0.110 0.128 0.148
EFH1 inside 0.074 0.130 0.180 0.225 0.254
(oil-based)
10 mi spindle outside 0.100 0.182 0.256 0.318 0.370
both 0.029 0.049 0.069 0.079 0.097
EFH1 inside 0.136 0.255 0.351 0.439 0.500
(oil-based)
20 ml spindle outside 0.179 0.310 0.425 0.510 0.550
both 0.047 0.081 0.099 0.128 0.152

Torque measurements in a uniform rotating magnetic field show the
magnetization relaxation effect that the magnetization A is not parallel to the

magnetic field H . This effect results in a torque density u,M x H that drives

the spin-up flow and generates torque on the spindle boundary. The torque
measurements in a uniform rotating magnetic field have approximately a linear
relationship with the applied magnetic field strength and a smaller torque per
Gauss values comparing to the torque measurements in a non-uniform

rotating magnetic field discussed in the following chapter.

141



142



Chapter 7. Viscometer Torque Measurements in
Non-uniform Rotating Magnetic Fields

We measure the torque required to restrain a stationary cylinder in contact with
water-based ferrofluid subjected to a non-uniform rotating magnetic field
generated by a three-phase AC 4-pole motor stator winding. Three
experimental configurations are again examined: 1) ferrofiuid entirely within
the test cylinder; 2) ferrofluid entirely outside the test cylinder; and 3) ferrofluid

both inside and outside the test cylinder.

7.1 Non-uniform Magnetic Field

The non-uniform magnetic field was generated by a 4 pole motor stator
winding with balanced three phase AC sinusoidal currents, which produce
clockwise and counter-clockwise non-uniform magnetic fields in the absence
of ferrofluid with field-line patterns like those shown in Figure 7-1 that show the
4-pole structure of the stator winding. The color shows the rms strength of the
magnetic flux density magnitude in Gauss and the cylindrical symmetry of the
non-uniform magnetic field. Figure 7-2 shows that the theoretical and
measured rms strength of the non-uniform magnetic field are linear along the
stator winding radius. Figure 7-2 also indicates that each Ampere (peak/rms)
of exciting current to all three phases of the 4-pole motor stator winding
generates a cylindrical symmetry non-uniform magnetic field with a slope of
821.6 Gauss/m (peak/rms) along the radius of the stator winding. The 4 pole
motor stator winding has an inner diameter of 116 mm and height of 65 mm.
The magnetic field measurements are shown in Appendix A, which show that
the peak field at the outer radius of 58 mm is 47.66 Gauss (peak/rms) per

Ampere (peak/rms) current.
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Max: 117.725

Figure 7-1 Ideal non-uniform magnetic field in a 4-pole motor stator winding with
current equal to 4 Ampere peak (2.83 Amperes rms) corresponding to ~167 Gauss peak
(118 Gauss rms) magnetic field at radius of 50.8 mm, which is the closest approach to
the outer wall of the stator winding due to the thickness of the gaussmeter probe. The
magnetic field lines indicate the 4-pole structure of the stator winding. The color shows
the rms strength of the magnetic flux density in Gauss and cylindrical symmetry of the

non-uniform magnetic field.
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Figure 7-2 The theoretical and measured rms magnitude of a 4-pole non-uniform
magnetic field strength vs. radius from the center of a 4-pole motor stator winding with
current equal to 4 Amperes peak (2.83 Amperes rms).
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Figure 7-3 The 4-pole motor stator winding to impose a non-uniform magnetic field
showing the cylindrical vessel to hold ferrofluid and the grooved channels in the outer

wall to hold ultrasound transducers to measure fluid flow profiles to be described in
Chapter 8.
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7.2 Measurement Apparatus and Procedure

We used the same Brookfield Model LVDV-I+ Couette viscometer as a torque
meter described in section 6.1. A Lexan spindle was attached to the
viscometer. Under conditions for which a clockwise magnetic-field-induced
shear stress arises, the viscometer exerts a balancing counter-clockwise
torque to keep the spindle stationary and the viscometer records a torque
increase which is registered as a positive torque, whereas for a
counterclockwise shear stress a negative torque will be measured. The range
of measurable torque for our Brookfield viscometer is —10.0 uN-m to 67.3
uN-m, where a negative torque means the viscometer exerts a clockwise

torque to balance a magnetic field induced counter-clockwise torque.

A 4 pole motor stator winding with balanced three phase AC sinusoidal
currents was used to produce clockwise and counter-clockwise non-uniform
magnetic fields in the absence of ferrofluid as described in section 7.1. A
hollow Lexan spindle was used in the torque measurement experiments as
shown in Figure 7-4, having a hollow chamber with inner diameter of 86.7 mm
and height of 73.2 mm which provides a volume capacity of 432 ml. The hollow
spindle was filled with ferrofluid or water and attached to the viscometer
through the upper solid section. The spindie was placed so that the fluid was
radially and axially centered along the axis of the motor stator winding. A VWR
1000 ml beaker surrounding the spindle was used in this experiment for the
case when ferrofluid or water was outside the test spindle cylinder. The inner
diameter of the beaker was 104 mm, which creates an annular gap of 5.3 mm
with the spindle in the center of the beaker as shown in Figure 7-5. It is
necessary to have a large radius spindle as the non-uniform magnetic field has

its maximum strength at the outer wall, as shown in Figure 7-1 and Figure 7-2.
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Figure 7-4 The Lexan hollow spindle. The upper section of diameter D, was solid and
was connected to the viscometer while the lower section of diameter D, was hollow so
that it could be filled with ferrofluid. The lower hollow section has an inside dimension
with height of 73.2 mm and diameter of 86.7 mm. The dimensions shown in the figure

are outside dimensions.
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Figure 7-5 A floating force balance system used in torque measurements with a
non-uniform magnetic field. For measurements with ferrofluid inside the spindie, the
spindle filled with ferrofluid was submerged in a beaker filled with water to make the
total weight attached to the viscometer less than 5 oz (142 g), the weight limit of the
Brookfield viscometer. For measurements with ferrofluid outside the spindle, the
spindle was filled with water and submerged in a beaker filled with ferrofluid to make
the total weight attached to the viscometer less than 50z. For measurements with
ferrofiuid both inside and outside the spindle, the spindle and the beaker were filled
with ferrofluid to make the total weight attached to the viscometer less than 5 oz (142 g).
The beaker used in measurements was a VWR 1000ml beaker Cat. No. 89000-212.
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As shown in Figure 7-1, the non-uniform magnetic field in the 4-pole motor
stator winding is very weak at the center of the winding. In order to increase
the sensitivity of the torque measurement and measure the maximum torque,
the hollow spindle was specially designed with a large diameter close to the
diameter of the 4-pole motor stator winding to keep the ferrofiuid in a stronger
magnetic field region. Due to the hanging weight limitation of the Brookfield
viscometer, which is 5 0z (142 g) maximum, the torque measurement can not
be done with the ferrofluid filled spindle attached directly to the viscometer. A
floating force balance system shown in Figure 7-5 was used in all torque
measurements with a non-uniform magnetic field in order to balance the total
weight attached to the viscometer. In the case of ferrofluid inside the spindle,
the beaker was filled with water at the same height as the ferrofluid inside the
spindie; in the case of ferrofluid outside the spindle the surrounding beaker
was filled with ferrofluid at the same height of water inside the spindle and in
the case of ferrofluid both inside and outside the spindle, both spindle and
beaker were filled with ferrofluid to the same height. Using buoyancy with liquid
inside or outside the spindle the hanging weight on the viscometer was kept

below 5 oz.

Measurements were taken at frequencies of 50, 100, 150, 200, 300, 400 and
500 Hz with an input current of 0, 0.25, 0.5, 0.75, 1, 1.25, 1.5, 1.75, 2 and 2.5
Amps rms for the case that ferrofluid is entirely inside the spindle, entirely
outside the spindle and both inside and outside the spindle. Each Ampere rms
in each phase of the input current to the 4 pole motor stator winding
corresponds to a magnetic field magnitude that increased linearly with radius
with a slope of 821.6 Gauss/m rms along the radius with rms magnetic field at
the spindie outer wall with inside radius of R = 43.4 mm of 35.7 Gauss rms.
These input currents correspond to non-uniform external magnetic fields of 0,
8.9,17.9, 26.8, 35.7, 44.6, 53.6, 62.5, 71.4 and 89.3 Gauss rms respectively at

the middle height and outer radius of R = 43.4 mm of the inside of the beaker.
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These magnetic field measurements were made in the absence of ferrofluid,
and therefore reflect the external magnetic field and do not incorporate the
demagnetizing effect of the ferrofluid. For a long cylinder of ferrofluid with

magnetic susceptibility y the internal magnetic field H; is given in terms of the

external magnetic field H, by the expression H,=H, —-MD so that

H, = H,/(1+ y/2), where D = 1/2 is the cylindrical demagnetization factor of

an infinitely long cylinder. The clockwise magnetic field is applied for the case
that ferrofluid is entirely inside the spindle and counterclockwise for the case
that ferrofluid is entirely outside the spindle and both inside and outside the
spindle. Under these conditions the viscometer torque will be
counter-clockwise allowing the full range of torque measurements up to 67.3

puN-m.

Measurements show that for ferrofluid entirely inside the test cylinder the
torque points in the same direction as the magnetic field rotation vector
(co-rotation), whereas for ferrofluid entirely outside the cylinder the torque
points in the direction opposite to the field rotation vector (counter-rotation).
When the ferrofluid is both inside and outside the test cylinder, the measured
torque is the approximate algebraic sum of the torques for ferrofluid entirely
inside and entirely outside the test cylinder, with net torque opposite to the
magnetic field rotation vector. For higher frequencies, some trials contain
fewer data points. This is either because the torque was beyond the maximum
Brookfield torque or because the voltage across the motor winding terminals

was too high, precluding safe operation at higher input currents.

7.3 Experimental Measurements in Non-uniform Rotating

Magnetic Fields

Torque measurements with ferrofluid inside the spindle in a clockwise rotating

non-uniform magnetic field are shown in Figure 7-6. For the measurement with
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ferrofluid just inside the spindle, measured torques on the spindle inner wall
increase with increasing applied magnetic field frequency and field amplitude
as show in Figure 7-6. The measurements show that saturation values of
torque are reached at high frequency of about 500 Hz. Increasing frequency

higher than 500 Hz does not significantly increase the torque magnitude.
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Figure 7-6 Torque measurements with 432 ml MSG W11 water based ferrofluid inside
the stationary hollow spindle with clockwise rotating non-uniform magnetic field.
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Figure 7-7 Torque measurements with 250 ml MSG W11 water based ferrofiuid outside
the stationary hollow spindle with counter-clockwise rotating non-uniform magnetic
field.

Figure 7-7 shows the torque measurement with ferrofiuid outside the spindle

with a counter-clockwise rotating magnetic field. The measured torque on the
spindle outer wall increases with increasing applied magnetic field frequency
and field amplitude. It also shows saturation of spindle torque with increasing

frequency at about 500 Hz.

Figure 7-8 shows the torque measured on the spindle wall when MSG W11
ferrofluid is simultaneously inside and outside the spindle wall. For comparison,
the measurements of ferrofluid inside or outside the spindle from Figure 7-6
and Figure 7-7 are also shown in the same figure. Because of the limitations of
our apparatus, measurements for higher frequency and stronger magnetic field
are absent for the cases of ferrofluid just inside the spindle and just outside the
spindle. Measurements with ferrofluid both inside and outside the spindle
magnitude show torque magnitudes increase with increasing frequency and

increasing magnetic field amplitude.
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Figure 7-8 Torque measurement with MSG W11 water based ferrofluid of 432 ml inside,
250 ml outside and both inside and outside the stationary hollow spindle in rotating
non-uniform magnetic fields.

Table 7-1 Peak measured spindle torque (UN-m) per Gauss in a non-uniform rotating
magnetic field. The peak field at the radius of 58 mm of the 4 pole motor stator winding
is 47.65 Gauss (peak/rms) per Ampere (peak/rms).

Torque Rate [uNm/Gauss] 100 [Hz] 200 [Hz] 300 [Hz] 400 [Hz] 500 [Hz]
inside 0.702 0.949 0.962 1.143 1.199
MSG W11
outside 0.634 0.972 1.064 1.271 1.383
(water-based)
both 0.069 0.117 0.185 0.248 0.300

Table 7-1 shows the peak measured torque per Gauss of MSG W11

water-based ferrofluid in a non-uniform rotating magnetic field, which is
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stronger than the torque rate in a uniform rotating magnetic field as shown in
Table 6-1. The torque measurements in the uniform rotating magnetic field
shown in section 6.3.2, increase approximately linearly with the strength of the
applied magnetic field, while the torque measurements in the non-uniform
rotating magnetic field shown in Figure 7-6 to Figure 7-8 has an approximately
non-linear dependence on the strength of the applied magnetic field. Because

ferrofluid in a uniform rotating magnetic field has a zero body force density,

Ho (M -V)ﬁ , the only drive source for the torque driven flow is the volume

torque density u,M x H . Ferrofluid in a non-uniform rotating magnetic field is
subject to the volume torque density, while the body force density
F=p,(M-V)H makes an additional contribution to the torque 7x F , which

makes the torque have a stronger dependence on the strength of the applied
magnetic field. The numerical simulations in Chapter 9 demonstrate the effects
of volume torque density and body force density contributions to the total

torque.
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Chapter 8. Spin-up Flow Velocity Measurements
In A Non-uniform Rotating Magnetic Field

Spin-up flow phenomena of MSG W11 water-based ferrofluid in a rotating
non-uniform magnetic field generated by a three-phase AC 4-pole motor stator
winding was investigated with a Signal Processing DOP2000 ultrasound
velocimeter. The velocity distribution in the bulk of a ferrofluid cannot be
measured by laser Doppler or streak path techniques due to the opacity of
ferrofluids. Pulsed ultrasound velocimetry allows, however, for the real-time
measurement of velocity profiles in opaque fluids. Experimental
measurements of the velocity field in the bulk of the ferrofluid provides the
information required to answer many of the questions that arise from reviewing
the ferrofluid spin-up literature. Investigations of ferrofluid spin-up flow in the
literature do not report the flow field inside the bulk of the ferrofiuid, being
limited to studying only the flow profile on the free-surface of the opaque
ferrofluid by recording the motion of various kinds of floating tracer beads and
particles. Unlike previous research reported in the literature which are
restricted to optical observations at the top ferrofluid/air interface, the
ultrasound technique overcomes the difficulty that the ferrofluid opacity poses,

enabling us to measure the velocity profiles in the bulk of the ferrofluid.

8.1 Measurement Apparatus

A Signal Processing SA DOP 2000, model 2125 Ultrasonic Doppler
Velocimeter was used to measure the bulk velocity of ferrofluid in non-uniform
rotating magnetic fields. The DOP2000 Velocimeter uses a pulsed ultrasonic
echo technique to instantaneously measure velocity profiles along the
ultrasonic beam, Doppler energy profiles, echo profiles, spectral density (FFT),
histograms, and the flow rate in flowing liquids. The pulsed ultrasound

technique uses reflections off of small tracer particles or air bubbles
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suspended in the fluid flow. The technique then uses the time of flight of the
reflected ultrasound beams to estimate the velocity of the tracer particles.
Each ultrasound probe measures the component of the velocity along the
emitted beam at every point along the beam. The velocity measured by the
velocimeter is positive if the flow is away from the probe and negative if the
flow is towards the ultrasound probe. The DOP2000 computes and displays in
real time these data profiles based on the analysis of a user specified number
of gates placed along the ultrasonic beam. The digital ultrasonic synthesizer
can generate any emitting frequencies between 0.45 MHz and 10.5 MHz. The
DOP2000 also includes a variable spatial resolution filter that allows the size of
the sampling volume to be adapted to the application and therefore improves
the signal to noise ratio of the measurements. The DOP2000 also provides the
multiple channels function, which operates each channel and probe at a
different time frame of a time period and allows multiple channels to work
simultaneously without any interference. Combining the readings of multiple
probes at various positions and angles allows the measurement of the velocity
at many points in the flow field. In ferrofluid applications, tracer particles of
sizes around 50-200 microns must be added to the fluid. The 5-15 nm
ferrofluid particles are too small to scatter the ultrasound effectively.
Commonly used particles include plastic polyethylene spheres, corn pollen,
and hollow spheres of SiO,. In our experiments we found it necessary to add
GrilTex-P1 latex particles, produced by EMS chemie, Switzerland, to the
ferrofluid to improve the quality of the reflected ultrasound signal. These
copolyamide spherical particles with an average diameter of 50 um have a
density of 1.1 g/cc and are practically neutrally buoyant in water-based
ferrofluid. During the course of the experiments, we would, however, stir the
ferrofluid vigorously by hand once every day to prevent the particles from
settling, thus maintaining the dispersion of tracer particles necessary for a high
level of ultrasonic echoes. The pulsed ultrasound technique has the advantage

of non-disruptive measurement of the flow profile. The ultrasound probes can
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be placed in the outside walls of the ferrofluid container without contacting the
ferrofluid. However, this increases ultrasound energy losses because the
signal must couple from the probe to the container wall and from the container
wall into the fluid. Walls made out of materials that have an acoustic
impedance similar to that of ferrofluids (like Plexiglas) can maximize
transmissivity between the container wall and the ferrofluid. As shown in
Figure 8-1, a cylindrical polycarbonate container with an inner diameter of 91.9
mm and height of 60 mm was used in the spin-up velocity profile experiments,
which was designed to fit snugly into the 116 mm diameter bore of the three
phase, 4-pole motor stator winding in order to guarantee that the ferrofluid is
radially centered along the axis of the stator winding. The container has a wall
thickness of 10 mm, in order to hold the ultrasound probe. To maintain high
magnetic field uniformity, the container was also centered vertically within the
stack of the stator’s iron core. Table 8-1 lists the acoustic impedance of

ferrofluids and non-magnetic materials.

Table 8-1 Acoustic impedance of ferrofluids and non-magnetic materials. *: The values
of air and polycarbonate are quoted from DOP2000 Model 2125/2032 User’s manual,
Signal Processing S.A., Switzerland, section 22. {: The acoustic impedances Z=pc are
estimated using the values of density and speed of sound from Table 2-1 and

Table 2-3.
Material Speed of sound, c, Density, p, [kglm‘] Acoustic impedancet,
[m/s] Signal Z, [MRayls] =
Processing Method [10°%kg-m?s™]
Ferrofluid
Air Tg.Ins] 344 Ty, 1829 0mPoAlns]
Polz‘carbonate (Lexan)* 2270 7 1220 2.77
EMG705 7.59-8.59 (VSM) 1.30x107-4,78x10"" (VSM) 0.12-8.59 (VSM)
(water-Dgsedhter 0.64-12.2 (TEMJ59 2.98x10°-5.85986% (TEM) 0.003042.2 (TEM)
BASRY AP pwater-based) 0.66-3.38 (VSMP87 5.16x10°-0.1484vSM) 0.005H 2838 (VSM)
(water-based) -8 81
MSG W11 (water-based) 0.84-24.2 (I'EM)48., 1.18x10™-1 .19&80 (TEM) 0.01%;8.2 (TEM)
EFH1 @mased) 3.57-14.28 (VSIer,}43 2.56><10'°—1%92(}/SM) 0.02?-16.3 (VSM)
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a =108

o :0(1

Figure 8-1 Cylindrical polycarbonate container for spin-up velocity profile
measurements in a non-uniform rotating magnetic field. Right: slots in the container
wall with angles of 0°,5°,10°, 15°, 20 °, 25 ° with respect to normal and radius to

measure v, and v, components and a slot at the bottom center diameter of the

container for measurement of v_. Left: container cover prevents a free surface

interface by covering and contacting a fully filled container.
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8.2 Measurement Setup and Procedure

Video camera

\\N

Ring-light @

o st v

i Iron-cone

Ferrofluid

Ultrasound probe -Four pole motor winding

Polycarbonate

Non-magnetic stand

7

ULl
Figure 8-2 Configuration of motor stator and cylindrical vessel for the spin-up flow
profile measurement experiments. A three-phase, 4-pole motor stator winding was used

to excite a rotating non-uniform magnetic field. The ring-light and video camera record
the surface velocity profile at the same time as the UVP velocity profile was taken.

Figure 8-2 shows the experimental setup used to investigate the flow in the
bulk of a cylindrical container of water-based ferrofluid with a free top surface
undergoing spin-up flow driven by a non-uniform counter-clockwise rotating
magnetic field. The field was produced by the stator winding of a 4-pole
three-phase motor stator winding. The polycarbonate cylindrical vessel was
filled to a height of 60 mm with water-based ferrofluid and was placed radially

and axially centered in the stator winding. A video camera placed directly
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above the experiment was used to also monitor the surface velocity profile at
the ferrofluid/air interface. Measurements were also performed with a
stationary top on the ferrofluid surface so that there was no free air/ferrofluid
interface and therefore no surface flow. Channels were grooved at different
angles from the radial normal to the cylinder’s lateral side to house the
ultrasound velocimeter probes. The grooved channels have a thin thickness of
intact wall (< 5 mm) so that the ultrasound probe does not directly contact the
ferrofluid. Ultrasound gel was used at the interface of the ultrasound probe and
the vessel wall to couple the ultrasound signal to the bulk of the ferrofluid more

effectively.

Ultrasound probes
Top cover .4 Free top surtace

Ultrasound probes

Ferrofluid container

Figure 8-3 The placement of the ultrasound probes at different heights (values of z) in
containers of ferrofluid with and without a top cover. The top cover of the left cylindrical
container forces zero flow at z = z; and reduces surface shear stress effects, whereas in
the right container the absence of the top cover allows the free top surface to develop
surface shear stress driven flows.

Spin-up velocity profile measurements were taken in the container with and
without a top cover at different heights. Figure 8-3 shows the placement of

probes at different heights z on the container wall. The left container in Figure
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8-3, has a top cover to eliminate the free air/ferrofluid interface, has zero
surface flow velocity and reduces surface shear stress effects. The right
container in Figure 8-3, is without a top cover and has a free air/ferrofluid
interface that allows surface shear stress driven flows. Rosensweig’s model for
the spin-up flow of magnetic fluid in a uniform magnetic field considers the
interfacial deformation of a free ferrofluid surface having contact angle 6 with a
container wall [17]. The deformation of the ferrofluid results in a magnetic
surface shear stress driven flow. The surface-driven flow is believed to be
usually stronger than that produced by the spin diffusion model which was
recently treated by Rinaldi [31]. The volume flow field resulting from the
surface-driven model, however, remained unmeasured until recently [86].
Rosensweig conducted a careful set of experiments with concave, flat and
convex free surface shapes by respectively under-filling, filling to the brim, and
slightly over-filling a container with ferrofluid. In a uniform rotating magnetic
field, he reports counter-rotation for concave surface shapes, no rotation for
flat surface shapes, and co-rotation for convex surface shapes. Rosensweig
concludes that this observed behavior constitutes evidence that surface stress
rather than a volume torque density drives the spin-up flow [17]. Rosensweig,
however, observed only the flow velocity at the top free surface of the ferrofluid,

and the flow in the bulk of the ferrofluid was not known.

The non-uniform magnetic fields inside the 4 pole motor stator winding were
generated with balanced-three-phase-sinusoidal currents to create clockwise
or counter-clockwise non-uniform rotating magnetic fields as described in
section 7.1. Measurements were taken at frequencies of 50, 100, 200, 300,
400 and 500 Hz with an input current of 1, 2, 3, 4, 5, 6, 7, 8 and 9 Amperes
(rms) for the cases that the ferrofluid container is uncovered with a free surface
or is with a stationary top so that there is no free surface with the probe placed
at mid-container height. The currents at higher frequencies were limited to

lower values of amperes to avoid overheating and damage to the stator
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winding. These magnetic field measurements were made in the absence of
ferrofluid, and therefore reflect the external magnetic field and do not
incorporate the demagnetizing effect of the ferrofiuid. The non-uniform
magnetic field magnitude values and demagnetizing effect are discussed in
section 7.2. The 10 mm non-magnetic wall thickness of the polycarbonate
cylindrical container separates the ferrofluid from the stator iron. We added 1
gram of Latex tracer particles to every 0.1 liters of water-based ferrofiuid or
equivalently less than 1% by weight. This amount of tracer particles produced
much higher reflected echo signals than obtained by introducing air bubbles,
significantly improving the quality and repeatability of the measurements
without perceptibly changing the velocity flow profiles in the experiments. The
tracer particle/ ferrofluid suspension requires more than 24 hours to
sedimentate enough Latex tracer particles to the bottom of the cylindrical
container to cause significant degradation of the reflected ultrasound signals.
Our experience shows, however, that the signal quality can be maintained at
its initial quality by simply vigorously stirring the suspension by hand at the
start of every day of measurements after the experimental sample has been
left unstirred overnight. Further stirring during the day was not necessary. Also,
we have found it important to prevent the ferrofluid from heating up (to ~ 35 °C)
during the tests to avoid temperature-gradient-driven, thermal-convection bulk
flows in the fluid. The currents flowing in the stator winding’s coils heat up the
whole stator due to ohmic losses in the copper winding. Special care was
taken after each set of tests to turn off the currents and allow enough time (~15
minutes) for the motor stator to cool down to room temperature; an electric fan
helped accelerate the slow cooling process. The polycarbonate material of the
cylindrical ferrofluid container also acted as a heat insulator. These combined
measures assured that the ferrofluid remained at a practically uniform and

constant temperature throughout an experimental test set.
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8.3 Measurement of The Spin-up Flow Velocity Profile

The velocimeter measures only the component of the velocity parallel to the
axis of the ultrasound probe. The device records the parallel component of the
velocity as a function of time at every point along the path of the ultrasound
beam. Due to the finite thickness of the ultrasound beam, the velocity recorded
at every point is the average of the velocity over a small volume. The geometry
necessary to interpret the ultrasound velocimeter data can be derived from
Figure 8-4 which shows a top view of the ferrofluid vessel in the spin-up

experiment. The ultrasound probe was inserted into the outer cylinder wall at

an angle o =25 from the radial direction at a height z = 30 mm from the

bottom of the ferrofluid (i.e., approximately in the middle of the 60 mm height of
ferrofluid in the vessel). The probe issues an ultrasonic beam and measures
the component of fluid velocity parallel to the direction of the beam at every
point along the beam. Thus the z- and r- components of the fluid velocity can
be measured directly by ultrasound beams pointing in the vertical and radial
directions respectively. It was proved in the measurement that the z- and r-
components of the fluid velocity are very small, thus the z- and r- components

of the fluid velocity are treated as zero in the following analysis. Measurement

of the ¢-component of the velocity requires processing of the velocity

measured on the ultrasound beam path shown in Figure 8-4. From the figure

we see that the radius r at a point on the ultra-sound beam path is given by,

r=\/(x2+(Rsina)2) (8.1

The velocity measured at a point in the fluid is most generally given by,

v(r,z)=v,(r.2) T +v,(r,2) 5 +v,(r,2) ] (3.2)

On the ultrasound beam path this general expression can be rewritten as,
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v(r,z)=v, (r,z)(iz + Rsina T"J-H)’ (r,z)(—- Rsina i +£?y-)+vz (r.2)7,(83)
r r r r

However, the velocity measured by the velocimeter at points on the ultrasound

beam path shown in Figure 8-4 has at most only r- and ¢-components,

because the z-component of the velocity is perpendicular to the r-¢ plane.

The ultrasound probe shown in Figure 8-4 measures only the x-component of

the fluid velocity at every point along the beam path. Therefore the velocity

profile measured by the velocimeter, v, , is given by,

Rsina

) \/xz +(Rsin a)2

X

v, (x)=v(r, )i, =v,(r) v, (7 (8.4)
x

e
x* +(Rsina)’
This means that to deduce the velocity profile v,(r,z) from the ultrasound

velocimeter profile we must first directly measure the radial component of the

velocity v,(r,z) and then use the expression,

vy (r)=v,(r) X —v,(x)- x"+(Rsina) (8.5)

Rsina Rsina

The radial component of velocity, v, (r) is easily measured by directing the

ultrasound beam in the radial direction sothat o =0.

164



Ultra-sound probe

e

Figure 8-4 Geometry for spin-up flow profile measurement experiments. The ultrasound

probe measures the component of the fluid velocity v, along the probe’s axis.

8.4 Spin-up Velocity Profile Measurements

8.4.1 MSG W11 Water-based Ferrofluid With Top Cover

The spin-up velocity profiles measured in the bulk of the water-based ferrofluid
are shown in Figure 8-5 to Figure 8-7 for applied rotating magnetic field
frequency of 300, 400 and 500 Hz for various magnetic field amplitudes
without a free surface. The figure shows that when subject to a
counter-clockwise rotating magnetic field the bulk ferrofiuid in the cylindrical

vessel undergoes rigid-body-like counter-clockwise rotation at the constant
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angular velocity. Only in a layer near the walls of the cylinder does the no-slip
condition force the fluid flow to differ from rigid-body rotation. At any given
frequency, higher values of the applied magnetic field strength lead to higher

rotational velocities.

Figure 8-8 and Figure 8-9 show the effects of applied magnetic field strength
and rotation frequency on the observed bulk rotational speed Q of the ferrofluid.
We used the slopes of the linear region of the measured velocity profiles as an
estimate for the bulk ferrofluid rotational speed. For low frequencies of applied
rotating magnetic field the bulk rotational speed of the ferrofluid increases with
the applied rotating magnetic field frequency. We measured the maximum
velocity and its radial position in ferrofluid bulk rotation at each value of applied
rotating magnetic field strength. Figure 8-8 shows that at higher frequencies
the rigid-body rotation of the ferrofluid saturates or begins to decrease slowly

with applied frequency for any given rotating magnetic field strength. On the

other hand, the bulk rotational speed of the ferrofluid Q= i) was observed to
r

increase monotonically with applied rotating magnetic field strength as shown

in Figure 8-9.

The no-slip condition applies at the top and bottom stationary surfaces of the
covered cylindrical container. We measured the velocity profiles at z = z/4
and z = 3z/4 and at the center, z = z/2 , of the cylindrical container. This
investigation of the dependence of the azimuthal velocity profile on z shows
the symmetry of the covered spin-up flow. As expected, the experimental data
in Figure 8-10 to Figure 8-12 demonstrate that there are higher flow rates at
the vertical center of the cylindrical container than near the top and bottom
faces of the cylindrical container where the flow velocity goes to zero. Ideally,
the curves for z = z/4 and z = 3z/4 should completely overlap in both figures.
Experimental results show some discrepancy, especially in Figure 8-10 due to

experimental error. The ferrofluid in the container is, however, observed to
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consistently co-rotate with the applied non-uniform rotating magnetic field.
Most significantly, these experiments demonstrate that there is significant

rotational flow in the bulk of the ferrofluid in the absence of any free surfaces.

With Cover, Magxenc led Frequmcy = 300 [Hz]
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0 5 10 15 20 25 30 35 40 45 50
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Figure 8-5 The azimuthal component of spin-up flow profiles at z = z/2 for MSG W11
water-based ferrofluid excited by a non-uniform magnetic field rotating
counter-clockwise at 300 Hz. Counter-clockwise velocities increase with increasing
applied magnetic field (increasing current in A rms). In the central region the flow
profiles resemble the linear profile of a fluid in rigid body co-rotation with the applied
magnetic field. The velocity is zero at the r = R = 46 mm stationary wall. The cylindrical
container was covered so that there were no free ferrofluid surfaces.
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With Cover, Magnetxc Field Frequency =400 [Hz]
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Figure 8-6 The azimuthal component of spin-up flow profiles at z = z/2 for MSG W11
water-based ferrofluid excited by a non-uniform magnetic field rotating
counter-clockwise at 400 Hz. Counter-clockwise velocities increase with increasing
applied magnetic field (increasing current in A rms). The cylindrical container was
covered so that there were no free ferrofluid surfaces.
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With Cover, Magnehc Field Frequency =500 [Hz]
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Figure 8-7 The azimuthal component of spin-up flow profiles at z = z,/2 for MSG W11
water-based ferrofluid excited by a non-uniform magnetic field rotating
counter-clockwise at 500 Hz. Counter-clockwise velocities increase with increasing
applied magnetic field (increasing current in A rms). The cylindrical container was
covered so that there were no free ferrofluid surfaces.
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Figure 8-8 Relation between the bulk rotational rate in the central region of the MSG
W11 ferrofluid, 2 = v,/r, and the frequency of the applied rotating magnetic field for
various magnetic field strengths. The ultrasound probe was place at height z = z/2 in
the outside wall of a cylindrical container with a top cover.
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Figure 8-9 Relation between the bulk rotational rate in the central region of the MSG
W11 ferrofluid, 2 =v,/r, and the applied currents for various magnetic field frequencies.
The ultrasound probe was place at height z = z/2 in the outside wall of a cylindrical
container with a top cover. The rate of rotation increases monotonically with applied
field strength for the investigated range of magnetic field strength.
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Figure 8-10 The azimuthal component of spin-up flow profiles at z=2/2, z= 3244 and z =
zJ4 for MSG W11 water-based ferrofluid excited by a non-uniform magnetic field
rotating counter-clockwise at 500 Hz with balanced 3 phase currents of 5 A (rms). The
cylindrical container was covered so that there were no free ferrofluid surfaces.
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Figure 8-11 Relation between the bulk rotational rate in the central region of the MSG
W11 ferrofluid, 2 =v,r, and the applied rotating magnetic field frequency with current of
5 A (rms) at various heights. The ultrasound probes were placed at heights z = z/4, z =
z/2 and z = 3zJ4 with a top cover.
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Figure 8-12 Relation between the bulk rotational rate in the central region of the MSG
W11 ferrofluid, 2 =v,/r, and the applied current at applied rotating magnetic field
frequency of 500 Hz for various heights. The uitrasound probes were placed at heights z
=2z4/4, z = z/2 and z = 3z44 with a top cover.

8.4.2 MSG W11 Water-based Ferrofluid Without Top Cover

Spin-up flow velocity profiles of MSG W11 water-based ferrofluid were also
taken without a cover on the container in a counter-clockwise rotating
non-uniform magnetic field, so that there was a free ferrofluid top surface. The
air/ferrofluid interface at the surface of the vessel with no top is observed to
co-rotate in the counter-clockwise direction which is different from the
observation that surface flow counter-rotates in a uniform rotating magnetic
field [82]. Figure 8-13 to Figure 8-15 show that bulk flows have the near-same

azimuthal velocity profile and rotational rate for non-uniform rotating magnetic
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field without and with a free air/ferrofluid interface. Our experiments also show
that even though the free air/ferrofluid interface velocity co-rotates to the bulk
flow, the effect of the free surface shear stress has little effect on the bulk flow

of ferrofluid.

Figure 8-16 shows the optically observed rotational speeds on the surface of
the ferrofluid. The surface of ferrofluid co-rotates with counter-clockwise
rotating non-uniform magnetic field. The surface rotational speed is
approximately the same as the bulk rotational speed, being up to about 3 rad/s

as shown in Figure 8-14 to Figure 8-16.
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Figure 8-13 The azimuthal component of spin-up flow profiles at z = z/2, for MSG W11
water-based ferrofluid excited by a non-uniform magnetic field rotating
counter-clockwise at 500 Hz with balanced 3 phase currents of 5 A (rms). The cylindrical
container with free and covered ferrofluid surfaces had similar velocity variations with
radius at z = z/2.
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Figure 8-14 Relation between the co-rotating buik rotational rate in the central region of
the MSG W11 ferrofluid, 2 =v.r, and the applied CCW rotating magnetic field frequency
for balanced 3 phase currents of 5 A (rms). The ultrasound probe was place at height z=
z/2.
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Figure 8-15 Relation between the co-rotating bulk rotational rate in the central region of
the MSG W11 ferrofluid, 2 = v/, and the applied CCW rotating magnetic field frequency
of 500 Hz for various magnetic field 3 phase balanced currents (rms). The ultrasound
probe was place at height z = z2/2.
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Figure 8-16 The co-rotational rates visually observed on the free top surface of MSG
W11 water-based ferrofluid as a function of the frequency of the applied CCW rotating
non-uniform magnetic field.

Figure 8-17 shows the azimuthal flow profiles at z=z;/2 without a free surface
for MSG W11 water-based ferrofluid excited by a uniform magnetic field
rotating counter-clockwise at 200Hz [82]. Comparing the velocity profile in a
uniform rotating magnetic field [82] with the velocity profile in a non-uniform
rotating magnetic field discussed in this chapter shows that the peak velocities
of velocity profiles in a uniform rotating magnetic field appear at the positions
at approximately r = (0.6~0.8) R, where R is the radius of the container, and
the peak velocities of velocity profiles in a non-uniform rotating magnetic field
appear at positions at approximately r = 0.9 R. The reason is that in a
non-uniform rotating magnetic field with a field pattern as Figure 7-1 the
magnetic field strength is linearly related to the radius, thus close to the

container wall the magnetic body force density and volume torque density
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have a stronger contribution to the spin-up flow and makes the peak velocity
value appear at a position close to the container wall, even though the velocity
at the wall is zero. It is also shown that the spin-up flow velocity profile in a
non-uniform rotating magnetic field has a higher peak velocity rate of about
0.51 mm/s per Gauss than 0.25 mm/s per Gauss in a uniform rotating

magnetic field shown in Figure 8-17. The reason is that the spin-up flow in a
uniform rotating magnetic field has only the volume torque density u,M x A
to drive the fluid, while spin-up flow in a non-uniform rotating magnetic field is

driven by both the volume torque density u,M x H and the body force density

#,(#+V) H . The body force density in a non-uniform magnetic field is

strongest near the outer wall of ferrofluid container.

Additional measurements of flow profiles appear in Appendix B.
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Figure 8-17 Azimuthal flow profiles at z=z/2 for MSG W11 water-based ferrofluid excited
by a magnetic field rotating counter-clockwise at 200Hz. This flow profile results when
water-based ferrofluid in a container without a free surface was placed in a uniform
rotating applied magnetic field [82].
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Chapter 9. Numerical Simulations for Torque
Measurements and Spin-up Flow Velocity
Measurements

Governing ferrohydrodynamic equations were modified for one dimensional
problems and solved by numerical simulations for torque and spin-up flow
velocity profiles in uniform and non-uniform rotating magnetic fields. For the
torque computation in a uniform rotating magnetic field for ferrofluid inside the
spindle, numerical simulation results show agreement with the measured
torque in a uniform rotating magnetic field, where the torque on the spindle wall
equals the total volume torque density integrated over the ferrofluid volume
with zero body force density, F . For the torque computation in a non-uniform
rotating magnetic field, numerical simulation results show that the torque on
the spindle wall equals the sum of the total volume torque density integrated
over the ferrofluid volume and the torque due to the body force density, 7xF
integrated over the ferrofluid volume. Numerical simulations of spin-up flow
velocity in a non-uniform rotating magnetic field are also discussed in this

chapter.
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9.1 Torque on a Cylindrical Boundary in a Rotating

Magnetic Field

Depth D

|

¥(r.9), H(r,g)=-V¥(r¢), M(r.¢)

Figure 9-1 Ferrohydrodynamic induced torque on hollow spindie wall with ferrofluid
inside spindle. Spindle has a radius R and Depth D.

As discussed in chapter 6 and chapter 7 with ferrofiuid in a rotating magnetic
field, the total torque on a ferrofiuid filled spindle was measured using the
viscometer torque meter. At the same time, the torque on the surface of the
spindle inner wall can be evaluated by the total azimuthal shear force on the

inside surface wall. Figure 9-1 shows in a cylindrical geometry that ferrofiuid

inside a spindle in a rotating magnetic field has an azimuthal velocity v, (),

and a spin velocity w,(r), where both the velocity and spin velocity are

functions of the radius, r. The total surface torque on a spindle with radius R,

height D and ferrofluid inside the spindle is given as

L, =f|_ R+ [[C.dS=R[[F,ds+ [C,ds = R|[T,ds+ [C.dS

9.1
= [[(z,,R+C, ) Rdgdz = RD [ (TR +C,, )dg &b
where L is the total z directed torque on the surface of the spindle wall with

units of [Nsm],  f, is the total force on the spindle inner surface with units [N],

F,, is the total surface force density on the spindle inner surface with units
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[N/m?], T, is the total shear stress on the spindle inner surface with units of

[N/m?, C, is the couple-stress on the spindle inner surface in the z direction

with units of [N/m], R is the radius of the spindle and D is the ferrofluid
height in the spindle. The relation between total force, force density and the

shear stress is given as

fy = [[Fyds = [[z,as = [ [ 7, Ragdz 92)

where the surface force density equals the shear stress tensor as

Fy

T 9.3)

r

for the cylindrical geometry shown in Figure 9-1. From (9.1), the torque on the
spindle inner surface will be evaluated in section 9.1.1. The numerical
simulation software, Femlab from Comsol, requires that the torque on the
spindle inner surface be evaluated in a Cartesian geometry, as will be shown

in section 9.1.2.

9.1.1 Torque Evaluation in Cylindrical Geometry

In cylindrical geometry, the total shear stress includes the Cauchy shear stress
from fluid dynamics and the Maxwell stress tensor. Here as discussed in
section 6.2.2, the jump in Maxwell stress tensor has no contribution on the
azimuthal force, so that we only evaluate the Cauchy shear stress tensor. The

Cauchy shear stress tensor is [1]

0 10y 1 —
o215 (e o) -

where the z component of half the vorticity Q= —;—Vx v is

_Ligusy 2 L] 2(m) oy,
Qz _E(va)’ = 2 [:'—67——6'3} (95)
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The total shear stress tensor is given as

Tw=,,[,z(v_¢)+m]+g{m_m]_z@,
or\r) rog) r| or 0p
(9.6)

Because the shear stress tensor is evaluated at the r=R surface, (9.6) can

be simplified by applying the boundary condition at that surface, which is

<|

=0, 6=%7(Vx7) 9.7)
where y is a boundary condition selector as described by (3.17) in section

3.4. The shear stress tensor at the boundary can be simplified to

ov
7, =(n+¢)a—;+(n—¢)(}?—¢;} when 7=0

(9.8)
avﬂ’ 1 avr
I, =n| —+-— , when y =1
Or ro¢
The total couple-stress on the r directed normal surface in the z direction is
c, =n2% 9.9)
or

The total torque on the inner surface of the spindle with ferrofluid inside can be

evaluated by applying (9.8) and (9.9) in (9.1).

oy 00,
= 27:RD[(77+;’)R—5"1+77 a—r] lrer » when y =0
s = oy (9.10)
=27RD|nR —“4+-1—% +77'6w’ |,—k> when y =1
or ro¢ or

Using the assumption that both velocity and spin velocity are functions of r as

shown in Figure 9-1, (9.10) reduces to
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o, 0w,
=27rRD[(7] +§)R—67’+n 37]'““’ when y =0
= = ov 9.11)
=27RD nR——"H}'a& l=g> when y =1
or or

For problems with ferrofluid outside the spindle and ferrofluid simultaneously
inside and outside the spindle in cylindrical geometry, the same shear stress
method can be used to evaluate the torque on the inner and outer surface of

the spindle.
9.1.2 Torque Evaluation in Cartesian Geometry

Because the finite element software used to solve the ferrohydrodynamic
equations, Comsol Multiphysics, requires equations to be solved in Cartesian

coordinates, transformations from cylindrical geometry to Cartesian geometry

was necessary. To calculate the total ¢ directed force density in Cartesian

geometry,
F, =Fi,=-F,singi +F,cosgi, 9.12)
F =Fei =F,¢i =—F sing=>F,=— £, 9.13)
sx s ¢’ “x s¢ s sin¢ .
T R Esy
F, =Fq«i =F,i =F,cos¢ > F, = cos (9.14)

where F, and F, are the x and y directed surface force densities with units

of [N/m?).
Generally the surface force density is calculated by the stress tensor as:

F,=Tpn, (9.15)

where F, is the i directed surface force density with units [N/m?), T, isthe

Cauchy stress tensor component stress in the i direction on a surface with
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normal in the j direction and =, is the j directed normal direction. In this

notation i, j could be any combination of x, y, z for Cartesian geometryorr, ¢, z
for cylindrical geometry.
In cylindrical geometry the normal direction of the surface on the spindle inner

wall is the r direction. Transforming to Cartesian coordinates the normal

direction is

S|

=1 =cosgi +singi 9.16)

The x and y components of the normal direction are given as

n, =cosg, n,=sing 9.17)

Further, the x and y directed surface force density components are evaluated

by the stress tensor as

F.=Tn =T n +Tn

F,=Tn,=T n+T n,

¥ yxox

(9.18)

where n, =0 for cylindrical surfaces and T is the magnetic field shear

stress plus the fluid Cauchy stress tensor. As discussed in section 6.2.2, the

magnetic field shear stress has no contribution on surface torque on the

cylindrical container wall, 7, is just the fluid Cauchy stress tensor which is

given as

AR
I;jz—pé,.+7](-é}7 a—;]+lg:5y+2&:yk(ﬂk—wk) (919)

where p is the pressure in the ferrofiuid [N/m?, 7 is the dynamic viscosity of
ferrofluid with units of [Nes/m?, v, is the ith component of velocity with units of

[m/s], A is the bulk viscosity with units of [Nes/m?], ¢ is the vortex viscosity

with units of [Nes/m?] where ¢ =1.5n¢ from microscopic theory for dilute
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suspensions, Q= %va is half of the vorticity and represents the fluid rate of

rotation in the absence of magnetic force with units of [1/s] and @ is the spin

velocity of ferrofluid with units of [1/s]. 6, is the Kronecker delta and ¢, is

the alternating unit tensor, defined as

0 iz +1  ijk = xyz, yzx or zxy
i#j ..
: { =<-1 ijk =xzy, yxz or zyx (9.20)

=g “ur
0 i=jji=korj=k

From (9.19) and using the incompressible fluid condition, V«v =0, the stress

components of 7. and T, are evaluated with §_ =4, =1 and

Eq =&, =0 as

v
T,=—p+ x
. pn( 6xj

T——+(2§vi]
w="PFN Y

where the third term in (9.19) is eliminated because the ferrofluid was taken as

(9.21)

an incompressible fluid so that V+v =0. The shear stress component of T,

and T, are

ov, Ov, ov, ov,\ T,
T, = ﬂ(ay+—6;J+2§’(Q ~w,)= n(ay 6xJ >

avx av}’ _ . avx 6v L
Tyx—n[—é;+a—) 26 (Q,-w,)= (ay+ax]+2

where T, is the z component of torque density 7 in the ferrofluid with units

(9.22)

of [Nem/m?] related to fluid velocity and spin velocity as

7_"=/10M><}_I=—4§(1Vx17—a_)) (9.23)

The z component of the torque, T, is
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T,=-4((Q, -w,) (9.24)

Combining (9.18) to (9.24), the x directed surface force density is then

F_ = (277 %‘;‘ +p)cos¢+[n (%+%)—%]sin¢ (9.25)

Similarly the x directed surface force density is

oy Oox 2

The surface force density in the azimuthal direction is then

F, =(277%+p)sin¢+{n[%+a&]+z’—}cos¢ (9.26)

F, =—singF, +cosgF, 9.27)

Replacing terms in (9.27) from (9.25) and (9.26), (9.27) reduces to

ov ov
F,=n —y+§v—" sin2¢ +n i’j—‘)i+—y c052¢+£ (9.28)
oy Ox oy Ox 2

The other component of (9.1) is the couple-stress, C, , which was evaluated

zr?

from the couple-stress dyadic

oo
C, =n-[%+ﬁ]+z'aﬂa (9.29)

ox, O,

where n' is the shear coefficient of spin viscosity [Nes]and A' is the bulk
coefficient of spin viscosity [Nes].

The component of total couple-stress in the z direction on the r directed normal

surface is

c =ﬂ,(6wr +6wzj:n,6wz

i o0z or or
(9.30)
[ 0w, &x Ow, Oy [ 0w oo, .
=7 ZL_—+—=2—= |=p'| —*cosg+—=sing
Ox or Oy or ox Oy
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The total torque on the inner surface of the spindle with ferrofluid inside can be

evaluated as shown by applying (9.28) and (9.30) into (9.1)

L,=RD 2”R 277[—a—v—*+2vi)sin¢cos¢+n[zvi%%}:osw—z‘- ¢
ox oy oy ox 2 ©9.31)

+ RDf”ﬂ'(a;;‘ cosg+ aaa;‘ sin¢]d¢

where all the values are evaluated at = R. The integration in (9.31) can be

easily calculated by a boundary integral in the numerical simulation.

At the same time, the total torque on the inner surface of the spindle with
ferrofluid inside can be evaluated by integrating the torque density and the

contribution of the force density throughout the volume of ferrofiuid. Magnetic

field H and magnetization M cause a force density F =y M-VH and

torque density T = u,M x H in the ferrofiuid, which are the source of the total
torque at the inner surface of the spindle wall. The total torque can be
computed by integrating the torque and force density throughout the volume of
ferrofiuid.

L,= Iﬁ(Tz + (Fx F)z )rd¢drdz =27xD LR(TZ + }i,r)rdr (9.32)
where L, is the total volume torque integrated throughout the whole volume
of ferrofluid, T, is the z directed torque density in the ferrofluid volume and

F, is the azimuthal force density in the ferrofluid volume. In the case of

ferrofluid only inside the spindle, the total torque on the inner surface of the

spindle, L, balances the total volume torque, L, integrated from the torque

density T =u,MxH and the contribution of the force density F =y M«VH

throughout the volume of ferrofluid, which would have the same value as the
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total torque integrated throughout the whole volume of ferrofluid. The torque

balance relation is

L =L (9.33)

Solving for the torque by two different methods provides a good check on the

numerical simulation and will be demonstrated in section 9.3.

For problems with ferrofluid outside the spindle and ferrofluid simultaneously
inside and outside the spindle, the same shear stress method can be used to
calculate the torque on the inner and outer surfaces of the spindle wall with all
the terms in (9.31) being evaluated with r equal to the value at the inner and
outer wall surfaces. (9.33) is still true because the total volume torque
throughout the volume of ferrofluid is just balanced by the surface torque on

the boundaries. The torque balance equation has to be written as

ML, =L, (9.34)

where the left hand side of (9.34) is the sum of all the surface torques on the

boundaries of the ferrofiuid.

9.2 Governing Equations for Numerical Simulation

The theoretical background and governing equations were introduced in
chapter 3. The three sets of ferrohydrodynamic equations describe the
electro-magnetic and fluid mechanical behavior in static and rotating uniform
and non-uniform magnetic fields. The equations in chapter 3 can be simplified

for numerical simulations to model experiments.

9.2.1 Assumption for Numerical Simulation

For our torque and spin-up velocity experiments, ferrofluid was stressed by a
rotating uniform or non-uniform magnetic field in a cylindrical geometry as

shown in Figure 9-1. We assume the electrically insulating spindles and
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surrounding containers are placed in the center of the rotating magnetic field
with heights much greater than the radius. With this assumption, our setup is
symmetric in the z direction and for simplicity we ignore the axial dependence

on z. In the AC sinusoidal steady state (oscillating or rotating) magnetic field

using complex amplitude notation, the magnetic field, I_I(r,¢), the

magnetization, M (r,¢), and the magnetic scalar potential, ¥ (r,¢), in

Maxwell's equations in section 3.1 are of the form

Y= Re{‘i’(r)e“”"‘"“} , H=-V¥ = Re{ﬁ(r)ej(“"_"¢)}
. (9.35)
7 =Re {M(r)ej(wt—n¢)}

where () is the vector complex amplitude of the magnetic field, which is

A

only a function of r, A7I(r) is the vector complex amplitude of the

magnetization, li’(r) is the complex amplitude of the scalar potential and n is

the number of pole pairs of the magnetic field. When n = 1, a 2 pole motor
stator winding is used to generate a uniform rotating magnetic field, and when
n =2, a 4 pole motor stator winding is used to generate a non-uniform rotating

magnetic field.

As shown in Figure 9-1, the velocity and spin-velocity in the magnetization
relaxation equation in section 3.2 and the fluid dynamic equations in section

3.3 are of the form

v=v,(r)i, @=w/(r)i (9.36)
where by symmetry the velocity just has the azimuthal component depending

on r and the spin velocity just has an axial component depending on r. We

assume no hydrodynamic dependence on ¢ and z coordinates.
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9.2.2 Differential Equations for Numerical Simulation
In cylindrical geometry, Poisson’s equation (3.5) is written as

2 2 oM
lﬁ(,ﬁ‘ﬂ}rl{_‘a FLO¥ 10 p) L1250 O 9.37)
ror\ Or) r° 04~ 0z° ror Z

which reduces to

10¥ Y 10°Y oM, M, 10M,
——t G t5—F= +—L -t
ror Oor rog or r r 0¢

(9.38)

where the third terms on both side of (9.37) drop out because there is no z
dependence for the assumed forms of the magnetic scalar potential and
magnetization in (9.35). Using the complex amplitude notation in (9.35), (9.37)

reduces to

1ob P 1
ror ort

(-n*)¥ = M, +-A-4L+l(- jnM, (9.39)
or r r

where the % termin (9.37) reduces to —jrn from the complex amplitude
notation in (9.35).

Neglecting inertial terms due to assumed viscous dominated flow, the linear

momentum equation (3.8) reduces to

—Vp'+ F+2¢Vxo+0+{)Viv=0 (9.40)

where the first term on the left hand side of (3.8) drops out for low Reynolds’
number flows and the fourth term in the right hand side of (3.8) drops out as we

assume that the ferrofiuid is incompressible as in (3.11), which makes V«v =0.

In cylindrical geometry the ¢ component of (9.40) is

op dw o(19 10%, 2 av, 0%,
- 4+F -2 Zi(n+d)| —| —— +—= + =y 1=0(9.41
sm2% or @ g)[ar(r or (rv¢)) r 04> r* 0¢ 07 ©4D)
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Applying the form of velocity and spin velocity in (9.36), (9.41) reduces to

F,-2¢

ow 62v¢ 1 6v¢ vy
zi(n+O)| —L+-——2-2L (=0 9.42
or (7 {)( o’ r r’ (0-42)

where the first and the last three terms drop out in (9.41) because there is no
¢ and z dependence on the fluid mechanical terms, and F, isthe ¢
component of the time average force density in the ferrofluid, which is a

function of the magnetic field and the magnetization in the ferrofiuid.

In the sinusoidal steady state, the angular momentum equation (3.9) reduces

to

T+20(Vxv=20)+n'Vo=0 (9.43)
where the term on the left hand side of (3.9) drops out for low Reynolds’

number flows. In cylindrical geometry, the z component of (9.43) is
10 10( oo 1 0w, 0w
T +2¢| ——(m,)-2 | == r == |+ —2+——2 |=0 (9.44
7 g(r 6r(rv¢) w’)H? (r ar(r or )+r2 op* re ) ©44)
Applying the form of velocity and spin velocity in (9.36), (9.44) reduces to

av 2
z+2§(-a—r¢+v7¢—2wzj+n'(a—%+la&)=o (9.45)

or‘’ r or
where the last two terms in (9.44) drop out as there is no variationin ¢ and =z,
and 7, isthe z component of the torque density in the ferrofluid, which is a

function of the magnetic field and the magnetization of the ferrofluid.

Equations (9.39), (9.42) and (9.45) form the general differential equations for

the numerical simulation. The three general differential equations have three

unknown variables, the complex amplitude of magnetic scalar potential ¥(r),

the azimuthal velocity v, (r), and the axial spin velocity =, (r), all of which
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only have dependence on r. To solve the general differential equations, it is

necessary to find the expressions of the time average force density F, and

torque density T, in the ferrofluid, which is governed by the magnetization

equation (3.7).

In cylindrical geometry in the sinusoidal steady state, the magnetization

relaxation equation (3.7) was separated into » and ¢ components,

oM, v, OM,
__+_(

o r 0¢
~ OM, +v_¢ oM

1
: by M) -0 M, +—(M, - y,H,)=0
] ot r(a¢ r) " T( 4 0 ¢)

i:

1
-M,))+o.M, +;(M, -XH,)=0
(9.46)

Applying the form of the magnetization from (9.35) and the form of velocity and

spin velocity from (9.36), (9.46) reduces to

WN'I

 MLL@-n")+ 11+ (0, -0, = 2ok
roor r 7 9.47)

a v, 1 v, ~  XoH
: ML Q-nt)+=]-(0, - )M, =22
r T r T

|

Solving (9.47) in terms of the magnetic field, 7, and H,,the r and ¢

components of the magnetization are

(9.48)
v¢ loH

~
A
Y

~
—
-
=
o)
|
S
2N
+
S | =
I
N
+
RS
|
N |
~N

194



where the magnetic field terms can be replaced by the magnetic scalar
potential. By applying the complex amplitude definition of (9.35) into the
magnetic scalar potential gradient equation (3.2), the magnetic field terms are
~ oy »~ jn.
H =——, H,=—y (9.49)
or r
Using (9.49) to replace the magnetic field terms in (9.48), the magnetization

components in terms of the magnetic scalar potential are

(9.50)

where the magnetization components depend on the magnetic scalar potential,

velocity and spin velocity.

The time average force density and torque density in ferrofluid are given in
terms of the magnetic field and the magnetization as shown in section 3.3. The
force density and the torque density are given as time average values because
in the fluid dynamic equations the applied magnetic field is oscillating or
rotating and time averages result in time independent fluid and spin velocities.

The time average force density is

F=(u,MVH) 9.51)
where the delimiters ( ) denote time average value. Using complex

amplitude notation, (9.51) is rewritten as

F= %Re { yoﬁ-vfl'} (9.52)
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The azimuthal component of the force density is

. 0H' M,0H, . 0H ' M,H’
Fy=foRednf,—t-+ 44 g ¢ 4 (9.53)
2 or r O0¢ 0z r

By applying (9.49), (9.53) is rewritten as

2 N M 2.
F,=toRel 2y - o¥ +(ﬁ) R ke (9.54)
2 r’ r " or r r or
The radial component of the force density is
. 7y M Ty * n Ty * M ]A{ .
F=togelsr O (M OH, |y OH, 1, (9.55)
2 or r O¢ 0z r
which is written in terms of the magnetic scalar potential, ¥, as
VAN Tad .
F=torel xr, O Iy S M,,ai (9.56)
2 or r r or
The time average torque density in the ferrofluid is
T =(u,MxH) 9.57)
The axial component of the torque density is
_ ,ll oAy * e Yy ok
T, —7°Re{M,H¢ -M,A,} (9.58)
In terms of the magnetic scalar potential the torque density is
T =toRel 2 aq' (9.59)
2 r ¢ or

Combining (9.50) with (9.54) and (9.59) gives the expressions of the time

average force density F, and torque density 7, in the ferrofluid in terms of

the complex amplitude of magnetic scalar potential lIf(r) the azimuthal

velocity v, (r), and the axial spin velocity w, (r), which are the only variables

in the general differential equations of the numerical simulation. These
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differential equations together with the constitutive expressions simply express
the ferrohydrodynamic governing equations in a way, which can be solved

numerically.

9.2.3 Boundary Conditions for Numerical Simulations

The boundary conditions in section 3.4 are modified for numerical simulation

with the assumptions given in section 9.2.1.

For the case of ferrofluid inside a spindle two boundaries are present: in the
center of the cylindrical geometry, at =0, and on the spindle wall, at r=R,

where R is the radius of the test spindle.

The boundary condition at »=0 for the magnetic scalar potential is

¥(r=0)=0 (9.60)

where the complex amplitude expression is used to match the differential
equations, and the magnetic scalar potential equals zero in the center because
from (9.49) the magnetic field at the center must be finite. The boundary

condition at »=R for the magnetic scalar potential is given from (9.49) as
H(r=R) =Ly (r=R)=-K,>y(r=R)=LK, (9.61)
r n
where K, is the surface current density in the axial direction. The boundary

condition for the velocity and spin velocity at »=R are

v¢(r=R)=0

0,(r=R)=L(vx7) 62

_ro
R 2ror (rv,)

z
r=R

where y is the spin boundary condition selector as described in (3.17).
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9.3 Numerical Simulation Types

The ferrohydrodynamic nonlinear governing equations have a singularity point
at r=0 as shown in section 9.2. Because the oscillating or rotating magnetic
fields are described with complex amplitudes, solving the differential equations
requires complex number computation. All these make the ferrohydrodynamic
equations a non-linear complex variable system, which can only be solved by

numerical simulation.

Motor Stator Winding

Ultrasonic Transducer

Stationary Container

Figure 9-2 Experiment setup for velocity profile and torque measurements with
ferrofluid inside the spindle with clockwise (ﬁ(.w ) or counter clockwise (ﬁ(,.(w )

rotating magnetic fields.

Based on ferrofluid locations involving torque measurements and spin-up
profile measurements, the numerical simulations are of two types, one region
problem and multi-region problem. Velocity profile measurements and torque
measurements with ferrofluid just inside the spindle shown in Figure 9-2
belong to the first type of simulation as a one region problem with one

boundary at the container inner wall for velocity profile measurements and the
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spindle inner wall for the torque measurements. A flow velocity and spin
velocity value at the outer boundary combined with a surface current density
boundary condition on the magnetic field at the stator winding provide all the
necessary information to solve the hydrodynamic equations and magnetic field

equations as shown in section 9.2.3.

Ferrofiuid
Motor Stator Winding

Stationary Container

Hollow Spindle

Figure 9-3 Experiment setup for torque measurements with ferrofluid just outside the
spindle in the annulus gap between the spindle and the container wall.
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Ferrofluid

Motor

Stationary Container

Ferrofluid Filled Spindle

Figure 9-4 Experiment setup for torque measurements with ferrofluid simultaneously
inside and outside the spindle. Ferrofiuid was filled in the hollow spindle and the
annulus gap between the spindle and the container, so that the simulation is a two
region problem.

Torque measurements with ferrofluid just outside the spindle, as shown in
Figure 9-3, and torque measurements with ferrofluid simultaneously inside and
outside the spindle as shown in Figure 9-4 require a two region simulation as
they require separate computational solutions in two regions in the numerical
simulation with an interior boundary condition at the spindle wall, which needs
specification of the boundary conditions for the velocity and the spin velocity.
The magnetic scalar potential is continuous across the interior boundaries, so
that the simulation does not require an additional boundary condition for the

magnetic scalar potential at the interior boundary.
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9.4 Numerical Simulation Software and Algorithms

FEMLAB, the numerical finite element multiphysics package from Comsol, was
used to perform the numerical simulations. The FEMLAB multiphysics
package is an interactive environment for modeling scientific and engineering
applications described by partial differential equations (PDEs) and boundary
conditions. It offers a complete multiphysics modeling environment, which can
simultaneously solve any combination of physics. Based on the proven finite
element method, the FEMLAB multiphysics package provides unprecedented
speed and accuracy for challenging multiphysics applications through its
high-performance solvers. This software package possesses three important
features that allowed the ferrohydrodynamics solution outlined in the previous
section. First, FEMLAB allowed the definition and solution of general partial
differential equations. Second, it handles complex numbers and variables in
differential equations. Third, problem definition in FEMLAB is not limited to a
graphical user interface. A scripting language allows definition of FEMLAB
models in terms of simple commands that can be incorporated into MATLAB

scripts.

We approach the numerical solution for the full ferrohydrodynamic governing
equations by decoupling the system non-linear differential equations into two
linear systems that are easily solved by FEMLAB finite element models. The
schematic diagram in Figure 9-5 illustrates the iterative procedure used to

numerically solve the full set of governing ferrohydrodynamic equations. The

algorithm starts with initial guesses for the body torque and force densities as

functions of radius. The assumed forms for T,(r) and F,(r) are then used

to numerically solve the fluid mechanical governing equations given by (9.42)

and (9.45) for v,(r) and @, (r). These results are subsequently input into the

magnetization constitutive equations (9.50). The electro-magnetic governing

equations given by the expressions in (9.39) are numerically solved for the
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magnetic potential complex amplitude ‘¥ (r). Knowledge of ¥(r)
determines the magnetic field intensity components H, (r), H ,(r)and

magnetization M, (r), M ,(r) and consequently a new estimate of the body

torque and force densities by (9.54) and (9.59). The new estimate can be used
as input to the fluid mechanics governing equations to produce new estimates
for the velocity and spin velocity. The algorithm allows this iterative procedure

to continue until the successive estimates converge on a final value and further

iterations have negligible effect on the solution.

Initial Guess: T, F

Fluid Mechanics:
Conservation of:

v, @,

.

v
Solution Converge?
T, F;, Linear Momentum

Angular Momentum

New T, and F

Electromagnetics:

b d Poisson’s Equation

A

Constitutive Equations

Figure 9-5 Schematic of algorithm to numerically solve the governing
ferrohydrodynamic equations using Femlab. By guessing an initial functional form for
the force and torque densities, the ferrohydrodynamic equations are decoupled into
two linear systems.

Table 2-2 contains the parameters used for FEMLAB numerical simulations,
when all the physical and magnetic properties of the ferrofiuid are known. Most

of the required properties of ferrofluids, like the density, viscosity, low-field
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magnetic susceptibility and saturation magnetization, were measured directly

through independent experimental techniques described in Chapter 2. The

magnetic relaxation time z and the spin-viscosity n' are difficult to measure

directly. Theoretical considerations for finding estimates of r' are based on

dilute limit approximations and may not apply at the magnetic nanoparticle

concentration levels used in the studies we present in this thesis. Figure 9-6,

illustrates the method used to search for values of 7 and 7' that best match

the results of the numerical simulation to ultrasound velocity measurements.

The algorithm first fully maps out a region in z—-n' space for each value of

experimentally applied magnetic field strength and frequency. The algorithm
runs hundreds of numerical simulations and stores all the solution data for
subsequent processing. The code usually ran over a few days and nights on a

dedicated computer. Once the solution space is mapped, the algorithm could
plot contours of constant peak profile velocity v . and contours of relative
constant peak velocity radial position »_ /R as illustrated in panel a of Figure
9-6. Each experimental result for a given applied magnetic field strength and
frequency corresponds to the intersection of a particular v, contour and a
./ R contour. This is seen more clearly in panel b of the figure, where the

contours are offset by the experimentally measured values. The algorithm can

easily compute the intersection of the contours labeled zero shown in panel c.
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Figure 9-6 Sequence illustrating the method used to find the values of 7 and 7' in

the 2D search space that best fit numerical simulation results to experimental data.
Panel a: The algorithm first runs an extensive array of numerical simulations to fully

map out contours of constant peak velocity magnitude v,__ (solid contours), and peak

velocity radial position (dashed contours) for any given applied magnetic field strength
and frequency. Panel b: The experimentally measured values of peak velocity
magnitude and peak velocity radial position for the applied magnetic field strength and
frequency are subtracted from the contours. Panel c¢: The intersection of the two

contours labeled zero is the pointin 7—7' space that best matches simulation to

experiment.
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9.5 Simulation Results

9.5.1 One Regional Simulations

One region simulations include torque simulation for the ferrofluid inside the
spindle in a uniform rotating magnetic field, spin-up velocity profile simulation
in a non-uniform rotating magnetic field, and torque simulation for the ferrofiuid
inside the spindle in a non-uniform rotating magnetic field. The one region
simulation starts with the spin-up velocity profile simulation in a non-uniform
rotating magnetic field. Matching the simulation result for the spin-up velocity
profile using the method discussed in section 9.4 with the experiment data,

determines two important parameters, magnetic relaxation time z and spin

viscosity 7'.

9.5.1.1 Spin-up Velocity Profile Simulation in a Non-uniform

Rotating Magnetic field

By fitting the experiment data discussed in chapter 8, the value of relaxation
time, 7, and the spin viscosity, r', were estimated as 7~ (1.3-30)x107° [s]
and 7'~(1-11.8)x10” [Nes] for MSG W11 water-based ferrofluid. If we

assume that Brownian processes dominate the relaxation time constant, i.e.,

T =1, =3Vn/kT , these relaxation time values result in particle diameter of

5.5~17.0 nm with average value of 11.2 nm, which agree with our VSM

measurements listed in Table 2-2.

The spin viscosity value can be estimated [1] by 7'~ #i*, where [ is the

characteristic diffusion length which has the same order of magnitude as the

average distance between the solid particles defined by the approximate
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dilute-limit relationship, —gz(%)s,where d is particle diameter and ¢ is

the volume fraction of magnetic nanoparticles in the ferrofluid. For example,

the MSG W11 water-based ferrofluid with volume fraction ¢=2.75% yields

é: 2.67. With d=5.5-12.4 nm and viscosity 7 =0.00202 [N-s/m?, the spin

viscosity is 7'=0.436—2.214x107"® [N-s]. Such a small number for spin
viscosity has resulted with most researchers using the approximation of 7'=0.

However, with 7'=0 the numerical simulations do not agree with our

experiments as shown in the following section.

The preceding calculation of ferrofluid physical parameters from flow data
illustrates the sensitivity of key ferrofluid properties like the magnetization
relaxation time and the spin viscosity to small variations in particle size and
diffusion length respectively. Although ferrofiuids are modeled as continua of
mono-dispersed non-interacting nanoparticles, they are more accurately
characterized by a distribution of particle sizes around an average value.
Moreover, it has been suggested that the magnetic particles agglomerate to
form long chains of particles due to the interaction between the particles when
magnetic fields are applied [38]. Other authors report microscopic failures of
colloidal stability even in relatively weak magnetic fields, ~ 10 gauss, resulting
in the separation of ferrofluids into two liquids of different particle

concentrations [39].
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Table 9-1 Best fit values of 7 and 7' for different applied non-uniform magnetic field

strengths using the 4 pole motor stator winding for MSG W11 water-based ferrofluid.

Frequency Current 2 [A] (rms) 3 [A] (rms) 4 [A] (rms) 5 [A] (rms) 6 [A] (rms)

300 [Hz] T [us] 6.2 8.1 12.3 21.8 30.0

" [Nes] 1.6x10° 3.5x10® 5.3x10® 4.0x10° 11.8x10°
400 [Hz] T [us] 2.0 7.3 45 14.5 1.2

n’ [Nes] 1.0x10° 2.1x10°® 1.7x10° 9.0x10°® 4.5x10°
500 [Hz] T [us] 1.3 56 7.9 18.0 .

1" [Nes] 1.3x10° 2.4x10° 467x10° 6.0x10*® *

*: The best fit values of 7 and 7' for MSG W11 water-based ferrofluid at 500 Hz 6 A

(rms) are absent because applying 6 A (rms) at 500 Hz results in a winding high voltage
{~ 150 V), above the safe limitation of the apparatus. All the simulations used the

boundary condition of y =0. Using the boundary condition of ¥ =1, the theory
¢

predicts a slight increase of = =1.5¢ in the fit values which for MSG W11 water-based
n

ferrofluid with ¢ =2.75% gives an approximate 4% increase in torque.
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Figure 9-7 Scatter plot showing the different fit values of 7 and 7' for the MSG W11

water-based ferrofluid experimental magnetic field strengths and frequencies listed in
Table 9-1.

Table 9-1 and Figure 9-7 summarize the best fit values of r and 7' used in

Figure 9-8 to Figure 9-10 to fit all experimental data points close to the
numerical simulation results. Figure 9-8 to Figure 9-10 compare measured
spin-up velocity profiles and simulation results for MSG W11 water-based
ferrofiuid in applied magnet fields with frequencies of 300, 400 and 500 Hz at
magnitude corresponding to the applied current of 2, 3, 4, 5 and 6 A rms. The
relationship of applied current and the non-uniform magnetic field magnitude

was discussed in section 7.1. Note that each figure uses a different value of z

and n' for the theoretical curves as summarized in Table 9-1.
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Figure 9-8 Comparison of experimentally measured (red thick dotted curves) and
numerical simulations for ferrofluid spin-up velocity profiles in a non-uniform 300 Hz
rotating magnetic field (black thin solid curves) for MSG W11 water-based ferrofluid.

The numerical plots were generated using the fit values for 7 and 7' in Table 9-1.
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Figure 9-9 Comparison of experimentally measured (red thick dotted curves) and
numerical simulations for ferrofiuid spin-up velocity profiles in a non-uniform 400 Hz
rotating magnetic field (black thin solid curves) for MSG W11 water-based ferrofluid.

The numerical plots were generated using the fit values for 7 and 7' in Table 9-1.
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Figure 9-10 Comparison of experimentally measured (red thick dotted curves) and
numerical simulations for ferrofluid spin-up velocity profiles in a non-uniform 500 Hz
rotating magnetic field (black thin solid curves) for MSG W11 water-based ferrofluid.

The numerical plots were generated using the fit values for 7 and 7' in Table 9-1.
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Figure 9-11 Comparison of the experimental data (red thick dotted curve), numerical
simulations with 77'=0 (dashed curve) and with 77'= 0 (solid curve) for ferrofluid
spin-up velocity profiles in a non-uniform 300 Hz rotating magnetic field with 6 A (rms)

input current for MSG W11 water-based ferrofluid.
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Figure 9-12 Numerical simulations with 7'=0 for MSG W11 water-based ferrofluid

spin-up velocity profiles in a non-uniform 300 Hz rotating magnetic field with 6 A (rms)
input current for various values of 7.

Table 9-2 Numerical simulation of maximum velocity position with 77'=0 for MSG W11

water-based ferrofluid spin-up velocity profiles in a non-uniform 300 Hz rotating
magnetic field with 6 A (rms) input current for various values of 7. The percentage
value of r,;,/R is given using R = 0.047 mm for the plastic inner radius.

7 [ns] 0.01 0.05 0.1 0.5 1 5 10 50 100

Trmax [M] 0.035 0.032 0.032 0.031 0.031 0.03 0.029 0.026 0.024

ma/R 74.4% 68.4% 67.4% 66.4% 65.9% 64.4% 61.9% 55.9% 51.4%
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Figure 9-11 and Figure 9-12 show that numerical simulations with 7'=0 for

various values of ¢ for MSG W11 water-based ferrofluid spin-up velocity
profiles in a non-uniform 300 Hz rotating magnetic field with 6 A (rms) input
current have maximum velocity position at around 50%-75% of the container
inner radius which does not agree with the experimental data with the

maximum velocity very close to the container inner radius. Table 9-2 shows

the maximum velocity position of the numerical simulations with n'=0 for

various values of r for MSG W11 water-based ferrofiuid spin-up velocity
profiles in a non-uniform 300 Hz rotating magnetic field with 6 A (rms) input

current.

9.5.1.2 Simulated Flow and Field Solutions

Figure 9-13 to Figure 9-19 present the simulated solutions for various field and

flow variables.
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Figure 9-13 Simulated flow and spin velocity of MSG W11 water-based ferrofiuid in
non-uniform rotating magnetic field with 300 Hz and 5 A rms input current to each

winding of the 4 pole motor using 7 =20us and 7'=4x10" Nm.
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Figure 9-14 Simulated real and imaginary parts of » component of the magnetic field
H of MSG W11 water-based ferrofluid in non-uniform rotating magnetic field with 300

Hz and 5 A rms input current to each winding of the 4 pole motor using 7 =20us and

n'=4x10" Nm.
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Figure 9-15 Simulated real and imaginary parts of ¢ component of the magnetic field

H of MSG W11 water-based ferrofluid in non-uniform rotating magnetic field with 300

Hz and 5 A rms input current to each winding of the 4 pole motor using 7 =20us and

n'=4x10" Nm.
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Figure 9-16 Simulated real and imaginary parts of » component of the magnetization
M of MSG W11 water-based ferrofluid in non-uniform rotating magnetic field with 300

Hz and 5 A rms input current to each winding of the 4 pole motor using 7 =20us and

7'=4x10" Nm.
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Figure 9-17 Simulated real and imaginary parts of ¢ component of the magnetization

M of MSG W11 water-based ferrofluid in non-uniform rotating magnetic field with 300

Hz and 5 A rms input current to each winding of the 4 pole motor using 7 =20us and

n'=4x10" Nm.
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Figure 9-18 Simulated » and ¢ components of the body force density F ofMSG
W11 water-based ferrofluid in non-uniform rotating magnetic field with 300 Hzand 5 A

rms input current to each winding of the 4 pole motor using 7 =20us and

n'=4x10"° Nm.
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Figure 9-19 Simulated z component of the volume torque density T and the body

force density contribution 7 x F of MSG W11 water-based ferrofiuid in non-uniform
rotating magnetic field with 300 Hz and 5 A rms input current to each winding of the 4

pole motor using 7 =20us and 7'=4x10" Nm.

9.5.1.3 Torque Simulation for Ferrofluid inside the Spindle in a

Uniform Rotating Magnetic field

The torque simulation for the ferrofluid inside the spindle in a uniform rotating
magpnetic field uses the mean value of 7'=1.66x10" [Nes] from the spin-up

velocity profile simulation and estimates the value of r for MSG W11
water-based ferrofluid by fitting the experimental data with the simulation data.

The estimated best fit value of relaxation time 7 for MSG W11 water-based

ferrofluid is 7 =3x10" [s].
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Figure 9-20 Torque simulations with MSG W11 ferrofluid just inside the spindle in a
uniform rotating magnetic field at 100, 200, 300, 400 and 500 Hz with 1’ = 1.66x10"° [Nes]
and v = 3x10" [s] by the surface integral and volume integral methods of section 9.1.

Figure 9-20 shows the torque simulations with MSG W11 ferrofluid just inside
the spindle in a uniform rotating magnetic field at 100, 200, 300, 400 and 500
Hz. The torque values increase with increasing applied magnetic field

frequency. The plus sign data in Figure 9-20 is the total surface torque

calculated by (9.31), using the no-slip boundary condition, which has y=0.

The circle data in Figure 9-20 is the total torque integrated throughout the
ferrofluid volume as given by (9.32). Here the total volume torque was
calculated by (9.32) without the force density term, because the force density
is zero in a uniform rotating magnetic field. Both methods give the same
volume torque data, which verifies the statement that in a uniform rotating
magnetic field the force density is zero. Figure 9-20 also shows that in the case

of torque measurement with ferrofluid just inside the spindle, the total volume
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torque is balanced by the surface torque at the boundary. Choosing the no-slip

spin velocity boundary condition, y =0, or the slip boundary condition, y=1,

makes a very small difference for the torque simulation with the ferrofluid

inside the spindle, because the difference of the surface torques for the 2

ov
different boundary conditions is just 2zR*D¢ B—’—L:R from (9.11), which has
Y

the ratio of 5 ~ ¢ ~1.5¢ from the total surface torque. Using MSG W11

c+n 1
water-based ferrofluid as an example ¢=2.75%, ¢ =1.5¢n =0.0417, the

difference of the total surface torque in the simulation between the two

different boundary conditions is ~ 4%.
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Figure 9-21 Comparison of experimentally measured (cross mark) and numerically
calculated (circle and plus marks) torque with MSG W11 ferrofluid just inside the
spindle in a uniform rotating magnetic field at 100, 200, 300, 400 and 500 Hz. Simulation
uses the value of n’ = 1.66x10™ [Ns] and 7 = 3x10°°[s] .
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Figure 9-21 shows the comparison of experimentally measured and
numerically calculated torques with MSG W11 ferrofluid just inside the spindle
in a uniform rotating magnetic field at 100, 200, 300, 400 and 500 Hz. The
torque values increase with increasing applied magnetic field frequency. The

plus sign data is the total surface torque calculated by (9.31), using the no-slip

spin velocity boundary condition, which has y =0. The circle data is the total

volume torque integrated throughout the ferrofluid volume as given by (9.32).
The cross sign data is the experimental data. The simulation data and the

experimental data show reasonable agreement in Figure 9-21. While Figure
9-8 - Figure 9-10 used different optimum values of n' and r for each fitted
curve, the comparison fitted figures of the ferrofluid torque measurement in

Figure 9-21 used a single global best fit value of ' and z for all the torque

measurement data. In this way, the values of ' and 7 represent a best

global fit of the torque measurement data.

9.5.1.4 Torque Simulation for Ferrofluid inside the Spindle in a

Non-uniform Rotating Magnetic field

As for the torque simulation in a uniform rotating magnetic field of section
9.5.1.2, the torque simulation for the ferrofluid inside the spindie in a

non-uniform rotating magnetic field uses the same mean value of
n'=1.66x10" [Nes] from the spin-up velocity profile simulation and estimates

the value of 7 for MSG W11 water-based ferrofluid by fitting the experimental

data with the simulation data. The estimated best fit value of relaxation time =
for MSG W11 water-based ferrofluid is 7 ~8x10° [s] in a non-uniform rotating

magnetic field. The relaxation time estimated from the torque simulation of a
non-uniform rotating magnetic field with the ferrofluid inside the spindle is

different from the torque simulation in a uniform rotating magnetic field,
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because although those two sets of experiments use the same type of MSG
W11 water-based ferrofluid, measurements were performed about one year
apart. Aging ferrofluid may suffer from agglomeration of magnetic

nanoparticles as discussed in section 9.5.1.1.
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Figure 9-22 Torque simulations with MSG W11 ferrofluid just inside the spindle in a
non-uniform rotating magnetic field at 100, 200, 300, 400 and 500 Hz with o’ = 1.66x10°°
[Nes] and t = 8x10°® [s] by the surface integral and volume integral methods of section
9.1.

Figure 9-22 shows the torque simulations with MSG W11 ferrofluid just inside
the spindle in a non-uniform rotating magnetic field from the 4 pole stator
winding described in section 8.1 at 100, 200, 300, 400 and 500 Hz. The torque
values increase with increasing applied magnetic field frequency. The plus

sign data in Figure 9-22 is the surface torque on the spindle inner wall

calculated by (9.31) with the no-slip boundary condition, y =0. The difference
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of choosing different boundary conditions is small as discussed in section
9.5.1.2. The circle data in Figure 9-22 is the total torque integrated through the
ferrofluid volume given by (9.32), which includes the torque density term and
force density terms, because the force density is no longer zero in a
non-uniform rotating magnetic field. Calculation of the volume torque
separately through torque density and force density and showing that the sum
of those two terms balances the surface torque, verifies that in a non-uniform
rotating magnetic field the force density in the ferrofluid is not zero. Figure 9-22
also shows that in the case of torque measurements with ferrofluid just inside

the spindle, the total volume torque is balanced by the total surface torque at

the boundary.
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Figure 9-23 Comparison of experimentally measured (cross mark) and numerically
calculated (circle and plus marks) torques with MSG W11 ferrofluid just inside the
spindle in a non-uniform rotating magnetic field at 100, 200, 300, 400 and 500 Hz.
Simulations use the values of 11’ = 1.66x10"® [N+s] and t = 8x10 [s].
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Figure 9-23 shows the comparison of experimentally measured and
numerically calculated torques with MSG W11 ferrofluid just inside the spindle
in a non-uniform rotating magnetic field at 100, 200, 300, 400 and 500 Hz. The
torque values increase with increasing applied magnetic field amplitude and
frequency. The plus sign data is the total surface torque calculated by (9.31)
with a no-slip boundary condition. The circle data is the total volume torque
integrated throughout the ferrofluid volume as given by (9.32). The cross sign
data is the experimental data. The simulations agree well with the

experimental data as shown in Figure 9-23.
9.5.2 Two Region Simulations

Two region simulations include torque simulations for the ferrofiuid outside the

spindle in uniform and non-uniform rotating magnetic fields. Two region

simulations use the spin viscosity value, n', estimated from the spin —up

velocity simulation for the ferrofluid in a non-uniform rotating magnetic field and
estimate the magnetization relaxation time constant, z, for each case by

fitting the measurement data with the simulation results.
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Figure 9-24 Comparison of experimentally measured (cross marks) and numerically
calculated (plus marks) torque with MSG W11 ferrofluid outside the spindle in a uniform
rotating magnetic field at 100, 200, 300, 400 and 500 Hz. Simulations use the value of v’
= 1.66x10”® [N+s] and = = 2.5x10° [s].

Figure 9-24 shows the comparison of experimentally measured and
numerically calculated torques with MSG W11 ferrofluid outside the spindle in
a uniform rotating magnetic field at 100, 200, 300, 400 and 500 Hz. The
amplitude of torque values increase with increasing applied magnetic field
amplitude and frequency. The plus sign data is the total surface torque
calculated by (9.31) with a no-slip boundary condition. Here the total volume
torques are not shown in Figure 9-24, because in this case of the ferrofluid
outside the spindle there are two boundaries at the inner and outer surfaces of
the ferrofluid annulus so that the volume torque calculated by the volume
integration of the torque density equals the sum of surface torques on the inner

and outer surfaces of the ferrofluid annulus. The torque experiment data was
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taken only at the inner surface of the ferrofluid annulus. The cross sign data in
Figure 9-24 is the experimental data. The simulation data and the experimental

data show reasonable agreement in Figure 9-24 using the value of the spin

viscosity 7'=1.66x10" [Nes], from the spin-up velocity profile simulation, and

the magnetization relaxation time r=2.5x107 [s].

Figure 9-25 shows the comparison of experimentally measured and
numerically calculated torques with MSG W11 ferrofluid outside the spindle in
a non-uniform rotating magnetic field at 100, 200, 300, 400 and 500 Hz. The
torque values increase with increasing applied magnetic field amplitude and
frequency. The plus sign data is the total surface torque calculated by (9.31)
with a no-slip boundary condition. The cross sign data is the experimental data.

The simulation data and the experimental data show reasonable agreement in
Figure 9-25 using the value of the spin viscosity 7'=1.66x10" [Nes] from the
spin-up velocity profile simulation and the magnetization relaxation time

7=1.6x10"° [s] from a best fit.

Numerical simulation of the spin-up flow velocity profile in a non-uniform
rotating magnetic field shows that the spin viscosity »' has a non-zero value.
Numerical simulations of the torque measurements in uniform and non-uniform

rotating magnetic fields were verified by calculating the torque with a surface

integration and volume integration. It is also proved in the simulation for torque

measurements that the body force density (M -V)ﬁ is not zero in a

non-uniform rotating magnetic field and the torque in a non-uniform rotating

magnetic field is stronger than in a uniform rotating magnetic field with the

contribution from the body force density 4, (JVI -V)ﬁ . Numerical simulation

also estimates the values of relaxation time 7 ~1.3-30 us and spin viscosity

n'=(1-11.8)x10” Nos by fitting the experimental data.
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Figure 9-25 Comparison of experimentally measured (cross mark) and numerically
calculated (plus mark) torque with MSG W11 ferrofluid outside the spindle in a
non-uniform rotating magnetic field at 100, 200, 300, 400 and 500 Hz. Simulations use
the value of 4’ = 1.66x10® [N+s] and t = 1.6x10"°[s].
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Chapter 10. Thesis Summary and Suggestions
for Continuing Work

10.1 Key Contributions

Ferrofluid torques and spin-up flow profiles in uniform and non-uniform rotating
magnetic fields are studied in order to develop analytical and numerical first
principle models. The following points summarize the key contributions to

ferrohydrodynamic research made in this thesis:

1. Ferrofluid negative viscosity as a function of magnetic field amplitude and
frequency is measured in uniform and non-uniform rotating magnetic fields
using a Couette viscometer as a torquemeter. Torque measurements and
spin-up velocity profiles in uniform and non-uniform rotating magnetic fields
prove the volume torque density effect in uniform rotating magnetic fields and
the body force density effect with the volume torque density effect in

non-uniform rotating magnetic fields.

2. Numerical simulations of torque and spin-up flow in uniform and non-uniform
rotating magnetic fields, including contributions from the flow and spin viscosity

terms in the conservation of momentum equations, determine estimates of the

range of magnetization relaxation time constant (r =1.3-30 us) and the value
of spin viscosity (7' ~(1-11.8)x107) from fits to the experimental data.

Simulations that assume zero spin viscosity (7'=0) do not fit the flow profile
measurements of 1.

3. The magnetization relaxation equation is used to derive the complex
magnetic susceptibility tensor, which includes the spin velocity effect of

ferrofluid in a rotating magnetic field. The analysis derives the additional power

dissipation in ferrofluid from the spin velocity effect and conditions for pumping
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of the fluid. Impedance measurements demonstrate the change of complex
magnetic susceptibility tensor elements of ferrofiuid in a uniform rotating

magnetic field as a function of impedance frequency.

4. Ferrofluid effective magnetoviscosity expressions are derived for planar
Couette and Poiseuille flows assuming zero spin viscosity. The obtained
multiple values of magnetoviscosity, magnetic field, and spin velocity at high
values of applied magnetic field and flow velocity indicate that the zero spin

viscosity limit may be non-physical.
10.2 Suggested Future Work

In closing, the following directions for future work are suggested to extend and

build upon the results presented in this thesis:

1. Experimentally and theoretically investigate radial and axial recirculation
velocity profiles in EMG705, MSG W11, and EFH1 ferrofluids. Examine the
effects of reversing the direction of rotation of the magnetic field on the

direction symmetry and shape of recirculation flow.

2. Extend the Femlab finite element analysis model to handle two dimensional
(r, z) axisymmetric solutions to numerically investigate the effects of the top
boundary condition and of recirculating flows in spin-up flows at high Reynolds

number.

3. Analyze Couette, Poiseuille and other flows for effective magnetoviscosity
as a function of magnetic field frequency and amplitude; in particular to
determine conditions for negative viscosity. Include non-zero viscosity to

determine if non-physical multiple value solutions are eliminated.

4. Examine effects of the nonlinear equilibrium Langevin magnetization on

ferrofluid magnetoviscosity, the flow and spin velocity distributions, the
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dissipated power as a function of magnetic field frequency and amplitude, and

on measured impedance of inductors filled with ferrofluid.

5. Perform independent measurements of magnetic relaxation time constant t

and spin viscosity n’ and compare to fitted values from numerical simulations.

6. Develop sensitive experiments of measurement of magnetic fields inside
and outside ferrofluids stressed by magnetic field to detect perturbation

components due to flow and spin velocities.

7. Develop measurement methods to determine every element of the complex

magnetic susceptibility tensor and explore possible applications.

8. Repeat torque and flow profile measurements in more non-uniform rotating
and oscillating magnetic fields using 6, 8, 10, and higher multipole motor stator

windings.
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Appendix A. Oscillating and Rotating Magnetic
Field Setup and Measurement

In this thesis, uniform and non-uniform magnetic fields are generated by a
three phase motor stator winding. The uniform magnetic field is created by a 2
pole motor stator winding and the non-uniform magnetic field is from a 4 pole
motor stator winding. Applying AC currents in phase at each winding, creates
an oscillating magnetic field. A rotating magnetic is made by applying three
120° out of phase balanced AC currents through the three windings. The
magnetic field pattern for oscillating or rotating magnetic fields can be easily
measured by applying DC current through each of the three phase stator
windings, where the DC current in each phase equals the instantaneous AC
currents for oscillating or rotating magnetic fields. By measuring the magnetic
field strength and direction in such a DC magnetic field, the relationship
between applied current and magnetic field strength as a function of position
within the stator winding region was determined for oscillating and rotating

magnetic fields.

A.1 DC, Oscillating and Rotating Magnetic Fields

The 2 pole and 4 pole 3 phase motor stator have 3 identical windings spatially
shifted from each other by 120 degrees in azimuthal angles. The three
windings were connected in a Y configuration in this thesis as shown in Figure
A-1 for the 2 pole winding simplified by assuming each of the 3 windings are
concentrated. By applying current |a through winding A, a magnetic field was

created in space as

B, =K,I,(cos0% +sin 07 ) =K, 1,7, (A.1)
where B, is the magnetic flux density created by winding A, K, is the

winding factor, representing the relation between the applied current and the
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magnetic field, and I, is the applied current in winding A. A current Ig through

winding B creates a magnetic field in space as

B, =K,I;(cos120°7, +sin120°F, ) = K;IB (—Z + \/55) (A.2)
where B, is the magnetic flux density created by winding B, and I, is the

applied current in winding B. Similarly a current Ic through winding C creates a

magnetic field in space as

B.=K,I. (cos(—120")z +sin (—120“)7,,) =—

KZIC (T+3) (A3

where B_ is the magnetic flux density created by winding C, and 1. is the
applied current in winding C. The total magnetic field in the interior region of
the motor stator winding is the sum of the magnetic fields created by each
winding

B=B,+B,+B, (A9

A.1.1 DC Magnetic Field

A DC magnetic field was generated by activating winding A with a DC current |
and grounding windings B and C as shown in Figure A-2. In this configuration,

the current through each winding is

I,=1, I,=I,=-= (A.5)



Figure A-1 The 2 pole motor stator windings are connected in a Y configuration with the
neutral point O floating. In cylindrical coordinates, the magnetic field generated by each
of the three windings has a 120° angle difference.

The total magnetic field flux density is then

5 B 3 53 - 1 - - 1 - ol 3 o
B=BA+B,,+BC=Kw1[zx—z(—1x+\/?_’1y)+z(1x+\/§1y)}=il{wlzx (A.6)

The total DC magnetic field from the three windings is purely in the x direction.

Figure A-2 The 2 pole DC magnetic field current configuration. Winding A was activated
with a DC current | with windings B and C grounded.
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A.1.2 Oscillating Magnetic Field

An oscillating magnetic field in this thesis research was generated by

activating winding A with an AC current I, =Icoswt and grounded windings

B and C as shown in Figure A-3. By the configuration shown in Figure A-3, the

current through each winding is

I,=Icosat, I;=1, =—%Icosa)t (A7)

The total magnetic flux density equals the sum of the magnetic flux densities

from the three windings as

B=B,+B,+B.= lecosa)t[Z—l(—E+\/§};)+—1-(Z+\/§Z)}
4 4
(A.8)
=%lecosa)t7x

which is an oscillating magnetic field in the x direction.

Ia=lcoswt

Figure A-3 The current configuration for an oscillating magnetic field in a 2 pole stator
winding. Winding A was activated with an oscillating current with windings B and C
grounded.
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A.1.3 Rotating Magnetic Field

A.1.3.1 Counter Clockwise Rotation

A rotating magnetic field is generated by activating windings A, B and C with
balanced 120° out of phase AC currents. A clockwise rotating magnetic field is
generated with AC currents shown in Figure A-4 is
1,=Icosat, I,=1Icos(wr+120°), I.=1Icos(wt-120") (A.9)

The current into the neutral point O equals the sum of the currents from each
winding

I, =1,+1I,+I=1I{cosot+cos(wt+120") +cos(wt~120°))=0  (A.10)
which is zero.

The total magnetic flux density of the rotating magnetic field is the sum of the
magnetic flux densities from the three windings as
B=B,+B,+B,
=K, I| coswti, +cos(a)t+]20°) Ly +£7 —cos(a)t —120") -I—Z +£7,
2 2 2’

x 2 'y

= ile(cos ot +sin a)tT) = }-KWIZ
2 2

$=at
(A.11)
where the total magnetic field is radial and rotating counter-clockwise at a

radian frequency o .

A.1.3.2 Clockwise Rotation

A clockwise rotating magnetic field is created by applying the same balanced
120° out of phase AC currents but with opposite phases on the B and C

winding



I,=Icosat, I,=1Icos(wt-120"), I, =1Icos(wt+120") (A.12)

which has a total magnetic flux density as

o

B=B,+B,+B.
3

=K,I coswt7+cos(wt—120°)(—-;—z +§Tyj—cos(a)t +120°)(%’: +—2—1_yﬂ

3 e . e 3 -
=3 K I (cos oti, —sin wtzy) = EKWI LA -

(A.13)
where the total magnetic field is rotating clockwise at a radian frequency .

A
Ia=lcoswt
X
0] Lv y
Ic=lcos(wt-120°) Iz=lcos(wt+120°)
C B

Figure A-4 Counter clockwise rotating magnetic field current configuration for a 2 pole
motor stator winding activated with balanced 120° out of phase AC currents. The
clockwise rotating magnetic field has the same configuration but with

I, = Icos(cot—120°) and /. =Icos(cot+120°).



A.2 DC, Oscillating and Rotating Magnetic Field Apparatus

The experimental setup for DC, oscillating and rotating magnetic fields is
shown in Figure A-5. A Wavetek Datron 40MS/s Model 195 Universal
Waveform Generator was used to generate two channel DC or sinusoidal
waveforms. The waveform signals were amplified by an AE Techron 5050
Linear Amplifier and output to the 2 pole motor stator winding through a
terminal box, from which 3 Fluke 45 Dual Display multimeters were connected
to measure DC or AC (rms) currents to guarantee that the currents had the
correct amplitudes. In addition, a Tektronix Model 2230 100 MHz Digital
Storage Oscilloscope was used to guarantee that the current waveforms in

each winding had the correct phase.

The waveform generator just generated 2 channel synchronized waveforms. A
DC or oscillating magnetic field just needs one channel DC or AC waveform to
drive the motor stator winding, but a rotating magnetic field needs 3 balanced
120° out of phase AC currents, which was created by 2 AC voltages with 60°

phase difference from the waveform generator as shown in Figure A-6.



="

AE Techron

5050 Linear Ampilificr

Figure A-5 Photograph of the experimental setup for DC, oscillating and rotating
magnetic fields. A 2 pole motor stator winding for a uniform magnetic field or a 4 pole
motor stator winding for non-uniform magnetic field was driven by the AE Techron 5050
Linear Amplifier and the Model 195 Wavetek Datron 40MS/s universal waveform
generator. Three Fluke 45 Dual Display multimeters are connected in DC or AC (rms)
current modes to guarantee that balanced DC or three phase AC currents were applied

to the motor stator windings.



V2=Vcos(wt-60°)

Z: winding Impedance

°T
V=Vcos(wt)

Figure A-6 Counter-clockwise rotating magnetic field voitage configuration. Windings A
and B were activated with balanced 60° out of phase AC voltages. Winding C was
grounded. Each winding has a winding impedance Z. Three balanced 120° out of phase
AC currents were generated by the two applied voltages.

To generate a counter-clockwise rotating magnetic field, the 2 channel

balanced 60° out of phase AC voltages were given as

V,=Vcosat, V,=V cos(wt-60°) (A.14)
The total current at the neutral point O is

Vo=V + n=" + 0-%,
VA VA Z
Applying (A.14) into (A.15), the neutral point voltage is

I=I,+I,+I.= =0 (A.15)

V. +V,
V0= 13 2

=%(3coswt+\/§sinwt) =chos(wt—30°)

=-§-(cosa)t+cos(a)t—60°)) i)

Using the solution of (A.16), currents through each winding are



K{ os{ wt — 60 —l/_icos(a)t—?:O”)}=£Vcos(a)t—90°)

Z 3 3Z

AP cos(mt) ———cos(cot 30°) =£Vcos(wt+30°) (A.17)
A 3Z '
3 NE)

IC= Z 3—ZVcos(cot 30):3—ZVcos(a)t+150°)

where the currents through each winding are equal amplitude (balanced) 120°
out of phase AC currents, which generate a counter-clockwise rotating

magnetic field.

A clockwise rotating magnetic field is generated by reversing the phase with
the same balanced 60° out of phase AC voltages as
V,=V coswt, V2=Vcos(a)t+60°) (A.18)

The voltage at the neutral point changes to

v, =—‘§Vcos(wt+30°) (A.19)

and the currents change to

I,= 3£§Vcos(a)t+90°)
I, = chos(a)t -30) (A.20)

I, =—;[23-Vcos(wt—150°)

which are balanced 120° out of phase AC currents but with reverse phase

delay from those in (A.17).

During our experiments, the 3 phase currents were monitored by 3 Fluke
multimeters to guarantee balanced three phase amplitude AC currents were
applied through the motor stator winding. A Tektronix Model 2230 100 MHz
Digital Storage Oscilloscope was used to guarantee that the current

waveforms in each winding had the correct phase. The direction of the rotating
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magnetic field was verified at low frequency using a compass needle which

responds in the direction of rotating magnetic field.

A.3 Magnetic Field Measurement

The magnetic flux density strength was measured by a F. W. Bell Model 7030
Gauss/Tesla meter with a DC magnetic field configuration shown in Figure A-2.

By measuring the magnetic field flux density strength with a DC magnetic field

configuration, the winding factor X, was calculated. Thus the relationship

between current (rms) and magnetic flux density (rms) was determined.

In the uniform rotating magnetic field generated by the 2 pole motor stator
winding used in our experiments, each Ampere rms current in each of the 3
windings create a uniform rotating magnetic field of 38 Gauss rms in the

absence of ferrofluid.

In the non-uniform rotating magnetic field generated by the 4 pole motor stator
winding used in our experiments, each Ampere rms current in each of the 3
windings create a cylindrically symmetric non-uniform rotating magnetic field
with a slope of 821.6 Gauss/m (rms) linearly along the radius of the stator
winding. With a diameter of 116 mm, each Ampere rms current excites a
non-uniform rotating magnetic field maximum amplitude of 47.65 Gauss (rms)

at the inner wall (radius = 58 mm) of the 4 pole motor stator winding.

A.4 Motor Parameters

The resistance and inductance of the 2 pole and 4 pole motor stator windings

were measured as given in Table A-1.



Table A-1 Measured winding resistance R and inductance L at 1 kHz of a single winding.

Motor Winding Resistance, R [Ohm] Winding Inductance, L [mH]
2 pole motor 3.1 8.0
4 pole motor 1.8 443

A.5 High Frequency Operation

In our experiments, the waveform generator and the linear amplifier worked
together as a voltage source, which delivers adjustable fixed values of voltage
to the motor stator winding. Under an AC voltage the actual current through
each winding is determined by the total impedance of the winding. At higher

frequencies, the impedance from the inductance of the windings becomes

larger as Z, = jwL, where o is the radian frequency of the applied voltage,

thus limiting the current delivered to the windings or requiring a higher voltage
to deliver the same current for the same magnetic field. As an example for the
2 pole motor stator winding, the inductive reactance at 1 kHz is 52.3 ohms so
that the impedance magnitude of the winding is 52.4 ohms. For a 5 Ampere
rms current to create a 190 gauss rms magnetic field, the voltage across each
winding rises to 262 Volt rms (449 Volt rms for each channel from the
amplifier). Such a high voltage is a potential danger to the winding and people
operating the experiment. To reduce the required voltage, a capacitor was
connected in series to each winding of the motor stator so that the negative
reactance of the capacitor cancelled the positive reactance of the inductance
at the frequency of operation. With the series capacitance the total impedance
was

Z=R+jol-j—— (A.21)
wC



where C is the capacitance serially connected to the motor stator winding. At

resonance, Z=R and L= L S0’ = 1 . Thus for a given operating
oC LC

w .
frequency f =2—— a resonance capacitance was calculated as
/4

1 1
Lo*  L(2zf)

(A22)

Table A-2 lists the capacitance required for generating a rotating magnetic field
at high frequencies with a lower voltage required from the power amplifier.
However, even though the voltage required from the power amplifier has
decreased, the actual voltage across the winding, equal to that across the
capacitor, is much larger than the voltage from the power amplifier and can still
exceed their voltage rating which can cause sparking, overheating, shock

hazards and other damage to the winding, capacitor, and user.

Table A-2 Calculated capacitor values for the 2 pole and 4 pole stator windings
necessary to achieve resonance at various frequencies.

Frequency, f [Hz] 500 1000 2000 3000
2 pole motor 13.0 uF 3.1 pF 800 nF 130 nF
4 pole motor 229 uF 5.7uF 1.4 yF 229 nF







Appendix B. Additional Flow Profile Data In
Non-uniform Rotating Magnetic Fields

With Cover, Magnetxc erld Frequency - 50 [Hz}
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Figure B-1 The measured azimuthal component of spin-up flow profiles at z = z,/2 for
MSG W11 water-based ferrofluid excited by a non-uniform magnetic field rotating
counter-clockwise at 50 Hz. Velocities increase with increasing applied magnetic field
(increasing current in A rms). The cylindrical container was covered so that there were
no free ferrofluid surfaces.
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Figure B-2 The measured azimuthal component of spin-up flow profiles at z = z/2 for

MSG W11 water-based ferrofluid excited by a non-uniform magnetic field rotating

counter-clockwise at 100 Hz. Velocities increase with increasing applied magnetic field
(increasing current in A rms). The cylindrical container was covered so that there were

no free ferrofluid surfaces.
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Figure B-3 The measured azimuthal component of spin-up flow profiles at z = z,/2 for
MSG W11 water-based ferrofluid excited by a non-uniform magnetic field rotating
counter-clockwise at 200 Hz. Velocities increase with increasing applied magnetic field
(increasing current in A rms). The cylindrical container was covered so that there were

no free ferrofluid surfaces.
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Figure B-4 Relation between the measured bulk rotational rate in the central region of
the MSG W11 ferrofluid, 2 =v/, and the applied current for various magnetic field
frequencies. The ultrasound probe was place at height z = z/2 in the outside wall of the
cylindrical container with a top cover. The rate of rotation increases monotonically with
applied field strength for the investigated range of magnetic field strength.
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Figure B-5 The measured azimuthal component of spin-up flow profiles at z = z,/2 for
MSG W11 water-based ferrofiuid excited by a non-uniform magnetic field rotating
counter-clockwise at 50 Hz. Velocities increase with increasing applied magnetic field
(increasing current in A rms). The cylindrical container was uncovered so that there

was a free ferrofluid surface.
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Figure B-6 The measured azimuthal component of spin-up flow profiles at z = z,/2 for
MSG W11 water-based ferrofluid excited by a non-uniform magnetic field rotating
counter-clockwise at 100 Hz. Velocities increase with increasing applied magnetic field
(increasing current in A rms). The cylindrical container was uncovered so that there

was a free ferrofluid surface.
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Figure B-7 The measured azimuthal component of spin-up flow profiles at z = z/2 for
MSG W11 water-based ferrofluid excited by a non-uniform magnetic field rotating
counter-clockwise at 200 Hz. Velocities increase with increasing applied magnetic field
(increasing current in A rms). The cylindrical container was uncovered so that there

was a free ferrofluid surface.
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Figure B-8 The measured azimuthal component of spin-up flow profiles at z = z/2 for
MSG W11 water-based ferrofluid excited by a non-uniform magnetic field rotating
counter-clockwise at 300 Hz. Velocities increase with increasing applied magnetic field
(increasing current in A rms). The cylindrical container was uncovered so that there

was a free ferrofluid surface.
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Figure B-9 The measured azimuthal component of spin-up flow profiles at z = z/2 for
MSG W11 water-based ferrofiuid excited by a non-uniform magnetic field rotating
counter-clockwise at 400 Hz. Velocities increase with increasing applied magnetic field
(increasing current in A rms). The cylindrical container was uncovered so that there
was a free ferrofluid surface.
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Without Cover, Magnetic Field Frequency = 500 [Hz]
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Figure B-10 The measured azimuthal component of spin-up flow profiles at z = z,/2 for
MSG W11 water-based ferrofluid excited by a non-uniform magnetic field rotating
counter-clockwise at 500 Hz. Velocities increase with increasing applied magnetic field
(increasing current in A rms). The cylindrical container was uncovered so that there

was a free ferrofluid surface.
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Figure B-11 Measured relationships between the bulk rotational rate in the central
region of the MSG W11 ferrofluid, 2 =v,/, and the frequency of the applied rotating

magnetic field for various applied current. The ultrasound probe was placed at height z
= 2/2 in the outside wall of a cylindrical container without a top cover.
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Figure B-12 Measured relationships between the bulk rotational rate in the central
region of the MSG W11 ferrofluid, £ =v,/r, and the currents for various magnetic field
frequencies. The ultrasound probe was placed at height z = z/2 in the outside wall of a
cylindrical container without a top cover. The rate of rotation increases monotonically
with applied current for the investigated range of magnetic field frequencies.
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