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ABSTRACT

When ferrofluid in a cylindrical container is subjected to a rotating azimuthally directed
magnetic field, the fluid "spins up" into an almost rigid-body rotation where ferrofluid
nanoparticles have both a linear and an angular “spin” velocity. Flow observations are often
limited to the ferrofluid free surface due to the opaque nature of the ferrofluid and the surface
flow can spin-up in the same or opposite directions to the direction of the rotating field. The
mechanisms governing this flow have been attributed to surface driven flows that depend on the
shape of the meniscus formed by the free surface. However, bulk flow experiments using
ultrasound velocimetry show that even in the presence of a stationary cover, bulk ferrofluid
flows would result when a rotating magnetic field was applied. The mechanisms explaining the
bulk flows have been attributed by some authors to being a result of spin diffusion theory while
others believe that non-uniform magnetic properties drive the flow, with both theories being
rigorously explored in this thesis.

This thesis applies ferrohydrodynamic analysis to extended fluid flow equations driven
by magnetization forces and torques on the ferrofluid, Maxwell's equations relating
magnetization, magnetic field and ferrofluid flow, and a Langevin magnetization relaxation
constitutive law including the effects of fluid linear and spin velocities.

Some key concepts investigated in this analysis are: (1) Ferrofluid filled cylindrical
vessels of finite height placed within a uniform magnetic field result in non-uniform magnetic
fields inside the ferrofluid due to demagnetization effects that can drive the flow; (2) A spherical
vessel of ferrofluid in a uniform magnetic field has a resulting uniform magnetic field unless
there is a spatial variation of magnetic properties, induced in this thesis by an external source of
non-uniform magnetic field from a current carrying coil or a permanent magnet; and (3)
COMSOL Multiphysics spin-diffusion modeling shows that spin viscosity can also initiate a
flow due to spin-velocity boundary conditions which can hinder magnetic nanoparticle rotation
near a wall or allow particles to roll along a wall due to flow vorticity.

Ferrofluid spin-up flows were investigated that take into account demagnetizing effects
associated with the shape of the container. The experiments conducted in this thesis involve
using a sphere of ferrofluid in a uniform rotating field since a sphere has uniform and equal
demagnetizing factors in all three Cartesian directions. The uniform rotating magnetic field is
generated by two orthogonally placed spherical coils, known as "fluxballs” that generate a
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uniform magnetic field in the horizontal and vertical directions inside the fluxballs and a dipole
field outside. By driving the coils with sinusoidal signals that are out of phase in time by 90
degrees a uniform rotating field is generated inside the test chamber containing the sphere of
ferrofluid. The test sphere of ferrofluid is placed at the center of the larger surrounding
"fluxball” machine.

Negligible flows are measured within the ferrofluid filled sphere using ultrasound
velocimetry in the "fluxball" machine with a uniform rotating magnetic field. COMSOL
simulations using non-zero values of spin-viscosity, with a zero spin-velocity boundary condition
at the outer wall, predict measureable flow while simulations setting spin-viscosity to zero result
in negligible flow. Previously published values of spin-viscosity measured in cylindrical vessels
are much larger than values allowed by kinetic theory because the flows, from which they were
determined, are actually due to the demagnetizing field effects and not due to spin-diffusion.
Experiments were also performed by partially filling the test sphere with ferrofluid but only 2/3
full, resulting in significant flows due to non-uniform magnetic fields from spatially dependent
demagnetizing factors and possibly free surface effects.

Ultrasound velocimetry measurements were also performed with a small permanent
magnet or a DC/AC excited small coil on top of the ferrofluid filled test sphere, causing a non-
uniform DC or AC magnetic field within the ferrofluid filled test sphere in addition to the
uniform rotating magnetic field imposed by the fluxball coils. With an imposed non-uniform
magnetic field component from magnet or coil, complex measureable flows with strong vortices
are obtained. Formation of vortices is also confirmed in COMSOL simulations of an infinitely
long cylinder subjected to a uniform rotating field and the field from an infinitely long
permanent magnet.

These measurements demonstrate that a non-uniform magnetic field or a non-uniform
distribution of magnetic properties drive the flow. The spin-up ferrofluid flow in a rotating
uniform externally applied field is highly dependent on the shape of the container due to
demagnetizing effects. These demagnetizing effects in a finite-height ferrofluid filled cylindrical
container create a non-uniform field inside the ferrofluid that drives the flow and is the cause for
previously observed flows in the classic cylindrical spin-up flow experiments. COMSOL
Multiphysics simulations applied to a cylinder of infinite height filled with ferrofluid show that
spin-diffusion theory cannot be the dominant mechanism for spin-up flows as fitting the
COMSOL analysis to measurements result in unphysically large values of spin viscosity. The
unphysically large values of spin viscosity are obtained by attributing spin-up flow to be due to
spin-diffusion alone rather than the correct non-uniform magnetic field effects.

In conclusion, this thesis, through experimental results and numerical simulations, proves
that non-uniform magnetic properties within the ferrofluid and not spin-diffusion theory is the
driving mechanism for the measured flow.

Thesis Supervisor: Markus Zahn
Title: Professor
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configuration A, the probe is no longer close to the surface of the ferrofluid and the motion co-
rotates similar to that in the bulk of the fluid. Plot taken from [8]. .......cccoovviiciiiiiiiierceeee e, 152

Figure 4-10. . Two dimensional representation of actual spin-up flow experiment. Shaded

region represents the infinitely long cylinder of ferrofluid of radius Ry. The unshaded air region
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separates the ferrofluid from the outer stator winding that has a current boundary condition
imposed at r=R; surrounded by a £ = 00 TEZION. ......ccoiiiiiiniiiniinin 159

Figure 4-11. One region model setup with shaded circle representing ferrofluid with
linear magnetization and boundary condition on magnetic scalar potential. The scalar potential

generates a magnetic field rotating in the¢ direction at frequency Q. This magnetic field

represents the external magnetic field and has to be corrected for demagnetizing effects before
being used in the magnetic relaxation equation. The arrows inside the stator show the uniformly
distributed rotating magnetic field created inside the ferrofluid at a particular instant in time.. 161

Figure 4-12. Plot of counter-clockwise rotating steady flow of ferrofluid in cylinder

surrounded by a stator driven by a surface current boundary condition at r=1 that generates a

counter-clockwise rotating magnetic field. Flow profile is similar to that of rigid-body motion.

Figure 4-13. COMSOL Streamline plot of magnetic field distribution inside and outside
the ferrofluid filled sphere showing a uniform distribution of field inside the cylinder. The field
distribution outside the cylinder is the sum of the uniform imposed field and a dipole field
created by the ferrofluid. ..........cooceeiiiiiriiiiiii 168

Figure 4-14. Magnitude of normalized magnetic field distribution as a function of
normalized radius inside and outside the cylinder of ferrofluid. The different colors represent the
magnetic fields at various times. It is evident that the field inside the cylinder is uniform and
outside the cylinder it is a uniform and a line dipole field, that decays as the cube of the distance,

generated outside. The stator is excited at a normalized radius (R;=10) sufficiently far away from
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the ferrofluid with H =1. Magnitude of the normalized magnetic field inside the ferrofluid is
approxXimately 0.629. .........ooiiiiiiii e 169

Figure 4-15. Plot of magnitude of normalized magnetic field as a function of normalized
radius within the ferrofluid cylinder. Magnetic field is uniform in majority of the fluid except for
some variation at the boundary 7 =1 due to the velocity and spin velocity affecting the
magnetization there. The difference between the magnetic field at the wall and in the rest of the
fluid is Very Small (RIXL0™)......coviieieieeee ettt 170

Figure 4-16. Plot of normalized magnitude of magnetization as a function of normalized
radius showing that the magnetization at the wall boundary 7 =1 deviates from the
magnetization in the bulk since there is the greatest change in velocity and spin-velocity near the
wall. The non-linearity of the magnetization is very small since the magnitude at the wall
changes by =1x10™ compared to the magnetization in the bulk of the fluid. .........cc.coorrrerrennn. 170

Figure 4-17. Velocity flow profile and magnetic field distribution using scalar potential
boundary condition method for a counter-clockwise rotating field. Flow velocity is depicted by
arrows counter-rotating while streamlines depict the uniform rotating magnetic field distribution
in the region of ferrofluid. .......ccceiiiririiiiii e 172

Figure 4-18. Plot of magnitude of normalized magnetic field as a function of normalized
radius. The field is shown to be uniform and approximately equal to 0.627............c..cceeirnnns 173

Figure 4-19. Plot of magnitude of normalized magnétization as a function of normalized
radius within the ferrofluid cylinder. The different colored lines correspond to different times.
The magnetization can be seen to be uniform and approximately equal to 0.746...................... 173

Figure 4-20. Plot of rotational velocity as a function of normalized radius comparing the

two different implementations on source boundary conditions - Surface current and scalar
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potential. Velocity profiles can be seen to be almost identical in both implementations and linear
with radius throughout the bulk of the fluid except at the 7 =1 boundary where a no-slip
boundary condition, V(F =1)=0, has to be Satisfied..........cecorerrrmecericiiinineee, 175

Figure 4-21. Plots of spin-velocity as a function of normalized radius for both model

implementations. Spin velocity is shown to be identical and constant within most of the fluid

region and going to zero on the 7 =1 boundary to satisfy the Z):(F =1) =0 boundary condition.

Figure 4-22. Plot of normalized rotational velocity as a function of normalized radius.
The different colored lines represent different profiles in time. The magnitude of the velocity is
extremely small =10" normalized MagNitude. .........coveevueveeveereriserseieeeeeeeeese e eaeeees 181
Figure 4-23. Experimental data of Figure 4-6 and COMSOL simulations using
parameters from Chaves's paper with N'=6X107"0 kg 1 87 oo 182
Figure 4-24. Plot of velocity profile as a function of radius for Chaves's experiment
showing that a value of ;7'=4.84xlO'10 kg m s 'closely matches the experimental results instead of
Chaves's quoted value of BXL0™ et 183
Figure 4-25. Elborai's erroneous plot (Figure 8-1) of velocity profiles with n'=0 for an
infinitely long cylinder in a uniform rotating magnetic field. His plots show non-zero flow when

there should be no flow because there is no spatial variation in spin velocity o . Plot taken from

Figure 5-1. SolidWorks design of assembled probe holder (ultrasound probe holders not

shown) holding the sphere of ferrofluid. The positions of the notches are shown allowing for the
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ultrasound beam to be directed at specific angles with respect to the radial direction. Notches for
the GMW magnetic field probes can also be SEen. ..........cocevieiirveieiiieiicieiciere e 194

Figure 5-2. Top view of probe holder showing various probe angles, with respect to the
radial direction, measured along the equator of the sphere. The probe positioned at 20° to the

radial direction is clearly drawn out. Image obtained from SolidWorks design of probe holder.

Figure 5-3. Side view of probe holder. Probes are placed at two different heights and also
some underneath tHe sphere of ferrofluid. The angles the probe makes with respect to the radial
direction is also noted. The support notch in the center helps to hold the probe holder and sphere
of ferrofluid fixed in the fluxball machine. Image obtained from SolidWorks design of probe
ROLAET. ..ottt ettt ettt et e st e et e et e e e beenaeenaeeaneereas 195

Figure 5-4. SolidWorks Graphic of probe holder with sphere of ferrofluid and support rod
needed to keep it firmly in Place. .....ccccueeiiiiiiiiiiiiec e 196

Figure 5-5. Top of assembled probe holder containing sphere of ferrofluid. Notches for
the ultrasound probes and the GMW field sensor can be Seen. ........c..cecvvevveveiineeieneniennenne. 196

Figure 5-6. Side view of assembled probe holder containing sphere of ferrofluid.
Notches for the underball ultrasound probe sensors and GMW field sensors can be seen. ....... 197

Figure 5-7. Experimental apparatus of flow driven by rotating circular disk entraining
flow inside sphere of transformer oil. The flow is measured with ultrasound probes at various
positions on the circumference of the Sphere..........coceiiiiiiiiiiiiiiieen 199

Figure 5-8. Picture of experimental setup showing LV1 spindle (without disk) positioned

above 3/4 empty sphere with ultrasound probes positioned on the circumference .................... 201
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Figure 5-9. Sphere filled with Shell DIALA transformer fluid with disk fitted on LV-1
spindle placed on top of the %4 SPhere. ..o 201
Figure 5-10. Rotational velocity vg as a function of radius measured at the equator of the
% sphere of radius Scm at three different rotational rates 20, 50 and 100 RPM. Experimental
results match those obtained using COMSOL simulations. ............ccevieiiiniennnininiii, 202
Figure 5-11. Velocity profile measured by probe placed underneath the sphere at 25° to
the radial direction as seen in Figure 5-3. The velocity is a function of z position where z=0 is at
the equator level of the sphere. Three different experimental rotational rates (20, 50 and 100
RPM) are compared to COMSOL SIMUIAtIONS. ......c.coveiiiiimiiiieininiiiei 203
Figure 5-12. Velocity profiles measured from probe placed at z= -2.5 cm as seen in
Figure 5-3. The probe measures x-directed velocity as a function of x where x=z=0 is the center
position of the sphere. Experimental and simulation profiles are seen for three different rotational
rates 20, 50 and 100 RPM.. ...ttt st e as e s 204
Figure 5-13. Mathematical description of a fluxball of radius R with uniformly distributed
windings in z of N total turns each carrying current / resulting in a surface current sheet flowing
azimuthally in the @direction but varying sinusoidally with respect to the zenith angle & [6, 7].
Image taken from [6]. ......ccoviviiiiiiiiii s 205
Figure 5-14. Cross-sectional view of fluxball with sphere of linearly magnetic material
inside. Sphere and fluxball are both surrounded by a region of air. .........c.cocoeiiinninciinnnn 206
Figure 5-15. Magnetic field lines produced by a fluxball of 960 turns. It produces a 25
mT uniform magnetic field in a spherical region of diameter 8 cm. The power consumed per mT

of field density produced is also listed [7]. Image taken from [7]. ..., 210
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Figure 5-16. The rotating uniform magnetic field is produced by driving the two
orthogonal coils with sinusoidal currents that are out of phase by 90° in time . The inner coil (top
row) generates the vertical uniform magnetic field while the outer coil (middle row) generates
the horizontal magnetic field. Combining them together gives the rotating uniform magnetic field
as seen in the last row. Image taken from [7]. ......cccooveiiiiiiieiec e 212

Figure 5-17. Lawler's fluxball [7] machine that was used in this thesis. The outer
windings have a radius of 16 cm while the inner winding has a radius of 11 cm. The two
windings create uniform rotating magnetic fields in a spherical volume of 15 cm diameter inside
the inner fluxball. Image taken from [7]......cccccoiiiiiiiiiccc e e s 213

Figure 5-18. An exposed view of the insides of the outer windings. The inner fluxball
winding is orthogonal to the outer winding and fits inside the outer winding generating a uniform
rotating magnetic field in the region inside the inner fluxball when excited by two phase AC
signals. The inner fluxball is slightly separated showing the region inside. Access holes were also
made to allow for probes and cables to be inserted inside the inner fluxball. Image taken from
TS TSP T OO PPTYPOUPTROUPRR 213

Figure 5-19. Insides of the inner and outer windings are shown. It can be seen that the
inner winding has enough space to fit a ferrofluid filled sphere of diameter 10 cm. Image taken
1 300) o 13 17 PO U U SO T OO USSR PP 214

Figure 5-20. Cross-sectional plot of inner fluxball showing the test chamber and the
fluxball winding support structures. The access tube at the top and bottom of the inner fluxball
can also be seen and is further illustrated with the cable entering the test chamber in Figure 5-18.
The ferrofluid filled sphere of diameter 10 cm fits inside the test chamber. Image taken and
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Figure 5-21. Cross-sectional diagram of the complete design for the fluxball machine.
The inner fluxball can be seen to fit inside the outer fluxball and that their windings are
orthogonal to each other. A uniform rotating magnetic field is created inside the test chamber

which will be occupied by a 10 cm diameter sphere of ferrofluid. Image taken and modified from

Figure 5-22. Front control panel of program in NI LabVIEW 8.2 showing all the controls
needed to maintain the magnitude, phase and frequency of the current in the individual fluxball
WANAINES. .ttt e ae et bR d bRt 219

Figure 5-23. Circuit diagram for controlling the fluxball machine. The LabVIEW
program is interfaced to the 6036E DAQ card and the two output channels are amplified by the
LVC 5050 and fed to the individual fluxball windings. The voltage across the 1) resistors
represents the currents in the fluxball windings and the magnitude and phases are fed back to the
LabVIEW program. A PID control program adjusts the input to the amplifier so that the resulting
current can eventually reach the desired set value..............ooooviiiiiii 220

Figure 5-24. GMW three axis magnetic field SEnSor. .........o.oceeineiiniininnine 221

Figure 5-25. Side view of probe holder with empty sphere, showing GMW sensors 1& 3
in dark blue. The individual sensor’s axes are oriented as shown and denoted as X, y; for sensor
1 and x3, y3 for sensor 3. Image obtained from SolidWorks design of probe holder. ................ 222

Figure 5-26. Top view of probe holder with empty sphere, showing GMW sensor 2 (dark
blue) fitted in slot and sensor’s x and y axis (denoted as x; and y,) aligned as shown. Image
obtained from SolidWorks design of probe holder.............cccccoviiiiiiini 222

Figure 5-27. Panel monitoring X, y and z magnetic field components measured by GMW

sensors in LabVIEW program controlling the phase, magnitude and frequency of the current in
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the two fluxball windings. Only two sensors can be monitored at a time due to a lack of inputs on
the BNC 2120/6036E DAQ card. The graphs display the voltage waveforms along individual
axes of the sensor while also calculating the RMS flux density magnitude. Clicking on the Take
Sensor DATA button copies all the data to a text file for post processing. .........ccccevvverveerueene 223

Figure 5-28. Circuit diagram of LVC 5050 amplifier in series with fluxball windings and
series capacitor for resonant operation of fluxball..........c..cccoccciiiiininiiiinne e, 230

Figure 5-29. Assembled capacitor boxes used for resonant operation of fluxball at 47 Hz
and 95 Hz. The 20 pF and the 66 pF capacitors are housed in separate enclosures, while the 16
uF and 5 pF are housed in 0ne enclOSUTIE. ..ottt 237

Figure 5-30. Capacitor banks with their enclosure lids removed showing their wiring
connections. Enclosure at top of the figure is for the 16 pF and 5 pF both together. The 16 pF is
made by placing a 10 uF capacitor in parallel with a 6uF capacitor while the 5 pF capacitor is
made by three 15 pF capacitors in series. The enclosure at the bottom left with four 15 pF
capacitors in parallel with a 6 pF capacitor, is the 66 puF while the bottom right, with 5 uF four in
parallel, is for the 20 uF capacitor. The banana plug connection terminals (in red and black) can
QIS0 DB SEEIL 1neeiiiiii ittt ettt ettt et e e e b ee e s ar e e s neeenaesneeeas 237

Figure 6-1. Picture of complete experimental setup used in this thesis.........c.ccecereenee. 240

Figure 6-2. Figure depicting positions of the four ultrasound probes (labeled as Channels
1-4), in x-z plane at y=0 (center of the sphere), positioned to measure flows in a ferrofluid filled
sphere. A current phase difference of +90° between the outer and inner ﬂuxBalls creates a

clockwise rotating magnetic field. Image obtained from SolidWorks design of probe holder. . 242
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Figure 6-3. Velocity profile at 47 Hz for EFHI clearly showing saturation of ultrasound
probe 4 right near the probe surface (z distance from probe 4 = 0) and multiple reflections at
probe wall (z distance from probe 4 =10Cm). .......coemiiiininniiii e 243

Figure 6-4. Same velocity profile as Figure 6-3 but truncated to remove most of the noise
due to saturation of the transducer at zero z-distance from probe 4 and multiple reflections at z-
distance from probe 4 of 10 CIM. .......ccociiiiiiiiiie 244

Figure 6-5. Velocity profile as a function of distance away from channel 1 probe at 95 Hz
using EFHI. Two field strengths and two rotating directions are investigated. Any flow
measured is not significantly more than the baseline and the flow is very small <lmm/s. The
slight deviation for the 101.2 G clockwise field could be because of the maximum spatial error of
10% in magnetic field strength in the test chamber of the fluxball machine as described in section
5.2.77 OF JUSE TIOTSE. 1.uvveeeuereerentinseteuiatiite sttt b st e et s e e b e s b e s s et et e e s bbbt 245

Figure 6-6. Velocity profile as a function of distance away from channel 2 probe at 95 Hz
using EFH1. Any flow measured is not significantly more than the baseline and the overall flow
is very small <lmm/s The slight deviation for the 101.2 G counter-clockwise field could be
because of the maximum spatial error of 10% in magnetic field strength in the test chamber of
the fluxball machine as described in section 5.2.7 or just instrument NOISe. ..........cceeveeiiereinns 246

Figure 6-7. Velocity profile as a function of distance away from channel 3 probe at 95 Hz
using EFHI. Two field strengths and two rotating directions are investigated. Any flow
measured is not significantly more than the baseline and is very small <lmm/s....................... 246

Figure 6-8. Velocity profile as a function of distance away from channel 4 probe at 95 Hz
using EFH1. Two field strengths and two rotating directions are investigated. No flow is

MEASULEd ADOVE DASEIIMNE. ...oeevvvereeeeeeiiiee e eeteeeee e et ereta s eaeeeeeessasteesssssssnsnsseasssrnssnsasssaraesnnnnnnsaee 247



Figure 6-9. Velocity profile as a function of x distance from probe 3 when a magnetic stir
bar is added to a sphere of MSGW 11 excited at 101.2 G 47 Hz uniform rotating field. ........... 248
Figure 6-10. Velocity profile as a function of distance away from channel 1 probe at 15
Hz using MSGW11. Two field strengths and two rotating directions are investigated. Negligible
flow compared to the baseline is MEASUTEd. ..........cceriiveiiiiriinii e 249
Figure 6-11. Velocity profile as a function of distance away from channel 2 probe at 15
Hz using MSGW11. Two field strengths and two rotating directions are investigated. Negligible
flow compared to the baseline iS MEASUTEA. ..........cocerveriiriiriiriireiie e 249
Figure 6-12. Velocity profile as a function of distance away from channel 3 probe at 15
Hz using MSGW11. Two field strengths and two rotating directions are investigated. Negligible
flow compared to the baseline is Measured. ...........cccceieciiiiiiriiiiiiiee e 250
Figure 6-13. Velocity profile as a function of distance away from channel 4 probe at 15
Hz using MSGW11. Two field strengths and two rotating directions are investigated. Negligible
flow compared to the baseline is MeasuUred. ..........cooveeriieiiiiriiineee e 250
Figure 6-14. One region model setup with shaded circle representing ferrofluid and
boundary condition on magnetic scalar potential. The scalar potential generates a magnetic field

rotating in the @ direction at frequency Q. This magnetic field represents the external magnetic

field and has to be corrected for demagnetizing effects before being used in the magnetic
relaxation equation. The arrows inside the stator show the uniformly distributed rotating
magnetic field created inside the ferrofluid at a particular instant in time. ............ccceveiiiiinnns 254

Figure 6-15. Velocity field generated with non-zero spin-viscosity for both MSGW 11 and

EMG900_2 in sphere. Velocity flow co-rotates in the same direction as the rotating field....... 259
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Figure 6-16. Velocity field observed from top of sphere perpendicular to plane of
counter-clockwise rotating magnetic field. ..o 259

Figure 6-17. Dimensional rotational velocity for 10 cm diameter sphere of ferrofluid with
non-zero spin-viscosity in a uniform rotating magnetic field calculated using COMSOL
Multiphysics 3.5a. The results of MSGW11 and Chaves’s EMG900_2 [6] both have velocity
magnitudes that can be measured using the DOP2000. ..........cooeinniiiiii, 260

Figure 6-18. Normalized magnitude of magnetic field as a function of radius for
EMG900_2 calculated using COMSOL Multiphysics 3.5a. The field is mostly uniform of
magnitude 0.716 with slight variation at the wall boundary due to the no-slip velocity boundary
condition affecting the magnetization there. The different colored lines correspond to different
times 1N the SIMULALION. ......ccciiiiiiiie it 261

Figure 6-19. Normalized magnitude of magnetic field as a function of normalized radius
for MSGW11 calculated using COMSOL Multiphysics 3.5a. Magnetic field is distributed
uniformly, of magnitude 0.8427, throughout the fluid with slight variation near the wall
boundary due to no-slip velocity boundary condition affecting the magnetization. The different
colored lines correspond to different times in the simulation. ... 261

Figure 6-20. Normalized magnitude of magnetization as function of normalized radius
for EMG900_2 using COMSOL Multiphysics 3.5a. The different colored lines correspond to
different times in the simulation. The magnetization is uniform with magnitude 0.8521 with
slight variations near the wall due to the velocity no-slip boundary condition. .............ccccccc.c.e. 262

Figure 6-21. Normalized magnitude of magnetization as a function of normalized radius

for MSGW11 using COMSOL Multiphysics 3.5a. The different colored lines correspond to
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different times in the simulations. The magnetization is mostly affected near the wall due to the
velocity no-slip boundary condition there and is of magnitude 0.472............ccccoveveiiiievreinennnnn, 262
Figure 6-22. Laminar shear flow between two plates resulting in Couette flow
http://en.wikipedia.org/wiki/File:Laminar_shear.Svg. ........cccocevririiiiiniineiiienencenevenene e 264
Figure 6-23. Molecular transport of spin velocity o, from the plane (y = yo-a) to the plane
at yo. A is the mean free path of the particle. .........c.cooooniiiiiiii 265
Figure 6-24. Two layered sphere representing nanoparticle of radius R, with a core of
radius R;. The core has a mass density of p; while the surfactant layer has a mass density p,. 267

Figure 6-25. Plot of normalized rotational velocity v, as a function of normalized radius

for EMG9Y900_2 calculated using COMSOL Multiphysics 3.5a. The different colored lines
represent different profiles in time. The magnitude of the velocity is extremely small =107
normalized magnitude and is in the NOISE. .........ccceeviiirrciiririer e erree e sseee s s seeeeereeeens 271
Figure 6-26. . Plot of normalized rotational velocity as a function of normalized radius for
MSGW11 calculated using COMSOL Multiphysics 3.5a. The different colored 1ines represent
different profiles in time. The magnitude of the velocity is extremely small =10"" normalized
magnitude and 1S in the NOISE........cccceviiviiiiiiii e 271
Figure 6-27. Wire diagram showing position of third coil placed on top of ferrofluid
sphere with very little room left between access hole of inner fluxball and third coil. .............. 275
Figure 6-28. Side profile of half of inner fluxball with third coil placed on top of sphere
of ferrofluid. The modified crane version 4 is also ShOWN. .........cccovciiiiiiiiniiiiiii e 275
Figure 6-29. Side profile of actual third coil used in experiment. The leads are coated in

Kapton insulation tape to prevent conductors from touching if enough current melts the wire
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insulation. The coil also has a tube fitted to its inner annulus to fit inside the inner fluxball’s
ACCESS NOLE. ..vieeiieieeieteetee et e bt et e et ettt et e e e e b e e h e R e e e bR 276
Figure 6-30. Picture showing the underneath of the third coil used in experiment. The
windings are held together using cable tiES. .......coouriiiiriininennnn e 276
Figure 6-31. Circuit diagram outlining whole setup of controlling fluxball machine as
well as third coil. Two LVC 5050 amplifiers, two DAQ cards and two BNC 2120 connector
blocks have t0 DE USEA. ...ccviiviiiieieiiierieeie e 279
Figure 6-32. Front control panel of program in NI LabVIEW 8.2 showing all the controls
needed to control third coil including setting magnitude, frequency and phase difference between
third coil and inner fluxball. It also has a control to drive a DC current through the coil.......... 280
Figure 6-33. Tube inserted in the annulus of third coil (see Figure 6-29) fits inside the
inner diameter of the inner fluxball's access tube. This allows for the third coil to be properly
aligned along the axis of the fluxball for the numerous experiments conducted.............coceuenee 281
Figure 6-34. 1Q 200W resistor in enclosure with heat sinks mounted. BNC connector
used to connect the resistor in series with the LVC-5050 amplifier. The leads coated in Kapton
tape connect the resistor to the third coil. The banana plug leads allow for the voltage
measurement across the 10 FeSISTOL......coiiiiiiiiiiiii e 281
Figure 6-35. 1Q 200W resistor made by using four 1Q 50W resistors and mounted in the
metal enclosure shown above. Two series 1Q) resistors are placed in parallel with another two
series 1Q resistors. The leads to the coil are coated with Kapton tape with banana plug leads
connected to measure the voltage drop across the 1Q) combined resistor. ...........ccoovvevereeennnn. 282
Figure 6-36. Cross-sectional diagram representing dimensions of third coil windings and

one turn coil equivalent with radius @ = 21.34 MM.........ccovviiiiiiiniiii 283



Figure 6-37. Measurement of axial magnetic flux density B, of third coil as a function of
axial distance z at different frequencies and DC. Measured results are very similar to the plot of a
theoretical one turn model of third coil with radius a=21.34mm. ............cceevevveeeevenvvevricrennenne. 284
Figure 6-38. Magnet holder to fit inside inner fluxball's access hole. ............c.ccveevennne. 286
Figure 6-39. Magnet in holder fitted inside upper half of inner fluxball's access hole. . 287
Figure 6-40. Channel 2 velocity profile as a function of distance from Probe 2 for EFH1
at 95 Hz and 50.6 G clockwise rotating magnetic field under the influence of permanent magnets
with south poles facing the top of the sphere of ferrofluid. ............cceeevrvieriniieiiiniiieeeee e, 291
Figure 6-41. Channel 2 velocity profile as a function of distance from Probe 2 for EFH1
at 95Hz and 50.6 G counter-clockwise rotating magnetic field under the influence of permanent
magnets with south poles facing the top of the sphere of ferrofluid.............ccocoevviririieennnnenne. 292
Figure 6-42. Velocity vectors plotted at the points where the four probe beams intersect
for EFHI at a 101.2 G 95 Hz clockwise rotating field with magnets having their south poles
facing the top of the ferrofluid filled sphere. The flow pattern follows the clockwise rotating field
direction with greater magnitude flow occurring at the top of the sphere. The little flow at the
two measurement points near the bottom of the sphere also seems to flow towards the right
implying vortices must be forming in the region between the top two points and the bottom two
points. The arrows are scaled by a factor of 2 to better see them. ...........ccocceveeviiniiiniiincnennnen. 293
Figure 6-43. Velocity vectors plotted at the points where the four probe beams intersect
for EFH1 at a 101.2 G 95 Hz counter-clockwise rotating field with magnets having their south
poles facing the top of the ferrofluid filled sphere. The flow pattern generally reverses direction

with the counter-clockwise rotating field with greater flow occurring near the region of non-
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uniform field at the top of the ferrofluid filled sphere near the magnets. The arrows are scaled by
a factor of 2 t0 better SEE them. .......viiuiireeiiiieceiii i 294

Figure 6-44. MSGWI11 velocity flow profile measured by channel 1 probe for 95 Hz
clockwise rotating field with the phase of the third coil with respect to the inner fluxball équal to
0. Baseline refers to the flow measured by the velocimeter without any field applied. ............. 295

Figure 6-45. MSGW11 velocity flow profile measured by channel 1 probe for 95 Hz
counter-clockwise rotating field with the phase of the third coil with respect to the inner fluxball
equal to 0. Baseline refers to the flow measured by the velocimeter without any field applied.
Flow reverses direction but is not symmetric due to complicated flow patterns. The velocity goes
to 0 at around 0.055m implying the presence of two vortices formed. ..........ccooeeiiiiininnnnn 296

Figure 6-46. MSGW11 velocity flow vectors at four points as determined by the
intersection of the four probe beams for a 50.6 G clockwise rotating field with 296.8 G non-
uniform field imposed by the third coil. The individual velocity vectors correspond to the phase
of the third coil with respect to the inner fluxball current. The arrows are scaled by a factor of 10
10 DELIET SEE TREIML. .. .veitiiiiiiiicctie ettt sas e e s a s s b et sae s sra e be e e be e ereeens 297

Figure 6-47. MSGW11 velocity flow vectors at four points as determined by the
intersection of the four probe beams for a 50.6 G counter-clockwise rotating field with 296.8 G
non-uniform field imposed by the third coil. The individual velocity vectors correspond to the
phase of the third coil with respect to the inner fluxball current. The flow vectors reverse
direction compared to the clockwise rotating field in Figure 6-46. The arrows are scaled by a
factor of 10 to better se€ them..........cccccciviiiiiiiiiiii 298

Figure 6-48. Flow profile measured by channel 1 probe for 101.2 G counter-clockwise

rotating field at 47 Hz for EFH1 with magnets having their south poles facing the top of the
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ferrofluid filled sphere. Strength of the magnets seems to directly affect magnitude of flow
velocity except for 1601 G and 2952 G permanent Mmagnets. ...........c.ceveveruerercrerrenreeeersessesnenes 301

Figure 6-49. Flow field as measured by channel 4 probe for same driving conditions as
Figure 6-48 does not show as large an increase in velocity magnitude but does show a reversal of
FIOW ITECTION. ..ottt bttt st et e st e e enae s eaes 302

Figure 6-50. Flow profile measured by channel 4 probe in a 50.6 G counter-clockwise
rotating field at 15 Hz for EFHI ferrofluid with magnets having their south poles facing the top
of the ferrofluid filled sphere. The magnitude of velocity has an inverse relation with the strength
of the magnets used unlike seen in Figure 6-48..........ccccooviiiiiiiiiiiniiienieee e 303

Figure 6-51. Flow measured by channel 4 probe with 50.6 G clockwise rotating magnetic
field at 95 Hz with magnets having their south poles facing the top of the EFH1 filled sphere.
The velocity profile indicates that there is a vortex formed since the flow direction reverses. As
the magnet strength increases there is a shift of the vortex formed away from the magnet at 0.1m
fTOML PIODE 4.ttt ettt b e et e st e s et e s nneesnteesneeeanneenneenns 304

Figure 6-52. Flow measured by channel 4 probe with 101.2 G counter-clockwise rotating
magnetic field at 47Hz with magnets having their north poles facing the top of the EFHI1 filled
sphere. The velocity profile indicates that there is a vortex formed since the flow direction
reverses. As the magnet strength increases there is a shift of the vortex formed away from the
magnet at 0.1m from probe 4. A vortex is formed when velocity goes through zero with opposite
polarity of velocity direction on either side oOf ZEro. ........cccccecciiiiiiiiiniin s 305

Figure 6-53. Flow measured by channel 3 probe with 50.6 G clockwise rotating magnetic

field at 95 Hz with magnets having their north poles facing the top of the MSGW 11 filled sphere.

44



The velocity profile here also indicates there is a shift of the vortex away from the magnet at
0.1m from probe 4 but the velocity magnitude is larger away from the magnet........................ 306

Figure 6-54. MSGW11 velocity flow vectors at four points as determined by the
intersection of the four probe beams for a 101.2 G clockwise rotating field with the south pole of
the magnets facing the top of the ferrofluid filled sphere. The flow is more dominant near the
magnet at the top of the SPhere. ... 307

Figure 6-55. MSGWI11 velocity flow vectors at four points as determined by the
intersection of the four probe beams for a 101.2 G clockwise rotating field with the north pole of
the magnets facing the top of the ferrofluid filled sphere. The flow is more dominant away from
the magnet at the bottom of the sphere with significant flow still generated near the magnet at the
tOP OF the SPHETE. ...cveviieiciciiiiii e 308

Figure 6-56. EFHI velocity flow vectors at four points as determined by the intersection
of the four probe beams for a 101.2 G counter-clockwise rotating field with the south pole of the
magnets facing the top of the ferrofluid filled sphere. The flow profile seems to be more
dominant at the top of the sphere near the position of the magnet. ... 309

Figure 6-57. EFHI1 velocity flow vectors at four points as determined by the intersection
of the four probe beams for a 101.2 G counter-clockwise rotating field with the north pole of the
magnets facing the ferrofluid filled sphere. The flow profile at the bottom of the sphere is just as
significant as the flow at the top near the magnet..............cooriiiiiiiiniin 310

Figure 6-58. Velocity profiles measured by channel 4 probe at all rotating frequencies for
both EFH1 and MSGW11 with the strongest magnet of strength 5233 G and a rotating field

strength of 50.6 G rotating in the counter-clockwise dir€Ction. ...........coeivieiiininienneicnicinnes 312

45



Figure 6-59. Velocity profiles measured by channel 4 probe at all rotating frequencies for
both EFHI and MSGW11 with the strongest magnet of strength 5233 G and a rotating field
strength of 101.2 G and 75.9 G rotating in the counter-clockwise direction. The magnitude of
flow generated is greater than that obtained in Figure 6-58. ..............cccoooveveieviviiiecicceee 313

Figure 6-60. EFH1 velocity flow profile measured by channel 3 probe for a counter-
clockwise rotating field and third coil oscillating field at 95 Hz. Baseline refers to the flow
measured by the velocimeter in the absence of any field. The phase of the third coil with respect
to the inner fluxball field is zero. There is a direct dependence of the fluxball rotating field

strength and the strength of the non-uniform field imposed on the magnitude of the flow profile.

Figure 6-61. MSGWI11 velocity profile as measured by channel 4 probe for a 47 Hz
clockwise rotating field with a third coil oscillating field frequency of the same value. The
strength of the rotating field as well as the non-uniform field generated by the third coil has a
direct effect on the magnitude of the flow profile generated...........cccooovveveveeeiiieiiicece. 316

Figure 6-62. MSGWI11 velocity profile measured by channel 1 probe for a 95 Hz
clockwise rotating field with a non-uniform DC field imposed by the third coil. The flow profile
is affected by the strength of the rotating field and not by the polarity of the DC field imposed by
the third COTL. ....ouiiiiiii ettt s na e re s 318

Figure 6-63. EFH1 velocity flow profile generated by a 47 Hz counter-clockwise rotating
field with a DC field imposed by the third COIl. ........cccccooiriiriiiiiiieiececee e 319

Figure 6-64. Velocity profiles measured by channel 1 probe for both MSGWI11 and
EFH]1, and all three counter-clockwise rotational frequencies (15 Hz, 47 Hz, and 95 Hz) with a

non-uniform field imposed by a south pole facing permanent magnet of surface field strength

46



5233 G on top of the ferrofluid filled sphere. EFHI is in general more responsive than
1 L€ 1% A 1 OO OO O PP TP PRSPPSO PPPPPTOP 321
Figure 6-65. Velocity profile measured by channel 4 probe for MSGW11 and EFHI at all
investigated rotational frequencies (15 Hz, 47 Hz and 95 Hz) for a clockwise rotating field and a
north pole facing permanent magnet of surface field strength 5233 G on top of the ferrofluid
FILEd SPRETE. ...ttt 322
Figure 6-66. Picture of MSGW11 2/3 full sphere of diameter 10 cm. The ferrofluid can
be seen to only occupy 2/3 of the volume of the sphere. ..o, 323
Figure 6-67. 2/3 full sphere with rotating field rotating in the Front Plane indicated. ... 324
Figure 6-68. Profile view depicting positions of two of the four ultrasound probes
(labeled as Channels 2 & 4), in x-z plane. Channel 2 probe placed underneath the sphere while
channel 4 is the probe placed 2.5 cm below the equator of the sphere. The sphere shown here has
its top portion removed to illustrate how the actual ferrofluid volume looks. The actual sphere
was intact and just filled 2/3 full.........ccoooiiiii 325
Figure 6-69. Top view depicting positions of two of the four ultrasound probes (labeled
as Channels 1 & 3), in x-y plane. Channel 1 is probe is aligned along the radius of the sphere
while channel 3 is aligned 20° to the radial direCtion. .............ooeiiiniininiin e 326
Figure 6-70. EFH1 velocity profile measured by channel 1 probe for 2/3 full sphere at 47
Hz and 95 Hz 101.2 G RMS uniform rotating field. ......cc.cccceevveerniiiniiiniiiiiecieeeees 326
Figure 6-71. EFHI velocity p.rofile measured by channel 2 probe for 2/3 full sphere at 47
Hz and 95 Hz 101.2 G RMS uniform rotating field. ..........cccccooiiiiiiinii 327
Figure 6-72. EFHI velocity profile measured by channel 3 probe for 2/3 full sphere at 47

Hz and 95 Hz 101.2 G RMS uniform rotating field. ..........c.ccoererreereureeneirmnmncnisnnnnnensinsnane. 327
47



Figure 6-73. EFH1 velocity profile measured by channel 4 probe for 2/3 full sphere at 47
Hz and 95 Hz 101.2 G RMS uniform rotating field. .............cccoocveriieiieiiicecee e 328
Figure 6-74. Rotational velocity v, as a function of radius for 2/3 filled sphere of EFHI,
under a 101.2 G RMS uniform rotating magnetic field, measured at the equator of the sphere
approximately 2 cm below the free SUrface. .........ccccoceveirieneneiinicicceee e 328
Figure 6-75. EFH1 velocity profile measured by channel 1 probe for 2/3 full sphere at 47
Hz and 95 Hz 50.6 G RMS uniform rotating field. .............c.coevieiiiiieeiiieccc e 329
Figure 6-76. EFH1 velocity profile measured by channel 2 probe for 2/3 full sphere at 47
Hz and 95 Hz 50.6 G RMS uniform rotating field. .............ccoecoevieievieieiiiece e 329
Figure 6-77. EFH1 velocity profile measured by channel 3 probe for 2/3 full sphere at 47
Hz and 95 Hz 50.6 G RMS uniform rotating field. ............c.ccooeviiiiieiciiiiceeeeecec 330
Figure 6-78. EFHI velocity profile measured by channel 4 probe for 2/3 full sphere at 47
Hz and 95 Hz 50.6 G RMS uniform rotating field. ...........c.coccooviiiiiiiiicecc e, 330
Figure 6-79. Rotational velocity v, as a function of radius for 2/3 filled sphere of EFHI,
under a 50.6 G RMS uniform rotating field, measured at the equator of the sphere approximately
2 cm below the free SUMTACE. .......ccociiiiiiiiiiiiceeeee et et 331
Figure 6-80. Top view of He’s [2] cylindrical polycarbonate cylinder with lid. The
grooves on the side of the cylinder allow for the placement of ultrasound probes that are at
angles (o) with respect to the radial direction as illustrated in Figure 4-2. This image was taken
TrOmM HE'S thESIS [2]. cvveiiiriiiiiiiciie ettt et s st e e st e s st b e e e s eata e s seabatesateeeseneneas 333
Figure 6-81. Side profile of He's [2] cylinder. Support posts were added to the sides of

the cylinder to allow for fitting into the access hole of the inner fluxball. ...............cccoevrenennnnn. 333

48



Figure 6-82. He’s [2] cylinder securely fitted inside inner fluxball by placing support
posts inside the inner fluxball's access holes. Picture shows half of the inner fluxball with the
cylinder fitted INSIAE L. .....ooiviiiiiiiiiee 334

Figure 6-83. Inner fluxball configurations. Left: Inner fluxball designed to be placed
vertically generating a rotating magnetic field in the x-y plane. Right: Inner fluxball rotated 90°
from designed configuration and generates rotating magnetic field in y-z plane..........ccc........ 334

Figure 6-84. EFH1 rotational velocity v as a function of radius for a rotating field
strength of 101.2 G RMS for two rotational frequencies 10 Hz and 95 Hz. The flow is measured
in the bulk of the fluid half way from the ferrofluid free surface towards the bottom of the
cylinder. Baseline represents the measured velocity with no magnetic field applied. ............... 335

Figure 7-1. Model setup for simulating flows in ferrofluid under the influence of the non-
uniform field of the permanent magnet, as well as, the uniform rotating magnet field imposed by
current boundary condition far away. The magnet placed at a distance R, from the cylinder is
magnetized in the y direction and is a times the strength of the rotating field. The south pole of
the magnet faces the cylinder as ShOWN. ..........coooiiiiiiii 339

_Figure 7-2. Ferrofluid cylinder magnetized vertically creating dipole field that cancels
with uniform externally applied field at points marked by crosses, and adds at points marked by
GIEY PLUS SIZIIS. ...euinitiiiiiiiee ettt 345

Figure 7-3. Plots of total magnetic field and magnetization for one period of rotation, at
rotational frequency Q, for a ferrofluid cylinder subjected to a uniform counter-clockwise
rotating magnetic field. The magnetization is plotted as white arrows, the streamline plot

represents the total magnetic field while the surface plot represents the magnitude of the total

49



magnetic field. The dipole field of the ferrofluid cylinder in addition to the uniform field creates
rotating regions of strong (red) and weak (blue) magnetic field outside the ferrofluid cylinder.346

Figure 7-4. Field due to permanent magnet that cancels with uniform externally applied
field at points marked by crosses, and adds at points marked by grey plus signs. ..................... 347

Figure 7-5. Total field distribution of rotating uniform magnetic field and field due to
permanent magnet. The permanent magnet is 40 times the strength of the uniform rotating field
and the scale reflects this but makes it difficult to see the effect of the ferrofluid cylinder's dipole
field interacting with the field due to the permanent magnet and the effect of the field due to the
permanent magnet and the uniform rotating field.............cccoooeieeiiiicicce e, 349

Figure 7-6. Same plot as Figure 7-5 except total field distribution, of rotating uniform
magnetic field and field due to permanent magnet, is scaled to see the effects of ferrofluid
cylinder's dipole field, the field due to the permanent magnet and the uniform rotating field. The
white region represents the region of magnetic field that is beyond the values represented by the
COLOT SCALE. ...ttt sttt e be b nneneeras 349

Figure 7-7. Total magnetic distribution with a magnet that is 40 times stronger than the
strength of the rotating magnetic field placed on top of the EFHI filled cylinder. The white
region represents magnetic field strengths that are beyond the scale shown. The plots show the
evolution in time of the total magnetic field inside and outside the ferrofluid cylinder due to the
uniform rotating field, the ferrofluid cylinder's dipole field and the field due to the permanent
magnet. The magnetization of the fluid follows the same direction as the white arrows in Figure
7-3 O the SAME LIIMNE. .....oeeiiiiriiitirie ettt ettt r et e st e baeas e b e sbeebeensensesneessessenne 350

Figure 7-8. Distribution of magnetization in the EFHI1 filled cylinder as a function of

time in a non-uniform field generated by a uniform rotating field and the field of a permanent

50



magnet that is 10 times stronger than the strength of the rotating field. The blue circle which
represents a weak field, due to near complete cancellation of the rotating magnetic field and the
field due to the permanent magnet, can be clearly seen to rotate in an arc near the top of the

sphere. The red region represents the strong field that saturates the EFH1 with a normalized

saturation magnetization of M =4.2. Non-uniform distribution of the magnetization also
contributes to the generation of non-zero velocity flows........ocoviiiiiii 352

Figure 7-9. Position of region of weak field is dependent on the strength of the permanent
magnet, a stronger magnet creates a blue region further away from the top of the cylinder than a
weaker magnet. Top Left: For a permanent magnet that is 10 times stronger than the strength of
the rotating field, position of the center of the blue circle is at 0.885. Top Right: For a permanent
magnet that is 10 times stronger than the strength of the rotating field, position of the center of
the blue circle is at 0.739. Bottom: For a permanent magnet that is 40 times stronger than the
strength of the rotating field, position of the center of the blue circle is at 0.536. ..................... 353

Figure 7-10. Distribution of torque (surface plot) and streamlines of magnetic field as a
function of time for MSGW11 filled cylinder with a permanent magnet 20 times stronger than

the strength of the counter-clockwise rotating field. Torque distribution can clearly be seen to
. K4 . .
have regions of torque reversal as seen at Qr =—4—. The shape of the streamlines of magnetic

field inside the cylinder are affected by the torque as shown with arrows. .............cccoeoiiiiinns 355
Figure 7-11. Distribution of magnitude of spin velocity w (surface plot) and streamlines
of magnetic field as a function of time for MSGW11 filled cylinder with a permanent magnet 20

times stronger than the strength of the counter-clockwise rotating field. Spin-velocity can clearly

51



o KV 4 . -
be seen to reverse directions as seen at Q¢ =—2—. The shape of the streamlines of magnetic field

inside the cylinder are affected by the spin-velocity as seen by arrows shown.......................... 356

Figure 7-12. Zoomed section near magnet showing magnetic streamlines and
magnetization arrows at Qr = 377[ for MSGW11 filled cylinder with permanent magnet 20 times

stronger than the counter-clockwise rotating field. Torque reversal occurs because the field lines
of the magnet turn more abruptly upwards at point B than the magnetization vectors causing
torque reversal compared t0 POINt A.........cc.ceiuiiueieriireeceeeeeeeeeeecee ettt e st e e eeeeaeenenes 357
Figure 7-13. Magnetization and magnetic field vectors at two points in Figure 7-12
justifying torque and spin reversal seen in Figure 7-10 and Figure 7-11. ........c.ccocovvevrvevrnennnn. 358
Figure 7-14. Distribution of velocity field, with formation of vortices, for MSGW11
filled cylinder with permanent magnet 20 times stronger than uniform counter-clockwise rotating
field as a function of time over one period of rotation (a)-(d).........ceeeeeeveecereeeereeeeeeeereeeeeenns 362
Figure 7-15. Distribution of velocity streamlines, illustrating vortices formed, for
MSGWI11 filled cylinder with permanent magnet 20 times stronger than uniform counter-
clockwise rotating field as a function of time over one period of rotation (a)-(d)...................... 366
Figure 7-16. Distribution of modified pressure term in (7.19), in the MSGW11 ferrofluid
filled sphere with a permanent magnet that is 20 times stronger than the field of the counter-
clockwise rotating field. The pressure is strongest near the magnet..............cccocveeveverreeenennnne. 370
Figure 7-17. Magnitude and direction of velocity field with magnetic field streamlines for
MSGW11 filled cylinder with permanent magnet 20 times stronger than uniform rotating field as

a function of time over one period of rotation (a)-(b). Dimensional magnitude of velocity is

52



calculated to be on the order of 3-30 mm/s according to these simulations which corroborates
experimental results from Chapter 6. ... 371

Figure 7-18. Distribution of velocity field for EFHI filled cylinder with permanent
magnet 20 times stronger than uniform rotating field as a function of time over one period of
rotation (a)-(b). The rotating field is rotating in the counter-clockwise direction with the velocity
over most of the period in the same direction as the rotating field exceptat Qr=7 . ............... 373

Figure 7-19. Distribution of velocity field for EFHI filled cylinder with permanent
magnet 20 times stronger than uniform rotating field as a function of time over one period of
rotation (a)-(b). The rotating field is rotating in the clockwise direction with the velocity flow
over most of the period in the same direction except at F =7 . oo 375

Figure 7-20. Distribution of magnitude (surface plot) and gradient streamlines of spin
velocity w with velocity field across one period of rotating field with permanent magnet 40 times
the strength of the counter-clockwise rotating field. Non-uniform distribution of spin velocity
and non-zero velocity is a result of the non-uniform field and not the other way round............ 378

Figure 8-1. Velocity profile for the circular cuvette in the absence of the bias field (curve
1) and with it (curve 2), taken from Pshenichnikov [S]. ... 386

Figure 8-2. Infinitely long cylinder modified to be shaped as a toroid with slot on top for

placement of permanent magnet. Cross-sectional diagram of toroidal vessel can also be seen. 388

53



List of Tables

Table 1-1. Table of demagnetizing factors for uniformly magnetized bodies.................. 66
Table 2-1. Estimated particle diameters for MSGW 11 and EFH1 ferrofluids by Elborai
[2], Franklin [1] and He [3] using VSM measurements. Elborai [2] and He [3] also made

measurements of particle size using TEM. Franklin's [1] average particle diameter is also listed.

Table 2-2. Table of calculated and experimentally determined values of relaxation times
and spin -viscosity for ferrofluids, MSGW11 and EFHI, based on magnetic nanoparticle sizes
listed in Table 2-1 for VSM and TEM measurements. ...............ccoveueevereereeeieeeieeeeereeeeeeeeeeeeeeeeeenns 87

Table 2-3. Values for the mechanical, physical and magnetic properties for the two
ferrofluids (MSGW11 and EFH1) used in this thesis. Most of these values were taken from
measurements by Elborai and He documented in their theses [2, 3]. The speed of sound
measurement was made by the author of this thesis and is denoted by his initials [SK].............. 90

Table 4-1. Physical and magnetic properties at room temperature for a subset of fluids
USEA DY CRAVES [9]. ..eeiieiiiiiie ettt e e e e et e e e e e e e eeeeeesessseeeesesassseneees 144

Table 4-2. Table of ferrofluid cylindrical dimensions used in prior experiments
illustrating the invalidity of assuming negligible demagnetizing effects. ...............ccovvveuvennee.. 153

Table 4-3. Table of physical and experimental parameters used by Chaves to generate
experimental plot of Figure 4-6b using EMGO00_2...........cocooviieieiiiiiiieecececeeeeeeeeee e 165

Table 4-4. Table of normalized parameters that depend on the strength of the RMS
magnetic field used by Chaves [9]......cccooiiiiiiiiiccce e 165

Table 5-1. Ultrasound probe specifications used in this thesis.............cceceeveerreverennne. 193

54



Table 5-2. Table of physical properties of Shell DIALA A transformer oil. Viscosity and
speed of sound are measured values with value for density taken from the datasheet............... 198
Table 5-3. Magnetic, geometric and electrical specifications for Lawler's fluxball
machine [7]. Interior B field is slightly ITOneoUS. ........ccoiiriiiiiiiiiiiiiii e 211
Table 5-4. Averaged resistance values over frequency range 10Hz-100Hz of various
configurations of the inner and outer fluxball with and without differently sized spheres of two
different types of ferrofluid, MSGW 11 and EFHI. ... 216
Table 5-5. Averaged inductance values over frequency range 10Hz-10kHz of various
configurations of the inner and outer fluxball with and without differently sized spheres of two
different types of ferrofluid, MSGW 11 and EFHI.........cccooniiiie, 216
Table 5-6. Table of measured RMS magnitude of magnetic flux density of the three
GMW sensors positioned in the slots of the probe holder for only energizing the inner fluxball.
The percentage error compared to the theoretical value of the flux density is also calculated. The
winding factors are also calculated for the different frequencies, sensors and fluxball current and
averaged. Highlighted values indicate greatest error obtained from measurements. ................. 226
Table 5-7; Table of measured RMS magnitude of magnetic flux density of the three
GMW sensors positioned in the probe holder slots only when energizing the outer ﬂuxbal’l. The
table also lists the measurement error compared to the theoretical value as well as the average
winding factors. Highlighted values indicate greatest error obtained from measurements......... 227
Table 5-8. Table of errors between the values of measured magnitude of flux density by
the different sensors obtained by energizing the inner and outer fluxballs individually. There is a
maximum of = 9% difference between the magnitude of the magnetic flux generated by the inner

AN OULET TR DALLS . ceeeeeeeeeeeeeeeeeeeeeeeeeeetee e e e eaeaaaasssssssssssessssassasaessssssssssessssssnseeaeetbbrasssssnnnnnenennsssaanss 227



Table 5-9. Table compares the values measured by the sensors with respect to each other
to determine the maximum spatial error in magnetic field for both fluxballs when the individual
fluxballs are energized. A maximum of = 7% for the inner fluxball and = 10% spatial error for
the outer fluxball is highlighted. ..........ccooieiiiii e 228

Table 5-10. Table documenting winding resistance, inductance and winding factor for the
inner and outer fluxballs along with the 2 pole stator winding used by He [3] and Elborai [4] in
their experiments of generating a rotating field. ................cocoviiiiiiiiie e 229

Table 5-11. Measured values of capacitance and impedance of the RLC circuit at the
specified reSONaNt fTEQUENCY........c.couiueiiriiiriiiiiteiiet ettt ettt e st ese e eseeeeeeeneans 232

Table 5-12. He's [3] and Elborai's [4] 2 pole stator with impedance and magnetic flux
density values calculated at different frequencies along with output voltage values of amplifier
and 6036E DAQ card. Only one situation does not meet the specifications of current setup and is
highlighted in YEIIOW. .........cccooiiiiiiiieeee et eeeees 233

Table 5-13. Lawler’s [7] inner fluxball with impedance and magnetic flux density values
calculated at different frequencies along with output voltage values of amplifier and 6036E DAQ
card. There are only five possible situations to energize the inner fluxball with the current setup
to work without any MOdifiCations. ...........cccueeeeiiriiiieinieieeeece ittt 234

Table 5-14. Lawler’s [7] outer fluxball with impedance and magnetic flux density values
calculated at different frequencies along with output voltage values of amplifier and 6036E DAQ
card. There are only three possible situations to energize both fluxballs with the current setup to

work without any modifiCations. ...........cccovieiriniririieeeeee et 235

56



Table 5-15. Table of capacitance and voltage values calculated for capacitors in series
with the inner fluxball windings under resonant operation at two frequencies 47 Hz and 95 Hz.
Table 5-16. Table of capacitance and voltage values calculated for capacitors in series

with the outer fluxball windings under resonant operation at two frequencies 47 Hz and 95 Hz.

Table 6-1. DOP2000 velocimeter settings used to obtain measurements in this thesis.. 241
Table 6-2. Table of parameters investigated in experiment subjecting a sphere of
ferrofluid to a uniform rotating magnetic field. ...........cocooviiiiniii 245
Table 6-3. Table of #’ and 1. determined by Elborai [1] and He [2] in their theses. .... 257
Table 6-4. Table of parameters for EMG900_2 and MSGW11 ferrofluids used in
COMSOL SIMUIALIONS. ...uvieiieeeetieiieieeieereente ettt s ers s s e s st s et 258
Table 6-5. Table of normalized parameters that depend on the strength of the RMS
magnetic field (By=100 G, Hy=7957.75 A/m) used and the radius of the sphere Ro=5 cm........ 258
Table 6-6. List of physical paramete'rs and values used by Schumacher in his theoretical
determination Of 777 [3]. .eoe e 268
Table 6-7. Table of measured resistance and inductance values for the R-L model of the
third coil at two frequencies, 100 Hz and 1 KHz............cccociiiicc 277
Table 6-8. Table of measured axial flux densities at r=z=0 (origin of axial direction) at
different frequencies and DC. The average winding factor is calculated over the frequency range
and an overall average winding factor is calculated for three different current measurements. 285
Table 6-9. Table detailing height and surface field strength of 1 inch diameter

neodymium permanent MAZMNELS. .........ccoueuivirierinreeireieiieeine ettt 286

57



Table 6-10. Table of parameters varied in experiments conducted with magnetic field
generated by third coil and fluxball machine.............coceeeeiiiiiiieiiiiiicce e 289
Table 6-11. Table of parameters varied in experiments conducted with field generated by
permanent magnets and fluxball machine.............cccocoiviiiiiiiiiiincc e, 289
Table 7-1. Reference values used for normalizing equations for simulations in this
SECLIOML ...ttt ettt ettt bt sttt e e et et e s e s e e b e b e s eaees e s e st entessereetenneeteeteneeneereas 342
Table 7-2. Table of normalized parameters that are normalized with respect to reference
RMS magnetic field strength (By=100 G, Hy=7957.75 A/m) and frequency 2=596.9 rad/s and

reference radius of the CYlINAer Rp=5 €M ..c..covecueveeeeeiiciiciiiieeecee e 344

58



Chapter 1. Introduction to Ferrofluid Spin-up Flow

Phenomena

1.1. Background

Ferrofluids are stable colloidal suspensions of single domain magnetic nanoparticles in a
carrier fluid like oil or water. The nanoparticles are usually ferro- or ferrimagnetic particles with
typical diameters of order 10 nm coated with a surfactant layer of 1 to 2 nm as seen in Figure
1-1. Their small size allows them to be easily dispersed by Brownian motion and prevents them
from agglomerating under gravity, while their surfactant layer prevents them from sticking to
each other from van der Waals attraction forces. Ferrofluids exhibit superparamagnetic behavior

and the nanoparticles typically make up to 10% of the total fluid volume.

Figure 1-1. 10 nm diameter magnetic nanoparticles coated with 2 nm surfactant. Image taken
from [1].
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In the presence of DC, AC and rotating magnetic fields, ferrofluids exhibit a rich set of
behavior that has led to many thousands of application patents [2, 3]. They are used for improved
heat transfer in loud speakers [1], as liquid-rotary-shaft seals on disk drives [4], as inertia
dampers in stepper motors [4] and in the development of microfluidic pumps driven by
rotating/alternating magnetic fields [5-8]. Ferrofluids are also increasingly being used in medical
applications including targeted destruction of tumors [9], drug delivery devices [10], in-vivo

monitoring of chemical activity in the brain [11] and as enhanced contrast agents for MRI [12].

1.2. Spin-up Mechanisms in Ferrofluid Literature

Spin-up flow is the term given to describe the process in which a fluid in a container
reaches a state of rotation due to a rotating uniform or non-uniform magnetic field. In the case of
spin-up flow of ferrofluid in a stationary cylindrical container, ferrofluid flow is set into rigid-
body-like motion driven by a uniform rotating magnetic field. The mechanism governing the
spin-up flow of ferrofluids in rotating fields has been a topic of interest since its first experiment
in 1967 by Rosensweig and Moskowitz [13]. The various mechanisms for spin-up flow will be

discussed in this section.

1.2.1. Surface Driven Flows

Historically, such rigid-body observations were made only on the rotating free surface
since velocity distributions in the bulk of the ferrofluid could not be easily measured, using
streak path techniques or other optical methods, due to the opacity of the ferrofluids. Brown and
Horsnell [14] observed for low applied fields that the fluid would co-rotate with the field while
counter-rotation would occur for high applied magnetic fields. Kagan [15] and Calugaru [16]

60



observed the opposite behavior of counter-rotation at low fields and co-rotation at higher applied
fields. These authors however, used micron-sized concentrated suspensions of particles and non-
uniform magnetic fields.

Rosensweig [17] showed that for ferrofluids in uniform rotating magnetic fields,
magnetic surface shear stresses caused by the shape of the meniscus at the free surface drive
surface flow. A perfectly flat surface would not rotate, while a concave and convex shaped
meniscus creates flow that counter-rotates and co-rotates respectively to the magnetic field
rotational direction. Additionally, Rosensweig [17] observed that the angular rotational rate of
the free surface increased with a decrease in the internal diameter of the cylindrical container,
contrary to expected results in viscous flows. These observations led Rosensweig [17] to
conclude that “surface stress rather than volumetric stress is responsible for the spin-up
phenomenon” and that surface flows entrain the bulk fluid layers below.

For this theory to hold, a ferrofluid filled cylinder with no free surface would not have
any surface shear stresses and never result in any spin-up flow. Experiments done by Chaves [18,
19], Elborai [20] and He [21], using ultrasound velocimetry, were able to show that in a
ferrofluid container without a free surface there is a bulk flow that co-rotates with the rotating
magnetic field direction. In experiments with the presence of a free surface, the surface flow
would confirm Rosensweig’s theory [17] but the flow would be opposite to the co-rotating bulk
flow in the case of a concave shaped meniscus. The mechanisms explaining the driving force
behind these bulk flow spin-up flow experiments have been attributed to two different theories,
described in the next sections, which until this thesis no single theory has been proven to be

solely responsible.
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Figure 1-2. Experimental observations of driven ferrofluid free-surface flow. A) Concave shaped
free-surface results in fluid counter-rotating with respect to magnetic field. B) Flat surface results
in no discernible motion, ¢) Convex shaped free-surface results in fluid surface co-rotating with
magnetic field [17, 22]. This image taken from [23].

1.2.2. Spin Diffusion Theory

When a ferrofluid is subjected to a magnetic field the nanoparticles try to align their
internal dipole moments in the direction of the field. However, this alignment is impeded by two
processes: rotational Brownian motion and Néel redistribution of sub-particle magnetic domains.
As a result, these delays lead to a lag between the magnetization M and the applied field H

such that they are not collinear. This creates a body-torque density, given by g,MxH, which

results in spinning nanoparticles dragging the fluid around it and converting some of its internal
angular momentum to the angular momentum of the fluid. In effect, the particle’s ‘spin’ diffuses

to the external fluid and this process is known as “spin-diffusion”.
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Chaves [18, 19], Elborai [20] and He [21] account for the bulk ferrofluid flows to the
spin-diffusion theory initially proposed by Zaitsev and Shliomis [24]. The spin diffusion theory
confirms the results obtained by Moskowitz and Rosensweig [13], in that the fluid rotates in near
rigid-body motion right up to a thin boundary layer (about 10% of cylinder radius) near the solid
wall surface [25]. It assumes that the magnetic field throughout the ferrofluid region is uniform
with uniform magnetization of the ferrofluid. This results in a magnetic body force of exactly
zero and a uniform magnetic body couple.

Zaitsev and Shliomis [24] analytically determine using the phenomenological structured
continuum theory [26-28] which includes the effects of body couples, which have antisymmetric
stresses representing the short-range transport of spin. This short-range transport of internal
angular momentum would only result in macroscopic motion if there were a non-uniform
distribution of spin cancellation that depends on particle/wall interactions. Their results were

used to estimate the magnitude of the phenomenological spin-viscosity coefficient 7' of the

commonly accepted constitutive form of the couple stress pseudodyadic.

Kaloni [29] also uses spin-diffusion but attributes the experimental observation of
Rosensweig [17] to a shear stress dependent slip boundary condition [30] on the translational
velocity coupled with a spin-slip boundary condition [31]. Kaloni, however, fails to make
definite predictions on the magnitude and direction of spin-up flows under experimental
conditions.

There are several problems with spin-diffusion theory. One such discrepancy is the value
of spin-viscosity, determined by Zaitsev and Shliomis [24], who predict an angular velocity of 5-
6 orders of magnitude less than that obtained experimentally [2, 32]. As a result many authors

consider the effect of spin-diffusion to be negligible [32-35]. But the analysis of Zaitsev and
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Shliomis [24] lacks the (wxM)and the (veVM)in their magnetic relaxation equation. The

importance of these terms has been previously shown in works by Zahn and co-workers [20, 21,

36-39].
1.2.3. Spatial Non-Uniformities in Magnetic Field

Shliomis [34] states that the assumption of a uniform magnetic field throughout the
ferrofluid is incorrect and attributes the spin-up flow to the inherent non-uniform field generated
within the ferrofluid due to the demagnetizing effects of the finite height cylinder. Geometry of
the material body plays a vital role when it is subjected to an external uniform magnetic field. If
a material body of irregular shape is subjected to an external uniform field, the magnetic field
inside the body is no longer uniform in direction and magnitude throughout the body. The
magnetic field inside an ellipsoidal body's axis is given by

H =H

internal

NM (1.1)

external

where the internal magnetic field H,,  , [A/m] and magnetization M [A/m] inside the material

are uniform if the external magnetic field, H [A/m] is also uniform where N represents the

external
demagnetizing factor.

Demagnetizing factors in the three perpendicular directions for external magnetic fields
in the x, y and z directions obey the following relation.

N, +N,+N, =1 (1.2)
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For the internal magnetic field to be uniform for an external uniform magnetic field the shape of
the body must be ellipsoidal such as that of a sphere, a prolate or oblate spheroid, or an infinitely
long cylinder. The demagnetizing factor N for an oblate spheroid is derived in [40] and can be

written as

2 [ 2_
N, =N -—-l T arcsin m 1— 21 (1.3)
Y2l . e m m* -1
(m* —1)?

N, = f P— ! [mwmpmt4n} (1.4)
m-—1 m* -1 m

and for a prolate ellipsoid

N =1 [ m m(m+“m24]—ﬁ (1.5)

m 1 m+vm* -1
N,=N,=—2 _|m- In (1.6)
! 2(m —1)[”1 2dm* -1 Lm-\/mz—lH

where m is the ratio of major to minor axis.
. . . L .
Figure 1-3 is a plot of demagnetizing factor Ny (shown as Z_) as a function of the three
3

equatorial axes (a, b and ¢ corresponding to x, y and z) including the prolate (b=c) and oblate
(a=b) spheroid cases. Figure 1-3 also confirms the demagnetizing factor N, of a sphere (where all

equatorial axes are equal a=b=c resulting in equal demagnetizing factors as follows [41])
(1.7
Demagnetizing factors for non-ellipsoidal bodies are only an approximation and represent

an average of the internal field. In the case of a right-circular cylinder, as seen in Figure 1-4, with
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radius r and length 2nr, where n is a non-dimensional length to diameter ratio, simple and
approximate demagnetizing factors in different directions can be given by the following

equations [42].

2n
N, =N, =_—‘/; (1.8)
2(2J+1
Jr
N = (1.9)
2(ﬁJ+1
N

These directional demagnetizing factors applied to an infinitely long cylinder (n — o) would
have uniform internal magnetic fields with N,=N,=1/2 and N,=0. Table 1-1 is a list of

demagnetizing factors for uniformly magnetized bodies.

Direction of Magnetization M Demagnetizing Factor N (SI)

Sphere, any direction 1/3

Prolate Spheroid, long axis <1/3

Prolate Spheroid, short axis >1/3
Needle (« long cylinder), axial M =0

Needle (= long cylinder), transverse M =1/2
Thin disc or sheet, in-plane M =0
Thin disc or sheet, transverse M =1

Table 1-1. Table of demagnetizing factors for uniformly magnetized bodies.
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The notion that ferrofluid spin-up flows are a result of field non-uniformities is also
described by Glazov [32, 35, 43]. Glazov attributes the spin-up flow due to higher-order spatial
harmonics that occur due to non-idealities in the stator winding distribution, in particular, slot
effects. Glazov concludes that no flow should occur in the absence of the higher-order
harmonics, in the two-pole stator winding source of applied magnetic field, and all observations
of spin-up flow are due to imperfections in the experimental apparatus. Jenkins’s analysis [44]
agrees with Glazov’s work in that there should be no rotating flow. However, Glazov’s analysis
fails to explain the experimentally observed counter-rotation of the fluid motion with respect to

rotating magnetic field direction at the free surface [17].
1.2.4. Non-Uniform Magnetic Properties Driving Flow

Shliomis [34] states that another possible reason for spin-up flow is the non-uniformity of
magnetic permeability due to radial temperature gradients produced by viscous dissipation in the
microeddies created around the rotating particles. Pshenichnikov [33] states that such forces play
a dominant role in strong fields or high frequencies and account for measured flows when there
are no free surfaces. Pshenichnikov analytically predicts counter-rotation of fluid with respect to
rotational field direction for frequencies below 16 kHz and states that experimental data obtained
in [45, 46] support this conclusion about the significant role played by internal heat sources in
the generation of flows. Pshenichnikov [33] extends this analysis by conducting an experiment
where a spatial non-uniformity in the magnetic susceptibility is created by placing a permanent
magnet under a thin cuvette filled with ferrofluid where flows are generated rotating counter to

the direction of the rotating magnetic field. Pshenichnikov [33, 47] states that for low frequencies
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and weak field, energy dissipation is minimal and surface driven flows are the main cause of
spin-up flows.

Pshenichnikov in [45] states that the non-uniformity of the field due to demagnetizing
effects is not sufficient to produce the rotational flow and that the flow has to have been a result
of non-isothermal distribution of the dissipation energy resulting in flow that is counter to the
direction of the rotating field. This contradicts the observations of Chaves [18, 19], Elborai [20]

and He [21] where bulk flows were found to co-rotate with the magnetic field direction.

1.2.5. Overview of Thesis

The objective of this thesis is to determine whether spin-diffusion theory or non-
uniformities in the magnetic field drive the spin-up flow. Ultrasound velocimetry experiments
conducted in a spherical container of ferrofluid, driven by uniform fields generated in a spherical
‘fluxball’ machine, ensure a uniform rotating magnetic field within the ferrofluid volume. These
results will be bolstered by simulations of spin-up flow done using COMSOL Multiphysics 3.5a.
Through these rigorous experiments and simulations, the conclusions of this thesis determine
that non-uniform magnetic fields and non-uniform magnetic properties within the ferrofluid are
the governing mechanisms for spin-up flow. The thesis is structured as follows:

Chapter 2 summarizes the physical, magnetic and rheological properties of the
ferrofluids used in the experiments. It also describes the system of governing ferrohydrodynamic
equations used this thesis.

Chapter 3 theoretically solves for ferrofluid flows in a planar geometry under the
influence of an AC and DC magnetic field. Results are obtained using Mathematica and

COMSOL which corroborate results of Zahn and co-workers [21, 36-38].
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Chapter 4 describes the classic spin-up experiments in cylindrical geometry done by
Chaves [18, 19], He [21] and Elborai [20] using the non-invasive ultrasound velocimetry
technique. Results by Chaves [19] are simulated with COMSOL Multiphysics using spin-
diffusion theory. Corrections to other authors' works are also given.

Chapter 5 presents the spherical apparatus and design of the setup used by this thesis to
generate and control the uniform rotating magnetic field of the fluxball coils. Several tests are
performed and documented to ensure that the magnetic field generated is uniform and parts were
designed to ensure accurate measurement of velocity profiles within a sphere of ferrofluid.

Chapter 6 presents the results of the experiments with negligible fluid flows in the
sphere of ferrofluid driven by the rotating field of the fluxball machine. Through further
COMSOL simulations and experimental results in a uniform field, flows generated due to spin-
diffusion are shown to be negligible. The spin-viscosity values used by other authors [19-21] are
shown to be overstated, by many orders of magnitude to account for the demagnetizing fields of
a finite height cylinder, through a theoretical determination of spin-viscosity. Experiments are
performed where a non-uniform field is introduced to a sphere of ferrofluid concentric to the
spherical fluxball machine, by using a solenoidal coil or a permanent magnet placed on top of the
ferrofluid filled sphere and the resulting measureable flows are analyzed. Experiments of
measureable flow, due to non-uniform demagnetizing effects, are obtained using both a 2/3 full
sphere of ferrofluid and a finite height cylinder in a uniform rotating magnetic field. This chapter
confirms that non-uniform distribution of magnetic properties within the ferrofluid drives any
measureable flow and the effects of spin-diffusion are negligible. This determines the reason for

the discrepancy between experimentally fitted and theoretically derived values for spin viscosity
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to be due to demagnetizing effects associated with the shape of the container that were
previously ignored for short cylinders of ferrofluid.

Chapter 7 presents COMSOL simulations of flow in an infinitely long cylinder in the
presence of a non-uniform field, generated as a result of a permanent magnet and a uniform
rotating field, with spin-viscosity #’=0. COMSOL was not able to solve for the three dimensional
flows within a sphere but was able to solve two dimensional flows in infinite height cylinders,
both cases perturbed by non-uniform fields from a permanent magnet and a uniform rotating
field. These cylindrical simulations are not representative of the experiments in the spherical
geometry but the results obtained have many of the same characteristics.

Chapter 8 summarizes the accomplishments and contributions of this thesis and also lists

- some topics of interest for future work.

Appendices that follow document the COMSOL Multiphysics®, Mathematica® and

LabVIEW® code used in this thesis. It also documents all the designs of the parts built and used

in this thesis as well as all the data taken from all the experiments conducted.
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Chapter 2. Governing Equations and Ferrofluid

Properties

This chapter summarizes the measured physical properties of two commercial ferrofluids
used extensively in experiments and simulations reported in this thesis. The values used were
taken from a combination of measurements made by Elborai, He and Franklin and reported in
their respective theses [1-3].

In addition, this chapter will outline the governing ferrohydrodynamic equations used in
this thesis. These include Maxwell’s equations, the magnetic relaxation constitutive relation and
the fluid mechanical conservation of linear and angular momentum equations. These equations
describe ferrofluid behavior in static, oscillating and rotating uniform and non-uniform magnetic

fields.

2.1. Governing Equations

2.1.1. Maxwell’s Equations

The ferrohydrodynamic experiments are usually conducted at low frequencies, typically
less than a few MHz, and at non-relativistic velocities allowing for the analysis to be considered
in the magnetoquasistatic limit (MQS). In this limit, the displacement current density term is

ignored and Ampere’s law reduces to

VxH=J+§g=O 2.1)
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where H [A/m] is the magnetic field and the volume current density source J [A/m’] can be set
to zero since the ferrofluid is non-conductive. The irrotational magnetic field can then be
represented as a gradient of a magnetic scalar potential y [A] as
H=-Vy (2.2)
Gauss’s law for the magnetic flux density is given by
V-B=0 (2.3)
where the magnetic flux density B [T] has a constitutive relation with respect to magnetic field

and magnetization M [A/m] of a material given as

B=yu,(H+M) (2.4)
where y, =4zx107 [H/m] is the magnetic permeability of free space. Combining equations

(2.2)-(2.4) yields a Poisson’s equation, in terms of scalar potential and magnetization, with an

effective magnetic volume charge density of —z,V-M.

Viy=V.M 2.5)
2.1.2. Fluid Mechanics Equations

The fluid mechanics equations governing ferrohydrodynamics are conservation of linear

and angular momentum equations [4]. The conservation of linear momentum equation is

p{%ﬂv.v)v]:~Vp'+2éV><co+(§+ﬂ)V2V+(17+/1—§)V(V'V)+F 26)
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where p [kg/m3] is the ferrofluid mass density, p’ [N/m?*] is the dynamic pressure including
gravity effects where p'=p—p(reg)and g [m/s?] is the gravitational acceleration and r [m] is
the position vector with respect to an arbitrary origin. F [N/m’] is the Kelvin body force density

given as F =4 (M<V)H, o [1/s] is the spin velocity, 7 [Ns/m?] is the dynamic viscosity of the

ferrofluid, A [Ns/m?*] the bulk viscosity and ¢ [Ns/m?] is the vortex viscosity approximately
equal to ¢ = %77%1 for small volume fraction ¢, , of magnetic nanoparticles [4, 5].

The conservation of angular momentum equation is given as follows [4]

1[%?+(v.v)w]=T+2§(va—2m)+(7l'+ A)V(Veo)+n' Vo @7)

where I [kg/m] is the moment of inertia density, 77° [Ns] is the shear coefficient of spin viscosity,
A’ [Ns] is the bulk coefficient of spin viscosity and T [N/m?] is the magnetic torque density
given by T =y, (MxH).

The ferrofluid is considered to be an incompressible fluid where the conservation of mass

equation given by

dp
+ 4+ve. = .
=t (pv)=0 (2.8)

reduces to the necessary condition
Vev=0 2.9)

since p =constant.
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For analyses done in this thesis, the spin velocity is only in the z direction perpendicular to the
x-y plane of the rotating field so that

Ven =0 (2.10)
where it is assumed that the spin velocity is z directed and does not depend on z. This simplifies

Eq (2.7) as the next to last term is zero.

2.1.3. Magnetic Relaxation Equation

When a ferrofluid is subject to a magnetic field, the individual nanoparticles try to align
their dipole moment to the applied field and the whole fluid eventually ‘relaxes’ into being
magnetized in that direction. The two processes that dominate this relaxation process are
Brownian relaxation, where the particle physically rotates against the viscous drag force of the
fluid, and Néel relaxation which is characterized by the movement of the nanoparticle’s magnetic
moment relative to the crystal axis. These two processes can be explained by a graphic [1] shown
in Figure 2-1.

The characteristic relaxation times associated with both relaxation mechanisms are given
in (2.11) and (2.12) where K = 23000-100000 [J/m?] (for magnetite) [6] represents the anisotropy
constant of the magnetic domains and depends on the size of magnetic nanoparticles, fo =10°
[Hz] (for magnetite) as the frequency constant for Néel relaxation, #o [Ns/mz] is the dynamic
viscosity of the carrier fluid, k =1.38x10"% [J/K] is Boltzmann’s constant and 7 [K] the

temperature in Kelvin.

Ty = 3‘]/(—3;70— Brownian relaxation time (2.11)
KVy
7, =—e T Néel relaxation time (2.12)

0
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The two particle volumes Vp and Vy for spherical particles are given by

V, = %n’(R + &)’ Brownian particle volume (2.13)

V= %n’R3 Néel particle volume (2.14)

where o [m] represents the thickness of the surfactant layer surrounding the spherical magnetic
nanoparticle and R [m] the radius of the magnetic nanoparticle. Typical relaxation times for
Brownian and Néel relaxations are on the order of 10° — 10 seconds [4] and depends on the
radius of the nanoparticles.

The combined effect of both relaxation times can be expressed by the following equation

for the effective time constant 7, .

1 1.1 2.15)
Ty Tp Ty

The smaller of the two time constants dominates the physical relaxation process, with Néel

relaxation dominating 7,, for small particles and Brownian relaxation dominating 7, for larger

particles. A plot of the relaxation times as a function of particle diameter is given in Figure 2-2

[1].
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Figure 2-1. Brownian and Néel relaxation illustrated here with non-spherical particles taken from
[1]. A) Particles have their magnetic moment aligned horizontally in the presence of no applied
field. B) Magnetic moment relaxes at angle 6 to the vertically applied magnetic field. For
Brownian relaxation the whole particle turns to angle 0, whereas Néel relaxation only results in
the moment turning with respect to the crystal axis. C) In the steady state the magnetic moment
is aligned with the applied field resulting in complete rotation of particle by Brownian relaxation
and only magnetic moment rotation in Néel relaxation.
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Figure 2-2. Brownian, Néel and effective relaxation times are illustrated in this plot as a function
of spherical particle diameter. This plot corresponds to EFH1 hydrocarbon-based ferrofluid, with

the following parameters, p =1169 kg/m’, 7, =10 cP, K = 23000 J/m’ for magnetite, fy=10° Hz
and 7=300K. Brownian plot assumes zero surfactant thickness =0 [1] .

In addition to the particle relaxation times, the ferrofluid magnetization as a whole relaxes
depending on translational and spin velocity. The ferrofluid magnetic relaxation equation used in
this thesis is the one derived by Shliomis [5] and is given by

a—I\L(v-V)M+M(V-v):me——l—(M—Meq) (2.16)

ot Ty

where 1.t [s] is the effective relaxation time constant, v [m/s] the translational velocity,  [1/s]
the spin velocity and Meq [A/m] the equilibrium magnetization. This relaxation equation is used
in this thesis for alternating and rotating magnetic fields, of angular frequency €2, where
Q7 <<1. The ferrofluids used in this thesis have a maximum e = 10”s and the maximum
experimental rotational frequency used is 95 Hz resulting in a valid regime of operation since the

maximum Q<. = 0.006 .

The equilibrium magnetization M, for a monodisperse ferrofluid is given by the

Langevin equation L(a) [4]
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M, =MsL(a)E=MS (coth(&')—l)E
H a)H 2.17)
M)V uH
a:%’MS =¢volMd

where M, [A/m] is the saturation magnetization, ¢@

vol

[%] is the volume fraction of magnetic

particles in the ferrofluid, M; = 446 kA/m [A/m] is the domain magnetization for magnetite [4],
A [m?] is the magnetic core volume per particle, po [H/m] is the magnetic permeability of free
space, H [A/m] is the magnetic field magnitude within the particle, & =1.38x102 [J/K] is
Boltzmann’s constant and T [K] the temperature in Kelvin.

Equations (2.5), (2.6), (2.7) & (2.16) with assumptions in (2.9) and (2.10) govern the

ferrohydrodynamic behavior of isothermal ferrofluids.
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2.2. Properties of Ferrofluids Used In This Thesis

2.2.1. Magnetic Properties and Particle Size

The magnetization curves of the two Ferrotec® ferrofluids used in this thesis, oil-based
EFHI1 and water based MSGW11, were measured by Elborai [2], Franklin [1] and He [3] using
an ADE Technologies Model 880 Digital Measurement Systems (DMS) Vibrating Sample
Magnetometer (VSM). These plots can be seen in Figure 2-3 and Figure 2-4 respectively. These
figures have values of magnetization M and field intensity H reported as uoM and uoH with units
of Gauss. The saturation magnetization for the different ferrofluids also determines the volume

fraction of the particles in the different ferrofluids given by

ﬂOMs
P, = (2.18)
YoM,

The low-field limit of the Langevin curve describes a linear relation between
magnetization M and applied field H and is given by slope of the magnetization curve
corresponding to the magnetic susceptibility y . The Langevin curves of Figure 2-3 and Figure
2-4 do not have enough precision in the low field to accurately determine the slope. Elborai [2]
and He [3] separately measured the low field linear regions of the magnetization curve for EFH1
and MSGW11 as shown in Figure 2-5 and Figure 2-6. The values of magnetic susceptibility y
were then determined through a linear least squares fit of the linear region data.

Values for saturation magnetization, magnetic susceptibility and volume fraction for

MSGW11 and EFH1 are listed in Table 2-3.
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The minimum and maximum particle size diameters for MSGW11 and EFH1 were
estimated using the data from the linear and saturation portions of the magnetization curves. The

high field asymptote of the Langevin equation is given as

limL(a)z(l——l-)z 1—-—6-—kT-—3 (2.19)
a>>1 o T ﬂOMdemin

where d;, is the minimum diameter of the assumed spherical shaped particles. The low field

asymptote of the Langevin equation is given by (2.20) where dy.,, is the maximum diameter of

the assumed spherical shaped particles.

3
lim L(at) = & = M afldns _ ZH
a<al 3 18T M

A

(2.20)

Elborai [2] and He [3] also use TEM images to determine the particle size for MSGW11
but not for EFH1 due to incomplete evaporation of the oil-based ferrofluid. Franklin [1] also
determines an average particle diameter by using a non-linear best least-squares fit to the
experimental data. The range of particle size diameters for both these techniques along with
Franklin's [1] average particle sizes are tabulated for MSGW11 and EFHI1 in Table 2-1.

Franklin's average particle sizes are used in this thesis and are tabulated in Table 2-3.

Ferrofluid Estimated particle Estimated particle Franklin's [1] Average
diameter (VSM) [nm] diameter (TEM) [nm] particle diameter [nm]
MSGW11 5.5-12.4 6.3-27.6 (mean) 7.9
9.4+3.4 (STD)
EFH1 6.9-13.3 - 10.6

Table 2-1. Estimated particle diameters for MSGW11 and EFHI ferrofluids by Elborai [2],
Franklin [1] and He [3] using VSM measurements. Elborai [2] and He [3] also made
measurements of particle size using TEM. Franklin's [1] average particle diameter is also listed.
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Figure 2-3. Magnetization curve for MSGW 11, measured by Elborai [2] and He [3], used in this

thesis. A saturation magnetization of = 154 Gauss is measured.
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Figure 2-4. Magnetization curve for EFHI, measured by Elborai [2] and He [3], used in this
thesis. A saturation magnetization of = 421 Gauss is measured.
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Figure 2-5. Measured linear magnetization at low applied fields by Elborai [2] and He [3] for
MSGWI11. y=0.56.
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Figure 2-6. Measured linear magnetization at low applied fields by Elborai [2] and He [3] for
EFH1. y=1.59.
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2.2.2. Relaxation Times and Spin-viscosity

Knowledge of the size of the particles allows for the calculation of the Brownian and
Néel relaxation times in (2.11) and (2.12). He [3] calculates the Brownian and Néel relaxation
times using particle sizes from both the VSM and TEM measurements. For Brownian relaxation
times a surfactant layer of thickness d=2 nm is assumed and for Néel relaxation, the anisotropy
constant K=78000 J/m> is assumed for a 12.6 nm particle [3, 6]. He [3] and Elborai [2] also
calculate the values of 75 and #’ from their experimental results for MSGW11. The values of 7.4
are in close agreement with the values calculated using the VSM particle size and are tabulated
in Table 2-2.

The values of 7, and 7’ for MSGW11 used in this thesis are the average of the
experimentally derived 7,7 and #’ obtained by Elborai [2] and He [3]. There are no
experimentally reported values of 7 and #’ for EFHI, the 7.5 used is the average of the 7

values calculated using VSM and are tabulated in Table 2-3.

Ferrofluid | Calculated Calculated Calculated Experimental Experimental
Tp [ps1(3] T [s](3] Tegr [ps][3] Teg [ps] 7' [kg m/s]

MSGW11 0.66-3.38 5.16x107-0.147 (VSM) 0.0051-3.38 1.57x10°+1.43x10° | 6.4x107+5.4x107 [3]
(VSM) 1.18x10%-1.91x10%' (TEM) (VSM) 3] 3.15x107+1.13x10”
0.84-24.2 0.012-24.2 1.2x10°+1.18x107[2] 2]
(TEM) (TEM)

EFH1 3.57-14.28 2.56x107%-12.0 (VSM) 0.025-14.3 - -

(VSM) (VSM)

Table 2-2. Table of calculated and experimentally determined values of relaxation times and spin
-viscosity for ferrofluids, MSGW11 and EFH1, based on magnetic nanoparticle sizes listed in
Table 2-1 for VSM and TEM measurements.

87




2.2.3. Viscosity and Mass Density

The values for the viscosity and mass density for the two ferrofluids, MSGW11 and
EFH1, were taken from Elborai's and He's theses [2, 3]. The mass density was determined by
filling a container of calibrated volume with each ferrofluid, measuring the difference in weight
between the full and empty container and dividing the mass value by the volume of the
container. The viscosity measurement was made by Elborai and He using the CSL500 rheometer

from TA instruments configured in a Couette cell geometry [2, 3].

2.24. Speed of Sound Measurement

Precise knowledge of the speed of sound in the sample fluid is necessary to accurately
interpret ultrasound reflections. Signal Processing Corporation's DOP 2000 comes with a speed
of sound measuring device as seen in Figure 2-7. A schematic cross-section of it, shown in
Figure 2-8, contains a micrometer screw gauge at one end and an ultrasound probe at the other.
By turning the micrometer the distance between the face of the ultrasound probe and the
reflecting face of the micrometer is changed. The Signal Processing program measures the
differential change in the time taken for an ultrasound echo signal to propagate over a distance
that is incrementally changed by adjusting the micrometer, giving the speed of sound in the
sample fluid. The values measured are similar to those measured by Elborai and He in their

theses [2, 3] and are tabulated in Table 2-3.

88



Micrometer gauge Cavity to contain sample fluid

Ultrasound probe slot

Figure 2-7. Picture of Signal Processing's speed of sound measuring device.
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Figure 2-8. Schematic cross-section of speed of sound measuring device by Signal Processing
Corporation [3].
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Ferrofluid Mass Viscosity nj | Vortex Saturation Magnetic Volume Average Speed of | T [ps] | n' [kg m/s]
Density [cP] Viscosity | Magnetization | Susceptibility fraction % particle sound
[kg/m’] ¢ [cP] oM [G] X vol. diameter [m/s]
b = MM | davg (nmM)
vol —
M
‘;: 1. Sn @ :uo d
MSGW11 1200 2.02 0.83x10™ 153.9 0.56 2.75 7.9 1439 [2, 3], 13.9 4.78x10”
1487 [SK]
EFH1 1221 7.27 8.2x10™ 421.2 1.59 7.52 10.6 1116 [2, 3], 7.16 -
1116 [SK]

Table 2-3. Values for the mechanical, physical and magnetic properties for the two ferrofluids (MSGW11 and EFH1) used in this
thesis. Most of these values were taken from measurements by Elborai and He documented in their theses [2, 3]. The speed of sound
measurement was made by the author of this thesis and is denoted by his initials [SK].
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Chapter 3. Ferrofluid Flows in Planar Geometry

The application of magnetic fields to ferrofluids tends to orient the magnetic moments of
the constituting magnetic particles in the direction of the applied field with resistance to free
rotation of the particles from fluid viscosity or magnetic crystalline anisotropy. Hydrodynamic
forces and Brownian and Néel relaxation effects contribute to the antisymmetric stress between
the magnetic particle and the carrier fluid, affecting the effective magnetoviscosity of the
magnetic fluid.

This chapter derives the effective magnetoviscosity for planar-Couette magnetic fluid
flow, with an applied uniform AC magnetic field transverse to the duct axis, using Shliomis’s

first magnetization relaxation equation with zero spin-viscosity coefficients (4'=7"=0) in Eq.

2.7.
The case of planar Poiseuille flow stressed by magnetic fields similar to that described by
Zahn [1] and Pioch [2-4] is also replicated using Mathematica® and COMSOL Multiphysics®

3.5a with (7"#0) and without spin-viscosity (7°=0). The results of Zahn [1] are extended to
include the physical vortex viscosity [Ns/m?], equal to ¢ =%7]¢wl for dilute suspensions,

where 77 [Ns/m’] is the dynamic viscosity of the fluid, and ¢, is the volume fraction of magnetic

nanoparticles [5, 6].
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3.1. Planar Geometry Setup

The planar geometry used in this chapter is shown in Figure 3-1. To impose the
horizontal tangential field H., +y directed surface currents on the x=0 and x=d planes are
required. The uniform AC magnetic flux density B, is imposed by an external perinanent magnet

or electromagnet as shown in Figure 3-2b.

X
. ... . s

Ferrofiuid

B

X

d
v "y
i H,
y e

Y

% N i //’7;’/ z
//,f' / o o
7 // ///// ‘,__,';/:/./ ///,.// :// ;7;/;// ’ ////// 4 //:f// / /’4

Figure 3-1. Planar ferrofluid layer between rigid walls. Planar Couette flow is generated by
moving the surface at x=d at a velocity V. It is magnetically stressed by a uniform x directed AC
magnetic flux density By, or by a uniform z directed tangential AC magnetic field H,. Image
taken and modified from [7].
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Figure 3-2. (a) An imposed current i will impose a magnetic field H =&ix in the ferrofluid. (b)
s

An imposed voltage source v(t):%will impose a flux % in the magnetic circuit, that will

result in a flux density B that is spatially uniform in the ferrofluid given by B = ﬁix for planar

Couette flow. Image taken and modified from [7].
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3.2. Governing Equations

The governing equations outlined here are explained in detail in Chapter 2.
1) Maxwell's Equations: Ampere's Law
VxH=] (3.1)
Since the ferrofluid in Figure 3-1 is a current free region J =0, (3.1) results in H, and H, being

constant in the ferrofluid volume, assuming that H only varies with the x coordinate

dH, dH,

i =

dx dx

VxH=0—

=0— H ,H, = constant (3.2)

Maxwell's Equations: Gauss's Law for Magnetic Flux Density
V-B=0 (3.3)

Similarly (3.3) results in a spatially uniform B, in the ferrofluid volume

VeB=0—> a['in =0 — B, = constant (3.4)
X

The three other coupled equations are the two fluid mechanics conservation of linear and angular
momentum equations and the magnetic relaxation equation given below.
2) Conservation of Linear Momentum

P[%;WL(WV)V} =-Vp'+2{Vx0+({+n)V’v+ 4, (M-V)H (3-5)

3) Conservation of Angular Momentum

1[%—0:+(V~V)co:|=ﬂ0MxH+2§’(va—2m)+n'V2m (3.6)

4) Magnetic Relaxation Equation

aM+(V~V)M=(:)><M—L(M—Meq) (3.7
ot T
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3.2.1. Assumptions

In addition to the assumptions of incompressible flow (Vev=0)and no divergence of
spin velocity w (Ve =0), the fluid's equilibrium magnetization (Meq) is assumed to be given by

a linear relationship with respect to the magnetic field H with y the magnetic susceptibility.

eq

By ensuring that the gap d is sufficiently small, the imposed magnetic field, H; or
magnetic flux density B, , do not depend on the y and z coordinates for the geometry shown in
Figure 3-1. The imposed horizontal magnetic field H, is generated by surface currents, in the y
direction on x=0 and x=d planes, that extend beyond the volume of ferrofluid such that the
fringing fields at the ends are ignored. As a result, the imposed magnetic field and flux sources
only depend on Xx.

The flow velocity v and spin velocity w are of the form

v=v, (i, =a0,x)]i, 3.9

associated with planar Couette flow. The pressure term given in (3.5) is given by
p'=p-p(reg) (3.10)
where r [m] is a position vector with respect to the origin, p is the applied pressure and g [m/s*],
the gravitational acceleration. In the planar case of Figure 3-1, the gravitational field is given as -

giy. Eq. (3.10) can then be written as
p'=p+pgx (3.11)
The AC magnetization, flux density and field can be written in phasor form as given as

M = Re[Me’®],B = Re[Be’™ ], H = Re[He’™ | (3.12)
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where the small hat symbol above the variables represents the complex amplitude of the
individual magnetization, flux density and magnetic field, and Q represents the AC radian
frequency of operation.

Steady state flow is assumed as the fluid responds to the time average component of both the

force and torque density terms in (3.15) and (3.16). These are given as
_Ho 1.V H*
<F>=1 Re[ (M-v)H ] (3.13)
and
_ s pel NIXE"
<T>=2 Re[MxH' ] (3.14)

where the delimiters < > denote time average values and * represents the complex conjugate.
The flow is also assumed to be viscous dominated, setting the inertial terms in Eqs (3.5)-
(3.6) to 0, resulting in

0=-Vp'+2{Vxa+({+7)V’v+<F> (3.15)

0=<T>+2{(Vxv-20)+n'V’o (3.16)
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3.2.2. General Solution for Planar Couette Flow With Imposed AC

B, Field Only with Zero Spin-Viscosity (n'=0)

The only imposed flux density is B, therefore

H =H =0 (3.17)

Z y
and using Gauss's law for the magnetic flux density

B =y, (M+H) (3.18)

H,(x) can be determined to be

H (x) =i—Mx(x) (3.19)

0

The force density terms in (3.15), in different Cartesian directions, can be calculated to be

B, - 1 sod (-
o[-t £ 1)

<F, >=%Re M *i(

*dx
- ) A (3.20)
| Lt B S A RE YA 7R )
41 dx dx 4 dx dx\ 4
<F,>=<F,>=0 (3.21)
Expanding (3.15) for all three Cartesian directions gives
op'
X: O=————+<F > (3.22)

% RS (3.23)

(3.24)

z: %+>¢<+2;( ) {+77) al
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where i=i=0rﬁmd p'=p+pgx
dy 0z

The applied magnetic flux density By increases the pressure in the x direction in (3.22)

and is given by p"

op' 0 | TS J op”
O=——-+<F, >=—-—| p+ += M| |=—— 3.25
Integrating (3.24) with respect to x gives
dv
z: 0=20w +({+n)—=+C,
dx
(3.26)
dv, —26w, C,
—-»—4=——+C,, C,=-
dx  {+n {+n

with constants C; and C,. With zero spin-viscosity (n'=0), equation (3.16) results in
0=<T>+2{(Vxv-20) (3.27)

which reduces to

dv,
dx

<7, >—2§( +2a)y)=0 (3.28)

Substituting (3.26) in (3.28) results in (3.29) with constant Cj.

<T,>-2¢ (_;i(;y

+2a)y+C2J=O

; (3.29)
4cm

—)<Ty>—Z+—na)y:C3, C3=2;C2

For (3.29) to be valid for all x, <7, >and @, have to be constants and not functions of x.

Using (3.19) in (3.7) with (3.12) results in magnetization components given as

Zo I:(jQT+1) éx:l

M, = 2
,uo[((oyr) +(jQr+1)(jQz'+1+,%)]

x

(3.30)
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% [a)yfl?x]

M, = - (3.31)
7 [(a)yr) +(jQz'+1)(jQr+1+;(0)]
Integrating (3.28) gives the solution for the flow velocity of the form
<T, >
v, (x)= e -20, |x+C (3.32)
Using the boundary conditions associated with planar Couette flow
v,(x=0)=0—->C=0
<T > 3.33
v,(x=d)=V 5| ———-2w Y 3:33)
2¢ Y] d
The resulting flow and spin velocities can then be given as
Vx
v,(xX)=— 3.34
(%) 7 (3.34)
<T >
0="""_Y (3.35)
4  2d
The time averaged magnetic torque density in the y direction is given by
<T >=*oRe(sr A71=“Re[M, B, -M_M] (3.36)
2 2 Ho
~Blry,o, (1——(91)2 +(a)yz')2)
<T, >= . (3.37)
2 2 2 2
24, ((1+;(0 +(w,7) ) +(Q7) (2+,g0 2+ z,)-2(07) +(Q7) )J
Substituting (3.37) in (3.28) with @, =K gives
dx d
A~ 2 2
v -Blty,o, (1—(91) +(o,7) )
Z 20, + =0 (3.38)

R )
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Using the following substitutions in (3.38)

wd
r= 1 +—2 (3.39)
2V
Vr
V = 3.40
hew d ( )
é 2
|
P= ’ (3.41)
8CH,
results in a fifth order equation in r
1 2 o (1Y
P V—E 1—(97) +Vnew r"a
e -0 (342

fomronlonorar s} foae(3]

which can be solved for P as

2 2 2
r[T4Q4+(1+(—%+rJ V,,eW2+Z0) +f2£22(2—2(-%+r) Vnewz*‘lo(z*'lo)n

pP=_ (3.43)
e A
——+rfj1+|—=+r| V S -T°Q
2 2

He [7], in his thesis, defines r the same way as defined in (3.39) and proves r is related to the

effective viscosity An by
r=—- (3.44)

He [7] also defines a parameter Pg which is related to P for all non-zero frequencies as

2

_ ZO éx T _ 2
1AL+ 7,)° A+ x,)

(3.45)

B
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The derivation in this section assumes non-zero frequencies resulting in a time-averaged

torque density in Eq. (3.14) that is half as large as the DC torque density
T =y, (MxH) (3.46)
This causes P,|, . =2P,|,. to be double of what it should be so that for the DC case, P defined

by He [7] is given as

P

Bl =i 7 (347)
0

Using He’s value of x, =1.55 ( for EFH1), with values of V. from his thesis, a plot of

Pg as a function of 2r for the DC case (27 =0) can be seen in Figure 3-3. Figure 3-3 is identical

to He’s plot, from his thesis [7], shown in Figure 3-4.
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Figure 3-4. He's [7] solution for the change in magnetoviscosity for planar Couette flow as a
function of P=Pg with an imposed DC B, and or P=Py for an imposed H, field for various values

of View =% with EFH1. The imposed H_ can be generated using a current source as seen in

Figure 3-2 (a) . Results are identical to Figure 3-3 for imposed B,.

The fifth order equation in (3.42) can have five real roots, three real and two imaginary
roots, or one real and four imaginary roots to the equation depending on values of Pg and Vey.

This is illustrated in Figure 3-3 and Figure 3-4 where for certain values of applied magnetic field
and flow parameters Pg and V., there are either one (one real and four imaginary roots) or
three (three real and two imaginary roots) possible solutions for Az . The three possible
solutions include both stable and unstable multiple values for A7 . This behavior is also seen in
plots of Pg as a function of 27, at four different values for Vi (View=0 (red), 12 (green), 24
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(blue), 36 (black)), at different normalized frequencies Q7 = 0.2,0.4,0.6,0.8,1.0 given in Figure

3-5 to Figure 3-9. The Mathematica® code for generating these plots are given in Appendix A.
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Figure 3-5. Solutions for the change in magnetoviscosity for planar Couette flow versus
magnetic flux density parameter P for various values of V,e, with an imposed AC B field, for

EFH1 using Eq. (3.45) as a function of 2r = A—; , at a normalized frequency of Q7=0.2.
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Figure 3-6. Solutions for the change in magnetoviscosity for planar Couette flow versus
magnetic flux density parameter Py for various values of V,,, with an imposed AC B, field, for

EFH1 using Eq. (3.45) as a function of 2r = % , at a normalized frequency of Q7=0.4.
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Figure 3-7. Solutions for the change in magnetoviscosity for planar Couette flow versus
magnetic flux density parameter Py for various values of V., with an imposed AC B; field, for

EFH1 using Eq. (3.45) as a function of 2r = %,Tl , at a normalized frequency of Q7=0.6.
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Figure 3-8. Solutions for the change in magnetoviscosity for planar Couette flow versus
magnetic flux density parameter Py for various values of V., with an imposed AC B, field, for

An

EFHI1 using Eq. (3.45) as a function of 2r = ? , at a normalized frequency of Q7 =0.8.
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Figure 3-9. Solutions for the change in magnetoviscosity for planar Couette flow versus
magnetic flux density parameter Pg for various values of V., with an imposed AC B; field, for

An

EFHI1 using Eq. (3.45) as a function of 2r = ? , at a normalized frequency of Q7=1.0.
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3.2.3. General Solution for Planar Couette Flow With Imposed AC
H, Field Only with Zero Spin-Viscosity (n'=0)

The only imposed flux density is H, therefore
B =H =0 (3.48)
The zero imposed flux density however, using Gauss's law for the magnetic flux density
B =4, (M+H) (349)
still generates an x directed magnetic field in the fluid H(x) and with B_ =0

H (x)=-M (x) (3.50)

The force density terms in (3.15), in different Cartesian directions, can be calculated to be

<F, >=—12-Re[,u01\?1xi(ﬁx*)} =lRe[,u0Mxix(—Mx* )]

dx 2 d
am am’ d 63D
e LA RS E PN )
4 dx dx 4 dx dx\ 4
<F, >=0,<F, >= 1 Re LM A, \_y (3.52)
Y 2 dx
Expanding (3.15) for all three Cartesian directions gives
ap
x: 0=- + <F > (3.53)

%’{ RS (3.54)

(3.55)

z: 0= %‘{+>€<+2§( ) C+77)
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where i=—Ei=0and p'=p+pgx
dy 0z

The x directed magnetic field results in an increase in x directed pressure and is given by

ap' a 1 ~2
O=——+<F >=——|p+ +—u, \M
ax x ax(p pgx 4ﬂ0l X

)__ili
ox

Integrating (3.55) with respect to x gives

d

z: 0=20w,+({+n) & +C,
dx

dv, 20w, C

2

= +C,, -
T Cin Y T g

with constants C; and C,. With zero spin-viscosity (n'=0), equation (3.16) results in

0=<T>+2{(Vxv-20)

which reduces to

dv,
dx

<Ty>—2g’( +2(oy)=0

Substituting (3.57) in (3.59) results in (3.60) with constant Cs.

-2¢w,

G+

<Ty>—2§'( +2a)y+C2)=O

4¢n
—<T, >—mwy =C,, C,=2(C,

For (3.60) to be valid for all x, <7, >and @, have to be constants and not functions of x.

Using (3.50) in (3.7) with (3.12) results in magnetization components given as

. Zo [(wyr)ﬁz]
[(a)yz')2 +(jQr+1)(jQr+1+ZO)]

x
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(3.56)

(3.57)

(3.58)

(3.59)

(3.60)

(3.61)



o (e z) ]
2 2
,uo[(wyf) +(jQr+1)(jQr+1+,1/0)]

(3.62)

and the resulting flow and spin velocities can be determined, similar to Eqs (3.32)-(3.35), as

v, (x)= Yx 3.63)
d
<T > vy
=2 3.64
Y 4¢ 2d ( )

The time averaged magnetic torque density in the y direction is given by

<T,>= %Re[-Mﬁj +M_H = -% Re[M A" +M M ] (3.65)

_ﬁzzflowy ((1"'10 )2 _(QT)2 +(wYT)2)

<T, >= _ (3.66)
2 2
2((1"'/% +(o,7) ) +(Qr7) (2+10(2+,1/0)—2(a)yr) +(Qz)’ ))
Substituting (3.37) in (3.28) with %%« =Y. gives
dx d
o 2 2 2
y A0, (14 1)’ - (Q2) +(,2)')
—+20 + " - =0 (3.67)
2 2
4;((1+,{0+(wy1) ) +(Q1) (2+10(2+;(0)—2(wyz') +(Q7) )J
Using the following substitutions in (3.38)

p=1,904d (3.68)

2V

Vt
=— 3.69
new d ( )

H 2

IllO z WO

P = 3.70
4 2 (3.70)



results in a fifth order equation in r

2
P,{—%+rj((—%+r) Vnew2—r292+(1+z0)2J \
: — 71
1 Y ’ 1 Y =0 &7
2 74Q4+{1+(—E+r) VMW2+,{0) +72§22{2—2(—5+r) VMW2+10(2+10)J

r+

which can be solved for Py as

2r(T* QY + 1+ (—1+ V) TR (22— 2(—l +rYV, T+ 22+ 1))
P, = 2 2 (3.72)

(—%+ r)((—%+ V. -7+ (1+ 2,)°)

new

where 7 is defined the same way as defined in (3.39) and is equivalent to the change in viscosity
term in (3.44).

The derivation in this section assumes non-zero frequencies resulting in a time-averaged
torque density in Eq. (3.14) that is half as large as the DC torque density given in (3.46). For the
DC case Py is given as

P, gy

=_H
DC 2

(3.73)

Using EFH1’s value of x,=1.55, a plot of Py as a function of 2r for the DC case

(Q7=0) with Vpw=[0 (red), 4 (green), 8 (blue) and 12 (black)] can be seen in Figure 3-10.
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Figure 3-10. Solutions for the change in magnetoviscosity for planar Couette flow versus
magnetic field intensity parameter Py for various values of V., with an imposed DC H, field, for

EFH1 using Eq. (3.73) as a function of 2r = %

The fifth order equation in (3.71) could have for some values of Py and V.. either five
real roots, three real and two imaginary roots or one real and four imaginary roots to the
equation. This is illustrated in Figure 3-10 where for certain values of applied magnetic field and
flow parameters Py and V. there are either one (one real and four imaginary roots) or three

(three real and two imaginary roots) possible solutions for A7 . The three possible solutions
include both stable and unstable multiple values for A7 . This behavior is also seen in plots of

Py as a function of 2r, at four different values for Ve (Vaew=0 (red), 4 (green), 8 (blue), 12
(black)), at different normalized frequencies Q7=0.2,0.4,1.0 given in Figure 3-11 - Figure

3-13 respectively. The Mathematica® code for generating these plots are given in Appendix A.
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Figure 3-11. Solutions for the change in magnetoviscosity for planar Couette flow versus
magnetic field intensity parameter Py for various values of V., with an imposed AC H, field,

for EFH1 with normalized frequency of Q7 =0.2 using Eq. (3.72) as a function of 2r = A?”
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Figure 3-12. Solutions for the change in magnetoviscosity for planar Couette flow versus
magnetic field intensity parameter Py for various values of V., with an imposed AC H, field,

for EFH1 with normalized frequency of Q7 =0.4 using Eq. (3.72) as a function of 2r= _A?n i
113



PH
20

Vnew=8

0 I i I " 1 3,
00 02 04 0.6 08 10

Figure 3-13. Solutions for the change in magnetoviscosity for planar Couette flow versus
magnetic field intensity parameter Py for various values of V., with an imposed AC H, field,

for EFH1 with normalized frequency of Q7 =1.0 using Eq. (3.72) as a function of 2r = %
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3.2.4. Numerical Simulations of Planar Poiseuille Flow

Zahn and Greer, in their paper [1], derive coupled linear and angular momentum
conservation equations for planar Poiseuille flow with imposed magnetic flux density B, and
magnetic field H, with the same geometry setup as Figure 3-1. The parameters are expressed in
dimensionless form indicated by tildes, given in (3.74) with time normalized to the magnetic
relaxation time 7, space normalized to the duct spacing 4, and magnetic field quantities

normalized to a nominal magnetic field strength Hy.

Q:Qf,ﬁz_li’M=ﬂ,E= B ’£=£’~Z=vzr,a~) =W,
H, H, HH, d d > 7
(3.74)
A_ L, - o on  x_ 20 Op__d dp
Ty: = 0= 2 2’§= 2. Nz 2 A
UH WH,T U,H td HH,T 07 u,H; 0oz
The coupled dimensionless flow and spin velocity equations that are solved are given as
op' [ dd 1,z \d*V
0=-2_4 Y+ + < 3.75
P {(df) HE+) (3.75)
- afdv, Y. .40,
<T,>-¢ dx~+2wy +7 pre =0 (3.76)

with magnetization derived in [1] as

M = - _ : (3.77)

3 xo[(]ﬁ+1+xO)H —Bxcoy]_ 378
) [~f+(jf2+1)(jf2+1+,{0)] '
and torque calculated to be
<T >=5Re[Mz M (H,+M,)] (3.79)



and is given by a complicated equation, Eq. (33), in [1]. Zahn [1] simplifies the expression by

linearizing the torque in the limit of small @, and is given by the form

lim <7, >=T, + ad, (3.80)

@, <<1

where T, and « are given as

1

X Re[[,%fzz +JQ(Q +1+ 1, )] [ﬁzéx*]]
[1+ 7, +f22]2 + 200

0

(3.81)

% [ (@ 1)+ [ 2 -7 ]| -

2 [1+ 7, +f22]2 + 1207

Equations (3.75)-(3.76) along with the complete torque expression, given by Eq. (3.79),
were simultaneously solved using Mathematica® and COMSOL Multiphysics® 3.5a. For (3.75)
the no slip boundary condition was implemented on the flow velocity while for (3.76), the

boundary condition on spin velocity was set to 0 if 77’ # 0, otherwise no boundary condition was
implemented on spin velocity if 77" =0. These boundary conditions for 77’ # 0 are

vV,(X=0)=0 &,(x=0)=0
oo o (3.83)
v,(x=1)=0 @& (x=1)=0

The results were also compared to the linearized torque expression in Eq. (3.80). The
Mathematica® code implemented the shooting method to solve for the boundary value problem

while COMSOL® used the finite element method. The code to generate these results are given in

Appendix A.
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3.24.1. Zero Spin-viscosity Cases (1’=0)
The results of Zahn and Greer [1] were first replicated with parameters taken from their

paper suchas ¥, =1,7=1, =1, %pf =0.00001. The value for the vortex viscosity ¢ is set equal
Z

to the dynamic viscosity £ =7 and was used to verify the results obtained in the paper [1] as

given in Figure 3-14. The results obtained are identical to that of Figure 3-14. The value for the
T . . . z 3. . .
vortex viscosity is not physical since it should be equal to ¢ =§7]¢m, [6], and this case is

considered in 3.2.4.4.

Figure 3-15 and Figure 3-16 are results of normalized flow and spin velocities as a
function of normalized distance X with an imposed normalized magnetic flux density B =1.
The results of Mathematica® and COMSOL® are in good agreement with each other. Figure 3-17
and Figure 3-18 are results of normalized flow and spin velocities with an imposed normalized
magnetic field H , =1 with good agreement between COMSOL® and Mathematica®. The
linearized torque in both these cases gives similar results to that obtained by using the complete
torque equation.

Figure 3-19 and Figure 3-20 are for the case of an imposed rotating field with Ex =1 and
H_ =i. In this case, the linearized torque equation gives results that are slightly different from

z

using the complete torque equation, however, if the field magnitude is increased such that

I§x =10and H , =i as seen in Figure 3-21 and Figure 3-22, the difference between the results

using the complete and linearized torque equation can be clearly seen.
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Figure 3-14. Dimensionless flow velocity v,(X) and spin velocity @,(X) versus position ¥ with

X=L7=1 f =1, %pT =0.00001, Q =1for various values of dimensionless spin viscosity 7’
Z

with (i) tangential magnetic field (H ,=H,, }§x =0); (i1) perpendicular magnetic field

(H,=0, B, =u,H,); and (iii) rotating magnetic field (H, =iH,, B, = y4,H,) taken from [1].
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Normalized flow velocity vs normalized x For Bx=1
and Hz=0
0 T
0.5 ﬁ.
= ~SE-07 \ / e Comsol calculation
=
£ -0.000001
(%]
: \ / -
[ 1.5E-06 = Mathematica
) \ / complete Torque
N
T -0.000002 eqn
g = Mathematica
2  _25E-06 linearized Torque
eqn
-0.000003
Normalized x

Figure 3-15. Normalized flow velocity v (X) for an imposed normalized magnetic flux density

B, =1 with zero spin-viscosity condition (77'=0) and g, =1,7=1,C=1, -aapT =0.00001, Q=1.
Z

The linearized torque and complete torque implementations in Mathematica give identical results

with their curves overlapping.

Normalized spin velocity vs normalized x for Bx=1 and
Hz=0
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E \ e Mathematica
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Figure 3-16. Normalized spin velocity @,(x) for an imposed normalized magnetic flux density
B_=1 with zero spin-viscosity condition (77'=0) and y, =1,/7=1,{= l,aal”=0.00001, Q=1.
Z

The linearized torque and complete torque implementations in Mathematica give identical results
with their curves overlapping.
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Normalized flow velocity vs normalized x For Bx=0
and Hz=1
0 T
.}
X -58-07 j === Comsol calculation
N
>
£ -0.000001
(%]
o
E -1.5E-06 \ j == lathematica
T \ j complete Torque eqn
N
& -0.000002
g \/ = [lathematica
Z  -2.5E-06 linearized Torque
eqn
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Figure 3-17. Normalized flow velocity ¥, (%) for an imposed normalized magnetic field ﬁ =1

with zero spin-viscosity condition (7'=0) and y,=17=1, =, %p_ =0.00001, Q=1. The
Z

linearized torque and complete torque implementations in Mathematica give identical results
with their curves overlapping.

Normalized spin velocity vs normalized x for Bx=0 and
Hz=1
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Figure 3-18. Normalized spin velocity @,(x) for an imposed normalized magnetic flux density

ap'
H =1 with zero spin-viscosity condition (77'=0) and %, =1, =1, Q’ 1, ép =0.00001, Q =1.
Z

The linearized torque and complete torque implementations in Mathematica give identical results
with their curves overlapping.
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Normalized flow velocity versus normalized x For
Bx=1 and Hz=i
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Figure 3-19. Normalized flow velocity v (%) for an imposed rotating normalized rotating field

with B =1H . =iand zZero

spin-viscosity

(7'=0)

condition

and

L =L7=] f =1, ai_ =0.00001, Q =1. There is a slight deviation between the results using the

= Comsol calculation

Mathematica
complete Torque eqgn

- Mathematica
linearized Torque

0z
linearized torque equation and the complete torque equation.
Normalized spin Velocity vs normalized x for Bx=1
and Hz=i
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eqn

Figure 3-20. Normalized spin velocity @,(%) for an imposed normalized rotating field with

E’X =1, I:Iz =i and zero spin-viscosity condition (7'=0) and Yo=17=] f =1,Q=1

'

—- =0.00001. There is a slight deviation between the results using the linearized torque

0z
equation and the complete torque equation.
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Normalized flow velocity versus normalized x for
Bx=10 and Hz=i

0 T
A = /
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v = athematica
complete Torque
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Figure 3-21. Normalized flow velocity ¥ (%) for an imposed rotating normalized rotating field

with B, =10, H,=i and zero spin-viscosity condition (7=0) and y,=17=1, £=18=1

?=0.00001. The linearized torque equation gives a significantly different result than the
Z

solution obtained with the complete torque equation.

Normalized spin velocity vs normalized x for Bx=10
and Hz=i
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£ == Comsol calculation
Q
v 1
£
& Mathematica
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g complete Torque eqgn
2
E O . ) )
] —==lathematica
= 0 0.5 1 linearized Torque
Normalized x eqgn

Figure 3-22. Normalized spin velocity &, (%) for an imposed normalized rotating field with
B_=10, H ,=i and zero spin-viscosity condition (7'=0) and },=17=1 F=1,0=1
9

3{— =0.00001. There is a significant difference between the results using the linearized torque
Z

equation and the complete torque equation.
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3.24.2. Non-Zero Spin-viscosity Cases (1°#0)

Similar to the zero spin-viscosity cases, the results of non-zero spin viscosity were first

replicated ~ with  parameters taken from Zahn and Greer [l], such as

Yo=L7=1 4 =1,aai~=0.00001, with the value for the vortex viscosity ¢ =7 which gives
Z

results identical to that of Zahn and Greer [1] as given in the plots of Figure 3-14. The value of
the vortex viscosity is not physical since it should be equal to 4 =—;—ﬁ¢w, [6] and this case is

explored in 3.2.4.4.

Figure 3-23 and Figure 3-24 are plots of the normalized flow and spin velocities for a
rotating imposed field B, =0.1, H ,=0.1i with 77"=0.01. There is good agreement between the
results of using the linearized and complete torque expressions. The COMSOL results have kinks
in the plot due to the meshing algorithm of the program. These results were obtained with a
triangular mesh. By changing the mesh to a quadrilateral mesh, the kinks vanish but convergence
is hard to obtain for stronger imposed normalized fields. The quadrilateral mesh results are
shown in Figure 3-25 and Figure 3-26.

Similarly, Figure 3-27 and Figure 3-28 are plots of the normalized flow and spin
velocities for a rotating imposed field B, =1, ﬁz =i with 77=0.01 with a triangular mesh.
Figure 3-29 and Figure 3-30 are flow profiles obtained with an imposed magnetic flux density

Ex =1, ﬁz =0 while Figure 3-31 and Figure 3-32 are flow profiles obtained with an imposed

magnetic field Bx =0, ﬁz =1. In all cases, COMSOL simulations were performed with a

triangular mesh.
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Normalized flow velocity vs normalized x for
Bx=0.1 and Hz=0.1i with n'=0.01
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complete Torque
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Normalized velocity vz[x]
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Figure 3-23. Normalized flow velocity ¥,(¥) for an imposed rotating normalized rotating field
with E’x =0.1, I_}z =0.1i with normalized spin-viscosity condition 7'=0.01 and g, =1,7=1,

4 =1,£~=0.00001,S~1=1. The linearized torque and complete torque implementations in
Z

Mathematica give identical results with their curves overlapping.

Normalized spin velocity vs normalized x for Bx=0.1
and Hz=0.1i with n'=0.01
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Figure 3-24. Normalized spin velocity @,(X) for an imposed rotating normalized rotating field
with ﬁ’x =0.1, H"z =0.1i and normalized spin-viscosity condition 7"=0.01 with g, =1,7=1,
¢ =1, %% =0.00001, Q =1. The COMSOL calculation has kinks in it due to the shape of the

Z
triangular mesh elements used in the meshing. The linearized torque and complete torque

implementations in Mathematica give identical results with their curves overlapping.
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Normalized flow velocity versus normalized x for
Bx=0.1 and Hz=0.1i with n'=0.01 and quad mesh
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x A = Comsol calculation
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Figure 3-25. Normalized flow velocity v (%) for an imposed rotating normalized rotating field

with B, =0.1, H .=0.1i with normalized spin-viscosity condition 7 =001 and. r;=L#A=],

é’ =1 % =0.00001, Q =1. The mesh uses quadrilateral elements instead of triangular elements

removing the kinks in the graph.

Normalized spin velocity vs normalized x for Bx=0.1
and Hz=0.1i with n'=0.01 and quad mesh
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Figure 3-26. Normalized spin velocity @, (%) for an imposed rotating normalized rotating field
with B =0.1, ﬁz =0.li and normalized spin-viscosity condition 7'=0.01 with x,=17=1,

f :l,aa%=0.00001,f2:1. The mesh uses quad elements instead of triangular elements

2
removing the kinks in the graph.
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Normalized flow velocity vs normalized x for
Bx=1 and Hz=i with n'=0.01
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Figure 3-27. Normalized flow velocity v_(%) for an imposed rotating normalized rotating field
with B, =1,H, =i and normalized spin-viscosity condition #"=0.01 with g, =1,7=1,

s =l,aai~=0.00001,5~2=1. The linearized torque and complete torque implementations in
Z

Mathematica give identical results with their curves overlapping.

Normalized spin velocity vs normalized x for Bx=1 and
Hz=i with n'=0.01

o
[N

.

=

u
!

=== Comsol calculation

= [\Vlathematica

0.05 \ complete Torque eqn

=== Mathematica
linearized Torque egn

o

0.5 1

Normalized x

Normalized spin velocity
o
=

o
o
(0]

Figure 3-28. Normalized spin velocity @, (x) for an imposed rotating normalized rotating field

with B, =0.1, H,=0.1i and normalized spin-viscosity condition 7’ =0.01 with y, =1,7=1,

f = 1,%%20.00001,512.:1. The COMSOL calculation has kinks in it due to the shape of the
z
triangular mesh elements used in the meshing affecting the results. The linearized torque and

complete torque implementations in Mathematica give identical results with their curves
overlapping.
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Normalized flow velocity vs normalized x for Bx=1
and Hz=0 with n'=0.01 and triangular mesh
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Figure 3-29. Normalized flow velocity v (%) for an imposed normalized magnetic flux density
with B =1,H, =0 and normalized spin-viscosity condition 7#'=0.01 with x,=17=1,

F = ,B%:O.OOOOI,Q=1. The linearized torque and complete torque implementations in
0z 3

Mathematica give identical results with their curves overlapping.

Normalized spin Velocity vs normalized x for Bx=1 and
Hz=0 with n'=0.01 and triangular mesh
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Figure 3-30. Normalized spin velocity @,(%) for an imposed normalized magnetic flux density

with B =1, I;’zz() and normalized spin-viscosity condition 7'=0.01 with x,=17=1,

f =1,%i_=0.00001,f2=1. The linearized torque and complete torque implementations in
F

Mathematica give identical results with their curves overlapping.
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Normalized flow velocity vs normalized x for Bx=0
and Hz=1 with n'=0.01 and triangular mesh
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Figure 3-31. Normalized flow velocity v, (X) for an imposed normalized magnetic field with
B =0,H,=1 and normalized spin-viscosity condition 7 =0.01 with y,=1,7=1,

z . op' = —_— . : ;
¢ =l,a—‘ti=0.00001,.Q=1. The linearized torque and complete torque implementations in
Z

Mathematica give identical results with their curves overlapping.

Normalized spin velocity vs normalized x for Bx=0
and Hz=1 with n'=0.01 and triangular mesh
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Figure 3-32. Normalized spin velocity @,(x) for an imposed normalized magnetic field with
B, =0, I—I’ =1 and normalized spin-viscosity condition 77'=0.01 with ¥, =17=1,
xa

é’ 1, =—=0.00001, Q=1. The linearized torque and complete torque implementations in
z

Mathematica give identical results with their curves overlapping.
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3.2.4.3. Comparison with Pioch's results [2, 3]

Pioch, in her analytical results [2-4], obtained kinks in her distribution of flow and spin

velocities with certain parameters. Figure 3-33 and Figure 3-34 are flow and spin velocity

]

z 0

profiles obtained using zero spin-viscosity 7’ =0 with parameters g, =1,7=¢, ~——=1,Q=5.

%|
(ST

Even though the value of vortex viscosity ¢ is not physical and is simply set to the dynamic

viscosity of the fluid, the presence of sharp kinks can be independently verified using
Mathematica® and COMSOL Multiphysics® code that is documented in Appendix A.
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Figure 3-33. Pioch's [2] planar Poiseuille velocity flow v, (x) distribution stressed with a
perpendicular magnetic field at normalized frequency Q=35 for different values of effective
viscosity 7, corresponding to different values of vortex viscosity £ . Other parameters are

. zop'
Za=lsﬂ=§,a—€=l-
Z
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Figure 3-34. Pioch's [2] planar Poiseuille spin velocity @,(X) distribution stressed with a

perpendicular magnetic field at normalized frequency Q=5 for different values of effective
viscosity 7j,, corresponding to different values of vortex viscosity £ . Other parameters are

%
zo=1,ﬂ=§,a—"i=1-
%

Figure 3-35 and Figure 3-36 are Mathematica and COMSOL implementations using

Pioch's parameters of y,=1,77= £ =0.0592, aaiﬂ =1,Q=5 foran imposed magnetic flux density
Z

B =1, ﬁz =0 . The spin velocity plot of Figure 3-36 has a similar kink pattern as that obtained

X

by Pioch in Figure 3-34.
Figure 3-37 and Figure 3-38 are Mathematica simulations of flow and spin velocity
9P’

distributions with Pioch's parameters of %, =1,7=¢=0.0224, 3 =1,Q=5for an imposed
= ‘

magnetic flux density B, =1, H,=0. The kinks in the flow and spin velocity distributions are

identical to that obtained by Pioch in Figure 3-33 and Figure 3-34.
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Normalized flow velocity vs normalized x for Bx=1
and Hz=0 with n'=0 and n={=0.0592 at Q=5
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Figure 3-35. Normalized flow velocity ¥ (%) for an imposed normalized magnetic field with

B.=1,H =0 and zero spin-viscosity condition with Pioch's parameters given as

L=L7= £ =0.0592, &;iﬁ =1,Q =5 corresponding to £=0.0592 in Figure 3-33. There is good
Z
agreement between the Mathematica and COMSOL simulations.
Normalized spin velocity vs normalized x for Bx=1 and
Hz=0 with n'=0 and n={=0.0592 at N=5
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Z
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Figure 3-36. Normalized spin velocity @, (X) as a function of X distance for an imposed

normalized magnetic field with B, =1, H, =0 and zero spin-viscosity condition with Pioch's

parameters given as ¥, =1,77 = £ =0.0592, %im =1, Q =5 corresponding to £ =0.0592 in Figure
Z

3-34. Kinks as observed in Figure 3-34 are replicated in Mathematica and COMSOL.
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Normalized flow velocity vs normalized x for Bx=1
and Hz=0 with n'=0 and n={=0.0224 at Q=5
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Figure 3-37. Normalized flow velocity ¥,(¥) for an imposed normalized magnetic field with
B =1, H ,=0 and zero spin-viscosity condition with z, =1,77 = = 0'0224’8_17” =1,Q=5. The
Z

kink in the velocity at ¥=0.5is identical to that obtained by Pioch in Figure 3-33 with
£=0.0224.

Normalized spin velocity vs normalized x for Bx=1 and
Hz=0 with n'=0 and n={=0.0224 at Q=5
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Figure 3-38. Normalized spin velocity @,(%) for an imposed normalized magnetic field with
ap'
E3
kinks in the spin velocity are identical to that obtained by Pioch in Figure 3-34 with £=0.0224..

B =1,H, =0 and zero spin-viscosity condition with 7, =1,7=¢=0.0224,2—=1,Q=5.The
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3.2.4.4. Simulations Using Physical Values For Vortex Viscosity £ With Non-

Zero Spin-viscosity 7" # 0

The results of Zahn [1] and Pioch [2, 3] used values of vortex viscosity f that were non-

physical ( ¢ =#). Vortex viscosity  is given by the following relationship [6]

f= %m (3.84)

where# is the normalized dynamic viscosity and ¢@,,is the volume fraction of the magnetic

nanoparticles.

Assuming a typical volume fraction of 10% for ferrofluids, Mathematica® simulations

were done using values given ¥, =1,7=1, £=0.15, 8_p~ =0.00001, @ =1,/ =0.01.

4

Figure 3-39 and Figure 3-40 are Mathematica® plots of normalized flow and spin velocity
distributions for an imposed perpendicular magnetic flux density (B, =1) while Figure 3-41 and
Figure 3-42 are plots for an imposed tangential magnetic field (H , =1). In both these cases there

is good agreement between using the complete and linearized torque expressions.

Figure 3-43 and Figure 3-44 are Mathematica® plots of normalized flow and spin velocity
distributions for an imposed rotating magnetic field B, =1, ﬁz =i with observable deviations

between the results using the complete and linearized torque expressions.
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Normalized flow velocity vs normalized x for Bx=1
and Hz=0 with n'=0.01 and n=1 7=0.15
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Figure 3-39. Normalized flow velocity v, (%) for an imposed normalized magnetic field with

B =1,H, =0 with 3 =17=1¢=0.15, aai" =0.00001, 2 =1,7"=0.01. The results obtained
Z

with the complete torque equation and the linearized torque equation are in good agreement with
their curves overlapping each other.

Normalized spin velocity vs normalized x for Bx=1
and Hz=0 with n'=0.01 and n=1 {=0.15
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Figure 3-40. Normalized spin velocity @, (%) for an imposed normalized magnetic field with

B, =1,H, =0 with g, =17=1,=0.15, %% =0.00001, 2 =1,7=0.01. The results obtained
Z

with the complete torque equation and the linearized torque equation are in good agreement with
their curves overlapping each other.
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Normalized flow velocity vs normalized x for Bx=0
and Hz=1 with n'=0.01 and n=1 {=0.15
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Figure 3-41. Normalized flow velocity v_(¥) for an imposed normalized magnetic field with

B, =0,H =1 with g,=17=1¢=0. 15,88% =0.00001,Q=1,77=0.01. The results obtained
Z
with the complete torque equation and the linearized torque equation are in good agreement with

their curves overlapping each other.

Normalized spin velocity vs normalized x for Bx=0 and
Hz=1 with n'=0.01 and n=17=0.15
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Figure 3-42. Normalized spin velocity @,(X) for an imposed normalized magnetic field with

B =0,H, =1 with z,=17=1C,=0.15, a—’i =0.00001, 2 =1,/ =0.01. The results obtained
Z

with the complete torque equation and the linearized torque equation are in good agreement with

their curves overlapping each other.

135



Normalized flow velocity vs normalized x for Bx=1
and Hz=i with n'=0.01 and n=1 {=0.15
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Figure 3-43. Normalized flow velocity ¥ (X) for an imposed normalized rotating magnetic field

with B =1, H =iwithy, =17 =1, £=0.15, E;p =0.00001, @ =1,7 =0.01.The results obtained
z

show differences obtained between the complete torque equation and the linearized torque
equation.
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Figure 3-44. Normalized spin velocity @,(X) for an imposed normalized rotating magnetic field

with B, =1, H =iwith g, =1,77=1, £=0.15, E;p =0.00001, @ =1, 7 =0.01.The results obtained
Z

show differences obtained between the complete torque equation and the linearized torque
equation.
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3.3. Conclusions

This chapter extends the planar Couette flow analytical results of [7] to include
perpendicular applied magnetic flux densities B, at AC frequencies and also analytically derives
the effective magnetoviscosity for tangentially applied AC magnetic fields H..

This chapter replicates the planar Poiseuille flow results of Zahn [1] and Pioch [2-4]
using Mathematica® and COMSOL Multiphysics® with good agreement between the results of
the two software packages. The results of Zahn [1] and Pioch [2-4] use non-physical values of

vortex viscosity and this chapter extends their analysis to include physical values of vortex

viscosity ¢ =%77¢m, for dilute suspensions.
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Chapter 4. Ferrofluid Flows in Cylindrical Geometry

4.1. Introduction

The classic spin-up experiment involves placing a ferrofluid filled cylinder in a uniform
rotating magnetic field and observing the velocity distribution. The opacity of the ferrofluid led
many researchers to observe the velocity distribution using streak path techniques with tracer
particles only on the surface of the fluid [1-3]. However this led to observations of flow that were
counter-rotating to the rotational direction of the magnetic field [4]. This counter-rotating
phenomena was explained to be a result of asymmetric tangential stresses on the boundary of the
magnetic fluid [5, 6]. It was believed that the flow in the bulk of the fluid would be an
entrainment of this surface flow until a new technique, pulsed ultrasound velocimetry, showed
that the volume flow below the interface was co-rotating to the rotational direction of the
magnetic field [7-9].

Pulsed ultrasound velocimetry is a technique that allows for the measurement of bulk
velocity flow measurements of opaque fluids [10-13]. If asymmetric tangential stresses on the
boundary of the magnetic fluid entrained the fluid layers below, then by placing a cover and
removing the free surface at the top of the cylinder the fluid would conceivably not have any
motion [2, 14-17]. Experiments were done with and without the cover on top of the surface and
co-rotating motion was observed in the bulk of the fluid in both cases while counter-rotating
motion, with a concave shaped meniscus, was observed near the surface [7-9]. The governing

mechanism for the flow in this case was believed to be because of spin-diffusion theory.
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This chapter will outline this experiment and will go over the spin-diffusion model and
simulations that were used to explain and reproduce this phenomena. This chapter will also
critique erroneous reasons for flow reversal that were obtained by Finlayson in his COMSOL
simulations [18] as well as, incorrect conclusions reached by Elborai in his PhD thesis [8]. This

chapter will also correct the value of n' quoted by Chaves [9] for the fluid EMG900_2.

4.2, Experimental Setup

4.2.1. Ultrasound Measurement of Bulk Flows in a Ferrofluid Filled

Cylinder with no Free Surface

The bulk flow experiments [7-9, 19] conducted with ultrasound pulsed velocimetry used
a three phase two-pole induction motor Y connected stator winding to generate the uniform
rotating magnetic field. The rotating field was generated by using balanced three-phase currents
each with 120° phase difference, in time and space, from each other. This was done by exciting
two phases with +60° phase difference and grounding the remaining phase allowing the neutral
point voltage to float [7-9, 19].

The cylindrical vessel, with interior radius R, was made of polycarbonate with notches
made around the container at specific angles between the probe and the radius to the cylinder
center. A special cover was used to suppress the asymmetric surface tangential stresses generated
by a free surface. The setup is illustrated in Figure 4-1.

The Signal Processing DOP2000 ultrasound velocimeter was used along with Griltex-P1

latex tracer particles produced by EMS CHEMIE at a concentration of 0.01g/ml in experiments
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by He, Elborai and Chaves [7-9, 19]. These copolyamide particles are neutrally buoyant in
ferrofluid with a density of 1.1g/ml3 and a diameter of 50um. The ultrasound probes send pulses
that get reflected off these tracer particles added to the ferrofluid. The velocity is determined by
measuring the Doppler frequency shift in the received pulses while the time of flight gives the
distance away the moving particle is from the probe. The velocimeter only measures the
component of the velocity parallel to the axis of the transducer. By combining the readings of

multiple probes at various angles the rotational velocity profile v,(r) can be determined. The

velocity measured at a point in the fluid can be expressed in cylindrical coordinates with no
dependence in the ¢ direction as

v(r,2) =v,(r, i, +v,(r, Di, +v (1, )i, 4.1

If the probe is placed at an angle a as shown in Figure 4-2, the radius r at a point on the

ultrasound path is given by the expression

r=\(x +(Rsin@)’) (4.2)
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Figure 4-1. Experimental setup illustrating measurement of bulk ferrofluid flow profiles in
cylindrical geometry. Left: Ultrasound transducers placed at various heights in the container
surrounded by the stator. Right: Top view of probes placed at different incident angles [19].

Resolving the unit vectors i, =cosdi, +sin gi, and i, =-singi +cosgi, into Cartesian

coordinates and using (4.2) gives

Rsi Rsi
V(r,Z):Vr(r,Z)(fix <+ SlnaiyJ+V¢(r’Z)(_ Sinaix +£iyJ+vz(r’Z)iz (4.3)
r r r F

Rsino

X . e
where cos@=—and sing = . The ultrasound transducer in Figure 4-2 only measures the
r

F
velocity v, in the x-direction given by

X Rsina

J2* +(Rsina)’ RGN +(Rsina)? “

v, (x)=v(r,z)i =v (r)

Rewriting this to solve for v, gives

2, . 2
v () =V, () —2— —y, (y ¥F_ T (RsING) @4.5)
Rsinex Rsina
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requiring that in addition to the measurement v,(x), a measurement of the radial component of
the velocity v,(r) is needed. This is typically done with the ultrasound probe axis directed along a

radial line to the cylinder center.

Ultra-sound probe

Figure 4-2. Spin-up flow measurement geometry. Ultrasound transducer positioned at angle o
with respect to the radial direction. Probe measures x component of velocity vector v(x) [7, 8].
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4.3. Experimental Results and Conclusions

Chaves conducts several experiments using two fluids EMG705_0 (water based) and

EMG900_2 (kerosene based) [9]. Their physical characteristics are tabulated in Table 4-1.

Ferrofluid 7 (Nsm™ P @g/m3) HeM, (mT) X Volume Fraction
EMG705_0 0.0025 1220 21.9 4.99 0.039
EMG900_2 0.0045 1030 23.9 1.19 0.043

Table 4-1. Physical and magnetic properties at room temperature for a subset of fluids used by
Chaves [9].

The rotating field generates a well defined circular flow, as seen in Figure 4-3, with
negligible circulation in the axial direction in Figure 4-4. Having a consistently shaped velocity
profile allows for investigating the effect of various parameters on the magnitude of the

rotational velocity of the fluid v, .

Velocity profiles for the two different liquids (EMG705_0 and EMG900_2) are plotted as
a function of frequency (Figure 4-5), magnetic flux density (Figure 4-6) and position along the
height of the cylinder (Figure 4-3). It is evident that increasing the frequency, keeping the
strength of the field constant, increases the magnitude of the rotational velocity while
maintaining the same velocity profile shape. The same direct relationship is true between

magnetic flux density and magnitude of rotational velocity.
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Figure 4-3. Velocity flow profiles for a) EMG705_0 and b) EMG900_2 ferrofluids at various
heights along the ferrofluid cylinder with a cover at the top. Plot shows that the ¢ directed

velocity profile does not significantly change with height. Plots taken from [9].
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Figure 4-4. Velocity in the axial direction for a) EMG705_0 and b) EMG900_2 ferrofluids.
Velocity profiles are for axial lines r = 0 (center of cylinder) and r = 0.5R, where Ry=24.7mm is
the radius of the cylindrical vessel used. The z-directed flows are small (= 2mm/s) suggesting
flow is mainly in the ¢ direction of the rotating field. Plots taken from [9].
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Figure 4-5. Velocity flow profiles for a) EMG705_0 and b) EMG900_2 ferrofluids as a function
of frequency at constant rotating flux density of 12.3 mT RMS. Plot shows that increasing

frequency proportionally increases the peak magnitude of the rotational velocity. Plots taken
from [9].
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Figure 4-6. Velocity flow profiles for a) EMG705_0 and b) EMG900_2 ferrofluids as a function
of strength of applied rotating magnetic flux density at 85 Hz. Plot shows that increasing the
strength of the rotating magnetic field increases the magnitude of the rotational velocity. Plots
taken from [9].
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Figure 4-7. Velocity flow profiles for EMG705_0 at different heights in the cylindrical container

without a cover. The negative velocity at the surface of the ferrofluid indicates counter-rotating
flow opposite to that of the positive co-rotating velocity in the bulk. Plots taken from [9].

Figure 4-7 illustrates that the bulk flow and the flow at the free surface of the ferrofluid
are governed by two different mechanisms and can result in opposite flow directions. The flow in
the bulk of the fluid is always seen to be co-rotating with the direction of the rotating field. The
flow at the surface is caused by asymmetrical tangential stresses that are a function of the
meniscus formed with the edges of the container. In Figure 4-7, the ferrofluid 'wets' the surface
creating a concave surface shape resulting in counter-rotational flow [6].

Elborai, in his thesis, investigates changing the meniscus shape in two configurations A
and B as shown in Figure 4-8 [8]. Configuration B aligns the surface of the ferrofluid with the
bottom rim of the iron stack of the stator winding and configuration A aligns the surface with the
top rim. In configuration B, the ferrofluid interface is pulled up towards the stronger magnetic

field strength resulting in a convex shaped meniscus while in A the stronger field pulls the
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interface into a concave shaped meniscus. In both cases the ultrasound probe is placed at the top
of the cylinder to measure flows at the ferrofluid-air boundary. The results plotted in Figure 4-9
clearly show that bulk flow and surface flow are in opposite directions and are governed by two
different mechanisms. At a free surface the flow is determined by the shape of the meniscus
resulting in a co-rotating or counter-rotating flow with a convex or concave shaped meniscus
respectively. Elborai goes further to incrementally add ferrofluid to the cylinder of configuration
A progressively increasing the height of the ferrofluid. Figure 4-9 shows that initially the
ultrasound probe close to the surface of the ferrofluid measures a counter-rotating flow but as
more ferrofluid was added the probe being no longer near the surface measures the bulk co-

rotating flow.
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Figure 4-8. Elborai's experimental configuration to change the shape of the meniscus formed at
the ferrofluid free surface [8]. Configuration A pulls the meniscus of the ferrofluid downwards
into a concave shaped meniscus resulting in counter-rotating flow at the free surface. The
meniscus is pulled up into a convex shape by the stator in configuration B resulting in co-rotating
flow at the free surface. Figure taken from [8].

151



v ¢!r [Rad/s]

Bulk rotational rate, Q

counter—rotation :

s ; i ; ; . i
0 2 4 6 8 10 12
Incremental height of added ferrofiuid Zne [mm]

Figure 4-9. Elborai's measured change of rotational rate of MSGW 11 ferrofluid as the height of
the ferrofluid is increased in increments of 1mm. Experiments were done at two rotating
frequencies of 10 and 50Hz. Concave shaped meniscus (A) results in counter-rotating flow while
convex shaped meniscus (B) results in co-rotating flow consistent with asymmetric tangential
stresses at the ferrofluid-air boundary [6, 8]. As more ferrofluid was added in configuration A,
the probe is no longer close to the surface of the ferrofluid and the motion co-rotates similar to
that in the bulk of the fluid. Plot taken from [8].
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4.3.1. Assumptions and Subtleties of Prior Work

A fundamental assumption made by Elborai, He and Chaves [7-9, 19] was that the
demagnetizing effects, due to the shape of the cylinder, did not contribute to the flow. This
would be true if the cylinder was infinitely long. For practical purposes a fully filled cylinder of
ferrofluid with a height that is significantly greater than its diameter would be a good
approximation. However, the ratio of the maximum height of the ferrofluid in the cylinder with
respect to the cylinder's diameter used by these authors brings into question their assumption of
ignoring demagnetizing effects. The results of Chaves [9, 19], He [7] and Elborai [8] are similar
but based on Table 4-2, Chaves's experimental results would appear to be the most accurate by
being the set of data that has the least effect due to demagnetizing factors associated with the
shape of the cylinder. All further experimental data used in this thesis, for a cylindrical geometry,

will be based on Chaves's results.

Author Inner diameter of vessel Maximum height of Ratio of height/diameter
(m) ferrofluid in vessel (m)
Elborai [8] 0.0574 0.0500 0.871
He [7] 0.0919 0.0600 0.653
Chaves [9, 19] 0.0494 0.0635 1.285

Table 4-2. Table of ferrofluid cylindrical dimensions used in prior experiments illustrating the
invalidity of assuming negligible demagnetizing effects.

A subtlety in all these author’s works is the strength of the magnetic flux density used.

For all their results the magnetic flux density quoted is the strength of the flux produced by the
stator in the absence of the ferrofluid. It is not evident that the authors correct for the actual field
inside the ferrofluid especially when determining values of spin viscosity #'. This brings into

doubt the accuracy of ' that they derive from their experimental results.
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4.4. Numerical Simulation of Ferrofluid Spin-up Flow in

Cylindrical Geometry

There are different theories for bulk ferrofluid spin-up flow in rotating fields. Shliomis
states that the imposed rotating magnetic field is non-uniform itself due to the demagnetizing
effects associated with a finite height cylinder [20], while another theory considers
inhomogeneous heating of the fluid due to the dissipated energy of the rotating field to create a
spatial variation in susceptibility driving the rotational flow [2, 20-22]. Taking the case where
the cylinder's height is significantly greater than its diameter, resulting in negligible field non-
uniformity in most of the fluid, and assuming that the strength of the magnetic field is weak
enough to assume negligible heating effects of the fluid, the only theory that would explain
rotational motion in experiments by Chaves, Elborai and He is the spin-diffusion theory [7-9,
19]. This section will explore this limiting case where spin-diffusion is the governing cause of

the rotational flow.
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4.4.1. Theoretical Model of Experiment

4.4.1.1. Governing Equations

The governing equations outlined here were explained in detail in Chapter 2. There are
four governing equations for ferrofluid spin-up flow that need to be solved simultaneously. The
two Maxwell's equations applicable to ferrofluid flow are outlined below and can be combined
into one equation for magnetic scalar potential.

1) Maxwell's Equations: Ampere's Law
VxH=] (4.6)
2) Maxwell's Equations: Gauss's Law for Magnetic Flux Density |
VeB=0 4.7
Since the ferrofluid is a current free region, (4.6) can be rewritten such that H is the gradient of a

magnetic scalar potential i as given in (4.8) below.
VxH=0=H=-Vy 4.8)
(4.7) can be rewritten to include the relation between magnetic flux density and fluid

magnetization M.

B = s, (H+M)
VeB =0= p1,V+(H+M) =0 4.9)
V-H=-V:M

Substituting (4.8) into (4.9) gives a Poisson's relation between fluid magnetization and magnetic

scalar potential.
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1) Poisson's Equation
Vy=V.-M (4.10)
The three other equations that are coupled together are the fluid mechanics equations and the

magnetic relaxation equation outlined below.

2) Conservation of Linear Momentum

p[g_;(v-v)v}:‘VP’+2§V><w+(§+n)V2V+#o(M'V)H @10

3) Conservation of Angular Momentum
a(’) 1572
I a—t+(v-V)m = uMxH+2{(Vxv-20)+7'V’e (4.12)

4) Magnetic Relaxation Equation

a_M+(v.V)M=(y)XM—L(M—Meq) (413)

ot Ty

4.4.1.2. Model Assumptions

The applied field is assumed to not be strong enough to magnetically saturate the fluid.

The equilibrium magnetization M, of the fluid is assumed to be in the linear regime of the

Langevin equation as a function of the magnetic field inside the ferrofluid given by

M, =zH,,, (4.14)

eq
To not consider the effect of the non-uniformity of the field on ferrofluid spin-up, an
infinitely long cylinder will be modeled since it has no demagnetizing effect in the axial
direction and equal demagnetizing factors of %2 in the transverse directions resulting in a uniform

field inside the ferrofluid filled cylinder.
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The flow is also assumed to be viscous dominated allowing for the inertial terms to be
dropped. The left hand side of the linear momentum equation in (4.11) can be set to 0 and the
equation reduced to

0=-Vp'+2{Vxa+(+n)V’v+u,(M-V)H (4.15)
The same can be done for the left hand side of the angular momentum equation in (4.12) and the
remaining equation is given as

0=uMxH+2{(Vxv-20)+7'Ve (4.16)

If the magnetic field is applied in the transverse x-y plane, the spin-velocity @ is assumed

to only be in the z-direction ®,. This is because in an infinitely long cylinder case, the driving
force is created only by the transverse magnetic field which creates a torque only in the z-
direction. The spatially varying demagnetizing field of a finite height cylinder would create an
internal magnetic field that had components in the transverse (x-y) plane as well as the axial

plane (z). In that case, there would be a torque and spin-velocity in all three directions (x, y and

7).
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4.4.2. Model Setup and Boundary Conditions

4.42.1. Modeling the Rotating Magnetic field

There are two ways to model the magnetic field, one is by using a current source
boundary condition while the other is by using a scalar potential boundary condition. Both
methods will be explored and be shown to be identical. For both cases, the following boundary

conditions always apply

n:|B|=0,nx|[H|=0 r=R,
where | || represents the jump in the value across the boundary r=R.

1) Surface Current Boundary Condition

The actual experimental setup is similar to Figure 4-10 and involves placing a cylinder of
ferrofluid inside a stator winding (itself surrounded by a material with assumed infinite magnetic
permeability) of radius Ry with an air region in between. The resulting magnetic field in the air
region is a uniform field imposed by the current source and a dipole field created by the
ferrofluid.

The source of the magnetic field is a 3 phase 2 pole stator winding with each phase
having 120° phase difference from each other. This requires a surface current boundary condition
driving the three phase coils in the axial (z) direction of the cylinder which can be described by
(4.17) where Q is the rotational frequency and ¢ the angle from the x axis.

K(¢,1) =K, [cos Qt cos g+ cos(L — 2—ﬂ-) cos(¢— 2—7[) +cos(Qt + 2—7[) cos(p+ 2—”)} i,
3 3 3 (4.17)

K(g,t) = %KO cos(Q2t — )i,
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Stator p=o0

Region 2
Region 3

200
Vi =0 K(8.0) = K, cos(@ -0,

Ferrofluid

___________________________________________________________

Region 1

X

Figure 4-10. . Two dimensional representation of actual spin-up flow experiment. Shaded region
represents the infinitely long cylinder of ferrofluid of radius Ry. The unshaded air region separates
the ferrofluid from the outer stator winding that has a current boundary condition imposed at r=R;
surrounded by a £ = o region.
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2) Scalar Potential Boundary Condition

Although setting up the model using the current boundary condition can be accomplished
in COMSOL Multiphysics, it can be difficult to solve. A simpler method of setting up the
magnetic field using the magnetic scalar potential can be used. The fact that the only region of
interest is the region of ferrofluid and it is only affected by the uniform field imposed allows for
this setup to be simplified to a one region problem, similar to Figure 4-11, to aid the numerical
simulation process.

It is known that an infinitely long cylinder can be considered a special case of an ellipsoid
of revolution with demagnetizing factors of %2 in the transverse (x,y) direction and zero
demagnetizing factor in the axial (z) direction. Therefore in the presence of an externally applied

uniform magnetic field (H _,,H ) the field inside the infinitely long ferrofluid (H 0 H i)

yext

cylinder can be given by the following relation.

1
H,tﬂuid = erxt —EMX

1 4.18)
H)ﬂuid = Hyext —EMy

Eqgs (4.18) and (4.14) are substituted into M,, of (4.13) and the only driving force will be

H__ ). To describe the uniform

xext? yext

due to the uniform external rotating magnetic field (H

H ) are sinusoidal functions of

xext? yext

rotating field in Cartesian coordinates the external fields (H
time with rotational frequency © and 90° out of phase with each other. Eq (4.19) generates a

counter-clockwise uniform rotating magnetic field of magnitude H,.

H A =H,cos(Qt)i, (4.19)
H = H,sin(Q)i, '

yext
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H, is related to the surface current as follows

H,=2K, (4.20)
2
Since
H=-Vy 4.21)

w(r = R,)can be determined to be the following boundary condition for a counter-clockwise

rotating magnetic field.

v = H,(xcos(Qr) + ysin(£2r)) (4.22)

v = H(xcos(Qt)+ ysin(£2))

Ferrofluid

Figure 4-11. One region model setup with shaded circle representing ferrofluid with linear
magnetization and boundary condition on magnetic scalar potential. The scalar potential
generates a magnetic field rotating in the¢@ direction at frequency Q. This magnetic field
represents the external magnetic field and has to be corrected for demagnetizing effects before
being used in the magnetic relaxation equation. The arrows inside the stator show the uniformly
distributed rotating magnetic field created inside the ferrofluid at a particular instant in time.
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4422 Fluid Boundary Conditions

The linear momentum equation in (4.15) requires two vector boundary conditions. For a

rigid and stationary boundary the no slip and no-penetration boundary conditions are as follows

n-||v|=0,nx|v|=0 r=R, (4.23)
where ”;“ represents the jump in velocity of the fluid across the boundary r=R,. The boundary

condition on v(r = R,) for this model is
v(r=R,))=0 (4.24)
The conservation of angular momentum in (4.16) requires two vector boundary
conditions if 7'#0.The appropriate boundary conditions for the spin-velocity o is still a
subject of debate and depends on the assumptions for the particle/wall interactions. Two
possibilities for this boundary condition are considered.
1. The "spin-no-slip” boundary condition which assumes that the particle/wall interactions
are strong enough that there is no relative spin between the particle and surface.
n-|o|=0nx|e|=0 r=R, (4.25)
2. The "spin-vorticity" boundary condition that assumes that antisymmetric stresses vanish

at the wall and that the ferrofluid nanoparticles roll along the particle wall interface.

Hco—%va =0 r=R, (4.26)

Finlayson, in his paper [18], does COMSOL simulations using the "spin-vorticity"

boundary condition which results in flow reversal for all magnetic field strengths which is not
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observed experimentally. This result confirms that the "spin-vorticity" boundary condition is not
a valid boundary condition to use for modeling ferrofluid flows.
The boundary conditions used for this analysis are the "spin-no-slip” boundary condition
at the wall boundary.
o(r=R))=0 (4.27)
Neglecting the effect of "spin-diffusion” by setting 7'=0, the angular momentum
equation in (4.16) reduces from a second order to a zeroth order equation. Therefore there is no

boundary condition on the spin-velocity @ implying zero or negligible particle/wall interactions.
4.4.3. COMSOL Simulations

The goal of this section is to reproduce the experimental results of EMG900_2 in Figure
4-6b, using spin-diffusion theory, with COMSOL Multiphysics. The reason why the plot with
EMG900_2 will be replicated is to verify Chaves's value for spin-viscosity n’ that he determines
experimentally to be 6x107"° kg m s™' [9]. This value will be shown to be slightly erroneous due
to the fact that the value of the magnetic field used in his paper refers to the magnetic field in the
absence of the ferrofluid. It is not clear whether he corrects this value to include the
demagnetizing effects for an infinitely long cylinder that this model assumes as seen in (4.18).

However, Chaves does allow for order of magnitude errors in his estimated values of ¢ and (7
giving a range of estimated values for spin-viscosity 77" from 10810 kgms™.

Equations (4.10)-(4.13) were made non-dimensional with respect to reference parameters
such as the radius of the vessel Ry, frequency of the applied rotating field Q and a reference

magnetic field intensity H.
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Re[% +(VOVI=-Vp+2{Vxa+E +mV v+(M-V)H 428)

Rw[‘fi_"_’+ (veV)o] = MxH+2(Vxv-2w) +;’§25 4.29)
t
M M =oxM-—— (M -M_) (4.30)
dt QTeﬂ !
VZV_,zv.M (4.31)
where
= = vV —= M= H - Y e v
v=V . =—,M=—’H=——,t= Q’ = ,O=— W=
- o - 207 0 — 7o
7= K g =P = =1

Equations (4.28)-(4.31) were put into COMSOL in non-dimensional form, setting internal
constants such as po=1, and in all cases the transient form of the equations were used. A fluid
mechanics module was used to represent the augmented Navier-Stokes equation for (4.28). Two
transient convection and diffusion modules were used to represent the magnetic relaxation
equation (with zero diffusion) in x and y coordinates for (4.30). A diffusion equation was used
for the angular momentum equation in (4.29) with #’ the coefficient for the spin diffusion term.
A general PDE module was used to represent Poisson’s equation in (4.31). The time-dependent
terms in the PDE module set of the linear and angular momentum equations were all set to 0.
Table 4-3 lists the necessary constant parameters and the values that Chaves uses for his
experiment in Figure 4-6b. In this experiment the variable that Chaves varies is the strength of
the magnetic field. This in turn affects certain normalized parameters due to their dependence on

the reference magnetic field Hyand are tabulated in Table 4-4.
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Parameter Value
Tef () 1x10°
p (kg/m’) 1030
# (Ns /m") 0.0045
,Uo M s (mT) 23.9
{ (Ns/m®) 0.0003
Frequency (Hz) 85
Radius of cylindrical vessel (m) 0.0247
Radius of stator (m) 0.0318
Volume Fraction (%) 4.3
7 ] 1.19
Q (rad/s) 534.071
n' (kg m/s) 6x10"7

Table 4-3. Table of physical and experimental parameters used by Chaves to generate

experimental plot of Figure 4-6b using EMG900_2

Normalized Variable By=143G Bo= 125G B,=103G
H,=11379.6 A/m H,=9947.2 A/m H(=8196.5 A/m
= Q
=—'7Tz— 1.61x10° 2.11x10° 3.11x10°
HoHo R;
— {Q
¢= 5 0.00048 0.00062 0.00092
IUOHO
n= > 0.0074 0.0097 0.014
MH,
22
Q
R, = PR . 1101.5 1441.5 2123.1
Mo,

Table 4-4. Table of normalized parameters that depend on the strength of the RMS magnetic
field used by Chaves [9].

Two different COMSOL simulations, as described in 4.4.2.1, were done using the
normalized equations in Eqs (4.28)-(4.31) and using the normalized parameters for the 143G
case in Table 4-4. The first type of simulation was done imposing the surface current boundary
condition with a region of air separating the stator from the two dimensional infinitely long

cylinder. The second simulation was done using the scalar potential boundary condition method
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in only the region of interest - the cylinder of ferrofluid. Both will be shown to be identical with
the scalar potential method being easier to implement in COMSOL Multiphysics. Summary of

the setup of the COMSOL models used is documented in Appendix B.
4.43.1. Simulations Using Surface Current Boundary Condition

The model setup was similar to Figure 4-10 with a normalized radius R, of 1 for the
cylindrical vessel and a stator normalized radius R; of 10 in COMSOL . In the actual experiment
a line dipole field would be generated by the ferrofluid in the surrounding free space region. This
dipole field could affect the stator winding current if sufficiently close by. From the dimensions
of the experiment the stator was not that much larger than the actual cylindrical vessel of
ferrofluid, therefore the current in the windings may have been perturbed.

When specifying boundaryb conditions in a numerical package such as COMSOL
Multiphysics the boundary conditions specified are implied to be fixed. To simulate the case
where the normalized radius of the stator would have been 1.29 and imposing a fixed surface
current boundary condition would be erroneous since the current is actually affected by the
dipole field and this effect was not measured by Chaves. The best method to simulate this
experiment is to take the value of magnetic field measured in the absence of the ferrofluid and
assume that this is an imposed rotating field sufficiently far away such that the current was not
perturbed by the dipole field. The normalized boundary condition was imposed at the normalized

radius of 5 and was

K(¢,1) = % K, cos(t — )i 4.32)
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with Ky equaling % such that the magnitude of the current density equals the normalized value of
magnetic field H=1.

Figure 4-12 is a COMSOL plot of the velocity field within the ferrofluid cylinder, while
Figure 4-13 is a streamline plot of the magnetic field distribution in and around the cylinder of
ferrofluid. Figure 4-14 gives the distribution of the magnetic field inside and outside the
ferrofluid cylinder as a function of normalized radius. There is a jump in magnetic field at the
air-ferrofluid wall corresponding to the additional dipole field created, that decays as the cube of
the distance away from the wall, while sufficiently far from the wall the magnetic field is only
due to the imposed stator current. The magnetic field and magnetization are mostly uniform
inside the cylinder except for a small region at the wall as seen in Figure 4-15 and Figure 4-16.
The reason for this is the non-linear effects of the velocity and spin-velocity on the

magnetization near the wall. The non-linear effects, however, are very small.
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Figure 4-12. Plot of counter-clockwise rotating steady flow of ferrofluid in cylinder surrounded

by a stator driven by a surface current boundary condition at =1 that generates a counter-
clockwise rotating magnetic field. Flow profile is similar to that of rigid-body motion.

\
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Figure 4-13. COMSOL Streamline plot of magnetic field distribution inside and outside the
ferrofluid filled sphere showing a uniform distribution of field inside the cylinder. The field
distribution outside the cylinder is the sum of the uniform imposed field and a dipole field
created by the ferrofluid.
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Magnitude of normalized magnetic fleld as a function of normalized radius
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Figure 4-14. Magnitude of normalized magnetic field distribution as a function of normalized
radius inside and outside the cylinder of ferrofluid. The different colors represent the magnetic
fields at various times. It is evident that the field inside the cylinder is uniform and outside the
cylinder it is a uniform and a line dipole field, that decays as the cube of the distance, generated
outside. The stator is excited at a normalized radius (R;=10) sufficiently far away from the
ferrofluid with H =1. Magnitude of the normalized magnetic field inside the ferrofluid is
approximately 0.629.
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Magnitude of normalized magnetic field as a function of normalized radius
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Figure 4-15. Plot of magnitude of normalized magnetic field as a function of normalized radius
within the ferrofluid cylinder. Magnetic field is uniform in majority of the fluid except for some
variation at the boundary 7 =1 due to the velocity and spin velocity affecting the magnetization
there. The difference between the magnetic field at the wall and in the rest of the fluid is very
small (=1x10™)
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Figure 4-16. Plot of normalized magnitude of magnetization as a function of normalized radius
showing that the magnetization at the wall boundary 7 =1 deviates from the magnetization in
the bulk since there is the greatest change in velocity and spin-velocity near the wall. The non-
linearity of the magnetization is very small since the magnitude at the wall changes by =1x10™
compared to the magnetization in the bulk of the fluid.
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443.2. Simulations Using Magnetic Scalar Potential Boundary Condition

The model was setup similar to Figure 4-11 with a normalized radius Ry of 1 for the
cylindrical vessel. Since the model involved normalized variables the boundary condition
imposed in (4.22) has to be normalized and is given by

; = :\:,cos(;) + ;sin(;) (4.33)

representing a counter-clockwise rotating magnetic field where

Y= (4.34)

The flow pattern obtained is identical to that of Figure 4-12 and is shown in Figure 4-17
along with streamlines of the uniform magnetic field distribution inside the ferrofluid cylinder.
The magnetic field distribution within the ferrofluid, in Figure 4-18, can be seen to be mostly
uniform in the bulk with some variation at the wall where velocity and spin-velocity affect the

magnetization significantly as seen in Figure 4-19.
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Figure 4-17. Velocity flow profile and magnetic field distribution using scalar potential boundary
condition method for a counter-clockwise rotating field. Flow velocity is depicted by arrows
counter-rotating while streamlines depict the uniform rotating magnetic field distribution in the
region of ferrofluid.
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Figure 4-18. Plot of magnitude of normalized magnetic field as a function of normalized radius.
The field is shown to be uniform and approximately equal to 0.627.
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Figure 4-19. Plot of magnitude of normalized magnetization as a function of normalized radius
within the ferrofluid cylinder. The different colored lines correspond to different times. The
magnetization can be seen to be uniform and approximately equal to 0.746.
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4.4.3.3. Comparison of Both Methods

Figure 4-20 compares the velocity profile obtained as a function of normalized radius
using both the scalar potential and surface current boundary condition. They can be seen to be
almost identical with minor differences due to the more difficult meshing required for the surface
current method. The velocity profile is linear in the bulk of the fluid resembling rigid-body
rotation except for a small boundary layer at the wall where no-slip boundary conditions of zero
- velocity has to be satisfied.

Figure 4-21 compares the spin-velocity as a function of normalized radius and is identical
for both implementations . The spin velocity is uniform throughout the bulk of the fluid but at the
small boundary layer near the wall the spin-velocity has to satisfy the boundary condition of zero
spin-velocity.

The plots of velocity and spin-velocity profiles given in Figure 4-20 and Figure 4-21
along with the approximately identical plots obtained for magnetic field (Figure 4-18 and Figure
4-15) and magnetization (Figure 4-19 and Figure 4-16) for the two different methods prove that
they are identical. The scalar potential method is easier to mesh and implement and will be used

for all other simulations in this thesis.
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Velocity profile comparison of Surface current and Scalar potential
methods
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Figure 4-20. Plot of rotational velocity as a function of normalized radius comparing the two
different implementations on source boundary conditions - Surface current and scalar potential.
Velocity profiles can be seen to be almost identical in both implementations and linear with
radius throughout the bulk of the fluid except at the 7 =1 boundary where a no-slip boundary

condition, ;(F =1)=0, has to be satisfied.
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Figure 4-21. Plots of spin-velocity as a function of normalized radius for both model
implementations. Spin velocity is shown to be identical and constant within most of the fluid

region and going to zero on the 7 =1 boundary to satisfy the EZ(F =1) =0 boundary condition.
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4.43.4. Comparison with Analytic Solutions Using a Linear Magnetic

Material

If the ferrofluid region in Figure 4-10 is replaced by a linear magnetic material

M, = py(1+ %), Poisson’s equation can be replaced with Laplace’s equation in magnetic scalar

potential.

Vi =V.M
1+ V=0
Viy =0

Solutions to Laplace’s equation in the individual regions are given as

r(Acos(Qr— @)+ Bsin(Qt - ) 0<r<R,
w=<r" (Ccos(Qt—¢)+Dsin(Qt—¢))+r(Ecos(Qt—¢)+Fsin(Qt—¢)) R, <r<R
r™ (G cos(Qt — ¢) + Lsin(Qz - ¢)) r>R

Since u =oo for r>Ry,
H(r>R)=0=>G=L=0

The surface current boundary condition at r=R; implies

3
(H,,-H,,) =~ K; cos(Qr—9)

O+%((C+ ERIZ)sin(Qt——¢) —(D+ FR12 )cos(Qt ~¢)) = % K, cos(Qt —¢)

1
implies that
C=-ER’

D+FR’ = —%KORIZ
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(4.36)

(4.37)

(4.38)

(4.39)

(4.40)



At r=Ry, the tangential magnetic field is continuous resulting in

-0 4.41)

(Ha»z_Hm),:Ro

1

2

((C+ER?)sin(Qt — ) +(D+ FR; ) cos(Qt — §)) = (Asin(Q1 - 9) + Beos(Q1 = 9)) (4.42)

resulting in

_C+ER;
RO

B D+FR;

RO

A
(4.43)

The jump in the normal magnetic flux density is also continuous as given in

=0 (4.44)

r=R,

(luoHrZ _:ulHrl )

%(c cos(Qf — @) — Dsin(Qt — @) + 4, (~E cos(Qt — ) + F sin(Qt — 9)) = 4, (—Acos(Qz - ) + Bsin(Qr - 9)) (4.45)

0

requiring the relationships
%(C—ER§)+MA:O
° (4.46)
MB+%(D—FR§)=O

Using (4.40), (4.43) and (4.46) results in

5.
B=——r— 312(0“°R1 a— (4.48)
Hy (Ro +R )+/‘1 (R1 —R, )
2
D= 3K R (1 — 1) (4.49)

2((/‘0 _,ul)Ro2 +R12 (:ul +:uo))
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2
F=- KR (4 + 1) (4.50)

2(Rl2 (auo+tul)+R§ ('uo_’ul))

The magnetic field distribution is then given as

B(cos(Qt — $)i, —sin(Qt - P)i, ) 0<r<R,
: D . D .
H=« s1n(Qt—¢)(—2—F)1r+cos(Qt—¢)(—2+F)1¢ R, <r<R 4.51)
r r
0 r>R,

\

The field inside the linear magnetic material is uniform and has a magnitude of B . Substituting

values used in the simulation of 4.4.3.1 where R;=10, Ry =1, up=1 (due to normalization),

x=1.19 and Ky=2/3 (since H= 1) results in a value of

B =0.629307 (4.52)
which is approximately equal to the magnitude of the magnetic field strength obtained in Figure
4-15. This confirms that the ferrofluid's magnetization is mostly linear except at the boundary
where spin-velocity and velocity effects make it non-linear. The magnitude of the magnetization

M can be calculated to be
[M| =|¥H|=1.19%0.629307 = 0.74888 (4.53)

which is approximately equal to the value achieved from simulation in Figure 4-16.
To verify (4.52) for an infinitely long cylinder which has demagnetization coefficients of

1/2, the internal magnetic field within the cylinder can be given as

internal — ™ external

%M —->M=yH—->H = Hevera (4.54)

internal 1
1+—
’ V4
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with H =land y=1.19 resulting in H,,,, =0.627 which is in good agreement with

external

(4.52). The reason for the slight disagreement is because the applied uniform field comes from a |

source at R;=10 rather than from infinity.
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4.4.35. COMSOL Simulations of Flows With n'=0

The conservation of angular momentum equation given in (4.12) has the spin-viscosity
term which is the essential component to 'spin-diffusion’ theory. Some authors do not include it
in their analyses, by setting it to zero, because they believe that 77' values are so small that its
effect is negligible [2, 5, 20, 23, 24].

By setting the term to zero, the conservation of angular momentum equation reduces to a

zeroth order equation in space requiring no boundary condition on spin-velocity @ at the wall.

M=%MXH+2{(VXV—2&)) (4.55)

In the case of the rotating field in the cylinder, the velocity is in the @ direction and there is no
variation in the ;direction resulting in no spatial variation for the spin-velocity @, . Having no

spatial variation in spin-velocity means that the only driving terms for the linear momentum

equation are the viscous and pressure forces.

—PGV)V] =-Vp'+ 2 \'%& H 4.
PLPEY)V] = —Vp'+ 29KQ +(§ +V*V + L IMTH (4.56)

In an infinitely tall cylinder the magnetic field distribution is uniform inside leading to no Kelvin
force density inside the ferrofluid to drive the flow. Therefore, with no driving forces for the
flow the state for the ferrofluid is one without motion.

F =, (M-V)H=0 (4.57)

Simulations of an infinitely tall cylinder of ferrofluid subjected to a uniform rotating field
with n'=0 were done using the parameters for the 143G case of Chaves's EMG900_2 ferrofluid

as given in Table 4-3 and Table 4-4. The velocity profile can be seen in Figure 4-22 below and
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can be seen to be very small =10 normalized magnitude. These results are also confirmed by

Finlayson in his simulations [18].

Magnitude of normalized rotational velocity

1 [ 1 1 | 1 1
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Normalized radius

Figure 4-22. Plot of normalized rotational velocity as a function of normalized radius. The
different colored lines represent different profiles in time. The magnitude of the velocity is
extremely small =10"* normalized magnitude.
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4.4.4. Errors in Other Author's Analyses

444.1. Chaves's Results [9]

Chaves, in his paper, determines the value of ' to be 6x10"° kg m s but admits for order

of magnitude errors in his estimated values of ' and 75 giving a range for the spin viscosity of
10%- 10" kg m s”'. Using the normalization scheme outlined in 4.4.3 and the normalized

parameters in Table 4-4, for the different magnetic field strengths used, COMSOL simulations

were done to replicate Figure 4-6b.

Comparison of COMSOL and experimental results for ferrofluid EMG900_2
(n'=6x10"%°kg m s)

—+— 103G Experimental

—»— 125G Experimental

—%— 143G Experimental
e= =103G COMSOL
= == 125G COMSOL
----- 143G COMSOL

Vg (mm/s)

0 5 10 15 20 25

radius (mm)

Figure 4-23. Experimental data of Figure 4-6 and COMSOL simulations using parameters from
Chaves's paper with n'=6x10"" kg m st
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Figure 4-23 shows that the COMSOL simulations do not match the experimental results obtained

by Chaves. This is because Chaves in his determination of n' used the values of magnetic field

which were obtained in the absence of ferrofluid. He did not correct for the value of the magnetic

field inside the fluid, given by the relation in (4.18), for an infinitely long cylinder resulting in a

higher value for n’ than actually needed to replicate the data [25].

The value for n’ can be tweaked with the COMSOL model to match the experimental

results. Simulations with a value of n'=4.84x10"'" kg m s 'was shown to match the experimental

results very well as shown in Figure 4-24.

v (mm/s)

Comparison of COMSOL and Experimental results for ferrofluid
EMG900_2 in cylinder (n'= 4.84x10°kg m s°%)

—+— 103G Experimental

—»— 125G Experimental

x— 143G Experimental
= «103G COMSOL

= == 125G COMSOL

¥
t ----- 143G COMSOL

T T T T

5 10 15 20 25

radius (mm)

Figure 4-24. Plot of velocity profile as a function of radius for Chaves's experiment showing that
a value of 7'=4.84x10"° kg m s”'closely matches the experimental results instead of Chaves's
quoted value of 6x10™'°
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4.44.2. Elborai's PhD Thesis [8]

Elborai on page 191 of his thesis [8] outlines his normalization scheme for the governing
fluid mechanics equations. It appears that Elborai did not normalize the governing equation but
instead normalized each term in the set of equations. This leads to some terms in his equations
scaled by a constant unitless term. His normalized equations for conservation of linear and

angular momentum are given below.

Re[a—Y+(§ﬁ)§]=—§;'+2£§x6+(1+—)€2§+1_? (4.58)
or n n
I 30 ~o— = (= — 7 —— V4g=——
R 22 (W)e]=T+25 (Vxy-20)+-LV V(V- 4.59
e(pR(f)[at (vV)ol=T+ 77( XV 60)+R§77 0o+—; (Vew) 4.59)

where his normalized variables are given as follows

v=vrR,v=—"M-MH-H _05- P_G-9
RQ H, H, HoHj Q
2 — ——
R - PR F_ RF 5 _ T
n HoH, HoH,

Dimensionalizing his conservation of linear momentum equation with his normalization scheme

is shown below.

2 i 2
P L v, R vp=e B vpiaf Ryorar sy R vog, RE
7 QR 0t QR HoH, n Q 7 QR, HoH,
PRV | vevyy =Ko _Vp't 2£&me+(l+£)&V2v+LFz
nQ - ot MH, n n Q HoH
A2+ (veV)v] = - 7,92 Vp'+2{Vxo+ [+ Vv + ”QF2
at 0°70 OHO
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> term which is unitless but is
070

The result is that the force and pressure terms are scaled by a

not necessarily equal to 1. Similarly dimensionalizing his equation for conservation of angular

momentum is shown below with the same - term scaling the torque vector.

HoH g
2 ’ 2 ’ ’ p2
P Ly 100, R (\yyey=—T 425 L2y R g (AR g
n pRoﬂat TR, Moty 1 QR Q" RnQ R Q
T ¢ 1 n1 2 /1+77 1
ﬂg()[at+(v o] ﬂoHo+ n(Q XV— Qm)+ﬂQ , (Vew)

122+ (vVyo] = T”% +2{(Vxv=20)+7 V0 +(A+7)V(V-0)
ot UH

0

This poses as a serious error in his thesis especially if he used the normalized equations for his
COMSOL simulations.

Another serious error in Elborai's thesis are his results for simulations with n'=0. In his
thesis, Figures 8-1 (pg 198), 8-2 (pg 198) and 8-3 (pg 201) all show non-zero velocity profiles
for a zero spin-viscosity and in the case of an infinitely long cylinder. This is an incorrect result
as explained in 4.4.3.4 and is also inconsistent with a similar simulation done by Finlayson [18]
with #’=0. The reason why Elborai might have gotten a non-zero flow was he might have

forgotten to remove the “spin-no-slip” boundary condition o(r=R;)=0 when he set 5’=0

resulting in Eq. (4.56) having a non-zero curl of spin velocity w resulting in non-zero flow.

Elborai's figure 8-1 is shown on the next page.
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0.06

002 PETRD

0 5 10 15 20 25 30

 [mm]

Figure 8-1: Velocity flow profiles obtained by numerically solving the spin-up model
without a spin diffusion term (i.e., with spin viscosity 1’ = 0). The simulation was
run for the parameters of MSG W11 listed in Table 8.1 with 7 = 1 x 107 s and
f =200 Hz. Note that Q. =27 f.

Figure 4-25. Elborai's erroneous plot (Figure 8-1) of velocity profiles with n'=0 for an infinitely
long cylinder in a uniform rotating magnetic field. His plots show non-zero flow when there
should be no flow because there is no spatial variation in spin velocity @ . Plot taken from [8].

444.3. Finlayson's Paper [18]

Finlayson sets up his COMSOL simulations similar to that done using the scalar potential
boundary condition method in Figure 4-11 except that Finlayson does not correct for the
demagnetizing field associated with an infinitely long cylinder given in (4.18) resulting in an
error with his numerical result.

One of Finlayson's conclusions from his simulations was that he observed flow reversal
at high magnetic fields. Finlayson associates this result with those obtained by authors who were
investigating flows at the free surface and had observed flow reversal [1, 3, 4, 19]. However, the

mechanism for this flow reversal had nothing to do with high magnetic fields but rather
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depended on the shape of the meniscus formed at the free surface as explained by Rosensweig
[6]. Finlayson confuses his result using spin-diffusion theory with the mechanism of tangential
stresses at the free surface which are two differing mechanisms even though he does mention it
at the end of the first paragraph on page 2 of his paper. Also, this logic of flow reversal at high
magnetic fields is not completely correct since the magnetization of the ferrofluid would saturate.
It is not clear if he accounts for this since he does not explain the expression he uses for the

equilibrium magnetization M, which could be the complete Langevin equation or the linear

relation given in (4.14).
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4.5. Conclusions

This chapter summarizes the assumptions, setup and results of the previously measured
bulk flow experiments of spin-up flows in uniform rotating fields by various authors [7-9] . It

also outlines the setup for the COMSOL simulations, using spin-diffusion theory, 7" # 0, with
boundary condition aXr=R,,)=0, to explain the experimental results obtained but that

neglect the demagnetizing effects associated with the shape of the ferrofluid cylinder. The
experimentally fit values of spin viscosity derived by these authors [7-9] do result in COMSOL
simulations that are in good agreement with the experimental results but these values of spin
viscosity are many orders of magnitude greater than that derived theoretically as seen in Chapter
6. The explanation for this discrepancy is also explained in Chapter 6.

This chapter also explores the case neglecting the effect of spin diffusion (°=0)

resulting in negligible flows when an infinitely long ferrofluid filled cylinder is subjected to a
uniform rotating magnetic field. Corrections to other author’s works are also made in this

chapter.
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Chapter 5. Experimental Setup of Ferrofluid Spin-up

Flows in Spherical Geometry

5.1. Introduction

Spin-diffusion theory, applied to finite height cylindrical vessels in the previous chapter,
was shown to reproduce circular co-rotating bulk flows in uniform rotating magnetic fields. The
assumption made was that the cylinder had to be significantly taller than its diameter such that
non-uniform demagnetizing fields due to the cylindrical shape did not significantly contribute to
generating the flow. However, most experiments actually conducted using a three phase two pole
stator winding or current driven pairs of coils that limit the height of the imposed magnetic field
in the ferrofluid filled cylinder such that these demagnetization effects cannot be disregarded [1-
4). Shliomis believes that the rotating fluid motion is generated as a result of the non-uniform
field created due to the non-uniform demagnetizing fields associated with a finite length
ferrofluid filled cylinder [5].

To compare whether spin-diffusion or non-uniform fields, due to demagnetizing effects,
generate the spin-up flow, an experiment where the non-uniform demagnetizing field effects are
insignificant was conducted. An infinitely long cylinder is only useful from a theoretical
standpoint since the uniform field demagnetizing factors are equal (to 1/2) in the transverse
direction and zero in the axial direction allowing for the creation of a uniform field. A uniform
field can also be created if the magnetic material is in the shape of a sphere allowing for equal
demagnetizing factors (of 1/3) in all directions. An experiment subjecting a ferrofluid filled
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sphere to a uniform rotating magnetic field was performed to determine if non-uniform
demagnetizing fields were the primary cause for the spin-up flow.

This chapter will describe the setup of the experiment to subject a ferrofluid filled sphere
to a uniform rotating magnetic field, generated inside of two spherical coils in quadrature in time
and space called a "fluxball machine", with bulk flows being measured using ultrasound
velocimetry. Two 10 cm diameter hollow polypropylene spheres were each filled with a different
ferrofluids, EMG705 and MSGW11, with their magnetic and fluid properties given in section
2.2. Each ferrofluid filled sphere was mounted in a special polycarbonate holder, that keeps the
sphere fixed and holds the ultrasound probes needed to measure the bulk velocity flows, and
tested one at a time in the uniform magnetic field apparatus. A list of the materials used and the

design of certain parts are documented in Appendix C.

5.2. Experimental Setup

5.2.1. Probe Holder

The probe holder was made of 0.5 inch thick polycarbonate and was designed in
SolidWorks®. Polycarbonate was chosen since it is nonmagnetic, nonconducting, resistant to
solvents and high temperature (melting point of =115°C) and is easy to machine. These
properties made it an excellent choice to be used as a probe holder.

The probe holder had to hold the 10 cm diameter sphere of ferrofluid and had to be
machined very carefully to get the correct curvature of the ball. To accomplish this, the probe

holder was precisely cut using a computer controlled OMAX waterjet cutter. The individual parts
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of the probe holder were then held together with polycarbonate screws (Appendix C). Figure 5-1
illustrates a graphic of the probe holder with the sphere of ferrofluid.

In addition to holding the sphere of ferrofluid fixed and exactly in the center of the
fluxball machine, the probe holder had to also hold the individual ultrasound probes at precise
angles with respect to the radius. The setup is similar to that explained in section 4.2 except with
notches placed underneath, along the equator and along one side of the sphere. A graphic of the
various probe angles from the top and side view of the probe holder can be seen in Figure 5-2
and Figure 5-3.

Special individual holders that snugly fit the ultrasound probes were cut out with the
waterjet, glued on to notches in the probe holder and drilled through with an 8.3 mm drill bit to
allow for the probe to touch the sphere. The exact dimensions of the individual parts for the
probe holder are documented in Appendix C. The standard dimensions of the ultrasound probe

are given in Table 5-1.

Ultrasound Probe - Characteristics
Diameter 8 mm
Length 10 mm & 30 mm
Case material Epoxy
Output wire Radial
Other specification Non-magnetic

Table 5-1. Ultrasound probe specifications used in this thesis.

Additional notches were also made on the probe holder to allow for the placement of
GMW three axis sensors to measure the magnetic field strengths at three positions on the

circumference of the sphere. The GMW sensor datasheets are in Appendix C.
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Figure 5-1. SolidWorks design of assembled probe holder (ultrasound probe holders not shown)
holding the sphere of ferrofluid. The positions of the notches are shown allowing for the
ultrasound beam to be directed at specific angles with respect to the radial direction. Notches for
the GMW magnetic field probes can also be seen.

The support rod fits into the support notch in Figure 5-3 and holds the probe holder and
sphere of ferrofluid upright and fixed. It is made from low friction material like Teflon because it
is needed to slide in and out of the fluxball access holes which can be seen in Figure 5-20.

Figure 5-5 and Figure 5-6 show the top and side views of the actual constructed probe
holder containing the sphere of ferrofluid. The notches for the ultrasound probe holder and the

GMW magnetic field sensors can be clearly seen.
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Figure 5-2. Top view of probe holder showing various probe angles, with respect to the radial
direction, measured along the equator of the sphere. The probe positioned at 20° to the radial
direction is clearly drawn out. Image obtained from SolidWorks design of probe holder.

Figure 5-3. Side view of probe holder. Probes are placed at two different heights and also some
underneath the sphere of ferrofluid. The angles the probe makes with respect to the radial
direction is also noted. The support notch in the center helps to hold the probe holder and sphere
of ferrofluid fixed in the fluxball machine. Image obtained from SolidWorks design of probe
holder.
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Figure 5-4. SolidWorks Graphic of probe holder with sphere of ferrofluid and support rod
needed to keep it firmly in place.
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Figure 5-5. Top of assembled probe holder containing sphere of ferrofluid. Notches for the
ultrasound probes and the GMW field sensor can be seen.
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" probe holders

Figure 5-6. Side view of assembled probe holder containing sphere of ferrofluid. Notches for the
underball ultrasound probe sensors and GMW field sensors can be seen.
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5.2.2. Testing the Probe Holder

Before conducting any experiments with ferrofluid it was necessary to test whether the
probe holder would accurately measure a flow that could be easily established experimentally
and with simulations.

A simple experiment was conducted using a 10 cm diameter sphere that had the top Y4
surface sawed off and the sphere filled with transformer oil. A disk of diameter 81 mm was then
positioned on top of the free surface and was rotated at a constant RPM entraining the fluid
layers below.

The setup of the experiment is given in Figure 5-7. The velocity profiles were measured
using Signal Processing’s DOP2000 velocimeter similar to the process outlined in section 4.2.1.
To allow for the measurement of the velocity profiles, Griltex-P1 was added to the transformer
oil. Plots of the area under the ultrasound echo curves (Appendix D) were made at various
concentrations of Griltex-P1 mixed with the transformer oil. The optimum concentration of
Griltex-P1 was found to be 0.008g/ml. The probes were placed at different positions in the probe
holder measuring different velocity profiles inside the sphere. The same flow was set up and
simulated in COMSOL Multiphysics and the model file is detailed in Appendix D.

The transformer oil used was Shell DIALA A with its physical properties listed below.
The viscosity of the oil was measured at 23°C with TA instrument’s AR-G2 rheometer while the

speed of sound was measured using Signal Processing’s DOP2000 velocimeter.

Viscosity # (Pa s) Density p (kg/m’) Speed of sound (m/s)

Shell DIALA 0.0155 900 1421
(Measured at 23°C)

Table 5-2. Table of physical properties of Shell DIALA A transformer oil. Viscosity and speed
of sound are measured values with value for density taken from the datasheet.
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The Brookfield DV-I+ viscometer was used as a motor drive by fitting the LV-1 spindle
into a specially made acrylic disk that was the same diameter of the free surface at the top of the

% sphere. The dimensions of the disk are documented in Appendix C.

Brookfield viscometer -

Ultrasound Probe | «— V-1

Circular disk fitted to spindle
e

Probe holder 3/4 sphere containing transformgr ¢il

7720770022777/

Figure 5-7. Experimental apparatus of flow driven by rotating circular disk entraining flow inside
sphere of transformer oil. The flow is measured with ultrasound probes at various positions on
the circumference of the sphere.

Figure 5-8 is a picture of the experimental setup with the sphere empty and the ultrasound
probes positioned on the equator of the sphere. Figure 5-9 is a picture of the experimental setup
with the circular disk attached to the LV-1 placed on the free transformer oil surface of the filled

sphere. One probe is placed along the radial direction and the other 20° to the radial direction

along the equator. These two probes allow for a calculation of the rotational velocity v, and the

results, seen in Figure 5-10, are in good agreement with the COMSOL simulations.
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The ultrasound probe can only measure the velocity in the direction of the ultrasound
beam. As a result, Figure 5-11 is a plot of the z-directed velocity as a function of position z
(where z=0 is the equatorial plane of the sphere) measured by the probe placed underneath the
sphere at 25° to the radial direction. The position of the probe can be clearly seen in Figure 5-3.
The results are in close agreement with the COMSOL simulations for the same probe position.

Figure 5-12 compares the experimental and COMSOL results for a probe measuring the
x-directed velocity as a function of x where x=z=0 is the center point of the sphere. The probe is
placed at (y=0,z=-2.5cm) in the holder shown in Figure 5-3. The experimental results are in
approximate agreement with the results obtained using COMSOL.

The results obtained in this experiment confirms that the probe holder was designed and
built to measure flow profiles in the sphere accurately. The probe holder was used for all
experiments in this thesis with a Griltex-P1 concentration of 0.008g/ml mixed with the sample

fluid.
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ltrasound probes

Figure 5-8. Picture of experimental setup showing LV1 spindle (without disk) positioned above
3/4 empty sphere with ultrasound probes positioned on the circumference

Figure 5-9. Sphere filled with Shell DIALA transformer fluid with disk fitted on LV-1 spindle
placed on top of the % sphere.
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Figure 5-10. Rotational velocity vy as a function of radius measured at the equator of the %
sphere of radius Scm at three different rotational rates 20, 50 and 100 RPM. Experimental results
match those obtained using COMSOL simulations.
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Velocity profile measured by underball probe at angle 25°
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Figure 5-11. Velocity profile measured by probe placed underneath the sphere at 25° to the radial
direction as seen in Figure 5-3. The velocity is a function of z position where z=0 is at the
equator level of the sphere. Three different experimental rotational rates (20, 50 and 100 RPM)
are compared to COMSOL simulations.
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Figure 5-12. Velocity profiles measured from probe placed at z= -2.5 cm as seen in Figure 5-3.
The probe measures x-directed velocity as a function of x where x=z=0 is the center position of
the sphere. Experimental and simulation profiles are seen for three different rotational rates 20,
50 and 100 RPM.
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5.2.3. Fluxball

If a spherical coil is wound of thin wire such that the vertical turns density is uniformly
distributed with respect to the z axis as in Figure 5-13, the magnetic field intensity produced

inside it will be uniform. In [6], [7] and the rest of this thesis such a spherical coil is commonly

referred to as a fluxball.

. ; . ... . . N
Assuming that the fluxball is made up of N turns of wire, the turn density in z 1s = and
the number of turns at r=R in an increment of length in the z direction would then be given as

]—}dz . Because z=Rcos8,dz =—sin @Rd@, the number of turns per unit length Rd@along the

N
surface of the sphere can then be determined to be Eﬁsin @ . Multiplying this with the current I in

each turn of wire gives the surface current density.

=i¢£(_—'dz)=i¢£sin9 (5.1)
2R Rd@

2R
z
P‘ 8 7/r
— Rdé
Y

S T
=

f= —
—

e g
-

-

—_—
o 2R

Figure 5-13. Mathematical description of a fluxball of radius R with uniformly distributed
windings in z of N total turns each carrying current / resulting in a surface current sheet flowing

azimuthally in the @direction but varying sinusoidally with respect to the zenith angle & [6, 7].
Image taken from [6].
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Figure 5-14. Cross-sectional view of fluxball with sphere of linearly magnetic material inside.
Sphere and fluxball are both surrounded by a region of air.
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If a sphere, containing linear magnetic material with magnetic permeability given as
My = o1+ %) (5.2)
where y is the magnetic susceptibility, is placed inside this fluxball such that there are three
regions of interest as depicted in Figure 5-14. The field distribution in all three regions can be
solved using the magnetic scalar potential i since VXH =0 so that
H=-Vy (5.3)
Magnetic flux density can be given as B= s, (H+M). Applying Gauss's Law of magnetism
(VB =0) everywhere results in Laplace's equation in magnetic scalar potential (Vy=0)in all

three regions. The solution to Laplace's equation in spherical coordinates for the three different

regions are

Arcosé@ 0<r<R;
;1/=<Brcos€+£2cos9 R, <r<R 5.4
r
220036 r>R
\ r
The magnetic field in each region is
—Acos b, + Asin6i, O0<r<Rg
0 C+Br’)sind
H:—Vy/=<(—Bcos0+£:§)S—)ir + (_T)—i¢ R,<r<R (55
2Dcos @, Dsiné,
t — i, + > i, r>R
r

Boundary conditions at r=Rpr require that

H,-H, =0

5.6
IUOHrZ _lulHrl =0 ( )
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which gives

Ap, cos(8) + p,(—B cos(8) +2CLS3@2) =0

FF

(C+BR;,)sin(0) _
. =

—Asin(8) + 0

FF

resulting in

A= 3Bty (Bu, —Bu)R’
2y + 1, 20, + 1,

Boundary conditions at r=R; require that

NI sin(0)
Hy—-Hy, = T

MH - pH,, =0
which gives
2D, cos(8)
R3
Dsin(d) (C+ BR’)sin(f) _ NI sin(6)
R’ R’ 2R

2Ccos(0)
3

— U, (—=Bcos(0)+ y=0

resulting in

p=_NM _ ~_=# —4)NIR;,
3R 324, + i4)R
BR®  —(u,— )NIR;, N NIR?

2 32u,+ ()R 6

D=C-

Solving for A gives

__ =Ny, NI
(2, + 14)R B3+ 1R
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and substituting in (5.5) gives

NI NI

coséi, - sinéi, 0<r<R,
G+ 2R BG+1R
3 3 3N o
H=) Mcos(0)+ 2NIRF3F,1'cos(6) i NI(R;. x 3(3+,1;)r )sin(8) i, R, <r<R (5.13)
3R 3R+ %) 3r'R3+2)
NI (2R 7+ R’(3+ 1))cos(d) NI(2R, 2 +R’(3+ 2))sin(d) x
+ >

3r’RG3+2) K 6r°R(+ %) v

where the field inside the magnetic sphere is uniform and can be rewritten as
T NI . NI,
H=i, N cos(8) |—1i, sin(@) |= ! i (5.14)
B+ R G+2R G+2R

The field outside the magnetic sphere is the sum of the dipole field, generated by the
magnetic sphere, and a uniform field while the field outside the fluxball is purely a dipole field.
In the case that the ferrofluid filled sphere is empty (y=0) (5.13) reduces to (5.15) where the

internal uniform field and dipole field outside the fluxball is clearly shown in Figure 5-15.

]E\%iz r<R
H=q oy (5.15)
——[—) (i,2cos@+i,sin@) r>R
6R\ r
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960 Turn Fluxtall Coil: 12.3 W/mT

Figure 5-15. Magnetic field lines produced by a fluxball of 960 turns. It produces a 25 mT
uniform magnetic field in a spherical region of diameter 8 cm. The power consumed per mT of
field density produced is also listed [7]. Image taken from [7].
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5.2.4. Lawler’s Fluxball Machine [7]

To generate a uniform rotating magnetic field, two concentric orthogonally oriented
fluxballs have to be excited with alternating currents that are out of phase by 90° as shown in
Figure 5-16. This configuration will be known as a fluxball machine for the rest of this thesis.

Lawler, in his thesis [7], built a fluxball machine by stacking and bonding polycarbonate
discs and flanges of different radii to support the windings. Pictures of the fluxball machine can
be seen in Figure 5-17 through Figure 5-19. A picture showing the winding support structure for
the inner fluxball can be seen in Figure 5-20 with the complete fluxball machine, containing a
ferrofluid filled sphere of diameter 10 cm inside the test chamber, shown in Figure 5-21.

Table 1-1 outlines Lawler's specifications for the fluxball machine he built. He quotes
that the fluxball machine would have an interior B field of 5.4 mT/A for each fluxball. This will
be shown to be slightly inaccurate in section 5.2.7. The measured dimensions of the built inner

fluxball are given in Appendix C.

Characteristic Inner Fluxball Outer Fluxball
Interior B field 5.4 mT/A 5.4 mT/A
Winding Axis Radius, r(0=0°) 10.36 cm 15.04 cm
Quadrature Axis Radius, r(6=90°) 11.02 cm 16.75 cm
Peak Current 5A 5A
Continuous Current 2A 2A
Total Turns 1280 1920
Length of Winding 700 m 1568 m
Total Slots 32 48
Slot Height 5.9 mm 5.9 mm
Flange Height 0.50 mm 0.50 mm

Table 5-3. Magnetic, geometric and electrical specifications for Lawler's fluxball machine [7].
Interior B field is slightly erroneous.
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ot =wamwt

Liuir =% sinwt

Figure 5-16. The rotating uniform magnetic field is produced by driving the two orthogonal coils
with sinusoidal currents that are out of phase by 90° in time . The inner coil (top row) generates
the vertical uniform magnetic field while the outer coil (middle row) generates the horizontal
magnetic field. Combining them together gives the rotating uniform magnetic field as seen in the
last row. Image taken from [7].
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Figure 5-17. Lawler's fluxball [7] machine that was used in this thesis. The outer windings have
a radius of 16 cm while the inner winding has a radius of 11 cm. The two windings create
uniform rotating magnetic fields in a spherical volume of 15 cm diameter inside the inner
fluxball. Image taken from [7].

Figure 5-18. An exposed view of the insides of the outer windings. The inner fluxball winding is
orthogonal to the outer winding and fits inside the outer winding generating a uniform rotating
magnetic field in the region inside the inner fluxball when excited by two phase AC signals. The
inner fluxball is slightly separated showing the region inside. Access holes were also made to
allow for probes and cables to be inserted inside the inner fluxball. Image taken from [7].
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Figure 5-19. Insides of the inner and outer windings are shown. It can be seen that the inner
winding has enough space to fit a ferrofluid filled sphere of diameter 10 cm. Image taken from

[7].

0.50 mm Access 5.9 mm
Polycarbonate Flange Tube Polycarbonate Disc

Figure 5-20. Cross-sectional plot of inner fluxball showing the test chamber and the fluxball
winding support structures. The access tube at the top and bottom of the inner fluxball can also
be seen and is further illustrated with the cable entering the test chamber in Figure 5-18. The
ferrofluid filled sphere of diameter 10 cm fits inside the test chamber. Image taken and modified
from [7].
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Figure 5-21. Cross-sectional diagram of the complete design for the fluxball machine. The inner
fluxball can be seen to fit inside the outer fluxball and that their windings are orthogonal to each
other. A uniform rotating magnetic field is created inside the test chamber which will be
occupied by a 10 cm diameter sphere of ferrofluid. Image taken and modified from [7].
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5.2.5.

Lumped Parameter Model of Fluxball Machine

The individual fluxballs of the fluxball machine can be modeled as a series R-L circuit.

Measurements of the resistance and inductance were made using the Hewlett-Packard 4192A LF

Impedance Analyzer for each fluxball winding with and without spheres of ferrofluid. The

measurements are an average of the values taken over a range of frequencies below the self

resonant frequency of the individual windings with combinations of electrically shorting and

electrically open circuiting the individual fluxballs. Two different sized spheres of ferrofluid

were used, one with 10 cm diameter and the other with 7 cm diameter, with specifications for

both listed in Appendix C. The measurements are listed in Table 5-4 and Table 5-5.

Resistance for Setup No Sample | MSG W11 EFHI MSG W11 EFH1
(D=10cm) | (D=10cm) (D=7 cm) (D=7 cm)
Inner fluxball with Outer fluxball Open 23.81Q 23.85Q 23.76 Q 23.80Q 23.80Q
Inner fluxball with Outer fluxball Short 23.77Q 23.84Q 2376 Q 23.79Q 23.80 Q
Outer fluxball with Inner fluxball Open 52.70Q 5277 Q 52.69 Q 52.64 Q 52.67 Q
Outer fluxball with Inner fluxball Short 5270Q 52.76 Q@ 5270 Q 52.63Q 52.66 Q

Table 5-4. Averaged resistance

different types of ferrofluid, MSGW11 and EFH1.

values over frequency range 10Hz-100Hz of various
configurations of the inner and outer fluxball with and without differently sized spheres of two

Inductances for Setup No Sample | MSGW11 EFH1 MSG W11 EFH1
(D=10cm) | (D=10cm) (D=7 cm) (D=7 cm)
Inner fluxball with Outer fluxball Open 0.172 H 0.177H 0.183 H 0.173 H 0.176 H
Inner fluxball with Outer fluxball Short 0.172 H 0.177H 0.183 H 0.173 H 0.176 H
Outer fluxball with Inner fluxball Open 0.565 H 0.570 H 0.577H 0.566 H 0.569 H
Outer fluxball with Inner fluxball Short 0.565 H 0.570 H 0.577 H 0.566 H 0.569 H

Table 5-5. Averaged inductance values over frequency range 10Hz-10kHz of wvarious
configurations of the inner and outer fluxball with and without differently sized spheres of two

different types of ferrofluid, MSGW11 and EFH1.
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5.2.6. Controlling the Fluxball Machine

The purpose of the fluxball machine is to generate a uniform rotating magnetic field at
any frequency specified and in any rotational direction. To ensure that the desired magnetic field
strength is reached either a current source in series with the fluxball can be used, or a voltage
source with the voltage set at a specific level to generate the desired current magnitude. Lawler,
in his thesis [7], used the LVC 5050 power amplifier as a voltage source to generate the desired
current in the fluxball machine. The same LVC 5050 power amplifiers were used for this thesis
and its datasheets are given in Appendix C.

To control this voltage source Lawler used a LabVIEW program that implemented a hard
coded PID control system that was simple enough to obtain data for his thesis. However, the
previous section showed that the lumped model for the fluxball windings changes with the
inclusion of different sized spheres and different types of ferrofluid used. In addition, the R-L
model for the fluxball has an impedance that is frequency dependent given by

Z puvair = (Rpupan + Rpia )+ JOLgon + Lpia) (5.16)

A more versatile program was developed with NI LabVIEW 8.2 to dynamically control
the voltage and phase applied to the individual fluxballs. The LabVIEW program directly
controls the NI PCI-6036E DAQ card which allows for simultaneous measurement of 16 analog
inputs and fhe generation of two analog outputs, one for each fluxball winding, via an NI BNC
2120 connector block. The two output channels are amplified, with a voltage gain of 20, by the
LVC 5050 amplifier and fed to the individual fluxball windings. The individual fluxball
windings are placed in series with two 1Q S0W resistors that minimally affect the circuit
characteristics but the voltage drop across them represents the current flowing through the
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windings. These current measurements along with their phase difference are fed back into the
inputs of the DAQ card. The LabVIEW program with the help of the NI LabVIEW 8.2 PID
Control Toolkit then adjusts the output channel voltages from the DAQ card to obtain the
specified current value through the fluxball windings and ensures that the phase difference
between spherical coils is £90°. The setup for controlling the fluxball machine is drawn out with
a circuit diagram shown in Figure 5-23 and datasheets for the parts used are given in Appendix
C.

A screen shot of the LabVIEW user interface is shown in Figure 5-22. A detailed
description of its functionality and the underlying code is given in Appendix J. The LabVIEW
interface allows for the control of the two fluxball windings as well as a third coil. For the
purposes of this chapter the controls highlighted in Figure 5-22 are sufficient to control and

maintain the phase, magnitude and frequency of the current in the individual fluxball windings.
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Switch controls field’s rotational direction

Current through fluxballs plotted in

' these charts

Individual on/off switch for each fluxball

PID gains to maintain current magnitude
in individual fluxballs with tuning

switch
RMS current set point for fluxball L witehes

windings >

Fluxball frequency

Phase difference between outer fluxball
and inner fluxball current

PID gains to maintain current phase pd
difference with tuning switch

Figure 5-22. Front control panel of program in NI LabVIEW 8.2 showing all the controls needed to maintain the magnitude, phase and
frequency of the current in the individual fluxball windings.
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LVC 5050 Output Ch1
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Inner 177 20*Vouer cOS@L_____ | Vouer COS(QL) via BNC 2120
Fluxball | | LVC 5050
Windings | 1 Outer Power Amplifier

; | v’\:rlu;!)a" 10 Gain=20

(- Windings LVC 5050 t Ch2
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Figure 5-23. Circuit diagram for controlling the fluxball machine. The LabVIEW program is
interfaced to the 6036E DAQ card and the two output channels are amplified by the LVC 5050
and fed to the individual fluxball windings. The voltage across the 1Q resistors represents the
currents in the fluxball windings and the magnitude and phases are fed back to the LabVIEW
program. A PID control program adjusts the input to the amplifier so that the resulting current
can eventually reach the desired set value.
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2:2: 7 Testing and Characterizing the Fluxball Machine

To test the fluxball machine, three GMW Hall effect three axis magnetic sensors were
fitted into the GMW probe slots seen in Figure 5-2 and Figure 5-3 to measure the magnetic field
on the circumference of the 10 cm diameter sphere, without ferrofluid, made by the fluxball
machine. The specifications for these sensors are included in Appendix C and a picture of one of

the sensors is given in Figure 5-24 below.

ZAxis a

" X Axis
CSA
(Under PCB)

Figure 5-24. GMW three axis magnetic field sensor.

The three sensors labeled GMW Sensors 1-3 were oriented in each slot as shown in
Figure 5-25 and Figure 5-26. They were supplied with a constant 5.0 V DC from a supply
voltage and voltage signals were read from the pins of the sensors, using a shielded 20 conductor
data cable listed in Appendix C, via the input terminals of the BNC 2120 interfaced with the
LabVIEW program. The LabVIEW interface panel can be seen in Figure 5-27 and can monitor
two sensors at a time. This is because the BNC 2120 has eight BNC inputs, two of which are

used to monitor the current through the fluxball leaving 6 terminals to monitor the x, y and z axis
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readings of the two sensors. The third sensor values are measured by swapping out the

connecting terminals of one of the already measured two sensors.

Figure 5-25. Side view of probé holder with empty sphere, showing GMW sensors 1& 3 in dark
blue. The individual sensor’s axes are oriented as shown and denoted as x;, y; for sensor 1 and
X3, y3 for sensor 3. Image obtained from SolidWorks design of probe holder.

Figure 5-26. Top view of probe holder with empty sphere, showing GMW sensor 2 (dark blue)
fitted in slot and sensor’s x and y axis (denoted as x; and y,) aligned as shown. Image obtained
from SolidWorks design of probe holder.
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ure 5-27. Panel monitoring x, y and z magnetic field components measured by GMW sensors in LabVIEW program controlling
se, magnitude and frequency of the current in the two fluxball windings. Only two sensors can be monitored at a time due toal
nputs on the BNC 2120/6036E DAQ card. The graphs display the voltage waveforms along individual axes of the sensor wl
y calculating the RMS flux density magnitude. Clicking on the Take Sensor DATA button copies all the data to a text file for
cessing.
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Since each sensor measures the magnetic field along the individual axes that its internal
current sensors are aligned to, the magnitude of the magnetic field outside the 10 cm diameter

sphere picked up by the three individual sensors is given by

[B|,,, =Bl + Bl + B (5.17)
Values of the turn ratio N and the average radius R can be substituted in (5.15) to determine the

theoretical flux density for the individual fluxballs

HN HN
B|=|gH|l="2"1=K 1, K, =2 .
Bl =|uH| =21 =K 1 K, =20 (5.18)

where K,, is known as the winding factor and represents the relationship between the applied
current and the magnetic field.

The fluxballs were individually energized at different current magnitudes and frequencies
without any ferrofluid filled sphere. The magnitude of the magnetic fields were recorded at these
frequencies and fluxball currents and compared to theoretical values as determined in (5.18).
Table 5-6 is a list of measured RMS values of magnetic flux density, for the different sensors,
when energizing only the inner fluxball at different frequencies and currents. It also lists the error
associated with each measurement as compared to the theoretical values for the flux density
using the inner fluxball’s turn ratio of 1392 turns and an average radius of 10.7 cm. A maximum
error of = 10% difference with respect to the theoretical value is highlighted. Table 5-7 is a list of
measured flux density magnitudes of the different sensors when energizing the 2069 turn outer
fluxball of 15.9 cm average radius. A maximum error of 12% difference with respect to the
theoretical value is also highlighted. The differing radii of the two exciting coils are

counterbalanced by the increase in number of turns for the outer coil such that
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Noner . Nower =115 turns/cm (5.19)

R R

nner outer

The winding factors for the different fluxballs are determined for each sensor and then
averaged. Those sensor averaged winding factors are then averaged for every frequency and
current combination to give an average winding factor of 5.09 mT/A (RMS) and 5.03 mT/A
(RMS) for the inner and outer fluxballs respectively. This value is approximately equal to the
value that Lawler predicted (= 5.05 mT/A (RMS) pg 82 of [7]) it to be but Lawler measured
values were significantly higher, 5.4 mT/A (RMS). This discrepancy could be because Lawler
did his measurements when the fluxball was placed on a steel optical table. Lawler himself,
recognizes this discrepancy in his conclusions and calculates that the reflected fields from the
steel table could increase the magnetic field by 5% which almost exactly explains his
measurements (105% of 5.05mT/A = 5.303 mT/A) and confirms his theoretical results with
those in Table 5-6 and Table 5-7. The experiments that were conducted in this thesis were all
done with the fluxball machine on a wooden table.

Table 5-8 compares the values of the measured magnetic flux density, for the individual
sensors, obtained by energizing the individual fluxballs. It shows that the inner and outer
fluxballs generate the same magnetic field when energized with the same current with a
maximum error of = 9%. Table 5-9 compares the magnitude of magnetic flux density obtained
by the different sensors giving the error in the spatial distribution of the magnetic field, when
energizing the individual fluxballs one at a time, due to the construction process of the fluxball
machine. A maximum spatial error in magnetic flux of 7% and 10% for the inner fluxball and
outer fluxball respectively, was obtained confirming that the fields generated by the individual
fluxballs are mostly uniform in the test chamber.
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f RMS B nag (mT) B mag (mT) B mag (mT) Biheoreticat | Sensor 1 | Sensor 2 | Sensor 3 Kw K. K. Avg K,
(Hz) | TLinneftuxval Sensor 1 Sensor 2 Sensor 3 (mT) Error Error Error (mT/A) (mT/A) (mT/A) (mT/A)
(A) (%) (%) (%) Sensor | | Sensor2 | Sensor 3
1 0.354 1.850 1.812 1.724 1.927 3.978 5.950 10.517 5.252 5.125 4.876 5.085
1 0.707 3.731 3716 3.495 3.853 3.173 3.562 9.298 5.284 5.255 4.943 5.160
1 1.414 7.007 6.938 7.087 7.707 9.077 9.972 8.039 4.955 4.906 5.011 4.957
10 0.354 1.850 1.813 1.756 1.927 3.978 5.898 8.857 5.235 5.128 4.967 5.110
10 0.707 3.727 3.711 3.551 3.853 3.277 3.692 7.844 5.278 5.248 5.022 5.183
10 1.414 7.011 6.937 7.199 7.707 9.025 9.985 6.586 4.958 4.905 5.090 4985
50 0.354 1.843 1.808 1.747 1.927 4.341 6.158 9.324 5.233 5.114 4941 5.096
50 0.707 3.723 3.705 3.556 3.853 3.381 3.848 7.715 5.269 5.240 5.029 5.179
50 1.414 7.024 6.931 7.204 7.707 8.857 10.063 6.521 4.967 4.901 5.094 4.987
100 0.354 1.843 1.809 1.742 1.927 4.341 6.106 9.583 5.204 5.117 4.927 5.083
100 0.707 3.724 3.705 3.541 3.853 3.355 3.848 8.104 5.262 5.240 5.008 5.170

Average  winding factor 5.09

Table 5-6. Table of measured RMS magnitude of magnetic flux density of the three GMW sensors positioned in the slots of the probe
holder for only energizing the inner fluxball. The percentage error compared to the theoretical value of the flux density is also
calculated. The winding factors are also calculated for the different frequencies, sensors and fluxball current and averaged.
Highlighted values indicate greatest error obtained from measurements.
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f RMS B pag (mT) B ag (MT) Bag (MT) | Bypeoreticat | Sensor 1 | Sensor 2 | Sensor 3 K, K, Ky Avg K,
(Hz) | Touterfluxball Sensor 1 Sensor 2 Sensor 3 (mT) Error Error Error (mT/A) | (mT/A) | (mT/A) | (mT/A)
(A) (%) (%) (%) Sensor 1 | Sensor 2 | Sensor 3
1 0.354 1.845 1.682 1.763 1.927 4.261 12.719 8.516 5.190 4.757 4.987 4.978
1 0.707 3.709 3.407 3.573 3.854 3.768 11.603 7.297 5.245 4.818 5.053 5.0388
1 1.414 7.097 6.636 7.256 7.708 7.932 13.913 5.870 5.020 4.692 5.131 4.9476
10 0.354 1.847 1.731 1.784 1.927 4.157 10.176 7.426 5.213 4.896 5.046 5.0516
10 0.707 3.708 3.496 3.607 3.854 3.794 9.294 6.414 5.240 4.944 5.101 5.0949
10 1.414 7.086 6.787 7.324 7.708 8.075 11.954 4.987 5.010 4.799 5.179 4.9959
50 0.354 1.838 1.726 1.775 1.927 4.624 10.436 7.893 5.210 4.882 5.020 5.0374
50 0.707 3.699 3.467 3.592 3.854 4.027 10.047 6.804 5.226 4.903 5.080 5.0695
100 0.354 1.83 1.735 1.772 1.927 5.039 9.969 8.049 5.165 4.907 5.012 5.028

Average  winding factor 5.03

Table 5-7. Table of measured RMS magnitude of magnetic flux density of the three GMW sensors positioned in the probe holder slots
only when energizing the outer fluxball. The table also lists the measurement error compared to the theoretical value as well as the
average winding factors. Highlighted values indicate greatest error obtained from measurements.

f (Hz) RMS I (A) through Sensor 1 Sensor 1 Sensor 1
individual fluxball Error (%) Error (%) Error (%)
1 0.354 0.271 7.729 2.212
1 0.707 0.593 9.070 2.183
1 1.414 1.268 4.551 2.329
10 0.354 0.162 4.737 1.570
10 0.707 0.512 6.150 1.553
10 1.414 1.058 2.210 1.707
50 0.354 0.272 4.751 1.577
50 0.707 0.649 6.865 1.002
100 0.354 0.710 4,265 1.693

Table 5-8. Table of errors between the values of measured magnitude of flux density by the different sensors obtained by energizing
the inner and outer fluxballs individually. There is a maximum of = 9% difference between the magnitude of the magnetic flux
generated by the inner and outer fluxballs.
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Inner Fluxball

Outer Fluxball

f RMS Sensor 2 Sensor 3 Sensor 1 Sensor 3 f RMS Sensor 2 Sensor 3 Sensor 1 Sensor 3
(Hz) | Yimerfixban | Error (%) | Error (%) | Error (%) | Error (%) (Hz) | Iowerwpan | Exror (%) | Error (%) | Error (%) | Error (%)
(A) wrt Sensor | wrt Sensor | wrt Sensor | wrt Sensor (A) wrt Sensor | wrt Sensor | wrt Sensor | wrt Sensor
1 1 2 2 1 1 2 2
1 0.354 2.054 7.162 2.097 4.857 1 0.354 8.835 3.924 9.691 4.816
1 0.707 0.402 6.451 0.404 5.947 1 0.707 8.142 3.667 8.864 4.872
1 1.414 0.985 1.142 0.995 2.148 1 1.414 6.496 2.212 6.947 9.343
10 0.354 2.000 5.132 2.041 3.144 10 0.354 6.280 3.201 6.701 3.062
10 0.707 0.429 4.850 0.431 4,312 10 0.707 5717 2.645 6.064 3.175
10 1.414 1.055 2.667 1.067 3377 10 1.414 4.220 3.373 4.405 7.912
50 0.354 1.899 5.568 1.936 3.374 50 0.354 6.094 3.637 6.489 2.839
50 0.707 0.483 4.563 0.486 4.022 50 0.707 6.272 2.788 6.692 3.605
50 1.414 1.324 2.548 1.342 3.939 100 0.354 5.191 2.957 5.476 2.133
100 0.354 1.845 5.326 1.879 3.704
100 0.707 0.510 4,837 0.513 4.426

Table 5-9. Table compares the values measured by the sensors with respect to each other to determine the maximum spatial error in
magnetic field for both fluxballs when the individual fluxballs are energized. A maximum of = 7% for the inner fluxball and = 10%
spatial error for the outer fluxball is highlighted.
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5.2.8. Resonant Operation of Fluxball Machine

Table 5-10 compares the electrical properties of the two pole stator winding machine,
used by He [3] and Elborai [4] in their experiments with a rotating uniform magnetic field, with
those of the two fluxball windings. To provide the same amount of current as the two pole stator
winding machine, a larger voltage is required because of the greater impedance that scales with
frequency, due to the higher inductance of the individual windings. The winding factor of the
combined fluxball machine used in this thesis is taken to be the average of the winding factors of

the inner and outer fluxball and is equal to 50.6 G/A (RMS).

Setup Winding Resistance (Q) Winding Inductance (H) Winding Factor K,
(Gauss/A RMS)
2 pole stator winding [3, 4] 3.1 0.008 38
Inner Fluxball 23.8 0.172 50.9
Outer Fluxball 52.7 0.565 50.3

Table 5-10. Table documenting winding resistance, inductance and winding factor for the inner
and outer fluxballs along with the 2 pole stator winding used by He [3] and Elborai [4] in their
experiments of generating a rotating field.

The LVC 5050 amplifier used by He [3] and Elborai [4] is the same amplifier used in this
thesis and has a maximum RMS voltage output of 106 V (Appendix C) with three possible gains
of 20, 70 and 130. The NI PCI 6036E DAQ card has a maximum peak output of 10 V. To
operate the fluxball machine at a particular frequency, the DAQ card should not exceed 10 V
peak and the output of the amplifier should not exceed an RMS value of 106 V.

Table 5-12 for He’s [3] and Elborai’s [4] stator winding is a list of impedances calculated
at various different frequencies along with the calculated voltage output by the LVC 5050
amplifier and the DAQ card, at various gain settings, for a desired magnetic field strength. It also

lists which cases meet these specifications and which do not. Elborai’s [4] and He’s [3] two pole

229




stator machine’s low impedance allows for all but one case to be satisfied without any
modifications to the setup.

Table 5-13 and Table 5-14 list the same output voltages by the LVC 5050 amplifier and
6036E DAQ card necessary for the frequencies and magnetic field strengths for each individual
fluxball winding. The outer fluxball actually limits the cases further since to generate a rotating
magnetic field both the inner and outer fluxballs have to be energized leaving only three possible
frequency/current combinations. Of these three cases two occur at a frequency of 1 Hz, which
might not be enough to create the torque needed since the magnetization of the fluid and
magnetic field will be mostly collinear, while the one case of 20 Hz is insufficient to do a
thorough investigation.

The main problem is the high impedance values at the high frequencies resulting in large
voltages needed to generate the currents specified. A good solution is by inserting a series
capacitor with the windings to cancel the impedance due to the inductance of the windings at the

resonant frequency of the resulting RLC circuit as shown in Figure 5-28.

Rwinding Lwinding +Veap -
P Fluxball Series Cap
Vsource @R Ve Windings
B 5050
Amplifier

L

Figure 5-28. Circuit diagram of LVC 5050 amplifier in series with fluxball windings and series
capacitor for resonant operation of fluxball.

The voltage drop across the capacitor at resonance can be given as
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(5.20)

cap source

where Qis the frequency of the sinusoidal signal applied to the fluxball and R, iing the

resistance of the winding which is the impedance of the RLC circuit at the resonant frequency.

The factor L given in (5.20) is usually very large for most standard capacitors. This

cap™winding
means that any series capacitor chosen to operate at a resonant frequency must have a large
enough dielectric breakdown voltage to withstand the high voltages calculated by (5.20).

Two high frequencies (47 Hz and 95 Hz) were chosen for resonant operation and
capacitance and voltage drops across the series capacitors were calculated for both fluxball
windings as tabulated in Table 5-15 and Table 5-16. It can be seen that at a resonant frequency of
47 Hz the inner fluxball has to have a series capacitance of 66.7 uF rated to withstand an RMS
voltage of 102 V, while the outer fluxball needs a series capacitance of 20 uF rated at 334 V
RMS. At a resonant frequency of 95 Hz, the inner fluxball has to have a series capacitance of
16.3 uF capable of withstanding 205 V RMS, while the outer fluxball needs a capacitance of 5
uF rated at 675 V RMS. Panasonic AC film capacitors were used because they have high voltage
ratings, are compact and can easily be mounted in an enclosure. The datasheet for the enclosure
and these capacitors are in Appendix C.

For the 66.7 uF capacitor, four 15 uF capacitors (Digikey #P9413-ND), each rated at 250
V RMS, were put in parallel with a single 6 uF capacitor (Digikey #P9661-ND) rated at 440 V
RMS. These five capacitors were mounted with screws in a single enclosure (Digikey #707K-
ND) with terminals mounted on the outside. The 20 pF capacitor was assembled with placing
four 5 pF capacitors (Digikey #P9660-ND), each rated at 440 V RMS, in parallel with each other
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and mounted in a single enclosure. The 16 pF capacitor was made by placing a 10 YF capacitor
(Digikey #9411-ND), rated at 250 V RMS, in parallel with a 6 UF capacitor (Digikey #9661-ND)
rated at 440 V RMS. For the 5 pF capacitor, which had to withstand an RMS voltage of 675 V,
three 15 uF capacitors (Digikey #9413-ND) were placed in series adding up their individual
rated voltage of 250 V RMS to a total of 750 V RMS. Both the 16 pF and the 5 pF capacitors
were mounted into a single enclosure with two separate output terminals. The enclosures
containing the capacitors can be seen in Figure 5-29 with their internal wiring displayed in
Figure 5-30.

The individual capacitor boxes were assembled and their capacitances measured. They
were also connected in series with the individual fluxball windings and the impedance values of
the resulting RLC circuit were also measured at the individual resonant frequencies. These
results are tabulated in Table 5-11. It can be seen that at resonance the impedance of the
individual windings are mostly real allowing for lower voltages to generate the desired magnetic

flux density in the fluxball.

Capacitance Desired (UF) Measured Capacitance (WUF) Measured Impedance of capacitor in
series with fluxball windings (Q)
20 ; 20.32 Zinner=25.25+0.65) (@47 Hz)
66 68.00 Zyuer=54.5-0.8j (@47 Hz)
16 16.23 Zinne=25.28-1.5j (@95 Hz)
5 5.10 Zower=55+6.91j (@95 Hz)

Table 5-11. Measured values of capacitance and impedance of the RLC circuit at the specified
resonant frequency.
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f (Hz) RMS 1 (A) B Impedance Z (Q) | LVC 5050 RMS LVC 5050 LVC 5050 LVC 5050 Possible?

(Gauss RMS) current (A) GAIN=20 GAIN=70 GAIN=130

6036E Peak 6036E Peak 6036E Peak

Output (V) Output (V) Output (V)
1 1.000 38.000 3.100 3.100 0.219 0.063 0.034 YES
1 2.000 76.000 3.100 6.201 0.438 0.125 0.067 YES
1 5.000 190.000 3.100 15.502 1.096 0.313 0.169 YES
20 1.000 38.000 3.259 3.259 0.230 0.066 0.035 YES
20 2.000 76.000 3.259 6.518 0.461 0.132 0.071 YES
20 5.000 190.000 3.259 16.295 1.152 0.329 0.177 YES
50 1.000 38.000 3.991 3.991 0.282 0.081 0.043 YES
50 2.000 76.000 3.991 7.982 0.564 0.161 0.087 YES
50 5.000 190.000 3.991 19.954 1.411 0.403 0.217 YES
100 1.000 38.000 5.906 5.906 0.418 0.119 0.064 YES
100 2.000 76.000 5.906 11.811 0.835 0.239 0.128 YES
100 5.000 190.000 5.906 29.528 2.088 0.597 0.321 YES
1000 1.000 38.000 50.361 50.361 3.561 1.017 0.548 YES
1000 2.000 76.000 50.361 100.722 7.122 2.035 1.096 YES
1000 5.000 190.000 52.400 262.000 18.526 5.293 2.850 NO

Table 5-12. He's [3] and Elborai's [4] 2 pole stator with impedance and magnetic flux density values calculated at different frequencies
along with output voltage values of amplifier and 6036E DAQ card. Only one situation does not meet the specifications of current
setup and is highlighted in yellow.
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f (Hz) RMSI(A) Biog Impedance Z (Q) | LVC 5050 RMS LVC 5050 LVC 5050 LVC 5050 Possible?

(Gauss RMS) current (A) GAIN=20 GAIN=70 GAIN=130

6036E Peak 6036E Peak 6036E Peak

Output (V) Output (V) Output (V)
1 1 50.9 23.825 23.825 1.685 0.481 0.259 YES
1 2 101.8 23.825 47.649 3.369 0.963 0.518 YES
1 5 254.5 23.825 119.123 8.423 2.407 1.296 NO
1 8 407.2 23.825 190.596 13.477 3.851 2.073 NO
20 1 50.9 32.150 32.150 2.273 0.650 0.350 YES
20 2 101.8 32.150 64.300 4.547 1.299 0.699 YES
20 5 2545 32.150 160.749 11.367 3.248 1.749 NO
20 8 407.2 32.150 257.199 18.187 5.196 2.798 NO
50 1 50.9 59.045 59.045 4.175 1.193 0.642 YES
50 2 101.8 59.045 118.089 8.350 2.386 1.285 NO
50 5 254.5 59.045 295.223 20.875 5.964 3.212 NO
50 8 407.2 59.045 472.357 33.401 9.543 5.139 NO
100 1 50.9 110.660 110.660 7.825 2.236 1.204 NO
100 2 101.8 110.660 221.321 15.650 4.471 2.408 NO
100 5 254.5 110.660 553.302 39.124 11.178 6.019 NO
100 8 407.2 110.660 885.284 62.599 17.885 9.631 NO
1000 1 50.9 1080.970 1080.970 76.436 21.839 11.759 NO
1000 2 101.8 1080.970 2161.940 152.872 43,678 23.519 NO
1000 5 254.5 1080.970 5404.850 382.181 109.194 58.797 NO

Table 5-13. Lawler’s [7] inner fluxball with impedance and magnetic flux density values calculated at different frequencies along with
output voltage values of amplifier and 6036E DAQ card. There are only five possible situations to energize the inner fluxball with the
current setup to work without any modifications.
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f (Hz) RMSI(A) Bmag Impedance Z (£2) | LVC 5050 RMS LVC 5050 LVC 5050 LVC 5050 Possible?

(Gauss RMS) current (A) GAIN=20 GAIN=70 GAIN=130

6036E Peak 6036E Peak 6036E Peak

Output (V) Output (V) Output (V)
1 1 50.3 52.819 52.819 3.735 1.067 0.575 YES
1 2 100.6 52.819 105.639 7.470 2.134 1.149 YES
1 5 251.5 52.819 264.097 18.674 5.336 2.873 NO
1 8 402.4 52.819 422.555 29.879 8.537 4.597 NO
20 1 50.3 88.421 88.421 6.252 1.786 0.962 YES
20 2 100.6 88.421 176.842 12.505 3.573 1.924 NO
20 5 251.5 88.421 442,105 31.262 8.932 4.809 NO
20 8 402.4 88.421 707.369 50.019 14.291 7.695 NO
50 1 50.3 185.158 185.158 13.093 3.741 2.014 NO
50 2 100.6 185.158 370.316 26.185 7.482 4.029 NO
50 5 251.5 185.158 925.791 65.463 18.704 10.071 NO
50 8 402.4 185.158 1481.265 104.741 29.926 16.114 NO
100 1 50.3 358.890 358.890 25.377 7.251 3.904 NO
100 2 100.6 358.890 717.781 50.755 14.501 7.808 NO
100 3 251.5 358.890 1794.452 126.887 36.253 19.521 NO
100 8 402.4 358.890 2871.123 203.019 58.005 31.234 NO
1000 1 50.3 3550.391 3550.391 251.051 71.729 38.623 NO
1000 2 100.6 3550.391 7100.782 502.101 143.457 77.246 NO
1000 5 251.5 3550.391 17751.954 1255.253 358.644 193.116 NO

Table 5-14. Lawler’s [7] outer fluxball with impedance and magnetic flux density values calculated at different frequencies along with
output voltage values of amplifier and 6036E DAQ card. There are only three possible situations to energize both fluxballs with the
current setup to work without any modifications.
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f (Hz) RMS I (A) Bmag Impedance Z LVC 5050 RMS LVC 5050 Series Vcap RMS
(Gauss RMS) Q) current (A) GAIN=20 Capacitance V)
6036E Peak (nF)
Output (V)
47 1.00 50.90 23.8 23.8 1.68 66.67 50.79
47 2.00 101.80 23.8 47.6 3.37 66.67 101.59
95 1.00 50.90 23.8 23.8 1.68 16.32 102.67
95 2.00 101.80 23.8 47.6 3.37 16.32 205.33

Table 5-15. Table of capacitance and voltage values calculated for capacitors in series with the inner fluxball windings under resonant
operation at two frequencies 47 Hz and 95 Hz.

f (Hz) RMSI(A) Bmag Impedance Z LVC 5050 RMS LVC 5050 Series Vcap RMS
(Gauss RMS) Q) current (A) GAIN=20 Capacitance (V)
6036E Peak (uF)
QOutput (V)
47 1.00 50.30 52.7 52.7 3.73 20.3 166.85
47 2.00 100.60 52.7 105.4 745 20.3 333.7
95 1.00 50.30 52.7 52.7 3.73 4.97 337.25
95 2.00 100.60 52.7 105.4 7.45 4.97 674.50

Table 5-16. Table of capacitance and voltage values calculated for capacitors in series with the outer fluxball windings under resonant
operation at two frequencies 47 Hz and 95 Hz.
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66uF

Figure 5-29. Assembled capacitor boxes used for resonant operation of fluxball at 47 Hz and 95
Hz. The 20 pF and the 66 pF capacitors are housed in separate enclosures, while the 16 pF and 5
uF are housed in one enclosure.

Figure 5-30. Capacitor banks with their enclosure lids removed showing their wiring
connections. Enclosure at top of the figure is for the 16 puF and 5 pF both together. The 16 uF is
made by placing a 10 uF capacitor in parallel with a 6puF capacitor while the 5 pF capacitor is
made by three 15 pF capacitors in series. The enclosure at the bottom left with four 15 pF
capacitors in parallel with a 6 uF capacitor, is the 66 uF while the bottom right, with 5 pF four in
parallel, is for the 20 pF capacitor. The banana plug connection terminals (in red and black) can
also be seen.
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Chapter 6. Ferrofluid Flows in Spherical Geometry

This chapter will describe the results of the experiments conducted using a ferrofluid
filled sphere inside of two spherical coils in quadrature in time and space to generate the uniform
magnetic field with bulk flows being measured using ultrasound velocimetry. None or negligible
flow was measured concluding that the spin-diffusion effect is not the governing mechanism for
the flow.

Researchers that used the spin-diffusion model and were able to simulate their
experimental flows [1, 2] using values of spin-viscosity n’ (=10 kg m s') that were more than
ten orders of magnitude greater than the n' values derived by Rosensweig, Finlayson and
Schumacher (=10'20 kg m s [3, 41, using an extension of kinetic molecular theory of viscosity
in a dilute gas from [5]. This suggests that values experimentally determined for spin-viscosity n’
[1, 2, 6] are overstated, to compensate for the actual demagnetizing effects in the cylinder.

Experiments of flow generated in a 2/3 filled sphere further confirm that the non-uniform
field, due to demagnetizing effects associated with the shape of the ferrofluid volume, drive the
flow. By slightly modifying the fluxball machine, experiments were also performed using a
cylindrical geometry under a uniform rotating field generated by the fluxball machine resulting
in non-zero flow. Experiments were also conducted where the imposed uniform rotating
magnetic field was made non-uniform by using a solenoidal coil and a permanent magnet.
Significant measureable flow was obtained in both cases suggesting that both a non-uniform
field and a non-uniform distribution of magnetization, similar to Pshenichnikov's conclusions

[7], drive the flow.
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6.1. Experimental Results From Applying a Uniform

Rotating Magnetic Field

Experiments were conducted using the setup described in Chapter 5 with two different
Ferrotec® ferrofluids, oil-based EFH1 and water-based MSGW11. The individual ferrofluids
were mixed with Griltex-P1 of concentration 0.008g/ml and before any experiment the spheres
of ferrofluid were vigorously shaken using an orbital shaker for 30 minutes. The magnetic field
strengths used by the fluxball machine were 50.6 and 101.2 RMS Gauss fields corresponding to
1A and 2A RMS current through each spherical winding of the fluxball machine. Figure 6-1 is a

picture of the complete experimental setup used for the experiments in this thesis.

Figure 6-1. Picture of complete experimental setup used in this thesis.
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Four ultrasound probes were placed such that they measured velocity profiles along 4
different lines in the x-z plane along the center (y=0) of the ferrofluid filled sphere, as illustrated
in Figure 6-2. The four probes, denoted as Channels 1-4, were multiplexed internal to the
DOP2000 and they measure the velocity and distance away the moving tracer particles are from
the probe. A negative velocity measured by the DOP2000 denotes a particle moving towards the
probe, while a positive velocity is for a particle moving away from the probe. Since the beams of
the four probes intersect in the y=0 (center of sphere) plane, four velocity vectors can be
determined at the four points indicated in Figure 6-2. A current phase difference of +90° between
the outer and inner fluxball creates a clockwise rotating uniform magnetic field also illustrated in
Figure 6-2. The settings of the DOP2000 ultrasound velocimeter used to obtain all the data in
this thesis are given in Table 6-1. The experimental résults were conducted allowing sufficient

time for the fluxball and the ferrofluid filled sphere to cool to room temperature of =25°C to

minimize temperature effects on the magnetic susceptibility of the ferrofluid.

Velocimeter Settings Value
Channels 1-4 Multiplexed
PRF 100-200 Hz
Emitting frequency 4 MHz
Power level High
Burst length 8 cycles
Resolution 0.56mm
Sensitivity Very High
Time Gain Control (TGC) Slope, 31dB-61dB
Starting depth 9 mm
Number of gates 180-230
Number of profiles 32
Emission/profile 128

Table 6-1. DOP2000 velocimeter settings used to obtain measurements in this thesis.
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Figure 6-2. Figure depicting positions of the four ultrasound probes (labeled as Channels 1-4), in
x-z plane at y=0 (center of the sphere), positioned to measure flows in a ferrofluid filled sphere.
A current phase difference of +90° between the outer and inner fluxballs creates a clockwise
rotating magnetic field. Image obtained from SolidWorks design of probe holder.

A series of experiments were done investigating different parameters. These different
degrees of freedom are tabulated in Table 6-2. Figure 6-5 to Figure 6-8 are plots of a sphere
filled with EFHI ferrofluid subjected to 50.6 G and 101.2 G RMS field in two rotating
directions. The profiles are with respect to distance from the probe, with the channel number
denoted as a subscript, along the x or z direction as depicted in Figure 6-2. The velocity profiles
are truncated to not include the velocity right near the probe surface (distance = 0) because of the
saturation of the ultrasound transducer by the echoes near the sphere wall. The profiles are also
truncated right where the ultrasound beam hits the inside wall of the sphere at the other end

(distance = 10 cm along the sphere’s diameter) because of the multiple reflections of echoes
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occurring between the different layers of the sphere wall creating a lot of noise. Figure 6-3 is a
plot of the raw data obtained by the ultrasound probe 4 using EFH1 at 47 Hz. It clearly shows
that there is a lot of noise at the probe surface and at the distance where the ultrasound beam
reflects off the inside wall of the sphere. Figure 6-4 is a truncated plot that illustrates the flows in

the bulk of the fluid filled sphere.

X 10'3 Ch4 47Hz EFH1
0.8~
0.6 -
0.4~
e —=e— baseline
—&— 50.6G Clockwise

—»— 50.6G Counter-clockwise 1
—+— 101.2G Clockwise ‘
|

velocity (m/s)
o

02t —«— 101.2G Counter-clockwise
0.4+ - {HI
0.6 -4
-0.8F
Y |11 ! : . \
0 0.02 0.04 0.06 0.08 0.1

z, distance from Probe 4 (m)

Figure 6-3. Velocity profile at 47 Hz for EFH1 clearly showing saturation of ultrasound probe 4
right near the probe surface (z distance from probe 4 = 0) and multiple reflections at probe wall
(z distance from probe 4 =10cm).
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0.02 0.03 0.04 0.05 0.06 0.07 0.08
z, distance from Probe 4 (m)

Figure 6-4. Same velocity profile as Figure 6-3 but truncated to remove most of the noise due to

saturation of the transducer at zero z-distance from probe 4 and multiple reflections at z-distance
from probe 4 of 10 cm.

The baseline case is the velocity profile when no field is applied and under the rotating
field there is very little deviation from the baseline. This implies that there is none or negligible
flow (<1mm/s) under a uniform rotating field. Any slight deviations from the baseline could be
because of instrument noise or due to the maximum 10% spatial non-uniformity of the field in
the test chamber of the fluxball machine as explained in section 5.2.7. The negligible flow
obtained for EFHI also occurred at different frequencies and these results are documented in

Appendix E.
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Parameters investigated

Fluids used

MSGWI11 and EFH1

Frequencies used

15 Hz, 47 Hz and 95 Hz

Magnitude of rotating flux density

50.6 G,101.2G

Rotational direction
(Phase difference between outer and inner fluxball)

Clockwise (+90°) and counter-clockwise (-90°)

Table 6-2. Table of parameters investigated in experiment subjecting a sphere of ferrofluid to a

uniform rotating magnetic field.

% 10° Ch1 95Hz EFH1

0.8

velocity (m/s)

l

_1 1 1 1 1 1 L 1
0.01 002 0.03 004 0.05 0.06 007 0.08
x, distance from Probe 1 (m)

— — baseline
—&— 50.6G Clockwise
¥ 50.6G Counter-clockwise

| —=—101.2G Clockwise

—#— 101.2G Counter-clockwise

Figure 6-5. Velocity profile as a function of distance away from channel 1 probe at 95 Hz using
EFHI1. Two field strengths and two rotating directions are investigated. Any flow measured is
not significantly more than the baseline and the flow is very small <Imm/s. The slight deviation
for the 101.2 G clockwise field could be because of the maximum spatial error of 10% in
magnetic field strength in the test chamber of the fluxball machine as described in section 5.2.7

or just noise.
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Figure 6-6. Velocity profile as a function of distance away from channel 2 probe at 95 Hz using
EFH1. Any flow measured is not significantly more than the baseline and the overall flow is very
small <1mm/s The slight deviation for the 101.2 G counter-clockwise field could be because of
the maximum spatial error of 10% in magnetic field strength in the test chamber of the fluxball
machine as described in section 5.2.7 or just instrument noise.

X 10° Ch3 95Hz EFH1
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Figure 6-7. Velocity profile as a function of distance away from channel 3 probe at 95 Hz using
EFH1. Two field strengths and two rotating directions are investigated. Any flow measured is
not significantly more than the baseline and is very small <Imm/s.
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Figure 6-8. Velocity profile as a function of distance away from channel 4 probe at 95 Hz using
EFHI. Two field strengths and two rotating directions are investigated. No flow is measured
above baseline.

Figure 6-10 through Figure 6-13 are the velocity profiles for a sphere of MSGW11
ferrofluid under the influence of two different rotating directions at a low frequency of 15 Hz.
Negligible flow compared to the baseline case, which is the flow measured with no field,
confirms the same result as obtained with EFH1 under the influence of a uniform rotating field.
Appendix E has plots of a sphere of MSGW 11 at other frequencies, 47 Hz and 95 Hz, and they
all have none or negligible flow with respect to the baseline case.

To ensure that the experimental setup was working properly, a one inch magnetic stir bar
(VWR #58948-138) was inserted into two other spheres of the same ferrofluids and placed in the
fluxball machine. The magnitude of the magnetic flux density of the stir bar was measured to be

90 G using the Ametes GMW three axis hall effect sensors. The stir bar and the GMW sensors
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are documented in Appendix C. The stir bar would settle at the bottom of the sphere of ferrofluid
and the applied rotating field was perpendicular to the magnetic poles of the stir bar. As a result,
the stir bar could be heard bouncing around the sphere and erratic non-zero flows were
measured. An example of one such flow is given in Figure 6-9 where a velocity profile measured
by probe 3 of a sphere of MSGW11 containing a stir bar was excited with a 101.2 G uniform
magnetic field rotating in the clockwise direction at frequency 47 Hz. The results confirm that

the setup was operating properly and the negligible flow (without the stir bar) is a real result.

Measured flow with stir bar from probe 3 at 101.2 G 47 Hz
clockwise magnetic field

0.015
0.01 A
nom / \N/N\J
O H T T T 1 T T T
O.LW\O.CB 0.04 .05 0.06 0.07 0.08 0.09 0ol1
-0.005 \ //
-0.01

\~S

velocity (m/s)

-0.015

-0.02
x-distance from probe 3 (m)

Figure 6-9. Velocity profile as a function of x distance from probe 3 when a magnetic stir bar is
added to a sphere of MSGW11 excited at 101.2 G 47 Hz uniform rotating field.
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Figure 6-10. Velocity profile as a function of distance away from channel 1 probe at 15 Hz using
MSGWI1. Two field strengths and two rotating directions are investigated. Negligible flow
compared to the baseline is measured.
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Figure 6-11. Velocity profile as a function of distance away from channel 2 probe at 15 Hz using
MSGWI11. Two field strengths and two rotating directions are investigated. Negligible flow
compared to the baseline is measured.
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Figure 6-12. Velocity profile as a function of distance away from channel 3 probe at 15 Hz using
MSGW11. Two field strengths and two rotating directions are investigated. Negligible flow
compared to the baseline is measured.
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Figure 6-13. Velocity profile as a function of distance away from channel 4 probe at 15 Hz using
MSGWI11. Two field strengths and two rotating directions are investigated. Negligible flow
compared to the baseline is measured.
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6.2. Numerical Simulation of Ferrofluid Spin-up Flow in

Spherical Geometry in a Uniform Rotating Magnetic Field

To understand the results obtained in the previous section, the experiment was
numerically simulated in three dimensions using COMSOL Multiphysics. Two simulations were
carried out, one with spin-diffusion theory (#’#0) and the other without (#’=0) for two
ferrofluids, Chaves’s EMG900_2 [6] and Elborai and He’s MSGW11 [1, 2] . Elborai and He’s

MSGWT11 [1, 2] is the same MSGW 11 used in Figure 6-10 through Figure 6-13.
6.2.1. Governing Equations

The governing equations used are identical to that used in section 4.4.1.1, and are listed below.

5) Poisson's Equation

Viy=V-M (6.1)
6) Conservation of Linear Momentum
p[?}—:+(v-v) v] =-Vp+2{Vxa+({+n)V’v+y,(M-V)H (6.2)
7) Conservation of Angular Momentum
I[%—(;)—Jr(v-V)m}=ﬂ0MxH+2§'(VXV—2m)+77'V20) (6.3)
8) Magnetic Relaxation Equation
%+(v-V)M=me—£—(M—MM) (6.4)

off
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6.2.2. Model Assumptions

The applied field is assumed to not be strong enough to magnetically saturate the fluid.

The equilibrium magnetization M, of the fluid is assumed to be in the linear regime of the
Langevin equation as a function of the magnetic field inside the ferrofluid given by
M,=xH,, (6.5)

The flow is also assumed to be viscous dominated allowing for the inertial terms to be
dropped. The left hand side of the linear and angular momentum equations in (6.2) and (6.3) can

be set to 0 and the equations reduced to
0=-Vp+2{Vxo+({+mV’v+y,(MV)H (6.6)
and,

0= MxH+2{(Vxv-20)+7'Ve (6.7)
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6.2.3. Model Setup and Boundary Conditions

6.2.3.1. Modeling the Rotating Magnetic Field

Although the model can be setup in COMSOL using current boundary conditions on the
fluxballs, similar to Figure 5-14, it can be difficult to solve. A simpler method of setting up the
magnetic field is by using the magnetic scalar potential boundary condition similar to that
described in section 4.4.2.1. The only region of interest is the region of ferrofluid and it is only
affected by the uniform field imposed. This simplifies the problem into a one region problem
similar to Figure 6-14, to aid the numerical simulation process.

It is known that a sphere has demagnetizing factors of 1/3 in all directions. Therefore in

the presence of an externally applied uniform magnetic field (H,,,,,H . H_,, ) the field inside

yext? zext

the sphere of ferrofluid (H ;. H ;... H 5, ) can be given by the following relation.

1
Hxﬂuid = erxt __Mx
3
1
Hyﬂuid = Hyext _gMy (68)
1
Hzﬂuid = Hzext _EMZ

Eqs (6.8) are substituted into M, of (6.4) and the only driving force will be due to the
uniform external rotating magnetic field (H ,,,,H . ). To describe the uniform rotating field in
Cartesian coordinates the external fields (H,,,,H ) are sinusoidal functions of time with

rotational frequency Q and 90° out of phase with each other. Eq (6.9) generates a counter-

clockwise uniform rotating magnetic field of magnitude Hy.
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H_ . =H,cos(Qni,
; : (6.9)
H . =H,sin(Q)i,

Since
H=-Vy (6.10)
W (r=R;)can be determined to be the following boundary condition for a counter-rotating

magnetic field.

w(r=R,)=H,(xcos(£2)+ ysin({)) (6.11)

v =H(xcos({)+ ysin(Qr))

Ferrofluid

Figure 6-14. One region model setup with shaded circle representing ferrofluid and boundary
condition on magnetic scalar potential. The scalar potential generates a magnetic field rotating in

the ¢ direction at frequency Q. This magnetic field represents the external magnetic field and
has to be corrected for demagnetizing effects before being used in the magnetic relaxation
equation. The arrows inside the stator show the uniformly distributed rotating magnetic field
created inside the ferrofluid at a particular instant in time.

254



6.2.3.2. Fluid Boundary Conditions

The linear momentum equation in (6.6) requires two vector boundary conditions. For a

rigid and stationary boundary the no slip and no-penetration boundary conditions are as follows

n-||v|=0,nx|v|=0 r=R, (6.12)
where “;“ represents the jump in velocity of the fluid across the boundary r=R,. The boundary

condition at v(r =R;) is

v(r=R,)=0 (6.13)
The conservation of angular momentum in (6.7) also requires an initial condition as well as two
vector boundary conditions if77'#0. The "spin-no-slip” boundary condition as described in
section 4.4.2.2, which assumes that the particle/wall interactions are strong enough that there is
no relative spin between the particle and surface, is applied and given as

o(r=R,)=0 (6.14)
Neglecting the effect of "spin-diffusion” by setting 77'=0, the angular momentum equation in

(6.7) reduces from a second order to a zeroth order equation. Therefore there is no boundary

condition on the spin-velocity @ implying zero or negligible particle/wall interactions.
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6.2.4. COMSOL Simulations with Spin-Diffusion (n'z0)

The goal of this section is to simulate the spin-up flow experiment when a sphere of
ferrofluid is subjected to a uniform rotating magnetic field and compare the results with those
obtained experimentally in the previous section. Elborai [1] and He [2] both use the same
MSGW11 fluid that was used to obtain Figure 6-10 through Figure 6-13. In their theses, they
determine values for #’ and t that can be used in the COMSOL simulations. The simulations
would help gain insight whether or not a flow should have been measured in the spherical case.
In addition, Chaves’s EMG900_2 fluid used in [6] will also be simulated in the spherical
geometry since values of T and 7’ are also determined in his paper.

Equations (6.1)-(6.4) were first non-dimensionalized with respect to reference parameters

such as the radius of the sphere Ry, rotational frequency Q and strength of rotating field Hy.

R+ @TWI=-Vp+ 20Vxa+ G4 v+ (M0 H (6.15)
t
do —o— — — S = — ——
RW[T+(v-V)m]=M><H+2§’(V><v—2m)+7] Vo (6.16)
t
ﬂﬂ?ﬁ)ﬁ:&xl\_«— 1 M-M,) 6.17)
dt Qz, ?
Viy = V.M (6.18)
where
= - vV = M= H - — p — ® y—/
V:V ,V= ,M:—,H:—’ = Q, = , =—, =
Roov RQ H, Hot mhp ,ungw oY H(R,
=_ 40 - 70 PRQ’ Q' —  7Q
{= N/ R, = R, = =
HHy " HS HoH g HoHs " HGR;
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These equations (6.15)-(6.18) were put into COMSOL in non-dimensional form and in all
cases the transient form of the equations were used. A fluid mechanics module was used to
represent the augmented Navier-Stokes equation (6.15). Three transient convection and diffusion
modules were used to represent the magnetic relaxation equation in X, y and z coordinates (6.17).
A diffusion equation was used for the angular momentum equation (6.16) with »’ the coefficient
for the spin diffusion term and a general PDE module was used to represent Poisson’s equation
in (6.18). The time-dependent terms in the PDE module set of the linear and angular momentum
equations were all set to 0. The general PDE module could potentially be replaced by the AC-DC
Magnetostatics, No Currents module, both giving the same results.

The results from the previous section are that negligible flow was obtained with
MSGW11 at all field strengths and frequencies. The values of #’ and T+ were independently

determined by Elborai [1] and He [2]. These are tabulated in Table 6-3.

MSGW11 Tosr(S) ' (kg m/s)
Elborai [1] 1.2x10°+1.18x107 3.15x107+1.13x10”
He [2] 1.57x107+1.43x10” 6.4x107+5.4x107

Table 6-3. Table of #’ and 1. determined by Elborai [1] and He [2] in their theses.

For the COMSOL simulation, an average of the values of #’ and t.+ determined by
Elborai [1] and He [2] was used resulting in Te =1.39x10" s and n’ =4.78x10" kg m/s. The
parameters for MSGW11 and EMG900_2 are tabulated in Table 6-4. The non-dimensional
parameters used in (6.15)-(6.18) were then determined for a RMS rotating flux density of 100 G
at 95 Hz and tabulated in Table 6-5. The model files are documented in Appendix F.

The results of the simulation give rotational flow in the spherical case as seen in Figure
6-15 and Figure 6-16. The flow is in the same plane and direction as the rotating field and the
magnitude of the dimensional rotational velocity as a function of radius for the two different
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fluids in a 10 cm diameter sphere subjected to a rotating field are plotted in Figure 6-17. The

magnitude of the velocity obtained is significant and should be easily measured with the

DOP2000 velocimeter.
Parameter EMGY900_2 Value MSGW11 value
Teit (8) 1x10° 1.39x10°
p (kg/m’) 1030 1200
# (Ns /m’) 0.0045 0.00202
¢ (Ns/m”) 0.0003 0.000083
Frequency (Hz) 95 95
Radius of spherical vessel R, (m) 0.05 0.05
Volume Fraction (%) 4.3 2.75
X 1.19 0.56
n’ (kg m/s) 6x10° 4.78x10”

Table 6-4. Table of parameters for EMG900_2 and MSGW11 ferrofluids used in COMSOL

simulations.
Normalized Variable EMG900_2 MSGW11
—=_ 7Q ; ]
= ox10 7.17x107
2p2
UH R,
- 0
{=—— 0.001089 0.000313
M H,
n= 7 0.0169 0.00758
HoH,

Table 6-5. Table of normalized parameters that depend on the strength of the RMS magnetic
field (Bp=100 G, Hyp=7957.75 A/m) used and the radius of the sphere Ry=5 cm.
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Tenem2  Arrows Valodty kd

Figure 6-15. Velocity field generated with non-zero spin-viscosity for both MSGWI1 and
EMG900_2 in sphere. Velocity flow co-rotates in the same direction as the rotating field.

Tomend  Arrowe Velodty Rekd

Figure 6-16. Velocity field observed from top of sphere perpendicular to plane of counter-
clockwise rotating magnetic field.
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Figure 6-17. Dimensional rotational velocity for 10 cm diameter sphere of ferrofluid with non-
zero spin-viscosity in a uniform rotating magnetic field calculated using COMSOL Multiphysics
3.5a. The results of MSGW11 and Chaves’s EMG900_2 [6] both have velocity magnitudes that
can be measured using the DOP2000.

The normalized magnetic field as a function of radius for both EMG900_2 and MSGW11

are plotted in Figure 6-18 and Figure 6-19. The distribution of magnetic field has slight

variations at the wall boundary due to the velocity no-slip boundary condition affecting the

magnetization. The magnetization for the EMG900_2 and MSGW11 are plotted in Figure 6-20

and Figure 6-21 respectively.
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Normalized magnitude of magnetic field as a function of radius for EMGS00_2
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Figure 6-18. Normalized magnitude of magnetic field as a function of radius for EMG900_2
calculated using COMSOL Multiphysics 3.5a. The field is mostly uniform of magnitude 0.716
with slight variation at the wall boundary due to the no-slip velocity boundary condition
affecting the magnetization there. The different colored lines correspond to different times in the
simulation.

Normalized magnitude of magnetic field as a function of normalized radius for MSGW11
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Figure 6-19. Normalized magnitude of magnetic field as a function of normalized radius for
MSGWT11 calculated using COMSOL Multiphysics 3.5a. Magnetic field is distributed uniformly,
of magnitude 0.8427, throughout the fluid with slight variation near the wall boundary due to no-
slip velocity boundary condition affecting the magnetization. The different colored lines
correspond to different times in the simulation.
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Magnitude of normalized magnelizalion as a function of normalized radius for EMGS00_2

08521 == =jm———si—==4=-—#%-—-F—-=j====i-==-A---+=-==1
1 ] l 1 1 1 1 1 1 1
1 1l ' ' | I | ] |
] 1 | 1 I 1 I ]
l I 1 | 1 1 | I |
] | | | | ' | | |
| | | I I ' I '
i | | I | ] ]
- | 1 | | | i
8 i | i ' 1 [ | i | I
ﬂu'8521"”’|"__\___'\'77777 | ppetherias o=ty i A T i
T | I | | i | 1 1 1
% 1 | I | | 1 i
E | ] [ 1 [ [ |
| | 1 1 1 ' I
§ | | : | !
= i ' | | i |
E I 1 1 I I I 1
=z | I | i | |
Boossetf---lo-- oL
3 — :
= ! i L ! | 1
5 | [ | | | |
| ' | | i |
| | [ 1 I
| 1 ' ' |
| 1 ] ] ] 1 | |
I 1 i | | | | |
0.8521fF — - —1—- — = 4= = - e e S e
I 1 1 I I 1 1 | 1
| ] i | | i | i
L L | 1 I ! 1 L I y
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 1

Normalized radius
Figure 6-20. Normalized magnitude of magnetization as function of normalized radius for
EMG900_2 using COMSOL Multiphysics 3.5a. The different colored lines correspond to

different times in the simulation. The magnetization is uniform with magnitude 0.8521 with
slight variations near the wall due to the velocity no-slip boundary condition.

Normalized magnitude of magnetization as a function of normalized radius for MSGW 11
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Figure 6-21. Normalized magnitude of magnetization as a function of normalized radius for
MSGW 11 using COMSOL Multiphysics 3.5a. The different colored lines correspond to different
times in the simulations. The magnetization is mostly affected near the wall due to the velocity
no-slip boundary condition there and is of magnitude 0.472.
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6.2.5. Comparison with Analytic Solutions Using a Linear
Magnetic Material

Since the magnetic field is mainly uniform within the ferrofluid as seen in Figure 6-18
and Figure 6-19, the magnetic material can be considered to be almost linear. In section 5.2.3,
the magnetic field distribution inside a sphere of linear magnetic material placed inside a fluxball
is calculated. To generate a rotating magnetic field, a fluxball machine comprised of two
orthogonal fluxballs is used resulting in an equation for the magnetic field inside the linear

magnetic material given by

|H|= N (6.19)
B+ )R
If y =0, with a normalized magnetic field magnitude of 1
NI
—=3 6.20
R (6.20)

Substituting a x =1.19 for EMG900_2 gives a normalized magnetic field magnitude of 0.716
similar to that obtained in Figure 6-18. The magnetization can also be calculated using
[M|= y|H]|resulting in a normalized value of 0.852 equal to that in Figure 6-20.

Similarly for MSGW11 with a »=0.56 results in a normalized magnetic field

magnitude of 0.843 and a normalized magnetization of 0.472 as confirmed in Figure 6-19 and

Figure 6-21.
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6.2.6. Theoretical Determination of Spin-Viscosity #’ [3, 4]

Bird, Stewart and Lightfoot [5] derive the dynamic viscosity of a low density gas from a

molecular kinetic theory of gases. This theory can be extended to derive a theoretical value for
spin-viscosity 77' by considering the flux density of internal angular momentum o, instead of

linear momentum as is done in [5], and is given as

Angular momentum flux density = 7'V (6.21)

where the spin-viscosity coefficient 77" is the analog to dynamic viscosity 7 used in [5].

A shear flow in the x-y plane shown in Figure 6-22 has a gradient of x-velocity in the y
direction resulting in transfer of linear momentum in the x-direction to the y-direction. The
particle’s spin direction is in the z-direction which is also transferred in the y-direction. A plot of
the distribution of the z-directed spin ®, as a function of y is given in Figure 6-23.

y dimension

boundary plate 4
(2D, mov“;?) velocity, u

shear stress,

fluid

boundary plate (2D, stationary)

Figure 6-22. Laminar shear flow between two plates resulting in Couette flow
http://en.wikipedia.org/wiki/File:Laminar_shear.svg.
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Figure 6-23. Molecular transport of spin velocity o, from the plane (y = yo-a) to the plane at yo. A is the
mean free path of the particle.
The frequency of molecular bombardment per unit area on one side of the plane (y-a) is

1
Z=—nu 6.22
7 (6.22)

where 7 is the number of molecules per unit volume and u is the magnitude of the average

u= ‘/S—kT— (6.23)
m

where k is the Boltzmann constant, m the mass of the particle and T the average temperature of

particle velocity given as

the fluid. The flux per unit area of internal angular momentum across the planes (y = yo+a) and
(y = yo-a) can be given as

Angular momentum flux density = Zm/®, yora ~ZMi O, (6.24)

y0+a
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where [ is the moment of inertia per unit mass. On average a particle reaching a plane would

have experienced their last collision at a distance a from the plane given by

a= 2 A (6.25)
3
where 4 is the mean free path given by
- (6.26)
V27(2R,)*n '

with 2R; representing the collision diameter of the particle. Assuming that all particles have spin
velocities representative of the region in which they last collided, the spin profile w,(y) is

essentially linear over many mean free paths and is given by

_ 2 p) do,
Zly0-a Zly0 3 dy .
’ (6.27)
2 ,do
Z1y0+a =a)zly0+§ﬂ d -
Y 150
Substituting these equations into (6.24) results in
Angular flux density =—— Zmi 1 2% (6.28)
3 dy
y0
where the coefficient to dda)z is the spin viscosity term 7 as given in (6.21).
Yy
, 4
n =§Zm1/1 (6.29)

266



The ferrofluid nanoparticles have a core radius of R; and are coated with a surfactant layer of
radius R> resulting in a two layered sphere with different mass densities in each layer as seen in

Figure 6-24.

Nanoparticle core p;

Surfactant layer p>

Figure 6-24. Two layered sphere representing nanoparticle of radius R; with a core of radius R;. The
core has a mass density of p; while the surfactant layer has a mass density po.

The moment of inertia per unit mass / is given as

8
I=——7 PR+, (R~ R’)] (6.30)

Substituting (6.30) into (6.29) results in an estimate for 77 as

, 16 kT 1 ‘ §i_mi
=5 \m P GRT 7| RS +p, (R - R )] (6.31)

where the mass of the two layered nanoparticle is given as

4
m":'g’rl:(pl AL +p2R23:| (6.32)

with p;, R; the mass density and radius of the core and p,, R; the mass density and radius of the
particle including the surfactant layer.
Schumacher, in his paper [3] states that “The spin viscosity is estimated using kinetic

molecular theory of an ideal gas and multiplied by 1000 to get an estimate for our liquid since
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liquid viscosities are typically 100-1000 times larger than gas viscosities”. Schumacher [3]
calculates that for a particular ferrofluid, with characteristics listed in Table 6-6, a value of

n’=6.4x10"’ is theoretically obtained.

Parameter Schumacher’s Ferrofluid [3]
p (kg/m’) 1187.4

# (Ns /m’) 0.00385

¢ (Ns/m°) 0.00193

7' (kg m/s) 6.4x107

Table 6-6. List of physical parameters and values used by Schumacher in his theoretical
determination of #’ [3].

The fluids used in this thesis, EFH1 and MSGW 11, and even Chaves’s EMG900_2 have
parameters with values of the same order of magnitude as those listed in Table 6-6. The
theoretical value for 5 for these fluids should also be on the order of #’ = 10 which is many

orders of magnitude smaller than the values experimentally determined by He [2], Elborai [1]

and Chaves [6].
6.2.7. Rosensweig’s Alternate Method of Determining Spin-
Viscosity

Rosensweig also theoretically derives an expression for #’ using the kinetic theory of
dilute gases [4], similar to Schumacher in [3]. In addition to that, Rosensweig also derives an

expression for #’, in his book [8], using the viscosity of the fluid itself # given by

7 ~nl’ (6.33)
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where [ is the characteristic diffusion length and has the same order of magnitude as the average

distance between the solid particles defined by the approximate dilute-limit relationship

! T 1/3
E - ( ¢vol J (634)

where d is the particle diameter and @, ,is the volume fraction of magnetic nanoparticles in the

ferrofluid.

He [2], using values determined for MSGW11 in his thesis (d=5.5-12.4nm, 77 =0.00202

Ns/m?, ¢ ,=2.75%), derives a value of n” for MSGW11 to be 77'=0.436—2.214><10_16 [kg m/s]
vol

which is also several order of magnitudes smaller than the value determined from his

experiments 7’= (1-11 .8)x10’9 [kg m/s].
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6.2.8. COMSOL Simulations with No Spin-Diffusion (n'=0)

The theoretical #’ term is calculated to be extremely small, which is why several authors
do not include it in their analysis by setting it to O [7, 9-12]. The results obtained are similar to
those obtained in the cylindrical geometry and documented in section 4.4.3.5. The model file is
documented in Appendix F.

By setting the term to zero, the conservation of angular momentum equation reduces to a

zeroth order equation in space requiring no boundary condition on spin-velocity o at the wall.

M=%MXH+2{(VXV—2@)+M (6.35)

The constant demagnetizing factors of 1/3 in all directions for the spherical case results in a
magnetization that would only be in the same plane as the rotating magnetic field. Any other
ferrofluid container shape would result in a spatially varying demagnetizing field that would
result in a spatially varying magnetization. Since the magnetization and applied magnetic field
do not vary spatially, there would be no spatial variation in spin-velocity and the magnetic force

term would also be zero for a cylinder with non-moving walls.

ATy = Vp s D@ + ¢+ + LM (636)

F=u,(M-V)H=0 (6.37)
Simulations of a sphere of ferrofluid subjected to a uniform rotating field with n'=0 were

done using the parameters for both Chaves's EMG900_2 [6] ferrofluid and MSGW 11 as given in
Table 6-4 and Table 6-5. The velocity profiles for EMG900_2 and MSGWI11 are negligible

(=10""* normalized velocity magnitude) as seen in Figure 6-25 and Figure 6-26 respectively.
8
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Magnitude of normalized rotational velocity as a function of normalized radius over time for EMG900_Z
o4
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Norm dized radius

Figure 6-25. Plot of normalized rotational velocity v, as a function of normalized radius for

EMG900_2 calculated using COMSOL Multiphysics 3.5a. The different colored lines represent
different profiles in time. The magnitude of the velocity is extremely small =10 normalized
magnitude and is in the noise.
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Figure 6-26. . Plot of normalized rotational velocity as a function of normalized radius for
MSGW11 calculated using COMSOL Multiphysics 3.5a. The different colored lines represent
different profiles in time. The magnitude of the velocity is extremely small =10""® normalized
magnitude and is in the noise.
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6.3. Conclusions of Spin-up Experiment with Uniform

Rotating Magnetic Field

The experiment of applying a uniform rotating magnetic field to a sphere of ferrofluid
gave negligible flow as described in section 6.1. This result could not have been possible using
the ’ values determined experimentally by Chaves [6], He [2] and Elborai [1]. These values
were also many orders of magnitude greater than the theoretical derivation of 7’.

The negligible flow obtained in the spherical geometry and the non-zero flow in the
cylindrical geometry with a stationary lid confirms that flow is generated due to the non-uniform
field created by the demagnetizing effects of the shape of the ferrofluid container as stated by
Shliomis [12]. The negligible flow in the spherical case could not have been possible using the #’
values determined experimentally by Chaves [6], He [2] and Elborai [1]. This also means that the
experimentally determined #’ values compensates for the demagnetizing effects due to the
cylindrical shape of the container and explains why fitted #’ values to meeasurements were many
orders of magnitude greater than the theoretical derivation of #’.

All these facts along with the negligible flow obtained with #’=0 (section 6.2.8) conclude
that the effects of spin-diffusion are truly negligible. Pshenichnikov [7] takes Shliomis’s [12]
argument further by stating that the flow is fundamentally created by a spatial non-uniformity in
magnetic susceptibility brought about either by a strong bias field or by spatial non-uniform
heating of the fluid due to the dissipation energy of the rotating field. To fully investigate this
hypothesis, the sphere of ferrofluid is subjected to a non-uniform rotating field and this

experiment is detailed in the next section.
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6.4. Experimental Setup of Applying a Non-Uniform

Rotating Magnetic Field to a Sphere of Ferrofluid

A non-uniform rotating magnetic field is created by superimposing the uniform rotating
magnetic field, generated by the fluxball, with the magnetic field imposed by a permanent
magnet or a solenoidal coil placed at a particular point on the ferrofluid filled sphere. The field
will be mainly non-uniform in the region near the solenoidal coil or permanent magnet and
uniform elsewhere.

In the case of the fluxball machine, there was very little room inside the test chamber of
the inner fluxball leaving only the option of placing the coil/magnets on top of the sphere of
ferrofluid. To allow for this, the crane part had to be redesigned to remove the slot for the GMW
probe and leave only the slot for the ultrasound probe at z=+2.5 cm as seen in Figure 6-2. The
new crane part (named Crane version 4) can be seen in Figure 6-2, Figure 6-27 and Figure 6-28
and its dimensions are given in Appendix C.

The experimental results were conducted allowing sufficient time for the fluxball and the
ferrofluid filled sphere to cool to room temperature of =25°C to minimize temperature effects on

the magnetic susceptibility of the ferrofluid.
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6.4.1. Design and Construction of the Third Solenoidal Coil

The third solenoidal coil will be referred to as the third coil for the rest of this thesis. The
design requirements for the third coil are as follows:

1. The coil has to be able to fit inside the small region above the sphere of ferrofluid and the
inside wall of the inner fluxball.

2. It has to have low resistance to prevent significant heating of the ferrofluid filled sphere that
would drive convection currents.

3. It has to have high inductance to generate a strong enough magnetic field to make the total
field significantly non-uniform in the region near the ferrofluid filled sphere.

To meet these criteria, the third coil was made using 0.5 inch wide insulated copper foil
(Alpha-Core Laminax B-series #B0500x0625). The copper foil was of 5 mil thickness with a
0.625 inch wide polyester backing of 1.2 mil thickness and is described in Appendix C. The
copper foil automatically limited the coil’s height to 0.625 inches and the third coil was made by
winding 150 turns of this foil. The resulting dimensions of this solenoidal coil, documented in
Appendix C, was small enough to fit inside the small region above the sphere of ferrofluid as
seen in the outline diagram of Figure 6-27 and the profile picture of Figure 6-28.

Figure 6-29 and Figure 6-30 are pictures of the actual third coil designed and built. Figure
6-29 also shows that the third coil had its leads coated with Kapton insulating tape to prevent
short circuiting of the leads in case the high currents melt the wire insulation. Figure 6-30
illustrates that the windings and the structural integrity of the coil were also held together with

the help of cable ties.
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Access hole of inner fluxball
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Crane version 4 Sphere of ferrofluid

Figure 6-27. Wire diagram showing position of third coil placed on top of ferrofluid sphere with
very little room left between access hole of inner fluxball and third coil.

Sphere of ferrofluid in probe holder
: Third coil
Crane version 4

o e | LILIE o e o o e = e . 3 1 e St 3 &

Bottom half of inner fluxball

Figure 6-28. Side profile of half of inner fluxball with third coil placed on top of sphere of
ferrofluid. The modified crane version 4 is also shown.
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Figure 6-29. Side profile of actual third coil used in experiment. The leads are coated in Kapton
insulation tape to prevent conductors from touching if enough current melts the wire insulation.
The coil also has a tube fitted to its inner annulus to fit inside the inner fluxball’s access hole.

Figure 6-30. Picture showing the underneath of the third coil used in experiment. The windings
are held together using cable ties.
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6.4.2. Lumped Parameter Model of Third Coil

The third coil can be modeled as an R-L circuit. Measurements of the resistance and
inductance of the third coil was made using the Hewlett-Packard 4192A LF Impedance
Analyzer. The properties for the third coil are tabulated in Table 6-7 with values of resistance

and inductance taken at two frequencies 100 Hz and 1 kHz.

At 100 Hz At 1000 Hz
Resistance 0.26 Q 0.394 Q
Inductance 0.7 mH 0.688 mH
Self Resonant Frequency 1.98 MHz

Table 6-7. Table of measured resistance and inductance values for the R-L model of the third
coil at two frequencies, 100 Hz and 1 kHz.

6.4.3. Normal Operation of the Third Coil

The purpose of the third coil is to generate a magnetic field at DC as well as at any AC
frequency specified. To generate the desired current through the third coil, it would have to be
connected to a voltage source which in this case would be the output of the LVC 5050 power
amplifier with inputs from a NI PCI-6035E DAQ card. The NI LabVIEW 8.2 program used in
section 5.2.6 was used to control the NI PCI-6035E DAQ card which generates an output voltage
of 0-10V that is amplified, with a voltage gain of 20, by the LVC 5050 power amplifier and fed
to the third coil in series with a 1Q 200W resistor.

The voltage drop across this resistor represents the current flowing through the third coil
and this measurement is fed back to an input of the DAQ card. The LabVIEW program uses the
NI LabVIEW 8.2 PID Control Toolkit to then adjust the output channel voltage from the DAQ
card to obtain the desired current through the third coil. This measurement also allows for the
control of the phase difference between the third coil current and the inner fluxball current
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during AC operation of the third coil. Since the third coil will be used in conjunction with the
fluxball machine, both the NI PCI-6036E and PCI-6035E DAQ cards have to be used in
conjunction with two LVC 5050 power amplifiers and two BNC 2120 connector blocks. The
different amplifiers, DAQ cards and connector blocks are numbered and laid out in the circuit
diagram for the whole setup as shown in Figure 6-31 and the datasheet for the parts are given in
Appendix C.

A screen shot of the LabVIEW user interface (identical to Figure 5-22) is shown in
Figure 6-32. The controls highlighted in Figure 6-32 are sufficient to control and maintain the
magnitude, frequency (including DC operation) and phase difference between the third coil and
inner fluxball currents. The phase difference between the third coil and the inner fluxball is
controlled by adjusting the phase of the signal exciting the third coil using the NI LabVIEW 8.2
PID Control Toolkit taking care of the mutual inductance effects between the fluxball and the
third coil. The controls for the individual fluxball windings were highlighted in Figure 5-22. A
detailed description of the LabVIEW program’s functionality and code are given in Appendix J.

The 1Q 200W resistor was made by placing two SOW 1Q) resistors in series with each
other which were themselves placed in parallel with another two 50W 1Q series resistors. The
combined resistance of this arrangement is 1Q but the power rating is 200W. The resistors were
mounted in a metal enclosure (Digikey #HM947-ND) that had heat sinks (Digikey #ATS1145-
ND) placed to dissipate the heat generated as seen in Figure 6-34. The inside of the resistor box
with the four resistors are shown in Figure 6-35.

The third coil was inserted by fitting the tube (seen in Figure 6-29) into the access hole of

the upper half of the inner fluxball. This positions the third coil along the axial line of the inner
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fluxball and provides consistency for the numerous experiments conducted. A picture of the third

coil inserted into the upper half of the inner fluxball is shown in Figure 6-33.

Connected to
B6036E Ch1 Input via
BNC 2120 #1 LVC 5050 #1 Output Ch1
1 10
inner 20"Vimer i < Vinner SIN(QR)
: - o B036E Ch1 Qutput R
1 i _Inner T 20*Vouter COS(Q Vouter COS(Qt) via BNC 2120 #1
P (! Fluxball 3 < LVC 5050
! ' Windings | 1 Outer Pawer Ampilifier #1
! i Fluxball Gain=20
} : | Windings
: o 6036E Ch2 Output 1y
H E : Connected to LVC 5050 #1 Output Ch2 via BNC 2120 #1
! ! 6036E Ch2 Input via
P BNC 2120 #1
Connected to JT‘
6035E Ch1 Input via
BNC 2120 #2
o
. U Tininkoi 20"Vinirdcol Vinirdcoll
Third Coil | ] ! LVC 5050
Windings | Power Amplifier #2
3 ! LVC 5050 #2 Output Ch1 Gain=20

6035E Ch1 Output
via BNC 2120 #2 @

Figure 6-31. Circuit diagram outlining whole setup of controlling fluxball machine as well as
third coil. Two LVC 5050 amplifiers, two DAQ cards and two BNC 2120 connector blocks have
to be used.
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Figure 6-33. Tube inserted in the annulus of third coil (see Figure 6-29) fits inside the inner
diameter of the inner fluxball's access tube. This allows for the third coil to be properly aligned
along the axis of the fluxball for the numerous experiments conducted.

-——-—M

Figure 6-34. 1Q 200W resistor in enclosure with heat sinks mounted. BNC connector used to
connect the resistor in series with the LVC-5050 amplifier. The leads coated in Kapton tape
connect the resistor to the third coil. The banana plug leads allow for the voltage measurement
across the 1 resistor.
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Figure 6-35. 1Q 200W resistor made by using four 1Q 50W resistors and mounted in the metal
enclosure shown above. Two series 1Q resistors are placed in parallel with another two series 1Q
resistors. The leads to the coil are coated with Kapton tape with banana plug leads connected to
measure the voltage drop across the 1Q combined resistor.
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6.4.4. Magnetic Characteristics of Third Coil

The magnetic field in non-magnetic media in the axial direction (z-direction) of a single
circular hoop in the z=0 plane, of radius a about the origin, carrying a constant current I is given

by (6.38) [13] where z is the position along the axial direction.

B — ﬂOIaZ

= (6.38)
2(Z2 + a2 )3/2

23.62 mm Third coil 23.62| mm

»
|

XX

A
v

©®

19.05 mm

A
\

One turn coil

42.67 mm

& ®

Figure 6-36. Cross-sectional diagram representing dimensions of third coil windings and one
turn coil equivalent with radius a = 21.34 mm.

To compare the theoretical axial magnetic field obtained using (6.38) with measured data,
the value of a has to be determined. By taking the mean location of the third coil windings as
seen in Figure 6-36, the single turn equivalent current loop has an approximate radius a = 21.34

mm.
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Measurements of axial magnetic flux density (B;) as a function of axial distance (z) were
made using 1A DC and 1A RMS for different frequencies and plotted in Figure 6-37.

To determine the winding factor K, for the third coil, several measurements of magnetic
flux density as a function of current, at the center of the annulus of the third coil z=0, were made
for different frequencies including DC. These winding factors were averaged over the several
frequency measurements and then averaged over the different current amplitudes to give an

overall winding factor of 42.4 Gauss/A. These results are tabulated in Table 6-8.

B, field as a function of z distance
5
4.5
4 R h)
* W
oW
3.5 1
A
3 b @ DC
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T s L\ -
& ) - =25
2 A1
\f:.\ ---a--- =47
13 ¥ - - - f=95
NN
1 g —¥— Theoretical
0.5 CIESN
0 . : : : —— :
0 001 002 003 004 005 006 0.07
z(m)

Figure 6-37. Measurement of axial magnetic flux density B, of third coil as a function of axial
distance z at different frequencies and DC. Measured results are very similar to the plot of a
theoretical one turn model of third coil with radius a=21.34mm.
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I(A) B,(mT) B,(mT) B,(mT) B,(mT) B,(mT) Frequency
RMS/DC at DC atf=10Hz atf=25Hz atf=47 Hz atf=95Hz Averaged
(RMS) (RMS (RMS) (RMS) K, =B,/1
(mT/A)
1 4.36 3.79 4.27 4.35 4.38 4.23
2 8.74 7.64 8.55 8.75 8.79 4.25
3 13.12 11.53 12.8 13.13 13.22 4.25
Overall Average K, 4.24

Table 6-8. Table of measured axial flux densities at r=z=0 (origin of axial direction) at different
frequencies and DC. The average winding factor is calculated over the frequency range and an
overall average winding factor is calculated for three different current measurements.

For an N turn coil the theoretical magnetic field at z=0 can be calculated by setting z=0
and multiplying Eq (6.38) by N, resulting in a theoretical value of K,, given in (6.39), in good

agreement with experiment results

K =NH _ 442 mT/A RMS)

6.39
Y 2a (6.39)

6.4.5. Using Permanent Magnets

Neodymium permanent magnets of diameter 1 inch could also be placed on top of the
ferrofluid filled sphere instead of the third coil. Five magnets were purchased from Ké&J
Magnetics Inc. with different surface field strengths as tabulated in Table 6-9. The surface field
strength was also measured using the F.W. Bell three axis probe and Teslameter. The
specifications for the magnets and the Teslameter are documented in Appendix C.

A special holder, as seen in Figure 6-38, was made to fit inside the inner diameter of the
inner fluxball access hole and hold the magnet. This would help keep the position of the magnet
consistent between experiments. The magnet holder fitted in the access hole, to align it with the

axial line of the inner fluxball, can be seen in Figure 6-39.
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K&J Magnetics # Quoted Surface Field Measured Surface Field Height (inches)
Strength (Gauss) Strength (Gauss)
DX02 1601 1088 1/8
DX04 2952 2580 1/4
DX04B-N52 3309 2910 1/4
DXO08 4667 3900 1/2
DX08B-N52 5233 4400 1/2

Table 6-9. Table detailing height and surface field strength of 1 inch diameter neodymium

permanent magnets.

Figure 6-38. Magnet holder to fit inside inner fluxball's access hole.
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Figure 6-39. Magnet in holder fitted inside upper half of inner fluxball's access hole.
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6.5. Experimental Results With a Non-Uniform Field

Imposed

6.5.1. Parameters Investigated in Experiments Using The Third
Coil

The experiments conducted with the third coil generated a non-uniform field that resulted
in significant flow that was measured with the ultrasound velocimeter. The parameters varied for
the experiments conducted are tabulated in Table 6-10. The fluxball field strength of 50.6 G and
101.2 G RMS correspond to 1A and 2A RMS current in the fluxball windings respectively. The
third coil is excited using AC frequencies as well as DC. The AC frequencies used are exactly
the same as the rotational frequency of the rotating field, in effect, if the rotating field is rotating
at 95Hz, the third coil would also be excited at 95Hz. The phase of the third coil under AC
operation was also adjusted relative to the phase of the signal exciting the inner fluxball using the
LabVIEW program in Figure 6-32. The third coil flux density of 169.6 G and 296.G RMS
corresponds to an AC third coil current of 4A and 7A RMS respectively. The +339.2 G DC
corresponds to a DC third coil current of +8A for the third coil. The experimental results of all

cases conducted with the third coil are documented in Appendix G.
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Parameters Varied

Values

Rotating field direction

Clockwise and Counter-clockwise

Fluxball rotating field strength (RMS) 50.6G, 101.2G
Rotating Field Frequencies 15Hz, 47Hz, 95Hz
Fluids EFH1, MSGW11
Third Coil Frequencies 15Hz, 47Hz, 95Hz, DC

Phase of third coil with respect to phase of inner fluxball

0°,+60°,-60°,+120°,-120°,180°

Field strength of third coil (RMS)

169.6G (AC), 296.8G (AC), #339.2G (DC)

Table 6-10. Table of parameters varied in experiments conducted with magnetic field generated

by third coil and fluxball machine.
6.5.2.

Magnets

Parameters Investigated in Experiments Using Permanent

The experiments conducted with the permanent magnets also generated a non-uniform

field that resulted in significant flow that was measured with the ultrasound velocimeter. The

parameters varied for the experiments conducted are tabulated in Table 6-11. The fluxball field

strength of 50.6 G and 101.2 G RMS correspond to 1A and 2A RMS current in the fluxball

windings respectively. The experimental results of all the cases conducted with permanent

magnets are documented in Appendix H.

Parameters Varied Values
Rotating field direction Clockwise and Counter-clockwise
Fluxball rotating field strength (RMS) 50.6G, 101.2G

Rotating Field Frequencies

15Hz, 47Hz, 95Hz

Fluids

EFH1, MSGW11

Pole of Magnet facing sphere of ferrofluid

North, South

Surface field strength of magnet

1601G, 2952G, 3309G, 4667G, 5223G

Table 6-11. Table of parameters varied in experiments conducted with field generated by

permanent magnets and fluxball machine.
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6.5.3. Effect of Rotational Direction of Magnetic Field

In general, the ferrofluid flows reverse direction when the rotating field direction is
changed from counter-clockwise to clockwise directions. This occurs in experiments involving
the third coil as well as the permanent magnets. The flow generated as a result of the non-
uniform fields is very complicated and irregular with the creation of several vortices. As a result
the flow does not necessarily change symmetrically when the field direction is reversed.

Figure 6-40 and Figure 6-41 are velocity profiles measured by the channel 2 probe with a
50.6 G clockwise and counter-clockwise rotating magnetic field respectively for EFHI at 95Hz
with permanent magnets having their south poles facing the ferrofluid filled sphere. It can be
clearly seen that the flow profile reverses as a result of reversal of the rotating field directions. A
plot of the velocity vectors determined at the four points in Figure 6-2 are plotted in Figure 6-42
and Figure 6-43 for a clockwise and counter-clockwise rotating field respectively, of rotating
field strength 101.2 G at 95Hz using the oil-based EFH]1.

The reversal in flow direction is also observed when using the third coil and MSGW11.
Figure 6-44 and Figure 6-45 are plots of velocity flow profiles measured by the channel 1 probe
for clockwise and counter-clockwise rotating 95 Hz fields respectively for MSGW11 using a
third coil which is entirely in phase with the inner fluxball current. The velocity vectors at the
four points in Figure 6-2 can also be constructed with data measured by the four probes and is
illustrated in Figure 6-46 and Figure 6-47 for clockwise and counter-clockwise rotating field
respectively with velocity vectors reversing direction, although not symmetrically, as a result of

reversal of field direction.
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x10° Ch2 95Hz EFH1 S POLE 50.6G Fluxball Clockwise Rotating Field
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X, distance from Probe 2 (m)

Figure 6-40. Channel 2 velocity profile as a function of distance from Probe 2 for EFH1 at 95 Hz
and 50.6 G clockwise rotating magnetic field under the influence of permanent magnets with
south poles facing the top of the sphere of ferrofluid.
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Figure 6-41. Channel 2 velocity profile as a function of distance from Probe 2 for EFH1 at 95Hz
and 50.6 G counter-clockwise rotating magnetic field under the influence of permanent magnets
with south poles facing the top of the sphere of ferrofluid.
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95Hz EFH1 S POLE 101.2G Fluxball Clockwise Ratating Field Flow profile scale=2
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Figure 6-42. Velocity vectors plotted at the points where the four probe beams intersect for
EFHI at a 101.2 G 95 Hz clockwise rotating field with magnets having their south poles facing
the top of the ferrofluid filled sphere. The flow pattern follows the clockwise rotating field
direction with greater magnitude flow occurring at the top of the sphere. The little flow at the
two measurement points near the bottom of the sphere also seems to flow towards the right
implying vortices must be forming in the region between the top two points and the bottom two
points. The arrows are scaled by a factor of 2 to better see them. '
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95Hz EFH1 8 POLE 101.2G Fluxball Counter-clockwise Ratating Field Flow profile scale=2
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Figure 6-43. Velocity vectors plotted at the points where the four probe beams intersect for
EFHI at a 101.2 G 95 Hz counter-clockwise rotating field with magnets having their south poles
facing the top of the ferrofluid filled sphere. The flow pattern generally reverses direction with
the counter-clockwise rotating field with greater flow occurring near the region of non-uniform
field at the top of the ferrofluid filled sphere near the magnets. The arrows are scaled by a factor
of 2 to better see them.
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Ch1 95Hz MSGW11 Clockwise Rotating Field 3rdcoil phase=0

0.01
0.008 -
0.006 -
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- —w»—— 50.6G Fluxball no 3rdcoil
E | —e— 101.2G Fluxball no 3rdcoil
2> 0 —«— 50.6G Fluxball 169.6G 3rdcoil
é ——%— 101.2G Fluxball 169.6G 3rdcoil
e -o— 50.6G Fluxball 296.8G 3rdcoil
- —a— 101.2G Fluxball 296.8G 3rdcoil |
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-0.006
-0.008 +
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x, distance from Probe 1 (m)

Figure 6-44. MSGW 11 velocity flow profile measured by channel 1 probe for 95 Hz clockwise
rotating field with the phase of the third coil with respect to the inner fluxball equal to 0.
Baseline refers to the flow measured by the velocimeter without any field applied.
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Ch1 95Hz MSGW 11 Counter-clockwise Rotating Field 3rdcoil phase=0
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Figure 6-45. MSGW 11 velocity flow profile measured by channel 1 probe for 95 Hz counter-
clockwise rotating field with the phase of the third coil with respect to the inner fluxball equal to
0. Baseline refers to the flow measured by the velocimeter without any field applied. Flow
reverses direction but is not symmetric due to complicated flow patterns. The velocity goes to 0
at around 0.055m implying the presence of two vortices formed.
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95Hz MSGW11 50.6G Fluxball Clockwise Rotating Field 296.8G 3rd coil Flow profile scale=10
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Figure 6-46. MSGW 11 velocity flow vectors at four points as determined by the intersection of
the four probe beams for a 50.6 G clockwise rotating field with 296.8 G non-uniform field
imposed by the third coil. The individual velocity vectors correspond to the phase of the third
coil with respect to the inner fluxball current. The arrows are scaled by a factor of 10 to better
see them.
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Figure 6-47. MSGW 11 velocity flow vectors at four points as determined by the intersection of
the four probe beams for a 50.6 G counter-clockwise rotating field with 296.8 G non-uniform
field imposed by the third coil. The individual velocity vectors correspond to the phase of the
third coil with respect to the inner fluxball current. The flow vectors reverse direction compared
to the clockwise rotating field in Figure 6-46. The arrows are scaled by a factor of 10 to better
see them.
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6.5.4. Effect of Permanent Magnets on Fluid Flow

In the cylindrical case described in Chapter 4, the flow was completely in the v, direction

allowing for a simple determination of field strength on the magnitude of the flow velocity. In
the spherical case with a non-uniform field imposed by the magnets, the flow has vortices that
are generated making the flow field irregular. In addition, the four probes only measure velocity
profiles in the direction of the four ultrasonic beams and do not completely give the entire flow
field inside the sphere of ferrofluid. As a result, the effect of the surface strength of the
permanent magnets on the flow magnitude is difficult to determine.

Figure 6-48 seems to suggest that the velocity magnitude of the flow profile has a direct
correlation with the surface strength of the magnets. But Figure 6-49 which is the flow profile
measured by the channel 4 probe with the same driving conditions as Figure 6-48 does not show
this behavior since the magnitude of the velocity appears to be the same, further bolstering the
fact that the flow is irregular caused by the spatially non-uniform field. Figure 6-50 further
illustrates an inverse dependence of magnet strength on the magnitude of velocity proving that
the four probes give a limited view on the complicated flow profile generated and the exact
dependence of the flow magnitude on the strength of the magnet is difficult to determine.
However, one safe conclusion that can be determined is the presence of a stronger magnet
definitely increases the likelihood of there being a measureable flow generated.

The strength of the magnet does consistently result in a shift in the position of a vortex
formed near the position of the magnet at the top of the ferrofluid filled sphere. A vortex is when
the velocity profile goes through zero with opposite polarity of velocity on either side of zero.

Figure 6-51 has velocity profiles that reverse direction indicating that vortices are being formed.
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The position of these vortices are dependent on the strength of the magnet used, a stronger
magnet pushes the profile closer to probe 4 and away from the magnet at z4=0.1m. This behavior
is consistently observable at different frequencies, rotating field direction and even by changing
the pole facing the ferrofluid sphere from south to north as seen in Figure 6-52. This shift in the
flow profile towards the probe also occurs with MSGW 11 as seen in Figure 6-53.

The polarity of the pole facing the ferrofluid filled sphere can affect whether the
dominant flow is generated nearer to the magnet or further away from it. Figure 6-53 illustrates
that with the north pole facing the MSGW11 filled sphere the flow is more dominant away from
the magnet. Figure 6-54 is the velocity vector plot for an MSGW 11 filled sphere with the south
pole of the magnets facing the sphere. The flow is more dominant nearer to the magnet at the top
of the sphere. Figure 6-55 on the other hand, is the velocity vector plot for the same driving
conditions as Figure 6-54 except with the north pole of the permanent magnets facing the sphere.
The flow in this case is more dominant at the bottom of the sphere with still significant flows at
the top. Changing the polarity of the magnet with EFH1 from south to north as seen in Figure
6-56 and Figure 6-57 do illustrate that flows generated with the north pole facing the sphere does
tend to increase the flow at the bottom of the ferrofluid sphere. However, this effect seems to be

greater in MSGW 11 than in EFHI.
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Figure 6-48. Flow profile measured by channel 1 probe for 101.2 G counter-clockwise rotating
field at 47 Hz for EFH1 with magnets having their south poles facing the top of the ferrofluid
filled sphere. Strength of the magnets seems to directly affect magnitude of flow velocity except
for 1601 G and 2952 G permanent magnets.
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Figure 6-49. Flow field as measured by channel 4 probe for same driving conditions as Figure
6-48 does not show as large an increase in velocity magnitude but does show a reversal of flow
direction.
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Figure 6-50. Flow profile measured by channel 4 probe in a 50.6 G counter-clockwise rotating
field at 15 Hz for EFHI ferrofluid with magnets having their south poles facing the top of the
ferrofluid filled sphere. The magnitude of velocity has an inverse relation with the strength of the
magnets used unlike seen in Figure 6-48.
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Figure 6-51. Flow measured by channel 4 probe with 50.6 G clockwise rotating magnetic field at
95 Hz with magnets having their south poles facing the top of the EFHI filled sphere. The
velocity profile indicates that there is a vortex formed since the flow direction reverses. As the
magnet strength increases there is a shift of the vortex formed away from the magnet at 0.1m
from probe 4.
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Figure 6-52. Flow measured by channel 4 probe with 101.2 G counter-clockwise rotating
magnetic field at 47Hz with magnets having their north poles facing the top of the EFHI filled
sphere. The velocity profile indicates that there is a vortex formed since the flow direction
reverses. As the magnet strength increases there is a shift of the vortex formed away from the
magnet at 0.1m from probe 4. A vortex is formed when velocity goes through zero with opposite
polarity of velocity direction on either side of zero.
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Figure 6-53. Flow measured by channel 3 probe with 50.6 G clockwise rotating magnetic field at
95 Hz with magnets having their north poles facing the top of the MSGW11 filled sphere. The
velocity profile here also indicates there is a shift of the vortex away from the magnet at 0.1m
from probe 4 but the velocity magnitude is larger away from the magnet.
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Figure 6-54. MSGW 11 velocity flow vectors at four points as determined by the intersection of
the four probe beams for a 101.2 G clockwise rotating field with the south pole of the magnets
facing the top of the ferrofluid filled sphere. The flow is more dominant near the magnet at the
top of the sphere.
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Figure 6-55. MSGW11 velocity flow vectors at four points as determined by the intersection of
facing the top of the ferrofluid filled sphere. The flow is more dominant away from the magnet at
the bottom of the sphere with significant flow still generated near the magnet at the top of the
sphere.
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