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Thesis abstract

The fluid flow plays a significant role in many material processes to decide the quality and
performance of products. The control of fluid flow has been a crucial issue to improve materials
qualities. Magnetic fields are regarded as an attractive means to control the fluid behavior due to the
dynamical effects on materials can be induced without direct contact. This feature, for example,
enables us the contamination-free processing. Magnetic control of fluid flow is based on “the
magnetic force” and “the Lorentz force” and has been actually applied in many industrial processes,
especially for the control of convection in molten metals. Numbers of efforts have been devoted to
understand the effects of magnetic field on the flow structure and stability of feeble magnetic fluid.
However, there are still some phenomena not enough understood remaining, such as the fluid
behavior in the solid-liquid coexisting system or high temperature processing. Particularly, owing to
the high temperatures and low light transparencies of liquid metals, the majority of investigations are
based on computer simulations, and there are a limited number of evidences experimentally obtained
on the behaviors of conductive melts in magnetic fields.

The objective of this thesis is to improve the magnetic control of fluid flow by experimental
observation of fluid behavior under high magnetic fields. For flow of non-conductive fluid, the effect
of magnetic force was considered. An in-situ optical observation system was developed based on
Schlieren technique to visualize the fluid motion in non-conductive transparent solution under high
magnetic fields. For flow of conductive fluid, both the effects of Lorentz force and magnetic force
were considered. The electrolyte aqueous solutions combined with a superconducting magnet were
used as substitution of liquid metals in industrial electromagnets since flow conditions thereby were
regarded as similar. Effects of magnetic fields on the thermal convection in such conductive aqueous
solutions at ambient temperatures were then studied through heat transport measurements combined
with shadowgraph technique-based visualization. The following are the accomplishments of this
thesis.

Effects of high magnetic field on non-conductive fluid flow

The in-situ optical observation system utilizable in high magnetic fields was developed based on
Schlieren technique. The fluid motions of optically transparent solution were successfully observed
even in high magnetic field owing to the difference of the reflective index that depends on the
concentration of solution. It was observed that the direction of diamagnetic non-conducting fluid flow
was changed under spatially varied magnetic field. This phenomenon was understood qualitatively
by considering the magnetic force acting on the high concentration solution and the surrounding
solution.

Effects of high magnetic field on conductive fluid flow

Under the magnetic fields up to 12.0 T, the thermal convection in conductive solution was
suppressed. The magnitude of this suppression effect depends on the applied magnetic field and the
concentration of sample solutions. Through the comparison of magnetic field effects on diamagnetic
and paramagnetic conductive fluids, it was found that the magnitude of this suppression effect
depends on the electrical conductivity of sample fluids regardless of their magnetism. This
suppression of the thermal convection of conductive fluids under the magnetic field was therefore
experimentally confirmed as the effect of the Lorentz force.



The magnetic induction and damping of the thermal convection of the conductive fluid were
experimentally demonstrated. Furthermore, the contribution of the Lorentz force and magnetic force
on the thermal convection of feeble magnetic conductive fluids was separately evaluated by changing
the magnetic field environment. These results show that the effect of the Lorentz force and the
magnetic force can be investigated individually by using electrolytes aqueous solution combined with
a superconducting magnet.

Owing to these experimental observation, the understanding of feeble magnetic fluid behavior
under high magnetic fields was deepened. Especially, this thesis shows that, it seems feasible to
understand the behaviors of liquid metals by using electrolytes aqueous solution combined with a
superconducting magnet since flow conditions thereby are regarded as similar to those for liquid
metals in industrial electromagnets. Use of aqueous solutions enables us experiments under room
temperature and also expected to bring spatial information about the convection in a fluid since they
have optical transparency in many cases. Through the comparison of the obtained experimental
evidence with the related numerical simulation results, the feeble magnetic fluid behavior under
magnetic fields can be further understood and thus magnetic control processing can be promisingly
optimized.
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Chapter 1

Introduction

® Fluid flow in material processing
® Method of fluid flow control
® Dynamical effects of magnetic field

® Fluid behavior under high magnetic fields
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Chapter 1 Introduction

1.1 Fluid flow in material processing

The fluid flow appears everywhere not only in nature but also in our daily life. The control of fluid
flow is often necessary to achieve specific outcomes in many scientific and industrial applications,
for example material processing. In material preparation processes, the fluid flow influences many
properties including heat transfer, mass transfer, segregation of inclusions, crystal growth, etc. [1-3]

. B
I BEi]

‘]----z--------

seed | regrown crystal

Figure 1.1 Structural features of the GaSb(Si) crystal grown by the Czochralski method (at the left)
and partially regrown by the vertical Bridgman method (at the right).

During the crystal growth processing, it has been known that the unsteady thermogravity
convection in the melt gives rise to growth rate oscillations and leads to the formation of growth
striations (micro-inhomogeneities) in crystal. [4] As shown in figure 1.1, the GaSb(Si) single crystal
was grown by Czochralski method (left-hand part). [5] Characteristic features of the seed at left —
hand part in the figure are the microsegregation pattern, low dislocation density and the macroscopic
inhomogeneity of the dopant distribution, caused by the facet effect and convection in the melt.
Similar defections caused by convection also appear in the solidification processing, as shown in
figure 1.2. [6] The freckle defect was caused by the natural convection appeared in the melt of Ni-
based superalloy during single-crystal directional solidification process.

However, utilizing the feature of fluid flow in the melt, good effects can also be induced in material
processing. As showed in figure 1.3, during the polyethylene solution crystallisation processing, only
chain folded single crystal can be formed without induced flow in the solution. However, with an
appropriate induced flow in the solution, crystal with a special structure, such as Shish kebab fibrous
crystal, can be obtained. By controlling the flow condition in the solution, millions of polyethylene
polymer chains can be ordered to form beautiful structures. [7]
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Chain folded
No Flow :

Single crystals
With flow Shish kebab

Fibrous crystals

Figure 1.3 Structure of polyethylene polymer chains formed single crystal.

Furthermore, as shown in the figure 1.4, the grain structure of Al-7wt%Si alloy was significantly
refined by electromagnetic stirring process. [8] The grain structure and the transition from a columnar
to equiaxed dendritic growth of crystals were remarkably affected by the forced convection. The
refinement of grain size will of course improve the quality of alloy, for example, better feeding to
avoid shrinkage porosity, reduction of hot tearing, improvement of strength and fatigue life and so on.

As we can see from these examples, the fluid flow has significant impact on quality and
performance of products in many material processing. The control of fluid flow has been one of the
key technology to improve the quality of material.

12



Chapter 1 Introduction

—
Y
—

12—“' T T T T T ]

number of grains
o N B2 OO o 8
' A ' L L

e | E
155‘335'Ff§§§‘5|ﬂ: s N W
LR i onllon n 1D oo |

T T T T T T T

0 1 2 3 4 5 6 7 3
grain area [mm?]
I8N T T T T T T T

H :
8 ] L
E L l‘! ;H:ﬂr‘r"'-'——l—r—!—- R —— - 7]

i R T T — v T e
1 2 3 4 5 6 7 8

grain area [mm?]

Figure 1.4 Grain structures of Al-7 wt.%Si alloys without stirring of melt (a) and with
electromagnetic stirring of melt (b) during the solidification processing.

1.2 Method of fluid flow control

A lot of attempts have been presented by researchers to control the fluid behavior in the material
processing, such as space-based microgravity, forced convection, centrifugation and application of
magnetic field etc. Some examples and applications were described here.

1.2.1 Space-based microgravity

The natural convection in gravitational field is exist everywhere in the nature. The fluid motion is
generated by buoyancy force due to density differences in the fluid. The heat transfer, mass transfer
and other properties in a melt were significantly affected by natural convection in material processing
such as the solidification processing and crystal growth processing. However, in the reduced gravity
condition, the convective fluid motion driven by the buoyancy force can be effectively suppressed.
In consequence, the space-based microgravity experiment was suggested by researchers and
supported by institutions like the National Aeronautics and Space Administration (NASA) of United
States of America. Many experimental investigations have been addressed to study the influence of
microgravity environment on material processing in the space. [9-13] These works sufficiently proved
that the buoyancy driven convection can be effectively damped in such Space-based microgravity
environment.

For example, during the protein crystal growth processing, the diffusive field around a crystal will
not be disturbed in space [9] and the depletion zone of protein and impurities around the growing
crystal is supposed to be formed. Therefore, in the microgravity environment, the growth speed of
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crystals may become decreased and the impurity uptake may be suppressed to result in highly ordered
crystals. [10]

For the solidification processing of alloy, Billia et al. conducted experiments on the morphological
stability of directionally solidified Pb-Ti samples in the gradient-heating facility during the DI mission
of NASA. [13] Due to the solute convection in the melt at the interface in concentrated alloys (25, 30
and 40 wt%Ti), the morphology of the cellular pattern was strongly influenced. For instance, the
comparison between earth and space samples of the Pb-25 wt% Ti alloy shows that several
convective-induced rolls were developed in the ground experiment and destroying the regularity of
the cells, shown in figure 1.5. On earth, the shape of the cells is affected by four convective rolls.
However, in space the cells are more regular and are coarser.

[a] 0

Figure 1.5. Comparison between corresponding cross sections of Pb-25 wt%Ti samples grown
vertically (a) on earth and (b) in space.

Owing to the precious opportunities for space-based microgravity experiment provided by
institutions like NASA, numbers of valuable achievements have been obtained. However, the
experimental research in space is still costly and limited. Moreover, the convection in fluid cannot be
enhanced or induced by microgravity environment.

1.2.2 Forced convection

To induce convection in a fluid, one of the most simple and direct way is the forced convection. By
stirring the melt directly, using mould with special shape or crystal rotation etc., the fluid low can be
easily induced in the melt, hence the quality of material will be affected.
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Melt

Figure 1.7 Optical micrographs of semisolid 7075 aluminum alloy in forced convection rheoforming
process at different stirring speeds: (a) 100 r/min; (b) 200 r/min; (c) 300 r/min; (d) 400 r/min

For example, a forced convection rheoforming machine was designed for the preparation of light
alloy semisolid slurry by Kang et al, as shown in figure 1.6 [14,15]. Owing to the rotation of churn-
dasher, the fluid low can be induced easily and the stirring speed can be controlled. Taking 7075
aluminium alloy as experimental material, the microstructure characteristics and microstructure
evolution of the alternative semisolid metal slurry at different stirring speeds were showed in figure
1.7. It can be seen that the semisolid microstructure of the 7075 Al alloy was dramatically affected
by the induced flow.
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However, to induce the forced convection, direct contact with the melt seems unavoidable and that
means the contamination was much easier to be introduced.

1.2.3 Centrifugation

The utilization of a centrifuge, so-called centrifugal or high-gravity processing, is also considered as
an effective method to modify the flow status in a melt. [16,17]

The way of using the centrifuge in crystal growth processing has always been in the free-swinging
configuration, in which the sample is fixed at the end of a rotating arm. In such condition, the resultant
acceleration is antiparallel to the axial thermal gradient, which is thus intuitively thermally stable.
Therefore, the convection can be suppressed at a certain rotation rate, or the so-called magic-g level
[17], where the Coriolis force balances the gravitational acceleration. Beyond the magic-g level, the
centrifugal acceleration becomes important and the centrifugal thermal convection increases.

. 0

b) .,
£2=0rpm Z l 40 1pm i_., ¥y

a)

IR NN ER N RRaE,

— 1 mmfs

Ve = 0.69 mm/s VU = 0.22 mm/s Ve = 0.85 mm/s

Figure 1.8 Effect of free-swing rotation on the flow fields for a gradient freeze growth of GaAs: (a)
0 rpm; (b) 40 rpm; (c) 80 rpm.

Figure 1.8 shows simulated flow patterns of germanium during Bridgman growth in a free-swing
centrifuge at different rotation speed [16,18]. For 0 rpm (Figure 1.8 a) the flow is axisymmetric and
the structure is typical for the vertical Bridgman configuration, with a concave interface; the heating
temperature profile is linear. At 40 rpm the flow near the growth interface is significantly damped by
the Coriolis force and the flow structure is also changed dramatically. Although the averaged resultant
gravity direction is still antiparallel to the growth axis, the centrifugal acceleration and the Coriolis
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force in the melt are asymmetric, leading to the 3-D flow. Owing to the non-uniform forces, the global
convection increases slightly away from the interface. When the rotation speed is further increased to
80 rpm, as can be observed from the larger velocity vectors, the centrifugal force becomes dominant
and the convection increases. The flows in the x—y plane are also shown, but are in general featureless
except for the flow near the growth interface.

A number of efforts have been devoted to study the centrifugal field effect on convection in the
melt during crystal growth. However, the application of centrifuge on fluid control is still limited and
the increasing contact between melt and wall of container seems make contamination can be
introduced easier.

1.2.4 Application of magnetic field

Compared with flow control methods which need to contact with the matter, a clear advantage to the
use of magnetic field is that dynamical effects on materials can be induced without direct contact.
This feature, for example, enables us the contamination-free processing. Therefore, numbers of
researches on magnetically fluid flow control have been devoted [19-22] and this technique has been
widely used in many industrial processes.

For example, for the silicon single crystals preparation processing, the magnetic Czochralski
method has been widely used. When a static magnetic field was applied, the flow state in the melt
become stable and the concentration of oxygen, which is one of the most harmful contamination for
single crystal silicon, was dramatically decreased, as showed in figure 1.9 (b). [23] The quality of
single crystal silicon was therefore improved.
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Figure 1.9 Oxygen concentration distribution in the radial direction in the crystals. (a) electromagnetic
Czochralski crystals grown at higher rotation rate (105 rpm, 1 =2.0 A, B =0.05 T) and lower rotation
rate (15 rpm, 1 = 0.2A, B = 0.1 T), (b) Czochralski (CZ) and vertical magnetic field (VMF) (0.05 T,
0.1 T) crystals.

Furthermore, the application of magnetic field was also used in steelmaking, casting and
soildification processing. For example, Yasuda et al. [22] has summaried the trends of the application
technology of magnetohydrodynamics (MHD) used or under development in steelmaking process in
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terms of the functions of MHD, such as heating, stirring, braking, shaping and sensing, as shown in

table 1.1.
Table 1.1 Application examples of MHD to steelmaking process.

Principle Function Field Applications for steelmaking

Shape control AC Electromagnetic Casting, Cold Crucible

Flow Promotion ~ AC Electromagnetic Stirring, Electromagnetic Pump

Flow Suppression AC/DC Wave Suppression, Electromagnetic Brake
Lorentz force | yitation AC Electromagnetic  Casting, Cold  Crucible,

Convectional Levitation, Edge Containment

Solidification AC Electromagnetic ~ Stirring,  Pulse  Current

Structure Control Imposition

Separation AC/DC Inclusion Removal

i i AC Induction Heater
Joule Heating ~ Heating
DC Plasma Heater
. Level Sensor, Velocimetry, Slag Flowout
Lenz’s Law Detection AC )
Detection

Separation DC Particle Separator

Magnetic force Precipitation
DC Tramp Element Control

Control

(AC : Alternative Current, DC : Direct Current)

As described above, the application of magnetic field has been used or developed in many industry

precesses to control the flow in melt, and promisingly improved the quality of material. However,
some limitations of the magnetic control are still remained, and some expamples are listed as below.

1)

2)

3)

to

Control of micro flow. The macroscopic fluid motion in a melt has been proved that can be well
controlled by application of magnetic field. However, the micro flow, such as the plume flow
near the surface of dendrite, is still difficult to be accurately controlled at present.

Magnitude of fluid control. The intensity of the applied magnetic field in the practical industry
environment is normally limited as below 1 T since the generation of magnetic field needs
considerable electric energy. Therefore, the magnitude of the magnetically induced dynamical
force acted on fluid flow is also limited.

Fluid of low electric conductivity. At present, the magentic control of fluid flow in the industry
processing is mainly focused on the conductive fluid such as melt metal and based on the induced
Lorentz force. This induced Lorentz force strongly depends on the electrical conductivity of fluid.
Therefore, for the fluid with a low electric conductivity, the intensity of induced Lorentz force is
also weak.

Owing to these limitations, the magnetic control of fluid flow in the meterial processing still needs
be improved.
18
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1.3 Dynamical effects of magnetic field on fluid flow

To control the fluid behavior, dynamical effects induced by magnetic field are mainly based on “the
magnetic force” and “the Lorentz force”. These two forces are briefly introduced here to help
understanding of the fluid motion in magnetic field.

1.3.1 Lorentz force

The Lorentz force arises from the interaction of a moving electric charge and a magnetic field. When
an electric charged particle moves perpendicular to the magnetic field, it receives a Lorentz force Fy,
[24]

F,=]XB=quvXxB (1.1)

Here J is the electric current density, B is the magnetic flux density, q is the electric charge of particle
and v is the velocity of particle.

The characteristics of Lorentz force are summarized in Table 1.2 [25] The Lorentz force is
proportional to the B. It induces a torque on the electrically charged particle in the plane perpendicular
to B and induces rotational motion. The direction of the torque is reversed when the direction of B is

reversed.
A A
B
O AR AR A
_ ©® V|
Conductive
) F
fluid flow ?) «— L

AR \\\\Y\\\\\\\ RN W

Induced current

Figure 1.10 Schematic of Lorentz force acted on conductive fluid flow in a static magnetic field.

For the conductive fluid, the electric current induced in the fluid as a result of its motion modifies
the field. At the same time, the flow in the magnetic field produces a mechanical force which modify
the motion. Details and explanations were showed in figure 1.10, when the conductive fluid flow
moves perpendicular to applied magnetic field, the electric current was induced due to the interaction
between velocity field and the magnetic field. The direction was pointed out of paper. At the same
time, the Lorentz force was produced due to the interaction between induced current and magnetic
field. With a static magnetic field, the direction of the Lorentz force will always be opposite to the
velocity direction of conductive fluid which moved perpendicular to the magnetic field. It is the
principle for magnetic field damping of liquid metal convection. [26]
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Table 1.2 Comparison of magnetic force and Lorentz force

Magnetic force Lorentz force
Interacting physical quantity Magnetic susceptibility Electric charge
Type of MF* Nonhomogeneous Homogeneous
MF dependence Quadratic (B?) Linear (B)
Direction of force Parallel or anti-parallel to MF Linear Perpendicular to MF
Inversion of MF Invariant Inverted

* MF : magnetic field

In solution, ions and charged particles cannot move alone due to collision with the solvent and
other solutes. As a result, the Lorentz force induces convection of the solution with an imposed or
induced electric field. This mechanism is call the magnetohydrodynamics (MHD) mechanism. It is
important in not only electrochemical reactions where electric current moves in solution but also in
processes in solution where ions move to a specific reaction zone such as the solid liquid interface.
The MHD effect was first investigated in macroscopic system of electrolysis [27], and more recently
for microscopic system in relation to the morphology of electrochemical products. [28]

The Lorentz force has been widely used for induction or suppression of convection in the practical
industry, for example the previous mentioned single crystal silicon preparation processing and steel
making process.

1.3.2 Magnetic force

Magnetic force arises from the interaction of the magnetism of a material and a magnetic field. When
a material is positioned in a gradient magnetic field, the body is acted on by a magnetic force, as
expressed below: [29]

OFm _ o 98

E, = — =
m 0z Uy 0z

(1.2)
Where E,, is the isotropic magnetic energy, y, is the volume magnetic susceptibility and u, is
permeability of vacuum.

Characteristics of magnetic force are also listed in Table 1.2. The magnetic force depends on the
magnetic susceptibility of material, the density of magnetic flux and the magnetic field gradient. The
force is dependent on B2, It is linear and parallel or anti-parallel to that of dB/dz. Materials can be
either repelled (diamagnetic material, y, < 0) or attracted (paramagnetic material, y, > 0) based
on their magnetic susceptibility. The direction of the force is invariant when the magnetic field
direction is changed to the opposite one. One can differentiate the effects of the magnetic force and
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the Lorentz force using Table 1.2.

As a mechanical effect of magnetic fields, the magnetic force is very important. For example, the
aqueous solution of paramagnetic ions in water can be moved simply by using a conventional
permanent magnet (0.2-0.3 T). [30] It is also possible to separate paramagnetic ions [31] and
paramagnetic particles. [32]

This force is quite weak for usual diamagnetic substances in ordinary fields due to their feeble
magnetic property. However, recently, the product B(dB/dz) can be enhanced with the aid of high
field magnets, such as super-conducting magnet. Consequently, some diamagnetic materials, such as
water and organic compounds, can be also levitated in air by applied magnetic fields which range up
to 20 T or more. [33] Therefore new functional materials can be synthesized under microgravity in
laboratories on Earth, not in space. [34]

i 5

70 mm

[e—>]

Center 80 mm

(h)

70 mm

Center 80 mm

Figure 1.11 Moses effect and reversed Moses effect. Photographs of surface profiles of water (a) and
copper sulfate aqueous solution (b) along bore (x) axis in a superconducting magnet. The applied field
at the center was 10 T. The x direction is rescaled by 1/4. Difference of the liquid levels at the center
and out of field was -38.9 mm for water, and 32.6 mm for copper sulfate aqueous solution.

Meanwhile, when a vessel containing water is placed in a horizontal high magnetic field gradient,
water is split into two parts, because water is repelled out from magnetic field. [35] In contrast, the
surface of a nearly saturated copper sulfate aqueous solution is raised at the magnetic field center.
This phenomena are known as the “Moses effect” and the “reversed Moses effect” as shown in figure
1.11. [36] Furthermore, the diamagnetic levitation and the Moses effect can be enhanced by using a
counter paramagnetic liquid. This is called the magnetic Archimedes effect analogous to the usual
Archimedes effects. [37]
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Figure 1.12 Photograph of a ferrofluid on glass plate and subjected to a magnetic field generated by
the magnet underneath.

In addition, the fluid motion of ferrofluid can also be controlled by the induced magnetic force.
[38] Ferrofluids are colloidal liquids made of nanoscale ferromagnetic particles suspended in a carrier
fluid (usually an organic solvent or water). Each tiny particle is thoroughly coated with a surfactant
to inhibit clumping. Ferrofluids usually [39] do not retain magnetization in the absence of an
externally applied field and thus are often classified as "superparamagnets” rather than ferromagnets.
The suspended miro-magnets in the ferrofluid respond to the external magnetic field by orienting
along the field and, as a result, the field can exert strong forces on the fluid, radically changing its
shape as the fluid moves to maximally fill its volume with magnetic field, as shown in figure 1.12.

1.4 Studies of fluid behavior under high magnetic fields

To improve the magnetic control of fluid flow, a number of efforts have been so far devoted to study
the fluid behavior in magnetic fields. [40,41] Especially, with the remarkable progress recently in the
superconducting magnet fabrication technology, the high magnetic field in large-scale room-
temperature space can be obtained easily. The high magnetic field provides us more opportunities to
study the fluid behavior in the magnetic field especially for feeble magnetic fluid. The recent research
progress on fluid behavior in magnetic fields is briefly reviewed here.

1.4.1 Electric non-conducting fluids

For the flow control of non-conducting fluid, investigations so far mainly focused on the utilization
of magnetic force. The Lorentz force acted on non-conducting materials is quite weak due to their
low electrical conductivity. While the magnetic force can be acted on all kinds of materials depends
on their magnetism and magnetic field gradient.
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Under gradient magnetic fields, one can control buoyancy-driven convection in non-conducting
fluids (for example pure water) by balancing buoyancy convection and magnetic convection. If the
magnetic field gradient coexists with the magnetic susceptibility gradient in a fluid, the convection in
the fluid can be controlled by the induced magnetic force. For the paramagnetic fluid whose magnetic
susceptibility is followed Curie’s law, the gradient of the magnetic susceptibility caused by the
temperature gradient across the fluid can create a fluid motion dependent on the magnetic force. [42]
For a diamagnetic fluid whose magnetic susceptibility is dependent on the density, the gradient of the
magnetic susceptibility caused by the density difference can also modify the convection in terms of
the magnetic force. [43] In the case of ferrofluid, a convective flow, called thermomagnetic
convection, can be drove by induced magnetic force under an external uniform magnetic field when
magnetization gradient was caused by spatially varied temperature distribution in the fluid. [38]
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Figure 1.13 Nusselt number as a function of temperature difference for gadolinium nitrate solution
layer. Numbers represent the value of uo?H(dH/dz), in units of T?/m, for each curve, and the insets
show the experimental configuration. The sample fluid layer was heated from below and cooled from
above in both cases. The magnetic force was applied downwards in (a) and upwards in (b). In the
latter case, the natural convection is inhibited by the field, and is suppressed totally for zo?H(dH/dz) >
15 T?/m.

The paramagnetic gases and liquids were initially studied. Braithwaite et al. [44] investigated
convection in a solution of gadolinium nitrate (paramagnetic, the magnetic susceptibility at room
temperature is 1.63 x 10" m%/kg) in a system comprising a horizontal fluid layer heated from below
and cooled from above (Rayleigh-Benard system) in a magnetic field. They produced both the
enhancement and suppression of the buoyancy-driven convection due to the magnetic field gradient,
as shown in figure 1.13. Uetake et al. [45] put a ceramic tube in a high magnetic field and heated one
part of the tube to produce a thermal convection of air (paramagnetic, the volume magnetic
susceptibility at room temperature is 0.38 x 10-°). By adjusting the position of the heating center in
the magnetic field to control the direction of magnetic force acting on the air, the thermal convection
was either accelerated or suppressed. Theoretical studies [46, 47] were also developed to understand
and predict the paramagnetic fluid behavior in magnetic field. Huang et al. studied the effect of a
static, nonuniform magnetic field on a laterally unbounded non-conducting paramagnetic fluid layer
heated from below or above using a linear stability analysis of the Navier-Stokes equations
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supplemented by Maxwell’s equations and the appropriate magnetic body force [48], and showed that
the convective heat transfer of electrically non-conducted paramagnetic fluid can be effectively
controlled by a non-uniform magnetic field [49]. Tagawa et al. [50] modeled the magnetic force by
considering magnetic susceptibility as a function of temperature and included it in a momentum
balance equation as an external force term in addition to the buoyant force term. It was found that the
magnetic force acts on material of high magnetic susceptibility, like oxygen gas in a temperature
gradient field, and affects the convection in addition to gravity. Fornalik et al. [51, 52] experimentally
studied the flow of paramagnetic fluid (Gd(NOs)s3-6H20 solution) inside a cylinder placed in a bore
of a superconducting magnet. Wrobel [53, 54] experimentally and numerically analyzed the influence
of a strong magnetic field gradient on convection process of paramagnetic fluid in the annulus
between horizontal concentric cylinders. Under strong magnetic fields, Poodt and coworkers have
visualized the flow and solute concentration distribution around NiSO4-6H20 [55, 56] and lysozyme
[57, 58] crystals based on Schlieren technique. As shown in Figure 1.14, a convection plume was
observed under normal gravity condition, but not appeared under effective microgravity condition.

Figure 1.14. False color Schlieren image of growing NiSO4-6H-0 crystal under normal gravity (a)
and effective microgravity (b). The convection plume was observed in (a) but not in (b). The scale
bar corresponds to 0.5 mm. [55]
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In regard to convection in diamagnetic fluids, several theoretical studies [59-64] modeled the
magnetic force by considering magnetic susceptibility as a function of density which is dependent on
the temperature or concentration, and predicted that the convection can be either enhanced or
suppressed by a magnetic force. Qi et al. [60] calculated the effects of the non-uniformity (3-4%) of
a magnetic field strength in a radial direction of a solenoid type magnet on buoyancy convection. In
figure 1.15, the temperature of the center of the container bottom was 2°C higher than other areas of
the container. With increasing magnetic field intensity, the magnetic force imposed in a radial
direction by the non-uniformity significantly changed the pattern of the convection inside container
(2 cm in height and 2 cm in diameter). Wakayama [65, 66] studied the mechanism of the dampening
effect of magnetic field gradients, B(dB/dz), on solute convection and calculated the magnitude of
B(dB/dz) required for dampening. When the absolute value of mass magnetic susceptibility of a solute
was about 70% of that of a solvent (e.g., KCI crystal growth from an aqueous solution) and the weight
ratio was 0.26, the gradient to damp convection considerably was estimated to be -3018 T?/m. On the
other hand, when the mass magnetic susceptibility of the solute is nearly equal to that of the solvent
[protein crystal growth (lysozyme)], a gradient of -1394 T2/m damps convection completely on the
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earth. Further numerical simulations [67-70] were also carried out to study the flow and concentration
distribution in crystal growth processing under strong magnetic field.
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Figure 1.15 Effects of non-uniform magnetic fields, generated with a solenoid-type magnet, on
buoyancy convection. Streamlines (left) and temperature contours (right) for different field strengths
(1oHo). The site coordinates of the vertical and horizontal axes are shown in centimeters units.

Recently, the magnetic force effect on convection in diamagnetic fluid has been confirmed by
experimental studies. Nakamura et al. [71] configured a system of a horizontal fluid layer heated from
below (also Rayleigh-Benard convection system) to investigate the effect of the magnetic field on
convection in water (diamagnetic, the magnetic susceptibility at room temperature is —9.1 x 107°
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m®/kg). By measuring the temperature difference using thermocouples and observing images of
convection patterns based on the shadowgraph technique, they found evidence that convection in
diamagnetic fluids can be either suppressed or enhanced depending on magnetic force direction.
Figure 1.16 shows the shadowgraph images of convection patterns near the onset of convection driven
by the magnetic force.

To obtain a larger volume of effective microgravity by applying magnetic forces, superconducting
magnets that provide uniform magnetic forces have been developed. [72-76] Although such
superconducting magnets are few, crystallization experiments using such magnets are dramatically
lower in cost than experiments using real microgravity environments in space and hence are expected
to be developed in the future.

Downward magnetic force

Figure 1.16 Shadowgraph images of convection patterns near the onset of convection. The number in
each square is the value of AT (°C) across the fluid. Convective patterns appear at large 47 under the
upward magnetic force but at small A7 under the downward magnetic force.

In the case of ferrofluid, the convective instability of ferromagnetic fluid layer heated from below
in the presence of a uniform vertical magnetic field was first theoretically predicted by Finlayson.
[77] Then, Schwab [78,79] presented the experimental evidence for such prediction by examining the
influence of a homogeneous vertical magnetic field on the onset of Benard convection in a ferrofluid
layer. The existence of pure thermomagnetic convection was also experimentally proven by
Odenbach [80] under microgravity conditions. Luo et al. [81,82] also found that multiple instabilities
of a horizontal ferrofluid layer can occur in the presence of oblique and vertical magnetic field.
Furthermore, Engler et al. [83-85] developed a heat transfer measurement experimental setup and
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discussed about the influence of a time-modulated driving force on the convection and the critical
Rayleigh number in a ferromagnetic fluid. Based on this experimental setup, Heckert [86] studied the
influence of ferromagnetic fluid composition on onset of thermomagnetic convection in vertically
applied magnetic field. Namely the EMG905-fluid and the NF4000C-fluid, both kerosene-based
magnetite fluids, were investigated at various magnetic field strengths and temperature differences.
As an example, figure 1.17 shows the relationship of the heat flux density through a layer of EMG905-
fluid of a thickness of 2 mm against the temperature difference for various values of the inner
magnetic field strength in the layer. In the case of positive temperature gradient (heat from below,
figure 1.17 a), all curves deviate at a critical temperature difference (onset of convection) which
decreases with increasing magnetic field. For the case of fluid layer heated from above (negative
temperature gradient), the transition from conduction to convection only takes place in the presence
of magnetic fields as shown in figure 1.17 (b). For the NF4000C-fluid, similar behavior was observed.
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Figure 1.17 Heat flux density q through a 2 mm layer of EMG905-fluid when heated from below (a)
and above (b) for various inner magnetic field strengths Hi. Deviation from reproductive
measurements lies within the size of the symbols. [86]

Beside the theoretical investigations which done by Finlayson [77], further theoretical studies have
been carried out by Huke et al. [87] and Laroze et al. [88]. These works mainly focused on different
pattern formations while the convection was present. Relative experimental investigations have been
carried out by Berkovsky et al. [89].

1.4.2 Electric conducting fluids

For the fluid with a high electric conductivity, such as liquid metal, the fluid motion can be effectively
suppressed by applied Lorentz force in the presence of a magnetic field. [90,91] It is an established
physical and there have been much experimental evidences support this conclusion.

Chandrasekhar theoretically analyzed the effects of magnetic field on the suppression of thermal
convection in conductive fluids. [92] Then Nakagawa [93] and Jirlow [94] provided experimental
evidence for the inhibition effect of magnetic field on convection in mercury layer. Based on this
phenomenon, Utech and Flemings [95] successfully eliminated solute banding caused by turbulence
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convection in a Te-doped InSb crystal by applying a magnetic field during crystal growth. The success
of such attempt led to the novel insight that the use of a high uniform magnetic field can significantly
suppress the fluid flow in a conducting melt in terms of Lorentz force. [96-102]

Figure 1.18 Stretching of the conductive loops in a vertical Bridgman furnace under a vertical
magnetic field treatment. [107]

Following their work, extensive numerical and experimental investigations were conducted to
examine the effects of magnetic field on the flow structure and stability of liquid metals. [103-125]
Oreper and Szekely [103] reported that the natural convection can be suppressed by applied magnetic
field and the extent to that the suppression effect depends on the strength of the magnetic field.
Venkatachalappa et al. [104] presented numerical results for a fluid in a rectangular enclosure in a
vertical magnetic field with uniform heat flux from the side wall. The results show that the
temperature and velocity fields were significantly affected by the application of magnetic field.
Rudraiah et al. [105] also confirmed this modification and further suggested that the rate of heat
transfer was decreased through suppressing convection. Kakarantzas et al. [106] studied the natural
convection of liquid metal in a vertical annulus with lateral and volumetric heating in the presence of
a horizontal magnetic field by performing three-dimensional direct numerical simulations. Gaxandet
et al. [107] reported that, in the Bridgman growth processing, the convective loops will be stretched
along the magnetic field until it reaches the whole length of the liquid region, to minimize the velocity
gradient, as shown in figure 1.18. In his report, it was also observed that the loop center moves to the
wall and the return path of the liquid metal becomes smaller and the radial flow is constrained.
Moreover, in both vertical and horizontal Bridgman processes, it has been proven that an imposed
magnetic field leads to suppressing the macroscopic flow and thermal instabilities, resulting in a more
homogeneous growth. [108] Some of the other numerical studies have also been made to examine the
effects of magnetic field on Czochralski crystal growth and other phase change problems. The
numerical results showed that the oscillatory flow in the Czochralski melt can be suppressed by
applying a magnetic field. [109] Furthermore, the suppression is strongly dependent on magnetic field
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direction, namely, an external magnetic field aligned perpendicular to the heated vertical wall was
found to be more effective than a field applied parallel to the wall. [110] For the Czochralski growth
of large diameter (> 300 mm) crystal, the application of a cusp magnetic field has also been paid
much attention due to the three-dimensional control of the distribution of the magnetic flux density
in the melt. [111-113]
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Figure 1.19 Sequence of levitated Cu melt shape in a static magnetic field of (a) 0 T and (b) 10 T. The
interval between frames is 8x10~% s. [124]

As described above, the studies based on numerical simulation were the main player in
understanding the conductive fluid behavior in magnetic field, and there are a limited number of s
experimentally obtained on the behaviors of conductive melts in magnetic fields. The main reasons
for this is that, since most of studies related with conductive fluid flow control focused on the behavior
control of liquid metal, and liquid metals appear at very high temperatures and have very low light
transparencies, measuring and visualizing the behaviors liquid metal in magnetic fields are quite
difficult. In order to further optimize the magnetic control of conductive fluid behaviors, the
experimental evidence is extremely important but still lacked.

There are already some efforts have been devoted to experimentally observed the fluid behavior of
liquid metal in the magnetic fields. Some previous experimental investigations [110,114-122] have
focused on temperature measurements from which magnetic suppressing effects are deduced. For
example, Okada and Ozoe measured temperature profiles in molten gallium contained in a cubic
cavity and confirmed the suppression of natural convection induced by temperature gradients using
a magnetic field. [110] Kaneda et al. [121] studied the natural convection of liquid gallium under
uniform magnetic field with an imposed electric current by temperature measurement combined with
numerical simulation. With the help of the hot-wire probe technique, Xu et al. [122] obtained direct
measurements of the melt flow velocity in molten gallium with and without an imposed magnetic
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field. Magnetic field suppression of convection was observed in both the measured velocity and
temperature profiles. Bonvalot et al. [123] and Yasuda et al. [124] investigated experimentally high
magnetic field suppression of convection in metallic melts using a magnetic levitation method. In the
work of Yasuda et al. [124], they observed using a CCD camera the motion of Cu and Ni melts which
were levitated by the simultaneous imposition of static and alternating magnetic fields. Figure 1.19
shows the shape sequence of the levitated Cu melt. By applying a static magnetic field, suppression
can be seen in the oscillations, convection, and rotations about axes perpendicular to the static
magnetic field direction. More recently, in the study of Yanagisawa et al. [125], they reported the
behavior of Rayleigh-Benard convection in liquid gallium under the influence of a horizontal
magnetic field. The flow pattern was visualized by the measurement of ultrasonic velocity profiler
and showed a suppression of oscillatory motion of the two-dimensional roll-like structure with
increases in the intensity of the applied magnetic fields, as shown in figure 1.20.
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Figure 1.20 The behavior of the flow changes in response to abrupt increases and decreases in the
horizontal magnetic field. Simultaneous measurements of (a) the horizontal flow velocities, and (b)
the temperatures at the three positions, are shown with the intensity of the applied horizontal magnetic
field Bh (b). The Ra for this case is 1.3x10°. The direction and magnitude of the horizontal velocity
are displayed in color scale.

However, although these works have presented some directly measurement of liquid metal flow in
the magnetic field, the fluid behavior of molten metal still cannot be observed intuitively.
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1.5 Motivation and objectives

The control of fluid flow is extraordinarily important for improvement of material quality. The
application of magnetic fields has been regarded as an attractive means to control the convection of
fluid. Since the magnetic control of fluid flow still has some limitations in practical processing.
Considerable efforts have been so far devoted to study the fluid behavior in magnetic fields. Owing
to these investigations the understanding of fluid behavior in magnetic fields has been deepen.
Nevertheless, for the momentous magnetic control processing in melting metal, most studies are
based on the numerical simulation, while the experimental evidence is quite limited. The fluid
behavior of molten metal in magnetic field still cannot be well observed since the liquid metals appear
at very high temperatures and have low light transparencies. However, such experimental evidence
of magnetic field effect on fluid behavior in liquid metal is significant for the improvement of
magnetic control processing.

Therefore, to solve the problem, the objective of my thesis is to improve the magnetic control of
fluid flow by experimental observation of fluid behavior under high magnetic fields. In this thesis,
not only the conductive fluid flow but also the non-conductive fluid flow were observed.

For the non-conductive fluid, the effect of the magnetic force is mainly considered. An in-situ
optical observation system utilizable even under high magnetic field up to 13 T was developed based
on Schlieren technique. The fluid motion of transparent solution can be visualized, without using the
tracer, through the spatial distribution of the refractive index that depends on the concentration of
solution.

For the conductive fluid, such as melt metal, the effects of Lorentz force and magnetic force are
both considered. Since liquid metals normally appear in high temperature, the experimental
observation is difficult. In this thesis, the electrolytes aqueous solution combined with a
superconducting magnet is used as substitution, since flow conditions thereby are regarded as similar
to those for liquid metals in industrial electromagnets. [127] Effects of magnetic fields on the thermal
convection in conductive aqueous solutions at ambient temperatures are studied through heat
transport measurements combined with shadowgraph technique-based visualization.
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In this chapter, the experimental equipment including superconducting magnet and observation
devices is described. The in-situ optical observation devices were developed based on Schlieren
technique and shadowgraph technique, respectively. The principle of these techniques and the related
experimental procedure are briefly introduced.

2.1 Superconducting magnet

In this thesis, two cryo-cooler operated type superconducting magnets were used for observation of
fluid behavior under high magnetic fields. One can generate the magnetic field up to 13.0 T (JASTEC,
model IMTD-10C13E-NC) and was used for experiments related with observation of non-conductive
fluid. Another was used to generate magnetic fields up to 12.0 T (Sumitomo Heavy Industries Ltd.,
Model HF12-100VHT) for experiments related with observation of conductive fluid.

Both of the superconducting magnets were used in vertical direction to generate vertical magnetic
field in the center. And all of them have a room temperature bore of 100 mm in diameter. In the bore
of the magnets, the magnetic field varies spatially. Images of two superconducting magnets are
showed in figure 2.1.
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Figure 2.1 Images of superconducting magnets used in experiments: (a) 13.0 T, (b) 12.0T.

2.2 Schlieren technique

2.2.1 Principle of Schlieren technique

Schlieren method is a technique that detects optical inhomogeneities in transparent refractive media
and defects of reflecting surfaces. The principle of Schlieren technique is illustrated in figure 2.2.
When the light go through an inhomogeneous media, it becomes bent because of the different
refractive index in the media. As shown in figure 2.2 (a) the light comes from the light source go
through a series of lenses and detection zone with a refractive index gradient, then focused by another
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lens and received by the camera. A knife-edge is fixed at the focal spot. The upward-deflected ray
brightens a point on the screen, but the downward-deflected ray hits the knife-edge. Its corresponding
image point is dark against a bright background. For this particular point of the schlieren object, the
phase difference causing a vertical gradient on/0y (n is the refractive index of media) in the test area
is converted to an amplitude difference, and the invisible is made visible. Therefore, the distribution
of refractive index in detection zone was displayed as a focused image, shown like figure 2.2 (b).

(a') Lens Detection Lens

Camera

Light
source

Knife-edge

Figure 2.2 Schematic diagram of Schlieren method (a) and obtained Schlieren images (b).

Since the refractive index in transparent solution depends on the density gradient. The fluid motion
with different density can be readily observed by using this Schlieren technique.

2.2.2 Equipment

Based on the Schlieren technique, in-situ optical observation device was developed and illustrated in
figure 2.3 with superconducting magnet.

The halogen light (HIBIKI, H-150) was used as a light source. The light was introduced to the
optics by using optical fiber. A series of lenses and mirrors were used to lengthen the light path and
to make a Schlieren image. To record the Schlieren image, a CCD device (ELMO, UN43H) was used
and a knife-edge was placed at a focal point just before the CCD. The light pass through the sample
fluid in the holder fixed at a certain point in the magnet bore in horizontal direction.

To observe the behavior of non-conductive fluid utilizing this Schlieren device, the suspended
crystal dissolution process was conducted. The sample crystal was first grown at the tip of a thin wire
by recrystallization from the supersaturated solution. Then the obtained sample was introduced into
a cubic glass container (sample holder, the size of this holder is 11.5x8.25x12.5 mm?) and was
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suspended around the center of the holder by using the thin wire. As surrounding solutions, water or
low concentration solutions were used. Since the solute-rich solution appeared around the sample
crystal when it began to dissolve, the buoyancy driven convection occurred due to the density
difference between the solute-rich solution and the surrounding solution. Owing to the refractive
index in transparent solution depends on the density gradient, the fluid motion during the dissolution
process was therefore obtained by such in-situ optical observation system.

Magnet Magnet

Figure 2.3 Schematic illustration of experimental configuration built based on Schlieren technique.

2.3 Shadowgraph technique

2.3.1 Principle of Shadowgraph technique

The shadowgraph technique is an optical method that reveals non-uniformities in transparent media
like glass, water and air. The principle of shadowgraph technique was illustrated in figure 2.4. The
parallel light passed through the detection zone projected on the screen directly. The irradiance
depends on the second derivative of the refractive index in the detection zone. The differences in light
intensity are proportional to the second spatial derivative (Laplacian) of the refractive index field in
the transparent medium. Based on the shadowgraph technique, the fluid flow in a transparent media
can also be observed by the flow pattern in the shadowgraph image as showed in figure 2.4 (b).
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Figure 2.4 Schematic diagram of shadowgraph technique (a) and shadowgraph images (b).

Both Schlieren and shadowgraph methods are integrating optical systems that project line-of-sight
information onto a viewing screen or camera focal plane. Although they are closely related, several
distinctions are exist and have shown in table 2.1 [128]

Table 2.1 Distinctions between shadowgraph technique and Schlieren method.

Shadowgraph Schlieren
Displays a mere shadow Displays a focused image
Shows light ray displacement Shows ray refraction angle
Illuminance level responds to the second spatial Illuminance level responds to first spatial
derivative or Laplacian, e.g. 8°n/ox.* derivative of the refractive index, e.g. on/ox.*
No knife edge used Knife edge used for cutoff

* n is the refractive index of media.

2.3.2 Equipment

To study the fluid behavior in conductive solution under high magnetic fields, a system consisting of
a superconducting magnet, an optical tower and a convection cell was built, as showed in figure 2.5.

In the experimental setup, a cryo-cooler operated superconducting magnet was used to generate
magnetic fields up to 12.0 T. The convection cell contains a horizontal fluid layer heated from the
bottom and cooled from the top (Rayleigh-Benard convection).

Sample fluids were first degassed by bubbling with argon gas, and then placed in a cylindrical
convection cell with 40 mm in diameter and 4 mm in height. The side wall of the cell was made of
Teflon with thickness of 4 mm. The top plate was made of sapphire with a thickness of 3 mm. For the
bottom plate, aluminum or sapphire with an evaporated layer of gold on the surface to serve as a

mirror were used for the heat transport measurement and the visualization experiment, respectively.
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The top sapphire plate was cooled with circulating water, and the bottom plate was heated from below
with a nichrome heater. The temperature of the circulating water was kept constant at 25.0°C. The
temperature difference between the top and the bottom plates, AT, was measured by chromel-alumel
thermocouples, one attached above the top plate and the other inside the bottom aluminum plate in
the heat transport measurement, or below the bottom sapphire plate in the visualization experiment.

CCD
Lens
LED -l Beam splitter
|
Magnet Collimating Magnet
lens 4
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Figure 2.5 Schematic illustration of experimental setup built based on shadowgraph technique: (a)
sapphire top plate, (b) Teflon ring, (c) aluminum or sapphire bottom plate, (d) heater, and (e)
thermocouples.

The optical tower was mounted on the top of the convection cell for visualizing the flow by means
of shadowgraph technique. The light from a bright LED was introduced into the convection cell,
reflected by the bottom plate mirror, and finally projected onto a CCD camera. The whole observation
apparatus was made of feeble magnetic substances for use in high magnetic fields, and installed in
the magnet bore.

Based on this system, the heat transport measurement and flow visualization based on shadowgraph
technique were conducted.

2.3.3 Rayleigh-Benard convection

In this experiment, the Rayleigh-Benard convection in the conductive fluid was induced and studied
under high magnetic fields. [129,130]

When a horizontal fluid layer was heated from below and cooled from above, the induced thermal
convection was called Rayleigh-Benard convection. The status of the fluid layer can be characterized
by the dimensionless Rayleigh number, Ra, which is given by

37



Chapter 2 Research methods

__ gBpATA®
T av

Ra (2.1)
where g is the gravity acceleration, £ is the coefficient of thermal expansion, d is the thickness of
fluid layer, AT is the temperature difference across the fluid layer, « is the thermal diffusivity, and v
is the kinematic viscosity. With heating the fluid layer from below and keeping the temperature from
above, at first the heat transfer was dominated by heat conduction. Once the value of Ra exceeded a
critical value Rac, corresponding to critical temperature difference ATc, the thermal convection
occurred. The heat transfer across the fluid layer was therefore changed from conduction to thermal
convection.

2.3.4 Optical observation and heat transfer measurement
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Figure 2.6 Temperature difference across the fluid layer, AT, versus the electric power generated by
the bottom heater. The sample fluid was pure water here as an example. Solid lines were fitted with
the least squares method

To evaluate the thermal convection in sample fluid, following procedure was adopted in the heat
transport measurement. After the steady state was reached in the sample fluid layer, AT was first
recorded without heating. Then, a certain amount of electrical power was supplied to the bottom
heater, and AT was measured again after the steady state was reached. This procedure was repeated
to obtain the relationship between AT and the supplied heater power, as plotted in figure 2.6 (using a
sample fluid of water as an example).

It was clear seen form figure 2.6 that, the AT started to increase rapidly with increasing heater
power at first. Then, this increase became moderate beyond a certain value of AT. The rapid increasing
part corresponds to the region where the heat transport dominated by the heat conduction across the
fluid. Once AT exceeded a certain critical value, convection occurred and became the dominant heat
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transport process. Therefore, the slope of the AT — electric power curves become less steep; the solid
lines are the best fits by the least square method. The critical temperature difference, AT, at the onset
of convection, was determined by the intersections of these fitting lines. In this way the thermal
convection in sample fluid was quantitatively evaluated.
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Figure 2.7 Shadowgraph images obtained before (a) and after (b) the convection occurred.

In case of the visualization experiment, shadowgraph images were recorded in each time when the
steady state was reached in this procedure. Owing to the distribution of refractive index caused by
thermal convection, the fluid flow can be visualized by flow patterns in the shadowgraph images as
showed in figure 2.7.
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Chapter 3 Effects on flow of non-conducting fluid

In this chapter, the effect of high magnetic field on behavior of non-conductive fluid flow was
investigated. Since the Lorentz force acted on material by magnetic field strongly depends on the
electric conductivity of substance, the effect of magnetic force was the main player for the magnetic
effects on non-conducting fluid. Numbers of efforts have been undertaken to understand the fluid
behavior when the magnetic force was applied. [40-76] Owing to these efforts, understandings about
the magnetic control of feeble magnetic fluid behavior have been deepened. However, there are still
some phenomena not enough understood remaining, such as the fluid behavior in the solid-liquid
coexisting system or the high temperature processing. Since the in-situ observation of phenomena
under high magnetic fields gives us a lot of information, through the experimental observation in this
chapter, we aim to contribute for development of the technique to control feeble magnetic fluid
behavior using magnetic fields.

3.1 Experimental

For the experiment in this chapter, the in-situ optical observation system developed based on
Schlieren technigue were used combine with a 13 T superconducting magnet.

In the experiment, the dissolution process of an inorganic crystal suspended in a solution was
observed. The material used here was Aluminium Potassium Sulfate 12-Water, KAI(SO4)2:12H20. It
is diamagnetic and its volume magnetic susceptibility is -1.149x107°. The solubility of this material
in water is 140 kg/1 m3-water at 20°C.
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Figure 3.1 Spatial distribution of the magnetic field in the bore of the superconducting magnet (a)
distribution of the magnetic field B, and the product of the magnetic field and the gradient of magnetic
field, B(dB/dz), along bore axis, (b) distribution of B and B(dB/dr) at z = 146 mm.

As surrounding solutions, distilled water (density p = 0.998x10% kg/m?, yw = -9.035x10%), quarter-
saturated solution (3.72 wt%, p= 1.010x10° kg/m?, yqs = -9.07x10°®) and half-saturated solution (7.03
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Chapter 3 Effects on flow of non-conducting fluid

Wt%, p= 1.028x10% kg/m3, yns = -9.15%x107) of Aluminium Potassium Sulfate 12-Water were used.
Densities of these solutions were measured and magnetic susceptibilities were calculated using the
measured density and magnetic susceptibilities of water and Aluminium Potassium Sulfate 12-Water
written in the literature.

Figure 3.1 shows the distribution of the magnetic field, B, and the product of the magnetic field
and the gradient of magnetic field, B(dB/dz), along bore axis (figure 3.1 a), and B(dB/dr) at z = 146
mm (figure 3.1 b). The maximum of B(dB/dz) is +586 T?/m at z = 146 mm. In figure 3.1 (b), B and
B(dB/dr) were plotted for the range of -50 <r < 50. Intrinsically, in this coordinate system, -50 <r <
0 and 0 <r < 50 are equivalent. However, the point of observation is fixed against the bore space in
this experiment, therefore, to distinguish the difference of experimental positions, B and B(dB/dr)
were also plotted for -50 < r < 50.The sample holder was fixed at four different positions to see the
effect of the spatial distribution of the magentic field. These positions are indicated in figure 3.1 by
using symbols from A to D. Positions B to D were located at 146 mm above the magnetic field center
(z = 146 mm), the maximum position of B(dB/dz). Difference of these three points is the difference
in horizontal location. Position B is located at the center (r = 0 mm), while positions C and D are
located off-centered position, r = - 26 mm and 26 mm, respectively. B(dB/dr) values in these positions
are 0 T%/m for position B and 90.5 T?/m for position C and D. The position A was selected as the
control at z= 382 mm, where B = 0.88 T and B(dB/dz) = -6.6 T?/m. The diamagnetic material receives
an upward magnetic force at position B, C and D. The intensity of magnetic force, at position B,
acting on water became around 40% of that of gravity force. In the radial direction, the direction of
magnetic force acting on diamagnetic material always point to the center. In the position A, the
magnetic force acting on diamagnetic material is negligibly small compared with the case in positions
B, C, and D.

To eliminate the influence of the sample shape difference, a series of experiments was carried out
in several positions sequentially with one sample. For example, in one case, the observation started
at the point A, after waited for the stable condition, then, the sample was moved to the position B and
waited for the stable condition, and repeated this sequence in a manner A, B, A, B - continuously
(pattern 1). In another case, a series of observation was carried out as a following sequence: A, D, A,
C, A (pattern 2). Observed images in each position were compared to see the effect of the spatial
magnetic field distribution on the flow of solution.
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Figure 3.2 Schlieren images obtained in the dissolution process of Aluminium Potassium Sulfate 12-
water. Surrounding fluid is water.
(a) gravity condition (position A), (b) with magnetic field (position B, B = 8.97 T, B(dB/dz) = -586
T?/m). The scale bar written in the images corresponds to 2 mm.
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3.2 Results and discussion

Figure 3.2 shows the Schlieren images observed in the pattern 1 experiment. Figure 3.2 (a) and (b)
were obtained at the position A and B, respectively. In this experiment, water was used as the
surrounding fluid. The sample crystal of Aluminium Potassium Sulfate 12-Water was suspended left
side in the sample holder. The concentration gradient is clearly visible as the lighter and darker
patterns in images. The sample was slowly dissolved and the high concentration solution flow
occurred toward downward. Without magnetic field, this dissolved solution flow fell down straightly
toward the bottom of the sample holder as seen in Figure 3.2 (a). On the other hand, in the magnetic
field, this dissolved solution flow was slightly bended as seen in figure 3.2 (b). In the subsequent
process of this experiment, this phenomenon always appeared under magnetic field condition and
disappeared under gravity condition. Using the quarter-saturated solution as the surrounding fluid,
this bent of downward solution flow became smaller as shown in figure 3.3, and in case of the half-
saturated solution, it almost disappeared as shown in figure 3.4.

Figure 3.3 Schlieren images obtained in the dissolution process of Aluminium Potassium Sulfate 12-
water. Surrounding fluid is the quarter-saturated solution.

(a) gravity condition (position A), (b) with magnetic field (position B, B = 8.97 T, B(dB/dz) = -586
T?/m). The scale bar written in the images corresponds to 2 mm.

Figure 3.4 Schlieren images obtained in the dissolution process of Aluminium Potassium Sulfate 12-
water. Surrounding fluid is the half-saturated solution.

(a) gravity condition (position A), (b) with magnetic field (position B, B = 8.97 T, B(dB/dz) = -586
T?/m). The scale bar written in the images corresponds to 2 mm.
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Chapter 3 Effects on flow of non-conducting fluid

Figure 3.3 shows a series of Schlieren images obtained in the pattern 2 experiment. Numbers
written under the images represent the elapsed time from the beginning. The surrounding medium
was water also in this experiment. The experiment was started at the position A, gravity condition.
As observed in the previous case, the downstream of dissolved solution flow was straight. When the
sample was moved to the position D, this downstream was bended toward left side, the direction of
the bore axis (r = 0 mm). After moved back to the position A, it returned to the original straight stream.
Then, after moved to the position C, the direction of downstream was bended toward right. This is
also the direction of the bore axis. In this experiment also, degree of bent became smaller in the
quarter-saturated solution and almost disappeared in half-saturated solution. Each series of
experiment in this chapter was repeated several times and similar results were obtained.

T (min)

(a) (b) (©) (d) (€)

Figure 3.5 Schlieren images obtained in the dissolution process of Aluminium Potassium Sulfate 12-
water under different magnetic field conditions. Surrounding fluid is water.

(@), (c), (e): gravity condition (position A), (b): condition that vertical and horizontal (in the direction
from right to left) magnetic force acting on diamagnetic fluid (position D); (d) condition that vertical
and horizontal (left to right) magnetic force acting on diamagnetic fluid (position C, B(dB/dr) = 90.5
T?/m). The scale bar corresponds to 2 mm.

In this experiment, the behavior of the downward flow of high concentration solution in the sample
dissolution process were observed with Schlieren device when the sample was suspended in water,
quarter-saturated solution and half-saturated solution. All materials involved in this experimental
system were diamagnetic materials. Under spatially varied magnetic field, all these materials
experienced the magnetic force toward the direction that the magnetic field decreasing. Therefore,
the effect of the magnetic force became relative one. With changing the concentration of the
surrounding fluid from water to half-saturated solution, the difference of magnetic susceptibilities
between high concentration solution and surrounding fluid getting small. The degree of the observed
bent of the downward flow direction decreased with decreasing the magnetic susceptibility difference,
therefore, the mechanism of this phenomenon seems to be related to the magnetic force. Indeed it was
confirmed that the direction of the bent of the downward flow became opposite when the spatial
distribution of the magnetic field in horizontal direction was reversed, as seen in figure 3.3 (b) and

(d).

In here, let us consider about the force acting on the high concentration solution that flows
downward in the sample dissolution process. We assumed that this high concentration solution was
the saturated solution of Aluminium Potassium Sulfate 12-Water. The density and the magnetic
susceptibility of the saturated solution are 1.056x10° kg/m® (measured), and -9.253x10° (calculated),
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Chapter 3 Effects on flow of non-conducting fluid

respectively. Then, the force acting on unit volume of the saturated solution surrounded by the other
fluid in vertical direction is expressed as follows:

( s w) dB
E, = _(ps - pw)g + %BE (31)

where pg is the density of the saturated solution, p,, is the density of the surrounding solution, y,
and y,, are magnetic susceptibilities of the saturated and the surrounding solutions, respectively,
and g is the gravitational acceleration. In this experimental system, the saturated solution is more
diamagnetic compared with the surrounding solution, therefore, the magnetic force acting on the
saturated solution direct upward and is worked as magnetically induced buoyant force (magento-
Archimedes buoyant force). [37] The intensity of this magnetically induced buoyant force becomes
about 18% of that of the gravitational force. This seems relatively large force. The velocity of the
downward flow might be affected by the magnetic force, however, it is very difficult to distinguish
by Schlieren technique because this method is not suitable for quantitative evaluation.

On the other hand, the force acting on unit volume of the saturated solution surrounded by the
other fluid in horizontal direction is expressed as follows:

s—Xw dB

E = %B = (3.2)
Considering the spatial distribution of the magnetic field in horizontal direction (figure 3.1(b)), the
magnetic force was exerted to the saturated solution that is more diamagnetic against the surrounding
fluid, toward the direction of the bore axis. It means that the direction of the magnetic force was
leftward in case of the experiment in figure 3.3 (b) and was rightward in case of figure 3.3 (d). This
consideration is fit with the experimental observations. When water was used as the surrounding fluid,
the intensity of this horizontal magnetic force becomes about 3.3% of the gravity force in vertical
direction. This is not large compared with the magnetic force acting on the saturated solution in
vertical direction. However, in the horizontal direction, only the magnetic force was acting on the
saturated solution, therefore, the bend of the downward flow could be observed sensitively.

Incidentally, the bend of the high concentration downward flow was observed also in the
experiment at the position B as seen in figure 3.2 (b). In this experiment, center of the sample holder
was set at the bore axis. However, the bend occurred because the sample holder has finite volume and
the position of the sample was off centered. Indeed, the downward flow from the sample located at
the left side of the image bend toward the direction of the bore axis.

3.3 Summary

The in-situ optical observation system utilizable in high magnetic fields was developed based on
Schlieren technique. The fluid motions of optically transparent solution were successfully observed
even in high magnetic field owing to the difference of the reflective index that depends on the
concentration of solution. As described above, it was observed that the direction of diamagnetic fluid
flow was changed under spatially varied magnetic field. This phenomenon was understood
qualitatively by considering the magnetic force acting on the high concentration solution and the

surrounding solution.
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Chapter 3 Effects on flow of non-conducting fluid

This experimental observation suggest that the fluid flow can be controlled utilizing the magnetic
force without any direct contact with the matter even for materials that shows very small response
against magnetic fields such as diamagnetic materials. The magnetism is the property that all
materials have, therefore, wide range of materials can be controlled by this way. If the understandings
about this phenomenon further deepened, the usage of the magnetic force is expected to be applied
for many materials processing as a way of control.
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Chapter 4 Effects on flow of conducting fluid

In this chapter, the effect of high magnetic field on thermal convection in conductive aqueous
solutions at ambient temperatures was studied through heat transport measurements combined with
shadowgraph technique-based visualization. Since the Lorentz force acted on fluid was the major
player for the magnetic control of conducting fluid, the effects of Lorentz force on thermal convection
in conductive aqueous solutions were first observed and then confirmed by using diamagnetic and
paramagnetic conductive fluids. Then, utilizing this effect of Lorentz force, the magnetic induction
and damping of the thermal convection of the conductive fluid were experimentally demonstrated.
Moreover, to further study the conductive fluid behavior under high magnetic field, the contribution
of the Lorentz force and magnetic force on the thermal convection of conductive fluids was separately
evaluated.

4.1 Effects of Lorentz force

4.1.1 Diamagnetic conductive solution

At first, to investigate the effect of Lorentz force on thermal convection of conductive fluid, the
aqueous solution of ammonium sulfate, (NH4)2.SOa4, was used as the diamagnetic conductive working
fluid. The concentration dependence of the conductivity of ammonium sulfate aqueous solution was
referred to the literature [131] and is listed in table 4.1. In most of the present experiments, 25.0 wt%
aqueous solution was used. Densities of this solution were 1.136x10% kg/m?® at 25.0°C and 1.133x10°
kg/m® at 28.0°C (measured values). The volume magnetic susceptibilities of this solution were
estimated using the mass ratio of solute and water as -9.514x107 at 25.0°C and -9.499x107 at 28.0°C.
In this estimation, mass magnetic susceptibility of ammonium sulfate was assumed to be constant at
the both temperatures.

Table 4.1 Electrical conductivities of ammonium sulfate aqueous solutions.
Concentration (wt%) 5.0 10.0 15.0 20.0 25.0
Conductivity (S/m) 5.74 10.5 14.7 18.5 21.5

The center of the sample fluid layer was fixed at the magnetic field center position (z=0mm, r =
0 mm). In this configuration, the magnetic field homogeneity in the sample fluid layer is within 10
in vertical direction and 0.4% in radial direction.

Firstly, the heat transport across the fluid (25.0 wt% ammonium sulfate solution) layer was
evaluated with and without magnetic fields. The relationship of measured AT values across the fluid
layer against the supplied electric powers is shown in figure 4.1. As seen in figure 4.1, AT, was
obviously increased when the sample fluid was placed under the magnetic field of 12.0 T. Averages
of six data of AT, were 1.72 K for 0.0 T and 2.71 K for 12.0 T, respectively. This means that the
thermal convection in conductive aqueous solution was suppressed and that the onset temperature of
convection became higher by 1 K under 12.0 T.

48



Chapter 4 Effects on flow of conducting fluid

6 LINNLEL L R | 6
5 15
4 14
3 13
|_
<]
2 {2
1 11
0 A

012345 0123405

Heating power (W)
Figure 4.1 Temperature difference across the fluid layer, AT, versus the electric power generated by
the bottom heater. The concentration of the sample solution is 25.0 wt%. The left and the right sides
of the figure indicate the result for 0.0 and 12.0 T. Solid lines were fitted with the least squares method.
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Figure 4.2 Critical temperature difference, AT, versus the intensity of applied magnetic field, B. The
concentration of the sample solution is 25.0 wt%.

Secondly, the dependence of this suppression of convection on the applied magnetic field intensity
was evaluated and shown in figure 4.2. The concentration of the solution was also 25.0 wt% in these
experiments. The value of AT. monotonically increased with increasing the applied magnetic field.
This suppression of convection was also confirmed by visualization experiments and shown in figure
4.3. The shadowgraph images were taken in the neighborhood of the onset of convection under 0.0
(@), 6.0 (b), and 12.0 T (c), respectively. In each case, similar roll patterns appeared when AT became
sufficiently large and convection occurred, because of the refractive index difference between hot
upward flow and cold downward flow. The convection patterns appeared in larger AT with increasing
magnetic field. This result is consistent with the heat transport measurements. It should be noted that
the value of AT at the onset was larger than that in the heat conduction experiment. This seems to be
due to the different position of the thermocouples and the different thermal conductivities of sapphire
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and aluminum bottom plates.

(a)

(c)

Figure 4.3. Shadowgraph images taken near the onset of convection: (a) 0.0, (b) 6.0, and (c) 12.0 T.
The number in each image is the value of AT (K) across the fluid layer. The concentration of the
sample solution is 25.0 wt%.
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Figure 4.4 Critical temperature difference, ATc, versus the concentration of the solution for 0.0 and
120T.

Thirdly, the dependence of this suppression effect on the concentration of fluid was evaluated by
the heat transport measurement. Critical temperature differences, AT, at 0.0 to 12.0 T were shown
for each concentration in figure 4.4. It is clearly seen that the difference of AT. between 0.0 and 12.0
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T become larger with increasing the concentration of solution.
4.1.2 Paramagnetic conductive solution

To confirm the suppression effects of magnetic field on thermal convection, 10.0, 15.0 and 20.0 wt%
copper nitrate aqueous solutions were used as paramagnetic conductive working fluid. Densities of
each solution were measured as 1.081x103, 1.131x10° and 1.187x10% kg/m?, respectively. Volume
magnetic susceptibilities were therefore estimated as 1.295x10°, 7.144x10° and 1.357x107,
respectively. The conductivity of 10.0, 15.0 and 20.0 wt% copper nitrate aqueous solutions in 15.0°C
were estimated from literatures [132] as 6.6 S/m, 8.8 S/m and 10.2 S/m, respectively.

Due to the reactivity of copper nitrate aqueous solution against Aluminium, the sapphire bottom
plate was used for heat transfer measurement experiments using copper nitrate aqueous solutions.
The paramagnetic conductive sample fluids was also fixed at magnetic field center.
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Figure 4.5 Temperature difference across the fluid layer, AT, versus the electric power supplied to the
bottom heater. The working fluid was 20.0 wt% copper nitrate solution. The left and the right sides
of the figure indicate the result for 0.0 T and 12.0 T. Solid lines were fitted with the least squares
method.

Figure 4.5 shows the measured temperature difference across the fluid layer (20.0 wt% copper
nitrate solution) against the electric power supplied to the bottom heater with and without magnetic
fields. As seen in figure 4.4, AT was obviously increased when the sample fluid was placed under
the magnetic field of 12.0 T. Thus obtained AT, values were 1.31 K for 0.0 T and 1.97 K for 12.0 T,
respectively. That means the thermal convection in paramagnetic conductive solution was also
suppressed under 12.0 T magnetic field.
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Figure 4.6 Values of AT were plotted against electrical conductivity of sample solutions. The working
fluids were copper nitrate solutions with concentration from 10.0 wt% to 20.0 wt% and ammonium
sulfate solutions with concentration from 5.0 wt% to 25.0 wt%.

Then, the dependence of suppression effect on the concentration of solution was evaluated. In this
experiment, copper nitrate aqueous solutions of 10.0, 15.0, and 20.0 wt% were used. As described
above, both of the paramagnetic susceptibility and the electrical conductivity of solutions increase
with increasing the concentration. In the experiment, it was observed that the difference of AT
between 0.0 T and 12.0 T become large depending on the concentration. In figure 4.6, measured ATc
at 0.0 T and 12.0 T were plotted against the electrical conductivity of the solution. Results obtained
for diamagnetic ammonium sulfate aqueous solutions with concentration from 5.0 wt% to 25.0 wt%
in the previous experiment were also showed in the figure. As seen in the figure 4.6, the suppression
of thermal convection became larger with increasing the electrical conductivity for both of the sample
fluids regardless of their magnetism.

4.1.3 The origin of suppression effects

The origin of the suppression of thermal convection in conductive fluid under high magnetic fields
seems to be a dynamical effect due to magnetically induced forces. Within the conditions of the
present study, these forces may be related to either the magnetic force acting on materials under the
gradient magnetic fields or the Lorentz force due to the induced electric current in the fluid when the
conductive fluid moves in the magnetic field.

It is well known that thermal convection in a feeble magnetic fluid is affected by large magnetic
force due to high gradient magnetic field. Across a superconducting magnet bore, magnetic field is
not quite uniform in general and magnetic field gradient, dB/dz, exists. The estimated B-dB/dz in the
present sample space is around +12.0 T?m, and the maximum magnetic force acting on the
diamagnetic sample fluid in this case is about 90 N/m3. The thermal convection is induced due to the
difference of the gravitational force acting on fluids between the top and the bottom that caused by

52



Chapter 4 Effects on flow of conducting fluid

the temperature difference. The contribution of the magnetic force on the thermal convection can be
estimated by considering the relative ratio of the magnetic force against the gravitational force acting
on the fluid. For 25.0 wt% diamagnetic ammonium sulfate aqueous solution, the gravitational force
per unit volume acting on the fluid is about 1.11x10* N/m?®. Therefore, the contribution of the
magnetic force seems to be only 1% or less. In an earlier study that reported the suppression and the
enhancement of the thermal convection of water, the sample fluid was placed under high and steep
magnetic field such as B-dB/dz = +417 T?/m, and the contribution of the magnetic force turned out to
be 30% of the gravitational force. [71]

Furthermore, the heat transport measurements were also carried out using the paramagnetic
aqueous solution. Under the same magnetic field environment, directions of the magnetic force acting
on paramagnetic fluids and diamagnetic fluids are opposite. It has been reported that the thermal
convection in paramagnetic and diamagnetic fluid can be either suppressed by upward magnetic force
(anti-parallel to the gravity force) or enhanced by downward magnetic force (parallel to the gravity
force). [44,71] In the present study, as the case of the diamagnetic fluid, the thermal convection was
suppressed also in the paramagnetic fluid, therefore, it was experimentally confirmed that the
suppression of the thermal convection of conductive fluids under the magnetic field observed here
was not caused by the magnetic force.

We now consider the contribution of the Lorentz force. It is experimentally known that the velocity
of the thermal convection, v, is given by

v= h/(cp " Po) (1)

where h is the average heat transfer coefficient, ¢, is the thermal capacity of the fluid, and po is the
average density of the fluid. [133] In the present experimental setup, the velocity of the thermal
convection of water is estimated to be about 67x10° m/s when the temperature difference between
the top and the bottom of the convection cell is 3 K. If all of the ammonium sulfate dissolved in the
solution are ionized and have this velocity, the intensity of the Lorentz force can be estimated as
6.7x10° N/m?®from an equation,

FL = quB 4.2)

Since ammonium sulfate is not a salt from strong acid and strong base, its ionization does not proceed
a lot. Assuming the degree of ionization is several percent, the intensity of the Lorentz force will be
same order with that of the gravitational force. The Lorentz force acts on the conductive fluid so as
to hinder the fluid flow. Therefore, it is reasonable to believe that the suppression of the thermal
convection of conductive diamagnetic fluid under the magnetic field observed here was caused by
the Lorentz force.

53



Chapter 4 Effects on flow of conducting fluid

4.2 Magnetically controlled thermal convection

4.2.1 Suppression
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Figure 4.7 Damping of the thermal convection caused by the application of magnetic field. The AT is
plotted against the electric power generated by the bottom heater. Solid line fitting is based on the
least squares method.

We now tried to demonstrate the magnetic field control of the thermal convection of conductive fluid
using the present experimental setup. The sample solution used here was 25.0 wt% diamagnetic
ammonium sulfate aqueous solution and the experimental results are shown in figure 4.7.

In the experiment without magnetic field, the heating power supplied to the bottom heater was first
increased until the onset of convection was observed. Then, the heating power was kept at a constant
value, as indicated in the figure with a dashed line, and the magnetic field up to 12.0 T was applied.
At this stage AT increased gradually with increasing magnetic field. After the applied magnetic field
reached 12.0 T, the heating power was again increased. As seen in the figure, the increasing rate of
AT became larger. This means that the convection was damped and the heat transport was dominated
by the conduction. With further increase of the heating power, the onset of the convection was
observed again.

4.2.2 Induction

We carried out a backward experiment and the results are shown in figure 4.8. The sample solution
used here was also 25.0 wt% diamagnetic ammonium sulfate aqueous solution. The heater power was
first increased at 12.0 T and kept at a constant value when the value of AT became around 2.15 K;
larger than AT at 0.0 T (1.72 K on average) and smaller than that at 12.0 T (2.71 K). For these heater
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power and AT, the heat transport was still dominated by the conduction. Then, the magnetic field was
gradually decreased to 0.0 T. The change of AT during this process was shown in the inset of figure
4.8. At the beginning, AT did not change appreciably with deceasing magnetic field. However, the
magnetic field fell below a certain value, AT rapidly decreased. This is due to the convection induced
by decreasing magnetic field. The heater power was increased again, when the magnetic field came
down to 0.0 T. As seen in the figure, the increasing rate of AT was gradual as the convection state.
These have clearly demonstrated that the heat transport in a conductive aqueous solution can be
controlled by the application of magnetic fields.
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Figure 4.8 Induction of the thermal convection by decreasing the magnetic field. The AT is plotted
against the electric power generated by the bottom heater. Solid line fitting is based on the least
squares method. The inset shows the change of temperature difference, AT, during this process.

4.3 Differentiated effects of the Lorentz force and the magnetic force

When the sample fluid with finite volume was fixed under magnetic field generated by a
superconducting magnet, the magnetic force seems unavoidable due to the magnetic field gradient.
That means, for the conductive fluid in magnetic field, the effect of Lorentz force was always
accompanied with a certain extent of magnetic force effect. It seems necessary to distinguish the
effects of Lorentz force and magnetic force on conductive fluid behavior.

4.3.1 Magnetic field condition

In order to distinguish the effects of the magnetic force and the Lorentz force, one of the magnetic
field conditions, B-dB/dz or B, was fixed at constant value and the other was varied in a series of
experiments. As is well-known, the intensity of the magnetic force depends on value of B-dB/dz while
the Lorentz force depends on the intensity of the magnetic field. In this series of experiments, 25.0
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wt% diamagnetic ammonium sulfate aqueous solution was used. Sample fluid was fixed at several
different positions in the magnet bore. Locations along the bore axis and magnetic field conditions
used in present study are listed in tables 4.2 and 4.3. In case of experiments described in table 4.2, the
magnetic field at the center of the sample fluid was fixed at 9.0 T and B-dB/dz values were changed
from -549 to +549 T?/m. In experiments described in table 4.3, B-dB/dz values were fixed at around
-360, 0, +360 T%/m, applied magnetic fields were changed from 5.5t0 12.0 T.

Table 4.2 Locations along the bore axis and magnetic field conditions of working fluids in
experiments with fixed value of B and changed value of B-dB/dz.

B at magnetic field

. 2
z (mm) B at sample center (T) B-dB/dz (T</m) center (T)
106 9.0 -549 12.0
82 9.0 -362 10.5
51 9.0 -185 9.5
0 9.0 0 9.0
-51 9.0 185 9.5
-82 9.0 362 10.5
-106 9.0 549 12.0
4.3.2 Results and discussion
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Figure 4.9 The relationship of measured AT, value against the value of B-dB/dz, when magnetic field
intensities were fixed at 9.0 T. The working fluid was 25wt% ammonium sulfate aqueous solution.
The dashed line indicates the AT, value of sample fluid obtained without magnetic field.

Figure 4.9 shows the relationship of measured AT, against the value of B-dB/dz when the applied
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magnetic field in the center of the sample fluid was fixed at 9.0 T. The magnetic field condition was
illustrated in table 4.2. The dashed line indicates the AT, value obtained without magnetic field, which
is 1.72 K by average of six data. As seen in the figure, when intensity of magnetic fields was fixed,
obtained AT, value changed systematically depending on the value of B-dB/dz. The direction of the
magnetic force acting on a diamagnetic fluid is vertically upward when B-dB/dz is negative and
downward when B-dB/dz is positive. The upward force contributes to suppress the thermal convection,
and the downward force contributes to enhance it, however, the thermal convection was suppressed
compared with the case of 0.0 T in all positions as a result of the superposition effect due to the
Lorentz force.

Table 4.3 Locations along the bore axis and magnetic field conditions of working fluids in
experiments with fixed value of B-dB/dz and changed value of B.

B at magnetic field

2
z (mm) B at sample center (T) B-dB/dz (T*Im) center (T)
+157 5.5 . 29
£129 6.2 . 09
+92 8.2 F360 100
+76 9.7 F364 11.0
+62 11.0 F365 12.0
) 6.0 0 6.0
0 90 0 9.0
0 12.0 0 12.0

Figure 4.10 shows the relationship of measured AT against the value of B at the center of the fluid
when B-dB/dz values were fixed at around -360, 0, +360 T2/m, respectively. In this series of
experiments, intensities of magnetic fields were changed from 5.5 to 12.0 T. The magnetic field
condition was illustrated in Table 4.3. The solid lines are the best fits by the least square method. The
dashed line indicates the AT, value of sample fluid obtained without magnetic field as shown in figure
4.9. In case of any B-dB/dz value, the suppression effect of thermal convection became larger with
increasing applied magnetic fields. With considering the direction of the magnetic force acting on the
fluid, it is consistent with the result shown in figure 4.9 that the suppression effect became larger and
smaller when B-dB/dz is negative and positive compared with the case of 0.0 T, respectively. The
slopes of fitted lines are similar. This means that the dependence of AT, on magnetic field intensity is
similar when the value of B-dB/dz is changed.

These features of the result can be understood by considering the superposition of the Lorentz force
due to the induced electric current in the fluid when the conductive fluid moves in the magnetic field
and the magnetic force acting on materials under the gradient magnetic fields. In case of the
experiment in figure 4.9, the suppression effect by the Lorentz force was constant because of the fixed
applied magnetic field and the contribution of the magnetic force varied with the variation of B-dB/dz.
On the other hand, in case of the experiment in figure 4.10, the effect of the magnetic force was
constant because the value of B-dB/dz was fixed and the contribution of the Lorentz force varied due
to the change of the applied magnetic field. As seen in figure 4.10, when the applied magnetic field
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was 6.2 T and B-dB/dz was 360 T?/m, the value of AT is almost same with the case of 0.0 T. In this
case, the contribution of both forces seemed balanced with each other.

4.0

m -360 T/m
35 0T /m 1
A +360 T/m
30 - 00T -
X 25
|_U
<
2.0
15 ;
10 M 1 M 1 M 1 M
5.0 7.0 9.0 11.0 13.0

B (T)

Figure 4.10 The relationship of measured AT. value against the value of B at the center of the fluid
when the values of B-dB/dz were fixed at around -360, 0, +360 T2/m, respectively. The working fluid
was 25.0 wt% ammonium sulfate aqueous solution. Solid lines were fitted with the least squares
method. The dashed line indicates the AT, value of sample fluid obtained without magnetic field.

To further understand this superposition effect, we assume that the intensity of magnetic force and
the Lorentz force acted on fluid was equal under magnetic field condition that B was 6.2 T and B-dB/dz
was 360 T%/m. Based on the calculation mentioned previous, the velocity of the thermal convection
of water was estimated to be about 67 x 10~° m/s when the temperature difference between the top
and the bottom of the convection cell was 3 K. The magnetic force in this case was calculated as 2.7
x 10% N/m? based on the equation (1.1). Then the ionization rate of 25.0 wt% ammonium sulfate
aqueous solution was estimated as 0.79% based on equation (4.2). Thus the intensity of magnetic
force and Lorentz force can be both evaluated under each condition in figure 4.10. As result, the
contributions of the Lorentz force and the magnetic force on effect of magnetic field in the figure
4.10 can be estimated as percentages. For example, both forces contribute to the suppression of
thermal convection in negative gradient magnetic field, the contribution of Lorentz force increased
from 47.11% to 63.73% when the value of B changed from 5.5 T to 11.0 T. For another, in positive
gradient magnetic field, the downward magnetic force contributes to enhance the thermal convection
while the Lorentz force still contributes to suppress it. When the value of B on the fluid was 5.5 T,
89.09% of the magnetic force was balanced by Lorentz force, hence the thermal convection was
slightly enhanced compared with the case of 0.0 T; while the 11.0 T magnetic field was applied, the
magnetic force was only 56.94% that of Lorentz force, the thermal convection was therefore
effectively suppressed.
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4.4 Summary

Heat transport measurements and visualization of thermal convection in conductive aqueous solutions
were carried out in high magnetic fields. Under the magnetic fields up to 12.0 T, the thermal
convection in conductive solution was suppressed. The magnitude of this suppression effect depends
on the applied magnetic field and the concentration of the fluid. Through the comparison of magnetic
field effects on diamagnetic and paramagnetic conductive fluid, it was found that the magnitude of
this suppression effect depends on the electrical conductivity of sample fluids regardless of their
magnetism. This suppression of the thermal convection of conductive fluids under the magnetic field
was therefore experimentally confirmed as the effect of the Lorentz force.

The magnetic induction and damping of the thermal convection of the conductive fluid were
experimentally demonstrated. Furthermore, the contribution of the Lorentz force and magnetic force
on the thermal convection of feeble magnetic conductive fluids was separately evaluated by changing
the magnetic field environment. These results show that the effect of the Lorentz force and the
magnetic force can be investigated individually by using electrolytes aqueous solution combined with
a superconducting magnet. The results obtained should help us to deepen the understanding of
conductive fluid behavior in magnetic fields.
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5.1 Conclusion

As described in chapter 1, the magnetic control of fluid flow has become an important means to
improve the quality of material, but still has some limitations in practical industry processing. The
objective of the thesis is to improve the magnetic control of fluid flow by addressing the experimental
observation of feeble magnetic fluid flow under high magnetic fields.

Results of the research done for this thesis are summed up as follows.
Effects of high magnetic field on non-conductive fluid flow

The in-situ optical observation system utilizable in high magnetic fields was developed based on
Schlieren technique. The fluid motions of optically transparent solution were successfully observed
even in high magnetic field owing to the difference of the reflective index that depends on the
concentration of solution. It was observed that the direction of diamagnetic non-conducting fluid flow
was changed under spatially varied magnetic field. This phenomenon was understood qualitatively
by considering the magnetic force acting on the high concentration solution and the surrounding
solution.

Effects of high magnetic field on conductive fluid flow

Under the magnetic fields up to 12.0 T, the thermal convection in conductive solution was
suppressed. The magnitude of this suppression effect depends on the applied magnetic field and the
concentration of the fluid. Through the comparison of magnetic field effects on diamagnetic and
paramagnetic conductive fluid, it was found that the magnitude of this suppression effect depends on
the electrical conductivity of sample fluids regardless of their magnetism. This suppression of the
thermal convection of conductive fluids under the magnetic field was therefore experimentally
confirmed as the effect of the Lorentz force.

The magnetic induction and damping of the thermal convection of the conductive fluid were
experimentally demonstrated. Furthermore, the contribution of the Lorentz force and magnetic force
on the thermal convection of feeble magnetic conductive fluids was separately evaluated by changing
the magnetic field environment. These results show that the effect of the Lorentz force and the
magnetic force can be investigated individually by using electrolytes aqueous solution combined with
a superconducting magnet.

5.2 Outlook

Through the experimental observation in this thesis, the behavior of fluid flow under high magnetic
fields was intuitively observed by self-built in-situ optical observation system. Effects of the Lorentz
force and the magnetic force on convection in non-conductive and conductive fluids were both
observed and quantitatively understood. Owing to these works, the understanding of feeble magnetic
fluid behavior under high magnetic fields was deepened.

For the optimization of magnetic control processing in melting metal, the intuitive experimental
observation is significant but still lacking owing to the high temperature and low light transparency
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of liquid metal. However, the study in this thesis shows that it seems feasible to understand the
behaviors of liquid metals by using electrolytes aqueous solution combined with a superconducting
magnet since flow conditions thereby are regarded as similar to those for liquid metals in industrial
electromagnets. Use of aqueous solutions enables us experiments under room temperature and also
expected to bring spatial information about the convection in a fluid since they have optical
transparency in many case.

Therefore, utilizing this technique, more valuable experimental evidences can be provided to
confirm the numerical simulation in industry processing. Once the model used in numerical
simulation is proved appropriate, valued information can be obtained for optimization of the magnetic
control processing.
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