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ABSTRACT
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Doctor of Philosophy
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Doctoral Advisory Committee Chair: Dr. Rongjia Tao

This thesis has two major topics:

(1) Electrostatic Separation of Superconducting Particles from a Mixture of Non—
Superconducting Particles.
(2) Improvement in fuel atomization by Electrorheology.

(1) Based on the basic science research, the interactions between electric field
and superconductors, we have developed a new technology, which can separate
superconducting granular particles from their mixture with non-superconducting
particles.

The electric-field induced formation of superconducting balls is important
aspect of the interaction between superconducting particles and electric field. When
the applied electric field exceeds a critical value, the induced positive surface energy
on the superconducting particles forces them to aggregate into balls or cling to the
electrodes.

In fabrication of superconducting materials, especially HTSC materials, it is
common to come across materials with multiple phases: some grains are in

superconducting state while the others are not. Our technology is proven to be very
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useful in separating superconducting grains from the rest non-superconducting
materials.

To separate superconducting particles from normal conducting particles, we
apply a suitable strong electric field. The superconducting particles cling to the
electrodes, while normal conducting particles bounce between the electrodes. The
superconducting particles could then be collected from the electrodes. To separate
superconducting particles from insulating ones, we apply a moderate electric field to
force insulating particles to the electrodes to form short chains while the
superconducting particles are collected from the middle of capacitor.

The importance of this technology is evidenced by the unsuccessful efforts to
utilize the Meissner effect to separate superconducting particles from non-
superconducting ones. Because the Meissner effect is proportional to the particle
volume, it has been found that the Meissner effect is not useful when the
superconducting particles are smaller than 45um. One always come across multi-
phase superconducting materials where most superconducting grains are much
smaller than 45pm. On the other hand, since our technology is based on the surface
effect, it gets stronger when the particles become smaller. Our technology is thus
perfect for small superconducting particles and for fabrication of HTSC materials.

The area of superconductivity is expected to be very important for 21"
Century energy industry. The key for this development is the HTSC materials. We,
therefore, expect that our technology will have strong impact in the area.

(2) Improving engine efficiency and reducing pollutant emissions are
extremely important. Here we report our fuel injection technology based on new
physics principle that proper application of electrorheology can reduce the viscosity

of petroleum fuels. A small device is thus introduced just before the fuel injection for
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the engine, producing a strong electric field to reduce the fuel viscosity, resulting in
much smaller fuel droplets in atomization. As combustion starts at the interface
between fuel and air and most harmful emissions are coming from incomplete
burning, reducing the size of fuel droplets would increase the total surface area to start
burning, leading to a cleaner and more efficient engine. This concept has been widely
accepted as the discussions about future engine for efficient and clean combustion are
focused on ultra-dilute mixtures at extremely high pressure to produce much finer
mist of fuel for combustion. The technology is expected to have broad applications,

applicable to current internal combustion engines and future engines as well.
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CHAPTER 1
INTRODUCTION

The interaction between superconductors and a static or quasi-static electric field
is an important topic. In 1935, London brothers first suggested that superconductors and
normal conductors could respond differently to static electric fields. Starting from his
equation for super-current and the assumption that the magnetic field and electric field
should form a unified tensor, F. London predicted that a static electric field could
penetrate into superconductors as far as the magnetic penetration depth [24]. His brother,
H. London, performed an experiment to measure the electric-field penetration depth into
superconducting mercury at 1.8K. As the experiment failed to confirm the predicted
penetration depth, they gave up the idea afterwards [25].

However, the theoretical work in this area continued by Landau and others [21,2].
Later Pippard et al. used a current at a normal metal-superconductor interface to reveal
the electric field penetration effect indirectly [31]. Since the discovery of high
temperature superconductors (HTSC) [27,45], there have been extensive studies of the

electric field effect in the high TC cuprates [9] and electric field penetration into the

superconducting surface of YBCO [16]. While some of these works remain controversial,
they at least demonstrate the importance and breadth of the topic.

It is also interesting to note that most studies in this area concentrated on a case,
which has the electric field parallel to the surface of superconductor. The case for which
the electric field is perpendicular to the surface of superconductor requires more studies.

The recent discovery of the formation of superconducting balls in a strong electric

field has received much attention and revealed the big difference between
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superconductors and normal conductors when they respond to electric field [43-13]. It

was first found that in liquid nitrogen HTSC particles of micrometer size bond to form

macroscopic balls under a strong static electric field. Each ball holds over 106 particles,
round and sturdy, surviving constant collisions with the electrodes [43]. This ball
formation was later found general for all superconductors, including low temperature
superconductors (LTSC) [42] and new superconductor MgB,; [40]. These experimental
discoveries have now been independently verified [34].

It is well known that normal conducting particles do not form balls in an electric
field: they either bounce between the two electrodes in a dc electric field or form chains
in an ac electric field [7, 38, 35]. The electric-field induced formation of superconducting
balls thus confirms that superconductors and normal conductors respond to an electric
field differently. Moreover, this discovery further indicates that the main difference
between superconductors and normal conductors in response to an electric field is not in
the penetration depth, but in something more fundamental and more interesting.

In superconductors, there are two “fluids”, normal electrons and Cooper pairs.
Normal electrons do not screen the magnetic field, but screen the electric field strongly.
This is the main reason why after the Meissner effect, the interaction between a magnetic
field and superconductors, was found in 1933, the area about the interaction between
superconductors and electric field remain controversy. After the discovery of the electric
field induced superconducting ball formation, we understand the area much more.

The Meissner effect is not only important in basic science, but now has enormous
technology applications as well. Similarly, the interaction between electric fields and

superconductors is also fundamentally important. In this thesis, I am going to report our
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new discovery that the interaction between superconductors and electric field can be used
to separate superconducting particles from their mixture with normal metallic particles
and insulate particles [39].

This technology which separates superconducting particles from a mixture with
non-superconducting ones, especially normal conducting particles, is very useful and
important. For example, in fabrication of superconducting materials, we frequently come
across materials with multiple phases: Some structures have a higher critical temperature
than the others. A technology that enables us to separate the grains of such a structure
from the rest of the material is thus critically needed for superconducting material
research. Especially in the area of HTSC, this technology is more crucial. For example,
in synthesis of HTSC with T, above 195K, the produced superconducting grains are
very small and mixed with other non-superconducting ones. Therefore, it is required to
separate these superconducting grains out [8].

Theoretically, the Meissner effect may be of some use here [26]. In fact, Yeh and
his group used high gradient magnetic field to separate YBCO particles in a gas-fluidized
bed. However, their particles size are in the range of 45-105um. As for smaller particles,
they have found that their method cannot handle them [20]. The main reasons are as
follows:

In principle, a suitable nonuniform magnetic field may push the superconducting
particles to a region of weak field. But, the force from the Meissner effect, proportional to
the volume of the tiny superconducting particles, is too weak to push small particles out

from a mixture with non-superconducting particles. Unfortunately, in the area for new



HTSC materials, most superconducting grains have the size in micrometers. Therefore,
the Meissner effect does not help too much [8].

As shown in details in the subsequent chapters, this new technology is based on
the interaction between superconductors and electric field, which is basically a surface
effect, proportional to the surface areas. Therefore, our new technology works very well
with small particles, which the Meissner effect has difficulties to handle with. It enables
us effectively to separate superconducting particles from a mixture with non-
superconducting ones, including normal conducting particles and insulating particles.

This thesis is organized as follows:

In Chapter 2, we will review the experimental discovery and the theory of the
interaction between the Superconductors and the Electric field. These will be the base of
our new technology.

In Chapter 3, we will report our new technology. It is interesting to see how the
interaction between superconductors and electric field is limited to the surface of
superconductors. We will present experimental results to separate superconducting
particles from a mixture of superconducting particles with (1) Normal Conducting
Particles or (2) Insulating Particles.

In Chapter 4, we will discuss the applications and the importance of this newly
invented technology of Separation of Superconducting Particles from a Mixture of Non—
Superconducting Particles.

In Chapter 5, we have reported our technology for efficient combustion, based on
new physics principle that proper application of electrorheology can reduce the viscosity

of petroleum fuels. A small device is thus introduced, producing a strong electric field to
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reduce the viscosity of petroleum fuels just before the fuel atomization. This viscosity
reduction leads to much smaller fuel droplets and cleaner and more efficient combustion.

Our device could be easily applied on current engines to improve their efficiency.



CHAPTER 2
THEORY AND EXPERIMENTS ABOUT INTERACTION BETWEEN
SUPERCONDUCTORS AND ELECTRIC FIELD

As mentioned before, in superconductors there are two “fluids”, normal electrons
and Cooper pairs. Normal electrons do not screen the magnetic field, but screen the
electric field strongly. Because of this screening effect of normal electrons, electric field
cannot penetrate into superconductors very deep. The interaction between
superconductors and electric field is limited to the surface of superconductors. The
surface effect gets stronger as the superconducting particles get smaller. If we assume the
superconducting particle is spherical with radius r, the surface effect is proportional to
47r°. When this effect is compared with the particle’s weight, the ratio is proportional to
1/r. Typically, when the particle is in micrometer, the surface effect becomes dominant.

Here we will review the experimental discovery and the theory between the

interaction between Superconductors and electric field.

2.1. Experimental Discovery
2.1.1. HTSC Ball Formation Experiment in Static Field

The experimental setup is sketched in Fig. 2.1.Two parallel brass electrodes
which were 10 mm thick and 4 mm apart were mounted on a horizontal microscope
teflon slide. Three teflon spacers were used between the electrodes, one at the bottom and
two at the two sides, to form a cell in a region of the most uniform electric field. This cell
was originally used for cryogenic electrorheological experiments [7]. Only a small

amount of slurry of liquid nitrogen and HTSC particles was needed to fill the cell,
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measuring 4 mm x 5 mm horizontally and 5 mm in vertical depth. The particle volume
fraction is about 10%. The whole cell was submerged in liquid nitrogen. The top surface
of the cell was open to allow liquid nitrogen to flow in so that a constant temperature was
maintained at 77K. The experiment was recorded by a high-speed video camera, which
could take up to 1000 frames per second and enabled us to examine the dynamic process
in detail. As shown in Fig. 2.2, particles were well dispersed before the electric field was

applied. Such suspension was also used to study magnetorheology [38].
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Figure 2.1. The experimental setup for HTSC



Figure 2.2. BSCCO particles (1-2 pm in size) are well dispersed before the electric field
is applied

In this experiment, YBa;Cu307.« (99.99% purity), NdBa, Cu3;Ox (99.9% purity),
Bi,S1,CaCuy0s3.4 (99.9% purity), and YbBa,Cu3Ox (99.9% purity) particles were used.
Most of these particles were provided by Superconductive Components, Inc (SCI),
Columbus, OH. Some particles were granulated by us. The scanning electron micrograph
of BSCCO and NBCO are shown in Fig. 2.3 and Fig. 2.4 respectively. As shown in Fig.
2.3 and Fig. 2.4, the particle size is 1-2 wm. They were prepared either by a solid state
method [3]or the Sandia Chemical Preparation [5]. One batch of YBa,Cu30O; granulated
by us has a particle size of 4-5um. YBa,Cu307 NdBa, CusOx Bi,Sr,CaCu,0s., and

YbBa,Cu3Oy have T, around 92K, 94K, 84K, and 87K, respectively.



Figure 2.3. Scanning electronic micrograph of Bi,Sr,CaCu;,0s. particles before E-Field
is applied

Figure2.4 Scanning electronic micrograph of NdBa, Cu3Ox particles before E-Field
is applied
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When a dc electric field is turned on, HTSC particles first moved between the two
electrodes as a cloud. In milliseconds, they form one big ball. The ball then bounces
between the two electrodes as one metallic particle. A typical ball is shown in Fig. 2.5,
which has a radius about 0.19 mm. As the particle's average size is only about 1-2pum, the
ball consists of several million particles. Figure 2.6 shows the situation when the ball
collided with an electrode. The ball's speed was estimated about 0.2 m/s from the video.
As soon as the ball touched the electrode, it quickly discharged and acquired opposite
charge, then bounced back to the other electrode. The whole process for a ball to strike at
and bounce back from one electrode took only a couple of milliseconds. Therefore, the
average acceleration in this collision was at least 10g (g=9.8m/s?), an enormous impact
force on the ball. Several million particles were held strongly so that they could sustain
the collision. This indicates that the force to hold the HTSC particles together was strong.
If the particle concentration was high, two or more balls could be formed under a strong
electric field. Figure 2.5 also shows layers of particles formed on each electrode. The
layers are very strong too. During the whole process, the electric current density was very

low, of the order of I.LA/CmZ.
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Figure 2.5. A typical ball formed of Bi,Sr,CaCu,Ogs. particles. It has radius 0.19 mm and
consists of several million particles. The electric field is about 0.8 kV/mm.
Strong layers are formed on electrodes, reducing the gap to 3.81mm

Figure 2.6. A bouncing superconducting ball of BSCCO colliding with an electrode. At
0.8kV/mm, speed is about 0.2 m/s
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Dielectric particles in an electric field form chains and clusters along the field
direction, metallic particles in a dc field bounce between the two electrodes to transport
charges or form chains, but it was completely unexpected that high T, superconducting
particles aggregate together to form balls in an electric field.

In order to verify that the ball formation is a result of superconductivity, several
experiments were conducted. First, the same cell with the same HTSC particles was
placed in silicon oil. At room temperature, under the same electric field these particles
form chains (Fig.2.7). At room temperature, these particles are ceramics or
semiconductors. The ceramic-oil suspensions are electrorheological fluids. Under a
strong electric field, these dielectric particles are polarized and form chains along the
electric field direction. Also the tests confirmed that conventional metallic powders, such
as copper, iron, and aluminum, do not form balls in liquid nitrogen under an electric field.
Instead, they bounce between the two electrodes to transport charges and move separately

in the same way as they do at room temperature.

13



Figure 2.7. At room temperature and under the same electric field and in the same cell,
these granular BSCCO particles form chains in silicon oil and do not form
balls

Liquid argon was used to raise the temperature from 77K through the T, of
BiSrCaCuO and confirmed that the balls disappeared once the particles were no longer in
the superconductivity state. The boiling point of argon is 87.3K, just above the T of
BiSrCaCuO. When the temperature was below T, a big ball was formed in liquid argon
and bounced between the two electrodes. The temperature was then raised to pass Te. In
Fig. 2.8, the high-speed camera caught the situation: the big ball was going to strike an
electrode. However, in less than one millisecond, the ball disappeared at the collision: it
broke into pieces (Fig. 2.9). This concludes that when temperature is above T, the force

holding these particles together disappears.
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Figure 2.8 As the liquid argon temperature rise to pass T, the BSCCO ball cannot hold in
the collision. A ball is going to strike an electrode as the temperature just rose
above T.=82K in liquid argon

Figure 2.9 As the temperature rise above T., the BSCCO ball disappeares at the collision,
broken into pieces
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As shown in Fig. 2.5, the shape of these HTSC balls is quite round, different from
structures formed under electric polarization. Since the dipolar interaction leads to
formation of chains and columns, the ball's round shape excludes the possibility that the
dipolar polarization is the mechanism. In fact, the ball's round shape suggests a new

surface tension.

2.1.2. LTSC Ball Formation Experiment

An important question was raised immediately after the initial discovery of HTSC
balls: whether this phenomenon is unique for high temperature superconductors or
general for all superconductors. To answer this question, experiments were performed
with LTSC powders in liquid helium, such as Pb and V (type I superconductors), and

V3Ga, Nb-N, and NbsSn (type II superconductors) [42].

Figure 2.10. Scanning electronic micrograph of lead particles at room temperature
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Figure 2.11. The Experimental setup used for LTSC particles
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The typical size of the LTSC particles used in the experiments was around 4-5
pum, as shown in Fig. 2.10 for Pb particles. The experiments were carried out in an optical
helium dewar (Fig. 2.11) and found that the electric field induced formation of
superconducting balls is general for all superconductors. The experiment found two

critical electric fields, E.; and E., with E_, < E_,. When the applied electric field was
below E.;, the LTSC powders did not aggregate into balls. The ball formation occurred
only for E > E . As E was increased, the balls became smaller, but were stable for
E,<E<E,. A typical induced ball of lead in a dc electric field is shown in Fig. 2.12.

When E exceeded E.», the balls broke into tiny pieces, which flied to the electrodes and
clang there. There was no difference between type I superconductor and type II
superconductor. Afterwards, when the experiments were repeated with HTSC powders, it

was found that the discovery of two critical electric fields was also true for HTSC.

Figure 2.12. Photo of a ball formed of lead powder. It has diameter ~ 0.5 mm and
consists of several million particles at dc field £ = /.17 kV/mm in liquid
helium. Two layers are also formed on the electrodes
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2.1.3. HTSC Ball Formation Experiment in AC Field

The initial discovery [43] only reported the formation of superconducting balls in
a static electric field. Inorder to confirm whether superconducting particles form balls in
low frequency ac field, experiments were performed with HTSC particles in an ac field of
low frequency, up to 800 Hz [40]. The typical size of the HTSC particles was a couple of
pum, as shown in Fig. 2.3 for BSCCO particles. A low-frequency ac field indeed induced
formation of HTSC balls. While it was quite similar to that in a dc field, there were also
some distinct or additional features. As the ac electric field was gradually increased, four
different stages for the HTSC particles inside the electric field were noticed.

(1) At very low electric field, the HTSC particles did not move. It appeared that at
this field strength, the static friction between the HTSC particles and the bottom plate
prevented the particles from moving.

(2) When the electric field reached a particular value, the particles suddenly and
quickly moved and formed chains or columns spanning between the two electrodes (Fig.
2.13). These structures were similar to the structure of electrorheological fluids formed in
an electric field [7, 6]. Such chain-column structures are absent in a static electric field.

(3) Once the applied electric field was further increased to reach a critical value,
the chains and columns suddenly broke into pieces, moving between the two electrodes
like clouds. After several milliseconds, these particles aggregated into macroscopic balls
(Fig.2.14). The value of this field was marked as E,;, same as for the static field case. As
the electric field continued to increase, the ball size got smaller and smaller.

(4) When E rose to the second critical value, the balls suddenly broke into small

pieces. This electric field was denoted as E,,, same as in the case of static field. At low
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frequency, especially below 100Hz, these small pieces were bouncing between the two

electrodes and eventually stuck to the electrodes.

Figure 2.13. HTSC particles form chains and columns when the ac electric field is below
the critical field for the ball formation. The bright spot was a bubble. T =77
Kand f=50 Hz

Figure 2.14. As the ac field reaches the critical value, the HTSC particles form balls. T =
77 K and f =50 Hz
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The typical behavior of the critical fields versus ac frequency is shown in Fig.2.15
and has not been fully understood as yet. All other HTSC materials show quite similar
behavior [40]. First, E.; sharply dropped from the value for the static field to reach a
minimum, then rose monotonically as f was further increased. The minimum of E; for
these materials seemed to be all around or below 10 Hz although the precise position has
to be determined yet. The critical field E, for all these materials also had a sharp drop
from the value at the static field, then increased rapidly with f. For example, for BSCCO,

E.; was too high to be measured for f >450Hz: in fact, it must have been higher than

the dielectric breakdown field so that it was not observed in the experiment.
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Figure 2.15 The critical field E.; and E., vs ac frequency f for BSCCO. T =77 K
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2.1.4 MgB; Ball Formation Experiment

The recently discovered superconductor, MgB,, provides an excellent opportunity
for research in this area. The high T. of MgB, provided a wide range of temperature to
examine the temperature effect. Theoretically, MgB, is described by the BCS theory. The
temperature dependence, coherent length, gap function, and Cooper pair density all
follow the BCS theory. The ball formation experiment with MgB, powder and the
dependence of the ball size on temperature will thus not only confirms the generality of
the phenomenon, but also shed light on the underlying physics. Moreover, at liquid
helium temperature MgB; has a quite high H,,, of the order of several Tesla, enabling us
to study the effect of a magnetic field on this phenomenon.

The MgB, particles used in the experiment had a size of about Sum (Fig.2.16).
The capacitor with the MgB, powder was placed inside a sample chamber of a liquid
helium dewar (Fig.2.11), where a temperature controller was installed. The whole dewar
was placed between two electric magnetic poles, which could produce a moderate

magnetic field up to 0.3 tesla.
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Figure 2.16. MgB, particles are about 5-10 um in size

The experiments showed that the electric field induced ball formation is general
for all superconductors: MgB, particles formed millimeter-size balls in a strong static and
quasi-static electric field [41]. Similar to other superconducting powders, there were two

critical electric fields for MgB, particles, E.; and E.; with E_ < E ,. If the applied
electric field was below E,;, the MgB, particles did not aggregate into balls. For E> E |
but E < E_,, the ball formation occurred. If the electric field exceeded E,, the balls broke

into small pieces, which flied to the two electrodes and clung there. For example, in a
static electric field, MgB, particles had E.;=0.87 kV/mm and E.; =2.2 kV/mm. We also
applied a magnetic field to the sample. In the absence of electric field, a horizontal
magnetic field forced the MgB, particles to form particle chains along the magnetic field
direction in liquid helium. However, when there was an additional vertical electric field,
as shown in Fig. 2.17, the MgB; particles formed balls and the balls aligned in the
magnetic field direction to form ball chains. If we removed the electric field, the ball

chains split into several particle chains, parallel to the magnetic field. If we apply a strong
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electric field again, the ball chains were recovered. Although a magnetic field also
induces a surface energy on superconductors, but the experiment found that the dipolar

interaction and the Meissner effect cannot force superconducting particles into balls.

Figure 2.17. In liquid helium, a horizontal magnetic field and a vertical ac electric field
induced MgB, particle ball chains. T =4.2 K, H = 650 Gauss, and E = 350
V/mm with f = 50 Hz. The radius of the viewing window is approx. 0.5cm.

The temperature was raised from 4.2 K to pass 7. =39 K at a fixed electric field.
As the temperature went up from 4.2K, the ball size was initially almost unchanged.
After the temperature continued to rise and pass 20K, the ball size began to reduce. Fig.
2.18 shows the plot of ball diameter versus temperature in an ac field of 50 Hz at 0.33
kV/mm. As T tends to T, from below, the ball diameter was close to D=0.91(1-T/T,.) mm.
This relationship did not only hold near T, but was also correct for a wide range, from
39K down to 22K. If the temperature was below 20K, the ball size then remained almost

a constant, 0.4mm.
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Figure 2.18. The MgB; ball diameter D vs temperature under an ac electric field of 50 Hz
and £ =330 V/mm
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2.2. Our Current Theoretical Understanding

Our current theoretical understanding of this phenomenon is far from satisfactory.
After this phenomenon was discovered, P.W. Anderson and R. Tao worked out a theory
[43], attributing the ball formation to a new positive surface energy induced by the
electric field on superconducting particle surface. While the idea about surface energy is
correct, the original work implied that this phenomenon was unique for HTSC since it
related the origin of this surface energy to some HTSC theory. As this phenomenon has
now been found general for all kinds of superconductors, some modification of the
original theory is needed.

R. Tao proposed the following model. When an electric field is applied in the
direction perpendicular to the surface of a superconductor, there are induced charge
distributions near the surface. The induced charge distributions make the electric field
penetrating inside the superconductors for a very short distance. Let us assume the

electric field inside the superconductor can be estimated as

E(x)= ¢ Eexp(-x/l, ) .1)

where e_ is the unit normal vector of the surface pointing to the inside of the
superconductor, x is the depth from the surface into the superconductor, and E is the
electric field just outside the surface, and [, is the electric-field penetrating depth into the
superconductor. The value of [ depends on the property of individual superconductor

and temperature. For example, our measurement found that [, is about 1 nm for indium at

0.8K.
Now let us consider Cooper pairs at the surface. For simplicity, we treat a Cooper

pair as a coupled pair of electrons with opposite spins at an average distance § , the
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superconductor’s coherence length. The binding energy of the Cooper pair at temperature

Tis A(T)=2¢, —¢€, where &, is the Fermi energy and € is the eigenvalue for the pair.

Roughly speaking, if the following 2.1condition is satisfied,

¢
e[ ECr)dx > A(T), (2.2)
0
the Cooper pair at the surface is depleted because the penetrated electric field makes the

energy difference between these two electrons bigger than their binding energy.

Assuming § >> [, we then have E_|,

E, =ANT)/(el,). (2.3)
The condition &>>[ implies a sharp boundary between the normal surface region N and

the superconducting region S if E > E . The normal surface region has a thickness close
to & [40]. When considering the change of thermal energy due to the creation of this
normal surface region, we can treat it as that the superconductivity is damaged in a region
of thickness & from the surface. We lose the condensation energy A(T') for one pair.
There are n & Cooper pairs unit surface area, where n, is the Cooper pair density at
temperature T. This gives the surface energy per unit area,

c=ATné=eE nlc. (2.4)

It is due to this electric-field induced positive surface energy that superconducting
particles aggregate together to form macroscopic balls. The experimental values for E.; in
a dc field are 800, 510, 670, 630, and 533 V/mm for Pb, V, V3Ga, Nb-N, and Nbs;Sn
respectively, while the calculated values for E.; from Eq. (2.3) are around 900, 620, 760,
720, 620 V/mm, respectively. The experimental value of ¢ for lead at 4.2K, derived

from the ball size, is about 1 erg/cm”. With n,=n@/T,, the electron density

28



n=1.32x10* cm™ for lead, the Debye temperature 6 =~105K , T, ~10.87x10*K, and
A(0)=1.76k,T., Eq.(2.4) would give 1.2 erg/cm2 for ¢ at zero temperature and a value

close to the experimental value at 4.2K.
Inorder to determine the ball size, let’s assume when a ball bounces between the

two electrodes, it picks up some net charge q given by

qg=E,a’ye, (2.5)
where g, is the dielectric constant of the base liquid, a, is the ball radius during the
collision with an electrode, and E, is the local electric field on the ball during the
collision with an electrode. In a static field, ¥ is related to the deformation of the ball

during the collision with the electrodes. For example [43], if the ball is rigid when

colliding with the electrode, it discharges first and then picks up a charge close to
3k,Ea’/4=0.75k,Ea’ as it leaves the electrode; therefore, 7 =0.75. If the ball is,
similar to a droplet, soft enough to deform into a hemisphere with its flat surface in full
contact with the electrode, it picks up a charge close to 3(4)°k,E,.a’ /4 = 1.19k,E,a’ as
it leaves the electrode; then ¥ =1.19. On the other hand, from the speed of the bouncing

ball between the two electrodes, we can estimate the actual charge on the ball. The real

situation in the static field is found to be between these two extreme cases and y = 1.

If a ball has a radius R and net charge q, in the middle of the capacitor, away from

the two electrodes, the total energy is given by

U =470R*+q’ 1(2¢,R)— E*R’¢, /2. (2.6)
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The first term is the surface energy, the second term is the Coulomb energy, and
the third term is the polarization energy. The electric field E should be the local field on
the ball while the ball is in the middle between the two electrodes. The net charge on the
ball is fixed until the next collision with the electrodes. A ball made of granular particles
has some freedom to change its size between consecutive collisions in a static field. The
radius of a stable ball in the static electric field is thus determined by minimization of U.

From oU /dR =0, we obtain
o=q" I(16xRe,)+3E’Re, [(167). (2.7)
While Eq. (2.6) is not for the situation when the ball collides with the electrodes, a, and R
should be almost the same and E, and E should be almost the same. Substituting |q| in
Eq.(2.5) into Eq.(2.7), we get
E’R=1670/[(y" +3)¢,]. (2.8)
This equation fits the experimental results for static electric fields reasonably well.

The above expression should be applicable to ac fields as well if we can modify
the constant y to satisfy the ac field. It is clear that the net charge on a ball in an ac field
is small. Hence from |q| = yE,R’k, the constant ¥ is small. Basically, a ball inside the
capacitor will remain neutral if there are no collisions between the ball and electrodes. In
the ac field, the electric field changes its polarity after 7t/ ®, half period. The chance of

collisions between a ball and the electrodes depends on the distance that the ball is able to
move during such an interval 7t/ ®. If the electric field strength remains the same for all

frequencies, the chances of such collisions decreases as ® gets higher. Therefore, ¥ is a
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function of ®, too, decreasing as ® increases. Roughly we can estimate that for an ac

field,

E’R=1670/(3€,) (2.9)

where we take ¥ =0 since the net charge on the ball is quite small [40].

Let us consider E,; for a static electric field. If a ball of radius R splits into two
identical smaller balls, the new balls will have radius R /2"* and chargeq/2. Then,
similar to Eq. (2.7), the total energy of these two balls is given by

U'=2"7zRc+q I(2°¢,R)—E’R’¢, /2. (2.10)
While the surface energy holds the ball together, the Coulomb interaction favors breaking

the ball. A comparison of U in Eq.(2.8) with U’ in Eq.(2.10) convinces us that this

competition suddenly changes its hands as the radius goes too small. If

q> > 2“’37Z'R30'€L /(1+2"?), then U’<U and the ball favors breaking. Using

|q| = yE, R’k,, we find

E, =[2"" 7o /IRy*x, 2" +D1] 2.11)

where R; is the minimum size of balls, which can be observed in the experiment.

For the LTSC experiment, if we take R; = 50 um, the above equation gives E,
about 3000, 2300, 2700, 2100, and 2400 V/mm for Pb, V, V;5Ga, Nb-N, and Nb3Sn,
respectively, close to our experimental results.

From the arguments about ac field, we can roughly estimate that ¥ decreases at
least as fast as 1/ . If we take this estimation into Eq. (2.11), we understand why E., is

very high in an ac field and why it increases with ®.
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Let us now consider the temperature effect. From Eq. (2.8), the ball diameter D is

estimated by D =3270 /[(y* +3)E Kk, ]. At a fixed electric field the ball size is
proportional to o =A(T)n & . Since MgB; is a BCS superconductor, as T approaches to

T, from below, the temperature dependence of the related quantities are given as follows,

A(T)“(l—T/Tc)%’nS o<(1-T/T,),&(T)e< (1—T/TC)‘%. 2.12)

Therefore, from the above equations, o and D tend to zero as fast as (1 -T/ Tc) at a fixed

electric field. The experiment confirms this behavior near 7, (Fig. 2.18), providing a
strong support to the above theory. As shown in Fig. 2.18, it is striking that the linear
behavior could hold for such a wide range and D could remain as a constant from 20K
below.

In summary, the electric field induced ball formation is found to be general for all
superconductors, including HTSC and low temperature superconductors. The effect is
very strong, but is mainly the surface effect since the screening by normal electrons

prevents the electric field from penetration into the superconductors deeply.
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CHAPTER 3
SEPARATION OF SUPERCONDUCTING PARTICLES FROM NON-
SUPERCONDUCTING PARTICLES
This technology which separates superconducting particles from a mixture with

non-superconducting ones, especially normal conducting particles, is very useful and
important. For example, in fabrication of superconducting materials, we frequently come
across materials with multiple phases: Some structures have a higher critical temperature
than the others. A technology that enables us to separate the grains of such a structure
from the rest of the material is thus critically needed for superconducting material
research. Especially in the area of HTSC, this technology is more crucial. For example, in
synthesis of HTSC with T, above 195K, the produced superconducting grains are very
small and mixed with other non-superconducting ones. Therefore, it is required to
separate these superconducting grains out [8]. As discussed in Chapter 2, the electric-
field induced formation of superconducting balls is general for all superconductors.
Therefore, we expect that this technology is applicable to all superconductors, including
low temperature superconductors and HTSC, while our work described here is only about

HTSC mixed with other materials.

3.1 Experimental Setup

The experimental setup is sketched in Fig. 3.1. Initially, to make the vertical
capacitor cell, we cut a Teflon plate into right angled spacers (rectangular geometry) as
shown in Fig. 3.2 and fastened two brass plates to the two open sides of the spacer. But

we found that the particles were getting accumulated at the two sharp edges at the
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bottom, running from one electrode to the other electrode (Fig.3.2). When we apply very
strong electric field, the edges with accumulated conducting particles were easily
triggering dielectric breakdown. So, we changed the design of our capacitor. Instead of
using a vertical rectangular shaped capacitor as shown in Fig. 3.3, we made a new
capacitor with Teflon plate having a U-shape (Fig. 3.4). This U-shaped spacer eliminated
the two sharp edges and reduced the chance of dielectric breakdown. The capacitor cell

was 18mm wide and 15mm high, with a gap of 15mm.
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Figure 3.1. The Experimental Setup for separating Superconducting particles from their
mixture with Non-Superconducting particles
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Figure 3.3. The vertical shaped spacer used to initially make the capacitor cell
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Figure 3.4. The U-shaped spacer used to make a capacitor cell to avoid electrical
Breakdown

The whole cell was submerged in liquid nitrogen. The top surface of the cell was
open to allow liquid nitrogen to flow in so that a constant temperature was maintained at
77K. Real time images were acquired using a high speed, up to 1000 frames per second,
digital video camera suspended over the cell, which enabled us to examine the dynamic
process in detail. An electric field perpendicular to the plates was created by an ac high
voltage source (0-10kV) connected to each plate.

The mixture of HTSC particles (BSSCO) and metallic Antimony (Sb) particles
were dispersed in liquid nitrogen before the ac electric field was applied. In fact, the
bubbles and the constant movement of the liquid nitrogen helped dispersion of HTSC
particles. In the experiment, for each selected frequency, we gradually increased the
applied voltage and monitored the dynamic process through the high-speed camera. The
frequency applied in our experiment was up to 800-1000 Hz, much smaller than o, , the

superconducting energy-gap frequency.
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3.2. Separation of Superconducting Particles from Normal Conducting Particles

We will first report our experiments to separate superconducting particles from
normal conducting ones. It is well known that normal metallic particles either bounce
between the two electrodes in a dc electric field or form chains in an ac electric field, but
do not form balls or cling to the electrodes. The electric-field induced formation of
superconducting balls is thus unique for superconductors. This provides a novel approach
to separate superconducting particles from their mixture with normal conducting
particles.

To demonstrate the effectiveness of this method, we have conducted the following
experiment. Shown in Fig. 3.5 is a mixture of HTSC Bi,Sr,CaCu,0s,x (BSCCO)
particles with normal metallic antimony (Sb) particles. Antimony particles were about
10% of the mixture. The critical temperature of the BSCCO was around 87K. All
BSCCO and Sb particles were selected to have a size around 25-38 pm. The pure
BSCCO particles are shown in Fig. 3.6, while pure Sb particles are shown in Fig. 3.7.
The metallic Sb is of crystalline texture and the Sb particles is bluish white with a
metallic luster and seemed to be larger than the BSCCO particle of the same size. We
choose BSCCO particles because the critical temperature of BSCCO is relatively easy to

achieve than other HTSC particles.
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Figure 3.5. A mixture of BSCCO and Sb particles under a microscope
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Figure 3.6. Pure BSCCO particles under a microscope
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Figure 3.7. Pure Sb particles under a microscope

From our previous experiment, in dc field BSCCO has E,; close to 600V/mm and
E.; close to 2000 V/mm [40]. In our early tests, we tried to aggregate BSCCO into balls,
then separate balls from Sb particles. Fig 3.8 shows that BSCCO particles aggregate to
form ball in the middle of the capacitor when E<E; while the Sb particles keep bouncing
between the two electrodes. However, it was difficult to collect the BSCCO balls. After
the electric field was turned off, the balls were fragile and difficult to be separated from a

mixture with Sb particles.
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Figure 3.8. BSCCO particles aggregate to form ball in the middle of the capacitor
when E<E,; while the Sb particles keep bouncing between the two
electrodes

Therefore, we changed the approach, forcing all superconducting particles to cling
on the electrodes. Applying a very strong dc electric field to our sample, well above E,,,
but below E.,, we found that when the electric field reached around 1100 V/mm, the
formed BSCCO balls were very small, bouncing and colliding with the electrodes
strongly. If we kept this field for more than 2 minutes, the BSCCO ball gradually broke
during the collisions and all superconducting particles clung to the electrodes, while the
Sb particles were continuously bouncing between the electrodes. Afterwards, we reduced
the electric field to about 333 V/mm to let the motion of Sb particles slow down. We
turned off the electric field after maintaining the electric field around 333V/mm for about
1 minute. As shown in Fig. 3.9, Sb particles were in the middle of the cell, while the
BSCCO particles were on the electrodes. After removing the Sb particles from the middle
of the cell, we easily collected the BSCCO particles from the electrode walls.
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Occasionally, some Sb particles might be still mixed inside the BSCCCO particles
after the first separation. We then repeated the above process to remove the remaining Sb
particles. Shown in Fig. 3.10 were the particles recovered from the electrode walls after
separating from Sb particles. A comparison of Fig. 3.10 with pure BSCCO particles in
Fig. 3.6 convinced us that this method was very effective. Virtually there was no
difference between these two samples under the microscope. A test with the Meissner
effect showed that the particles collected from the electrodes were all superconducting. In
short, the BSCCO particles separated from the mixture with this method were almost

pure.

Figure 3.9. After a strong dc electric field was applied, the BSCCO particles clung to the
electrodes, while the Sb particles were inside the capacitor
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Figure 3.10. The particles collected from the electrodes are pure BSCCO particles

It is interesting to note that Sb particles and BSCCO particles have similar density
and similar normal conductivity when BSCCO is not in the superconducting state. Their
different behavior under the electric field is solely due to the fact that at the liquid
nitrogen temperature BSCCO is superconductor while Sb is not.

The selection of the high dc electric field is important. Theoretically, when the
applied voltage exceeds E.; all BSCCO particles immediately cling to the electrodes,
separating from the Sb particles. However, we have found that E.; for BSCCO is too high
and makes the experiment difficult. At such a high electric field, Sb particles bounce
between the two electrodes too fast, bombarding the BSCCO particles off from the
electrode walls. Therefore, we selected an electric field of 1100V/mm, much higher than
E.;, but lower than E,, This technique is also working with a low frequency ac field, but
it was found that the results with the ac field were not as good as with the dc electric

field.
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3.3. Separation of Superconducting Particles from Insulating Particles

We also performed experiments to separate superconducting particles from a
mixture of superconducting particles with insulating particles. This separation is also
important since superconducting grains might be well mixed with insulating particles in
fabrication of HTSC.

It is well known that in an electric field, insulating particles are usually polarized,
move to the two electrodes, and develop chains along the field direction there. This is the
electrorheological effect [35]. Since this phenomenon is general for all insulating
particles and quite different from the behavior of superconducting particles inside the
electric field, it provides the basis for us to separate superconducting particles from
insulating particles.

We performed experiments with a mixture of BSCCO particles and glass beads.

All of them have a size around 25-38 wm. As shown in Fig. 3.11, under the examination

of microscope, the BSCCO particles are well mixed with the glass beads. Glass beads

were approximately 50% of the mixture.
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Figure 3.11. Under the microscope, it was shown that the BSCCO particles were well
mixed with the glass beads

We initially tried to use a dc electric field to separate BSCCO particles from glass
beads. However, it did not work well. While under a dc electric field the glass beads form
chains along the field direction and the superconducting particles form balls, the
superconducting balls kept bouncing between the two electrodes. It is thus very difficult
to separate the superconducting balls from the chains of the insulating particles. When the
electric field was turned off, the superconducting balls were mixed with the chains.

We changed our approach and then found that an ac electric field of low
frequency could do the job very nicely. Under an ac field of low frequency, the
superconducting particles form balls, which stay at the middle of the capacitor, while the
insulating particle form chains from the two electrodes. At a suitable moderate field, the
chains of the nonconducting particles are short, separated from the superconducting balls
at the middle of the capacitor. In this way, when the electric field was turned off, the

superconducting particles were at the middle of the capacitor while the insulating
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particles were close to the two electrodes. Thereby, applying suitable ac field enabled us
to separate the glass beads from the BSCCO superconducting balls easily.

As shown in Figure 3.12, a 50 Hz ac electric field of 600 V/mm forced the glass
beads to the electrodes to form short chains in liquid nitrogen and the BSCCO particles to
form balls at the middle of the capacitor. After the electric field was turned off, the glass

beads were near the electrodes and easily removed, while most BSCCO particles were in

the middle of the capacitor.

Figure 3.12. A 50 Hz ac electric field of 600 V/mm forced the glass beads to the
electrodes to form short chains in liquid nitrogen. After the field was turned

off, most glass beads were near the electrodes, while most BSCCO particles
were in the middle of capacitor
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Figure 3.13. The BSCCO particles collected at the middle of capacitor after the first
separation are quite pure. There are very few glass beads remaining

The BSCCO particles collected at the middle of capacitor after the first separation
were examined under the microscope (Fig.3.13). They were quite pure. There were only
few glass beads remaining. Repeating the separation process with the ac field of low
frequency a couple of times enabled us to separate the BSCCO particles from the glass

beads completely.

3.4 Separation of Multiphase of Superconductors

We applied this technology to separate multiphase superconductors. While the
tests were preliminary, they show that the technology can separate multiphase of
superconductors.

In 2005, Dr. E. Joe Eck of Superconducting Organization contacted us. He
discovered a new material with multiple phases. Since he had difficulty in determining
the stoichiometry of the highest T, phase, he contacted us to see if we could separate

various phases.
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According to Dr. Eck, his material had three phases: non-superconducting phase,
superconducting phase with T, around 115K, and superconducting phase with Tc around
130K. The material was copper-oxide compounds. We were not given the detail about the
solid structure of the material because it remained proprietary at that time.

After receiving the materials sample, we grounded it into fine powders in a glove
box. The first experiment was with a magnetic field. We placed the powders in liquid
nitrogen. We tried to use the Meissner effect to see if there were any particles in the
superconducting state and if we could separate them from the non-superconducting
particles with the magnetic field. It turned out that only a small portion of the particles
were in the superconducting state. The Meissner effect was impossible to separate them
because the particles were too small.

We then ran the experiment with our technology in liquid nitrogen. Under strong
electric field in liquid nitrogen, we were able to separate the superconducting particles
from non-superconducting ones. However, if there were two superconducting phases with
T, 115K and T, 130K, the collected superconducting particles were a mixture of these
two phases. We needed to separate them further.

To separate these two superconducting phases required some environment, which
made the superconducting phase of T, 130K in the superconducting state and the rest
particles in non-superconducting state. In addition, this environment needed to neutralize
the gravity and make no the particles settling down.

We initially tried to find liquid krypton, which has boiling point at 121K. In liquid

K, the superconducting particles with T, 130K were superconducting while the others
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with T, 115K were not. Unfortunately, no liquid krypton was available on the market.
Therefore, we had to give up the idea with liquid K.

Afterwards, we designed a gas-fluidized bed for the experiment. We used liquid
nitrogen to cool nitrogen gas to around 120K, then blew the cooled nitrogen gas into a
capacitor through the bottom of capacitor. The blowing cooled nitrogen gas provided the
low temperature and neutralized the gravity. In principle, this airbed could work at any
desirable temperature. Fig. 3.14 shows the suggested gas-fluidized bed for the
experiment.

When we used this technique to separate the particles, we found that above 120K
only very tiny portion of the particles could be superconducting if there were any. After
discussing with Dr. Eck, he thought that our separation with liquid nitrogen was already
good enough for him. Further separation should be waited for his improvement in

fabrication technology.
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Figure 3.14. The airbed to separate multiphase superconductor
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Our preliminary tests show that this technology works with multiphase
superconducting materials well. On the other hand, it is important for this technology to
have a device such as gas-fluidized bed to provide suitable low temperature and

neutralization of the gravity.

3.5 Conclusion

The importance of this technology is evidenced by strong efforts to utilize the
Meissner effect to separate superconducting particles from non-superconducting ones.

Yeh and his group used high gradient magnetic field to separate YBCO particles
in a gas-fluidized bed. However, their particles size is in the range of 45-105um. As for
smaller particles, they have found that their method cannot handle them [20].

Barsoum and his group from Drexel University tried to separate superconducting
particles from the mixture sealed in a tube, cooled to liquid nitrogen temperature and
passed over the pole of a magnet [4]. Their experimental results show that the powder
particles separated along the length of the tube according to their size and applied
magnetic field. The larger the particles and/ or the field the farther the movement and the
smaller the particles that moved. And they concluded that the complete Meissner effect is
not a requirement for the separation procedure.

Because the Meissner effect is proportional to the particle volume, it has been
found that the Meissner effect is not useful when the superconducting particles are
smaller than 45pum. Unfortunately, in fabrication of HTSC materials, most

superconducting grains are much smaller than 45um. There are many other works, which
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come to the same conclusion that the Meissner effect has difficulties to separate small
superconducting particles from non-superconducting ones.

On the other hand, since our technology is based on the surface effect, it gets
stronger when the particles become smaller. As shown in our experiments above, the
particles size of BSCCO and Sb used are in the range of 25-35 wm, which cannot be
separated by the Meissner effect. As shown above, we successfully separated BSSCO
particles from the mixture with Sb particles even though our particle size was smaller.
Similar results were recorded for the experiment with separation of BSCCO particles
from their mixture with glass beads.

Our preliminary tests with multiphase superconducting materials further indicate
that our technology is excellent for separation of small superconducting particles. It is

really useful for fabrication of HTSC materials.
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CHAPTER 4
DISCUSSIONS

The technology described in this thesis is important. This can be viewed from
the following facts. When Dr. Joe Eck found HTSC at 195K, he found no way to
separate the superconducting grains from non-superconducting ones except this
technology. Recently, a California company, Sterogenebioseparations, Inc., decided to
establish a laboratory to utilize this technology for superconducting materials process.

The need for research in superconductivity increases due to its prospects for
superconducting grid technology and its potential for significantly increasing grid
capacity, reliability, and efficiency to meet the growing demand for electricity over
the next century.

As an energy carrier, electricity has no rival with regard to its environmental
cleanliness, flexibility in interfacing with multiple production sources and end uses,
and efficiency of delivery. In fact, the electric power grid was named “the greatest
engineering achievement of the 20th century” by the National Academy of
Engineering. This grid, a technological marvel ingeniously knitted together from local
networks growing out from cities and rural centers, may be the biggest and most
complex artificial system ever built. However, the growing demand for electricity will
soon challenge the grid beyond its capability, compromising its reliability through
voltage fluctuations that crash digital electronics, brownouts that disable industrial
processes and harm electrical equipment, and power failures like the North American

blackout in 2003 and subsequent blackouts in London, Scandinavia, and Italy in the

52



same year. The North American blackout affected 50 million people and caused
approximately $6 billion in economic damage over the four days of its duration.
Superconductivity offers powerful new opportunities for restoring the
reliability of the power grid and increasing its capacity and efficiency.
Superconductors are capable of carrying current without loss, making the parts of the
grid they replace dramatically more efficient. Superconducting wires carry up to five
times the current carried by copper wires that have the same cross section, thereby
providing ample capacity for future expansion while requiring no increase in the
number of overhead access lines or underground conduits. Their use is especially
attractive in urban areas, where replacing copper with superconductors in
power-saturated underground conduits avoids expensive new underground
construction. Superconducting transformers cut the volume, weight, and losses of
conventional transformers by a factor of two and do not require the contaminating and
flammable transformer oils that violate urban safety codes. Unlike traditional grid
technology, superconducting fault current limiters are smart. They increase their
resistance abruptly in response to overcurrents from faults in the system, thus limiting
the overcurrents and protecting the grid from damage. They react fast in both
triggering and automatically resetting after the overload is cleared, providing a new,
self-healing feature that enhances grid reliability. Superconducting reactive power
regulators further enhance reliability by instantaneously adjusting reactive power for
maximum efficiency and stability in a compact and economic package that is easily

sited in urban grids. Not only do superconducting motors and generators cut losses,
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weight, and volume by a factor of two, but they are also much more tolerant of
voltage sag, frequency instabilities, and reactive power fluctuations than their
conventional counterparts.

It is clear that superconductors are important for our future technology and
energy. The key for these applications of superconductors is the superconducting
materials, which should have high current density and high transition temperature.
Therefore, research and development of new HTSC is important for our future. Our
technology has shown to be useful in fabrication of new superconducting materials.
We expect that it will be much further developed and have much broad applications.

It is worthwhile to mention that this new technology is from the basic research
about the interaction between superconductors and electric field. While this basic
science area has many important issues remaining to be explored, the outcomes are
important. We fully expect that many new important results will be developed with

our basic research.
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CHAPTER 5
IMPROVEMENT IN FUEL ATOMIZATION BY ELECTRORHEOLOGY

Fuel injection technology is employed in most combustion systems, such as
internal combustion engines or oil burners. It is well known that atomization plays an
important role in combustion efficiency and pollutant emissions, specifically, that a finer
fuel mist allows a more efficient burn of the fuel, resulting in more power output and
fewer harmful emissions. This is attributed to a fact that combustion starts from the
interface between the fuel and air (oxygen). If the size of the fuel droplets is reduced, the
total surface area to start burning process increases, boosting combustion efficiency, and
improving emissions. This concept has been widely accepted because the discussions
about the future engine for efficient and clean combustion are focused on ultra-dilute
mixtures at extremely high pressure to produce much finer mist of fuel for combustion [1,
11, 32].

One method of reducing the size of fuel droplets is to utilize a high pressure. For
example, Delphi Company plans to develop a new fuel injector, known as the Delphi
Multec 10 GDi mulihole fuel injector [15], which utilizes 200 bar (20,000 KPa) for
gasoline to reduce the size of fuel droplets to 25 pm in diameter. Although 200 bar is not
extreme pressure yet, this injector, such an injector would require substantial changes of
the fuel lines in vehicles, because current gasoline vehicles can only sustain a fuel
pressure less than 3 bar.

Another known method of reducing the size of fuel droplets is electrostatic
atomization, which makes all fuel droplets negatively charged [17, 18, 23, 29]. The

droplet size is small if the charge density on the droplets is high. In addition, since the
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negatively charged droplets are repulsive to each other, no agglomeration will occur.
Present electrostatic atomization technology requires special fuel injectors with a very
high voltage directly applied to the nozzle of each injector. The emitter cathode emits
negative charges to pass the fuel to the anode, and does not move down to close the
nozzle in order to stop the spray. The use of such an injector requires substantial
modifications to existing vehicle fuel systems.

There exists a need to provide a method of generating a finer fuel mist from a fuel
injector than is presently generated, resulting in cleaner combustion, higher power output,
and higher fuel efficiency.

5.1 Theory
5.1.1. Reducing Viscosity of Refinery Fuels

Proper application of eletrorheology or magneto-rheology can reduce the

viscosity of liquid suspensions [36, 37]. According to the Krieger-Dougherty formula

[19, 33], the effective viscosity of a liquid suspension 7 is related to the viscosity of base
liquid 77, by

n=n,1-¢/¢,)""", (1)
where ¢ is the volume fraction of suspended particles, @, is the maximum volume
fraction to pack particles randomly, and [77] is the intrinsic viscosity, related to the
particle shape. For example, [77]=2.5 for spherical particles.

Utilizing the mismatch in dielectric constant or magnetic permeability between
the suspended particles and the base liquid, we can apply an electric field or magnetic

field to aggregate the small particles into large ones. Normally, we aggregate nanoscale
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or sub-micrometer particles into micrometer particles. While this change in rheology does

not alter ¢, it makes ¢ increased as a result of increase of polydispersity and average
particle size [36, 37]. Hence the effective viscosity 77 is reduced from Eq.(1). The

experiment with crude oil has found that this reduction can be quite significant [37].

Here we extend the above physics principle to refinery fuels. In fact, refinery
fuels, such as diesel fuel and gasoline, are made of many different molecules. They can
be regarded as liquid suspensions if we take the large molecules as suspended particles
and the base liquid is made of small molecules. Under a strong electric field, the induced
dipolar interaction makes the large molecules aggregate into small clusters. Similarly,
this change reduces the effective viscosity of refinery fuels.

The above theory was verified by our experiment. As shown in Fig. 5.1, after application
of an electric field of 1kV/mm for about 2 seconds, the diesel o0il’s viscosity is reduced by
about 9%: it was down from 4.6¢p to 4.18cp. Afterwards, the diesel viscosity starts
increasing. However, it takes quite a while for the viscosity to return to the original value.

This provides the opportunity to improve fuel atomization.
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Figure.5.1. The diesel viscosity is reduced by 9% after application of an electric field of
1kV/mm for 2 seconds: from 4.6¢cp down to 4.18cp. Afterwards, the viscosity
is rising to return to the original value.
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5.1.2 Finer Mist in Fuel Atomization
Reducing the fuel viscosity improves the fuel atomization. As shown in Fig. 5.2,
the injected fuel has a pressure higher than that in the combustion chamber. The droplets
are thus split, becoming smaller and smaller after they are emitted from the nozzle. If the
droplets are allowed to reach the equilibrium, their radius is given by
a=2y/AP, )
where y is the fuel’s surface tension and AP = P, — P, is the pressure difference between

the fuel’s inside pressure P. and the pressure outside the fuel P,. However, in reality, the

fuel droplets can never reach equilibrium because the viscosity acts against any
deformation of the droplets. The following fact illustrates this issue: Diesel fuel and
gasoline have almost the same surface tension, about 10 dyne/cm. When AP =2bar, a is
about 0.1um for both fuels from Eq.(2). However, in fuel atomization, neither gasoline
nor diesel fuel could have droplets as small as 0.1pum. In addition, under the same
pressure, the average size of diesel fuel droplets is much bigger than the average size of
gasoline droplets, because diesel fuel has much higher viscosity than gasoline. Therefore,

reducing viscosity of the fuel greatly improves the fuel atomization.
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Figure 5.2. The emitted droplets from a fuel injector split to become smaller and smaller

5.1.3 Splitting and Ohnesorge Number
The Ohnesorge number, Oh , is a dimensionless number that relates the viscous

and surface tension force. Ohnesorge number is given by

ni/~JpoD

where 1 is the liquid viscosity,
p is the liquid density,
o is the surface tension,
D is the diameter.

Oh number is often used to relate to free surface fluid dynamics such as

dispersion of liquids in gases and in spray technology [22, 28].

60



The Ohnesorge number for a 3 mm diameter rain drop is typically ~0.002. Larger
Ohnesorge numbers indicate a more influence of the viscosity. When Oh is getting

smaller, the droplets are easy to split. The critical Oh number, Ohg, is given by

D=1’ /[poOh’]

5.2 Experimental Setup

The experimental setup is sketched in Fig. 5.3. The apparatus comprises a fuel
line, a first metallic mesh disposed within the fuel line, and a second metallic mesh
disposed within the fuel line, upstream or downstream of the first metallic mesh as shown
in Fig. 5.4. An electrical supply is electrically coupled to the first metallic mesh and the
second metallic mesh. Operation of the electrical supply generates an electrical field
between the first metallic mesh and the second metallic mesh. A fuel injector is disposed
at an end of the fuel line, downstream from the metallic mesh. Fig. 5.5 shows that the fuel
flows through two metallic meshes before it reaches the fuel injector. A voltage is applied
on the two meshes to produce an electric field of around 1.0 kV/mm between the two
meshes. The device consumes very low electric power, lower than 0.1 W. In our setup,
the field direction is opposite the flow direction, which may help to provide negative
charges to the fuel droplets. However, the main function of our device is to reduce the

viscosity of the fuel as it passes the electric field [22, 10].
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Figure 5.3 Experimental setup for Fuel Injection Sytem

Figure 5.4 Schematic of mesh through which the fuel passes before entering the Fuel
Injector
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Figure 5.5 An electrical supply electrically coupled to the first metallic mesh and the
second metallic mesh, wherein operation of the electrical supply generates an
electrical field between the first metallic mesh and the second metallic mesh;
and a fuel injector disposed at an end of the fuel line, downstream from the

first metallic mesh

5.3 Spray Experiment Results

The fuel is pressurized by the nitrogen gas to pass into the fuel line. Before the fuel
reaches the fuel injector, it passes through the two metallic meshes where the electric
field is applied to the fuel. As a result of the application of the electric field the viscosity
of the fuel decreases. When the viscosity of the fuel is reduced, the size of the ejected
sprayed fuel droplets is reduced as well, resulting in more efficient combustion of the
fuel. We used an Accel high impedance fuel injector to simulate fuel injection at engine
chambers. When the device was on, the fuel took about 5 s to pass the electric field. The
spray lasted for 4 ms. The droplets were collected by a plate, covered with a thick layer
of oxidized magnesium. Once the droplets were collected, the plates were scanned by a

high-resolution scanner and the droplet size distributions were then analyzed. This
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method was widely used in study of droplet size distribution of fogs and clouds. Since the
oxidized magnesium layer is soft and thick, there was no spreading of the droplets on the
plates. In addition, our plates were placed at a distance sufficiently away from the injector
to make sure no overlapping of droplets occurring. The plates were square, about 10cm x
10 cm, which was large enough to collect all the droplets in one spray. Shown in Fig.5.6
is a typical recording of collected droplets, which shows no overlapping and spreading of
the droplets. While this method is much slower than the optical scattering method, which
only makes sampling from a small portion of the droplets, this method collected and

recorded all droplets during the injection.

Figure 5.6. A typical plate with collected sprayed droplets
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The statistical results for diesel fuel are in Fig.5.7 (a), while the results for
gasoline with 20% ethanol are in Fig.5.7 (b). All of them are averaged over 50 tests. The
repeatability was quite good with an error less than 5%. In both experiments with diesel
fuel and gasoline, the current was less than 10pA, i.e. the electric power consumption is
below 0.1W.

For diesel fuel, the fuel pressure was 13.79 bar (200 1b/in2) and the electric field
was about 1.0kV/mm in the experiment. As seen in Fig. 5.7(a), the electric field increased
the number of droplets with diameter less than 40 pm dramatically. Especially, when the
device was on, the number of droplets of diameter below 5 pm was increased from 5.3%
to 15.3%. The effect on diesel fuel is very significant.

In the experiment with gasoline (with 20% ethanol), the fuel pressure was 7.59
bar (100 Ib/in”) and the electric field was 1.2kV/mm. The effect on gasoline is also
significant. Especially, when the device was on, the number of droplets with diameter

around 10 pm was increased from 17.6% to 20.7%, an increase of 18% (Fig.5.7b).
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Figure 5.7 (a). Size distribution following atomization with or without an applied electric
field for Diesel fuel
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Figure 5.7 (b). Size distribution following atomization with or without an applied electric
field for Gasoline (with 20% ethanol)
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5.4 Conclusion

After performing these experiments, we know that there are optimal values for two
parameters, the applied electric field strength and the time duration for the diesel fuel to
pass through the electric field. There may be still some room to improve our device by
adjusting these two parameters.

There are a couple of other alternatives to increase fuel efficiency, such as adding

additives to the fuel to reduce the viscosity. Unfortunately these fuel additives are quite
expensive. The extremely high fuel pressure method, as mentioned before, is still under

development and not applicable to current engines.

Since our technology, developed on new physics principle, consumes very small
power and improves fuel efficiency significantly, we expect it will have wide
applications on all types of internal combustion engines, present ones and future ones
[44]. By adjusting the values for the electric field and time duration, we could make this

technology work effectively for other fuels, such as bio-diesel, kerosene, and gasoline.
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