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CHAPTER 1
INTRODUCT ION

The objective of the present study is to examine the effects which
a dielectrophoretic deposition of particles upon an electrode would have
on the steady state current through a dielectric liquid. The study was
restricted to the case of insulating solid particles in a steady field.
By the term dielectric liquid, poorly conducting liquids such as organic
liquids are implied. Dielectrophoresis is (1) the motion of neutral
matter induced by polarization effects in a non-uniform electric field.
The dieleqtrophoretic force upon neutral matter in an inhomogeneous
field is to be distinguished from the electrophoretic force due to any
electric field, uniform or non-uniform, on a charged particle.

In the past, interest in electrical conduction processes in
liquid dielectrics has been confined mainly to work with liquids alone;
particle effects have usually been neglected. Although there is as yet
no generally accepted theory of conduction in liquid dielectrics, seve-
ral facts have been experimentally established. It is generally agreed
that at low fields (<< 10 Kch‘l) residual conduction currents in
highly pufified organic liquids are due to ionization of remaining im-
purities (2-4) and ionization of the solvent molecules by external
radiation:(é). Recently, it has been suggested that hydrocarbons have
an electronic conduction mobility associated with the molecular j{-elec-

trons (5). Another point of general agreement is that at low fields an



electron does not spend all of its time in the liquid as a free particle
but can be "trapped'" for an appreciable portion of the time (2-4), per-
haps by electric dipole interaction with the surrounding neutral mole-
cules (2, 6).

Experimental evidence also indicates that current through dielectric
liquids depends not only upon the liquid but upon the electrode materials
used (4, 7-9), upon the electrode gap L;t least for non-concentric
spherical electrodes (7)_7, and, in the DC case, upon the length of time
the voltage has been applied (3, 10), When a DC voltage is applied to a
dielectric medium, the current decays monotonically from an initial maxi-
mum to a steady state value which is sometimes orders of magnitude lower
than the initial value. No completely satisfactory explanation of this
phenomenon has been proposed. Zaky, Tropper, and House (7) have con-
cluded from their careful studies on liquid hexane that these system para-
meters do not seem to influence the general shapes of the current-field
curves to any extent but do have a marked influence upon the magnitude of
the current for a particular field strength. They found that at low
fields saturation regions were observed, and at high fields the currents
increased sharply and non-linearly.

The total contribution to electrical conduction of particles of
foreign material in dielectric liquids is still not fully explored.

Most of the experiments on mixtures of liquids and particles have had as
their purposes the study of mechanical motions of the particles in elec-
tric fields (1, 4, 10, 11-13, 14).

Kok (14) has given an extensive analysis of conduction phenomena

involving‘conductive colloidal particles and has concluded that the domi-

nant effect is to lower the breakdown strength of the liquid, He



attributed the breakdown effect .itself to the presence of particles.

His model was one in which polarized conductive particles are drawn into
regions wﬁere the field is non-uniform. These large dipoles then line
up head to tail to form what Kok referred to as a "pearl string." If
the string bridges the gap from electrode to electrode, it will short
circuit the cell either by conduetion through the particles or by conduc-
tion along the surface of the particles. Kok presented descriptions of
various ekperiments in which this phenomenon was observed and analyzed.
Two pointé worth noting are that the largest particle size mentioned in
Kok's work is 2 microns in diameter and that the majority of particle
materials he mentioned could be considered excellent conductors with
respect to the liquids used, e.g., gold vs water, iron vs transformer
0il, and water vs transformer oil.

qu also described the motion of these particles due to electro-
phoretic éction, i.e., the motion in an electric field due to a net
accumulated charge on the particle, The particle would then be electro-
phoretically attracted to an electrode where it would be discharged.
This would be seen as a current pulse and is actually observed (7).
Kok's éonélusion was, however, that particles do not contribute signif-
icantly to the conduction in a dielectric liquid, but are a cause of
dielectrie breakdown.

As noted before, Pohl and coworkers (1, 11-13) have conducted
separation experiments upon mixtures of solid coarse particles and di-
electric liquids which were subjected tovan electric field of cylindrical
geometry. The solid materials were chosen to have a dielectric constant
greater than the liquid. It was found'that the solid material was drawn

to the center electrode when a voltage was applied to the system. An



equation of motion was presented for a sperical particle immersed in a
dielectric liquid which includes dielectrophoretic, viscous, and dif-
fusional gffects (15). 1t was further shown that at least in the D.C.
case the dielectrophoretic force on a dielectric sphere in a cylindrical

geometry is given by the expression

i ¥ W4 2 e
F’“ — %L?sjﬁﬁzéo/// . (Kz ‘/’i,) \/, .7 (1-1)
- KRR (In )"

where ([ 1is the radius of the spherical particle, €, is the permitivity

)/‘

of free space, 4 1s the radius of the outer electrode, V; is the
radius of the inner electrode, %' is the applied voltage, f</ the rela-
tive dielectric constant of the liquid medium, /(Z is the relative di-
electric constant of the particles, and ¥° is the unit radius vector.

It has been suggested that suspended particles might contribute to
conduction by means of Brownian rotation of the particles (11, 12). The
mechanism pictured is that the ionic current deposits charge upon the
surface of the spherical particle which then carries the charge across
its diameter by means of its rotation.

Another indication that a possible effect may occur in dielectric
liquids is the current increase found in glow discharge tubes when a thin
layer of insulating material is placed upon the cathode (16). The expla-
nation proposed for this effect is that a positive space charge is
formed either inside fhe insulating layer or on its surface with the
positive charge being supplied by positive ions from the gas inside the
tube. This creates a large electric field which pulls the electrons

through the insulating layer. The electrons are then emitted from the

insulator with large kinetic energies. It would not seem that the same



mechanism would occur in poorly conducting liquids since (a) the dominant
charge carriers at low and intermediate fields would appear to be ions
and (b) there would be less of a voltage drop to carry the ions across
the remaining viscous liquid.

To sum up the present state of understanding of the effect of part-
icles on the conduction in dielectric liquids, the following remarks
might be made. It is recognized that conductive particles present, can
increase conduction (l4). Properly placed insulating materials can in-
duce increased conduction in gaseous discharge. The effect of insulating
particles in liquids is a relatively unstudied area (4, 11, 12). The
conduction mechanisms in dielectric liquids are fairly well understood
in a qualitative sense. The dynamics of particles suspended in a dielec-
tric liquid have also been studied (1, 11-13, 15).

The present study consisted of the examination of the effect of
insulating particles upon conduction in very pure dielectric liquids.

It was found convenient to use dielectrophoresis to place the solid

" particles against the smaller electrode in a cylindrical geometry and to
compare the current flow before and after the deposition of particles.
Much care was given to attainment of high purity. The particular test
cell design selected permits highly effective purification of the liquid
and solid particles by closed circuit recycling. Two purification
methods, exhaustive sorption and continuous electrolytic ion removal,
were used concurfently. It is thought that the care used in attaining
high purity has been instrumental in achieving the good reproducibility

observed.



CHAPTER I1
APPARATUS, MATERTALS, AND PROCEDURES

The Glass Cell: Figure 1 is a diagram of the glass cell which

held the liquid, the purification system, and the test electrode assem-
bly. The three v;rtical chambers were constructed from Pyrex glass
tubing which had an outside diameter of 35 mm. The longest vertical
dimension was 21.6 cm. and the horizontal dimension was 14.0 cm. The
glass fritted filter in the central chamber had a maximum pore size of
40-60 microns while the filter in the side chamber had a maximum pore
size of 170-200 microns. The tops of the chambers were made from
Pyrex 29/42 ground glass joints. The distance from the tops of the
filters to the bottom of the sidearms a and b was 14.0 cm.

The two side chambers of the cell were used for the purification
elements of the system while the central chamber held the test electrode
system, Chamber A held an absorption bed of 6-12 mesh non-indicating
silica gel which was used to chemically clean the liquid. Chamber C held
the cleaning electrodes which will be described below.

The design of the cell was such as to allow the liquid to be con-
tinuously circulated as indicated by the arrows in Figure 1. A téflon
covered magnetic stirring bar whose dimensions were 0.64 cm x 1.92 cm
was inserted below the filter in the central chamber. The cell was then
set upon a magnetic stirrer. When operating, the stirring bar drew the

liquid down from the central chamber, forced it through the side arms c
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and d and up through the two side chambers. The liquid then re-entered
the central chamber through side arms a and b. A continuous circulation
of the liquid through the cleaning system was effected for as long as
desired. ‘A glass covered stirring bar whose dimensions were 0.41 cm x
2.44 cm was inserted in the central chamber of the cell above the filter,
This stirfing bar was used fér stirring the powder sample up into the
test regi&n. The bar was activated when the magnetic stirrer was turned
on at low speeds but could not follow the magnetic stirrer when high
speeds were used and so did not interfere with the purification cycle,

The Electrolytic Cleaning System: Figure 2 is a diagram of the

electrolytic cleaning system. The chosen geometry was again that of con-
centric cylinders. The two outer cylinders were of stainless steel while
the central wire was 22 gauge platinum. The outside diameter of the
outer eleétrode was 2.48 cm and its inside diameter was 2.27 cm. The
outside diameter of the inner cylinder was 1.37 cm and the inside diame-
ter was 1.13 cm. The bottom end of the platinum wire was spot welded

to the outer cylinder. The center wire was clamped as shown in Figure 2
at the boﬁtom of the assembly by means of a stainless steel screw clamp
which was partially sunk into the bottom teflon spacer. It was origi-
nally intended that the spring wound in the top section of the platinum
wire would keep the wire taut but the teflon plug at the top of the
assembly would not hold the wire, Instead the wire was pulled down un-
til the spring was partially jammed in the narroﬁed shaft running

through the teflon support and then the wire was clamped at the bottom.
Another hole was drilled through the teflon support as shown and a length
of nichrome wire was run through it and spot welded to the inner stain-

less steel cylinder. The two cylinders were sunk 0.32 cm. into the
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teflon spacers to insure rigidity of the assembly. The two wires were
then connected to a Burgess XX30.battery whose measured voltage was 48 v.

The function of this system was to sweep ions out of the liquid as
it was circulated through the chamber past the electrodes. This type of
cleaning system has been described by Strier (17) who reported a con-
siderable improvement in loss tangent characteristics of liquids when a
small D.C. bias was applied to the system.

The Test Electrode Assembly: Figure 3 is a diagram of the test

electrode assembly showing the details of construction and the vertical
dimensions. The outer conductor was a piece of Pyrex glass tubing with

a measured inside diameter of 2.16 cm. A conducting film was produced
upon the inside surface of the tubing with the method described by

Gomer (18). A brief description is as follows. A length of tubing of
the desired diameter was first sealed at one end and then thoroughly
cleaned. A second longer thin tube was then inserted deep into the first.
Glass wool was inserted between the two tubes at the open end of the
larger tube. The closed end of the large tube was then placed into an
oven.. The small tube had to be long enough to project 15 cm to 30 cm out
of the oven. A few crystals of SnCly*Hy0 were placed in the end of the
small tube which was then supplied with a rubber blowing tube. The large
tube was then heated to a temperature 300-400°C. The SnCl,-Hy,0 crystals
were then melted with a bunsenvflame and the fumes blown into the large
tube. A conducting coating formed upon the inside surface of the large
tube. This process was repeated until the desired conductivity was
reached. Figure 4 is an illustration of the method. The conducting
glass produced and used in this study had a maximum resistance from side

to side of 2 x 10° ohms which was judged to be sufficiently conducting.
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The coated glass was extremely transparent and produced no problems in
observing the behavior of the particles in the cell.

The stainless steel electrode was never used in the experiments.

It was intended to provide an almost flat field between it and the glass
electrode in which to study the behavior of the particles. 1Its inside
diameter was 1.82 cm and its outside diameter was 1.98 cm.

A.0.640 cmdiameter platinum wire was used as the central electrode
as it was in the electrolytic cleaning assembly. The bottom end of the
wire was hooked into a stainless steel cup which was countersunk into
the bottom of spacer A. This in turn was covered by a teflon cap.
Tension was kept upon the wire by means of the screw and nut arrangement
shown in Figure 3. The wire was bent over the top of the screw shaft
and was tightened by turning the screw.

Appropriate slqts and holes were machined into spacers A and B and

the teflon support C so that the liquid in the test region could also be
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circulated through the cleaning system.

Whenfassembled, the test cell was mounted in an aluminum chassis
box whose:dimensions were 20.3 cm x 43.5 cm x 7.6 c¢cm. A sponge pad was
glued to ﬁhe back of the chassis box and the cell was held against this
sponge baéking by rubber bands. A screen door was fitted to the box so
that the qell was electrically shielded. Holes were drilled into the
box to admit electrical leads. The 45 v battery used for electrolytic
cleaning Qas mounted outside the box on the side and leads were run from
this battéry to the electrolytic cleanup assembly through a hole in the
box. | |

The box was then clamped to a ring stand. A transparent plastic
bag was slipped over the box so that a dry nitrogen atmosphere could be
provided for the cell during all experiments. The bag was tied off at
points whére electric leads were run through it. The box was placed
upon a‘maénetic stirrer and positioned so that the teflon stirring bar
in the cell could spin freely without much rubbing against the glass
wall. An.aluminum plate was inserted between the magnetic stirrer and
the chassis box enclosed by the bag to help dissipate the heat gener-
ated by the operation of the magnetic stirrer. Figure 5 is a diagram of
the described assembly shown without the screen door and plastic bag.,

The Test Circuit: Figure 6 is a diagram of the test circuit. The

power supply was a bank of ten Burgess U320 batteries with an individual
EMF rating of 510 volts. Batteries were used in order to have a highly
steady voitage source. The current through the cell was detected by

means of é Kiethley 610B Electrometer which has a rated grid current of
2 X 10'14‘amperes. For current measurements of 3 x 10-12 o 10'14 amps,

the Keithley electrometer has a rated accuracy of = 4% of full scale
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deflec;ion. The apparatus was placed in a cage as a safety precaution
and to-help shield the electrometer. The cage, low side of the electro-
meter,‘the negative side of the battery bank, the chassis box, and the
case of the magnetic stirrer were all held at a common ground provided
by the center screw of a 120 volt A.C. wall outlet. The voltage of each
battery was measured with an Aryton Mather Static Voltmeter manufactured
by the Caﬁbridge Instrument Co. The voltmeter had a full scale deflec-

tion of 600 volts,

Materials and Procedures: The solid materials chosen for the exper-
iments wefe polyvinyl chloride (PVC), sulphur, and silicon dioxide. The
liquid used for the run with PVC was a mixture of carbon tetrachloride
and toluene mixed in a volume ratio of about 5.5:3 so that its density
was slightly less than that of the powder sample. Pure carbon tetra-
chloride was used for the runs with sulphur and silicon dioxide. The
liquid samples were mixed from chemicals of at least reagent grade purity
and were stored in a dry box when not in use. Solid silica gel was
added to the stored liquids to absorb water and other polar impurities.
The powder samples were stored for at least a week before use in a
dessicator over anhydrous calcium sulphate.

The PVC was obtained from the Bordon Chemical Co. The sample used
was purified by extracting it about 12 hours with distilled water to
remove impurity salts and then by extracting with portions of reagent
grade carbon tetrachloride for another 12 hours to remove organic impur-
ities. The powder was then dried, sieved to three lots of differing
sizes, and then stored. The first lot was sieved to pass 60 mesh screen
and stop on 80 mesh screen, the second lot was sieved to pass 80 mesh

screen and stop on 100 mesh screen, and the third lot was sieved to pass
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100 mesh screen and stop on 140 mesh screen. U.S.P. grade sulphur powder
was recrystallized from reagent grade carbon disulfide. Rhombic crystals
were obtained. These crystals were ground, the powder sieved to pass 80
mesh scregn and stop on 100 mesh screen, and this sample then stored.

The silican dioxide (Ottowa sand) was first washed with concentrated hy-
drochloriq acid, then with distilled water, then with acetone, dried,
ground, sized to pass 80 mesh screen and stop on 100 mesh screen, and then
stored.

The cell was loaded by placing the powder sample into the central
chamber and filling to the desired level with the liquid. 1In the case of
the run with PVC, wads of glass wool were inserted into the two upper
side arms;of the cell to prevent the powder from escaping into the two
side chamﬁers. This precaution was not necessary in the other two cases
since both sulphur and silicon dioxide have much higher densities than
carbon tegrachloride. After loading and mounting the cell, the magnetic
stirrer was turned on so that the teflon encased maénet forced the
liquid through the purification cycle as shown by the arrows in Figure 1.
The liquid was forced down through the central chamber and then part of
it was forﬁed up through the sorption bed where it was chemically
cleaned. The other part of the liquid was forced up through the ion
collector plates where residual ions were plated out as suggested by
Strier's téchnique in measuring loss tangent characteristics in liquids
(7. Theiliquid was tested periodically for purity by applying a
300 v battery. The stirrer was turned off when a satisfactory high
level of phrity was reached. When the desired purification was achieved,
the liduidiwas electrically "conditioned" until repeatable current-voltage

readings could be obtained. The process of conditioning consisted of
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putting‘the.full‘voltage on the system until the current had decayed to
what was éonsidéred the steady state current. The time (5 to 40 hrs)
required for conditioning varied from run to run. After conditioning
was achieved, a current versus voltage curve was taken while decreasing
the voltage at intervals in steps. The full voltage was then reapplied
to the syétem and the stirrer was turned on at low speeds to stir the
powder sample from the bottom of the chamber up into the test region.
When the éample had been pulled to the center wire, another current-
voltage cﬁrve was taken, while again decreasing the applied voltage in

steps as before.



CHAPTER 111
RESULTS

Poly?inyl Chloride: 1In the run for 60-80 mesh size PVC, .1101

grams as weighed with a Mettler balance were used., The full voltage was
applied fér 36 hours and then a run for the liquid was taken.

The full voltage was then applied again for another 40 hours and
another current reading taken which was slightly lower than for the first
run. The magnetic stirrer was then turned on until the PVC was stirred
into the test region. The stirrer was turned off and current readings
taken While the voltage was decreased. The full voltage was reapplied
to the system for another 11 hours and a second run taken with the part-
icles in the test region. The current-voltage curves are as shown in
Figure 7. .

When fhe PVC was stirred into the test region, the powder was
first collected in a sheath around the central wire. Much of the powder
was then strongly repelled to the glass electrode leaving part of the
central wire bare. The PVC that remained at the wire was concentrated
in two clumps, one at the top of the wire and‘a much smaller clump at
the bottoﬁ; It is probable that the PVC was first attracted to center
wire and then became charged and was repelled. The maximum sheath di-
ameter waszabout 4 times‘the wire diameter.

In another run with 0.1099 gm of 80-100 mesh size PVC,.the voltage

was applied in increasing steps until the full voltage was applied to

20
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the system. The coating of powaer.on the wire was rather uniform in this
instance.‘ The voltage was then varied up and down until the steady
readings were consistent within the uncertainty of the Keithley electrom-
eter. Thé voltage was then decreased and current readings recorded.

The reading for the full voltage was then rechecked and was found to be
slightly ﬁigher. The full voltage was left on for about 12 hrs and then
the PVC was stirred into the test region with only one battery in the
circuit. :The full voltage was then applied to the system and after sev-
eral hours readings were again taken as the voltage was decreased. After
this rﬁn was completed the full voltage was again applied to the system
and the current reading checked again after 1.5 hours. The batteries
were then;taken out of the system, the PVC shaken out of the test region
and the voltage reapplied to the system. After 12 hours, the current
reading was again taken. The data is shown in Figure 8.

When:the PVC was stirred up into the test region, an estimated 90%
of the powder collected at the central electrode and stayed there. The
rest remaining in the test region was attracted to the glass electrode.
When the sheath was viewed under a 10X travelling telescope, the sheath
had a maximum diameter of about 4 times that of the central electrode
and appeafed as sketched in Figure 9. There seemed to be no preferen-
tial distribution with respect to height of the powder in the tube.
Individual partiéles could not be distinguished but the streamers of
PVC could be.

The run for 100;140 mesh size PVC was inferior in two respects; the
liquid could not bepurified as much as.for the other two runs with PVC
and the cﬁrrents did not behave quite as in the two previous runs. When

the full voltage was first applied to the system, the current would relax
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downward.ahd.appear to reach a steady state. However, when the run was
made fér the liquid alone, the current readings taken while the voltage
was first decreased wasvsmaller than the readings taken when the voltage
was increa;ed. There seemed ﬁo be a steady hysteresis upward. What was
finally done was to decrease the voltage and then take readings as the
voltage wa$ increased. This was used as the data for the liquid alone.
The PVC wa; then stirred up into the test region and readings then were
taken és the voltage was decreased. This data has been graphed in
Figure 10.

The l§wer purity in this experiment was apparently due to the PVC
being of sﬁall enough particle size to partially plug the glass filter
in the central chamber of the flask. This would decrease or even stop
the circufation of the liquid.

The sheath formed by the PVC again appeared to be formed of
streamers as noted in the prior run. This time the sheath was thicker

in the center than at the top or bottom of the center wire. The center
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diameter was about 5.2 times as large as the center wire and the diame-
ters at the top and bottom were about 4.5 times as large as the center
wire, |

The fesistivity of the PVC was determined on a cast film. A
sample of the purified PVC was dissolved in reagent grade cyclohexanone,
The cycloﬂexanone.was then allowed to evaporate so that a thin film of
the PVC was formed. The .0241 cm thick film was air dried for 4 weeks
prior to ﬁhe resistance measurement. The volume resistivity of the PVC
was then ﬁeasured using a Keithley Model 6105 Resistivity Adaptor, a
Keithley 610B electrometer, and a 300 v battery. The volume resistivity
was found.to be 1.30 x 1014 ohm-cm.

Sulphur: Reageﬁt grade carbon tetrachloride was chosen as the
liquid for this experiment. Unfortunately sulphur is slightly soluble
in carbon tetrachloride., It was thought that if the liquid were first
completelx saturated with sulphur, then the test sample would be pre-
served. However, there evidently was enough of a temperature variation
throughout the system to precipitate out some of the sulphur. 1In the
cooler teét region, this precipitated sulphur was pulled to the center
electrode where it remained. It was decided to test the qualitative
effect of;sulphur particles even though quantitative results could not
be taken for this particular experiment.

The original amount of sulphur powder put in the test cell was
.2342 gm 6f 80-100 mesh size. The carbon tetrachloride had been prev-
iously saturated with sulphur by putting an amount of sulphur in a flask
with the carbon tetrachloride and stirring the mixture overnight with a

magnetic stirrer.
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After;the purification cycle, the full voltage was applied to the
system for 4 day; with intermittent runs to determine when a repeatable
feading cquld be taken. As noted before, a very slight amount of sulphur
precipitafed out to the central electrode during this period. The re-
peatabiliﬁy was determined by how well the current for the full voltage
could be repeated after the run was taken by decreasing the voltage.

The second reading was slightly higher as shown in Figure 1l1. The sulphur
in the bottom of the cell was then stirred into the test region while

the full Qoltage was applied to the system and was pulled to the central
electrodef The sheath formed by the sulphur was roughly conical in shape
mainly dué to the fact that the sulphur was much denser than the carbon
tetrachloride. After about 4 days of full voltage application, a current-
voltage rﬁn was again taken with the results as shown in Figure 1ll.

The cell was then discharged and the sulphur shaken out of the test
region. The full voltage was then applied to the system for about 15
days and ; run taken again for the liquid with very little sulphur on
the centef wire, After this run the sulphur was again stiréed into the
test regién where it collected at the center wire. After this collec-
tion, another current-voltage curve was taken. The data taken is as

shown in Figure 12,

For Silicon Dioxide: For this experiment, 0.1769 gm of 80-100 mesh
size silicon dioxide and carbon tetrachloride were used. After the
purification cycle, the liquid was conditioned for about four days, then
a repeataEle current-voltage run was taken. The silicon dioxide parti-
cles were:then'stirred up into the test region and were initially pulled
to the.ceﬁter wire. The particles gathered at the bottom of the center

wire, evidently because the density of silicon dioxide is much higher
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than that of carbon tetrachloride. It appeared that only a small
fraction of the powder was stirred up into the test region. Almost

as soon as they were gathered, the particles began to be repelled from
the center wire, evidently because of electrostatic charging. The re-
sultant pulsing made steady state readings difficult to make. The
current-voltage readings were again taken as the voltage was decreased
in steps. ‘The data taken is as shown in Figure 13,

At the end of the run the center wire was observed with a 10X
travelling telescope. There were a very few single particles still
clinging to the center wire. The magnetic stirrer was used again to
throw the particles up into the test region. The qualitative results
were the same with respect to the initial gathering of tﬁe particles at
the central electrode and the subsequent repulsion of the particles to

the outer glass electrode.
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CHAPTER 1V
DISCUSSION

The most interesting feature of the experimental results is the
current increase due Lo the presence of the particles. That the presence
of insulating particles about the electrode should increase the current
is, at first glance, suprising. These increases cannot be accounted for
by calculaiing the change in ohmic resistance of the system due to the
introductfon of the particles into the region around the center wire.

The ohmic resistance of the system with no particles is given by equation

(A-8) of Appendix A as
» R
R,= -@——‘Jf”(” ) | (4=1)

where QJ is the resistivity of the liquid, L is the electrode
length (length of center wire), [, 1is the radius of the outer elec-
trode, and ﬁ is the radius of the center wire. If a sheath with an

outer radius of ﬂﬁ‘ of material whose resistivity is o is

placed around the center wire, the total resistance of the system is

R = aiclo i) o]
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since the sheath is a resistance in series with the resistance of the
liquid in the remaining part of the electrode system. The relative
change in the resistance of the whole system RV/RO by the introduc-

tion of the sheath is then

EJ: _Z&Aﬁ%) - %Z/%” (4-3)

Using this last equation, decreasing the resistance by a factor of
2 would cofrespond to expanding the diameter of the center wire by a
factor of ébout 5.9. This clearly would not account for the increases
obtained a& full voltage for the runs with PVC since this calculation
indicates that the sheath of PVC is more effective than a similar thick-
ness of conductor. Similar remarks may be made with respect to the other
runs with }VC and those with sulphur and silicon dioxide. Because of
these congiderations the current increases cannot be accounted for by
ohmic calculations.

If the current is assumed to be space charge limited, then two cases
present thémselves for examination, (a) when the sheath surface is smooth
and (b) when the surface is rough as is the case in this study. When
the current is space charge limited, the conductivity is a function of
the electric field. The current-voltage curves obtained experimentally
for the lgquids with no particles in the test region appear to be sec-
tionally ohmic or concave upwards indicating that the conductivities of
the liquids used were constant or an increasing function of the electric

field. This implies that the highest conductivity regions of the liquids
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occurred a£ the surface of the center wire where the electric field was
greatest. Given this situation then, if a smooth sheath of insulating
high dielectric solid is placed around the center electrode, the total
resistance of the system should increase since the major decrease of

the electric field would be found across the region occupied by the
sheath, legving the field in the liquid lower than before, This implies
that the liquid in the remaining part of the system will be subjected to
less of anjelectric field when the sheath is present and its total resist-
ance will Ee at least equal to, if not greater than, its resistance when
the sheath;is not present.

A pos%ibility for current increase may océur when the sheath is
composed of particles. The increase is visualized as arising from the
enhancement of the electric field just outside the surface of a particle
due to the‘differing dielectric constants of the solid and liquid (14,
15). Consider the situation as shown in Figure 14 and Figure 15; The
particles ére stirred into the test region and are dielectrophoretically
drawn to the center wire as described by equation (1-1). Since the
dielectric constant of the solid is greater than that of the liquid, the
electric field in the liquid is greater around the polar regions of the
particles. If the liquid is very pure, i.e., only traces of impurities
are present and almost all of the foreign ions have been removed, then
a possible charge production enhancement effect may be present if most
of the remaining carriers are ions created by field dissociation of
impurify dr solvent molecules in the regions of most intense electric
field. An approximate expression for the relative current increase due

to this mechanism is shown in Appendix C to be
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(C-6)

where M is the mass of thelpowder sample, d is the density of the
solid, 6; and 6, are the‘dielectric constants of the solid and
liquid respectively, f is the fraction effective area of a single
particle, : Y{ is the radius of the center wire, /7 is the outer radius
of the sheath, [/, is the inner radius of the outer electrode, L is
the length of the electrodes, Eb is the\electric field just beyond
the surfacé of the center wire, oX 1is a voltage dependent factor de-
rived in Appendix B, §/ is the average cross-sectional fraction as
particles ﬁn the sheath, 0, is the conductivity of the solid, 57
is the space averaged conductivity of liquid in the sheath, and 5?’ is
the space averaged conductivity of the liquid in the rest of the elec-
trode system. |

One of the properties predicted is the variation of .I%/Cto as
the applied voltage is varied. There are four quantities in equation
(C-6) which are voltage dependent, &G ., [ ﬁ;l , and oX. E?‘

1

and <X ‘should monotonically increase with applied voltage. The exact
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dependence;of these quantities is not known since equation (B-53) does not
appear to be integrable in closed form. If, however, 5? s 5?’ s
and E?&ja< change very slightly with voltage, then :IF/I; should
remain father constant over a considerable voltage range if all other
variables gre kept constant., For these experiments the values of :EPKIO
are as shogn in Figure 16. Three of the runs appear to display this
property over most of the voltage range. The runs referred to are those
for 80-100 mesh PVC, 100-140 mesh PVC, and the second run for sulphur.
The relati?e current increase obtained in the silicon dioxide run is not
shown in Figure 16 since the mass of the powder sample on the center
wire steadily decreased during the run. The curve for :EP/CZO there-
fore cénno£ really be compared with the curves for the other runms.

A closer comparison between experiment and theory at the present
seems unjuétified. That there is a current enhancement when solid parti-
cles are déposited in the regions of highest field is beyond doubt, even
when an ex;ellent ingulator such as sulphur is:used. .The particu-
lar mechaﬁism involved has yet to be completely determined. It would
appear that these experiments lend support to the proposed mechanism of

increasedfcharge production at the surfaces of the dielectric particles,
Summary and Conclusions

The particular experiments performed for this study were designed
to explore the effect a deposition of solid insulating particles into
regions of highestvelectric field would have upon the current in a
dielectric liquid. The test cell was designed such that current-voltage
curves coéld be taken for liquid alone in the system and then after the

particlesghad been introducted into the system and dielectrophoretically
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deposited in the region of highest field. The experiments were performed
upon pélyvinyl chloride in a mixture of toluene and carbon tetrachloride,
sulphur in:carbonrtetrachloride, and silicon dioxide in carbon tetra-
chloride. .

In all cases a current increase was observed which could not be
accounted:for by consideration of the ohmic conductivities. of the mater-
ials used. A mechanism for increased production of charge carriers is
suggestedjas being responsible for the current increases. The theoreti-
cal model.proposes that the geometry of the particles enhances the elec-
tric fiela in the liquid just outside of the particles because of the
differing dielectric constants of the liquid and solid. Assuming that
the charge carriers are produced preferentially in the regions of highest
field strgngth by field dissociation of impurity or solvent molecules,
the increase in field strength at the particle surfaces would produce a
correspon&ing increase in charge carriers. A quantitative comparison
between the experimental data and predictions based upon this model

supports this mechanism.

l

Suggested Extensions

Some of the experimental extensions that would be helpful in under-
standing these current increases are a more thorough determination of
the dependence upon the dielectric constant and conductivities of the
materiéls;used. This would involve tests of a much wider variety of
materialséthan used in this study. A determination of the dependence
upon mass also seems important in view of the results with the silicon
dioxide rﬁn. One other extension which might prove fruitful would be

to test with different particle geometries, e.g., ellipsoids, splinters,



41

etc.;.altﬁough.this might prove to be.impractical. The effect of dif-
ferent e1gctrode geometries might also be tested, e.g., concentric
hemispheres. AC techniques would be helpful in avoiding the sometimes
severe chérging effects and might sharply reduce the time needed to
perform agparticular experiment.,

A muéh more detailed calculation based upon the suggested model
needs to Be carried out since the derivation of equation (C-6) involved

numerous dpproximations.
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Appendix A

OHMIC RESISTIVITY AND CONDUCTIVITY FORVA

CYLINDRICAL ELECTRODE SYSTEM

An expression ﬁill be derived for the ohmic‘resistivity ahd conduc-
tivity of a medium with a concentric cylindrical electrode geometry and
in terms of the applied voltage, the current through the medium and the
electrode Himensions.

The s&stem considered is composed of two concentric cylindrical
electrodes, each having a length L along the common Z -axis. The
outside diémeter of the inner electrode is n and the inside diameter
of the outer electrode is Y, (Figure 17). The medium between the two
electrodes;is here assumed to be homogeneous and isotropic.

When a voltage drop is applied across the region separating the
two e1ectrbdes an elecfric field is established and, hence, a current,

The electric field E? and current density jf are related by
%: nt=

where G-  is the conductivity of the medium and 0 = Of(EJ . Since

€> , the resistivity, is the reciprocal of the conductivity)
Oz =E (A-1)
N

Now %t and K are functions of position and, since the system has

cylindricél symmetry, the magnitudes of ?i and E are functions of
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Figure 17.

Illustration of Cylindrical Electrode Geometry
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the radial distance I° away from the common axis. If the total current

is I, then the current density over the cylindrical surface with radius

r is
—_— A
% ( V): 95%- }):L (A-2)
o 1 N\
where AT L is the total area of the surface and [° is the

unit radial vector. Ohm's Law then takes the form

t

7F/W
JNVLQ

(A-3)

The line integral from inner to outer electrode is then
Tr 7..:- j
r, (A-4)
ZWPL
/

Since IF = 7 dr and if © 1is a constant, i.e., an

intrinsic property of the medium, then the left-hand side of (A-4) becomes

TP g To|tpdr - L ﬂ(rz_)
s dr= zﬁr A T ). (4-3)
r I '

For the right-hand side of (A-Q)}



Fde= \ov)pdr= - r"W V- - AV @
r

where AV  is the total voltage drop across the distance separating
the electrodes.

(A-4), (A-5), and (A-6) then give

_arl oy
T

(A-7)

and defining the resistance of the system to be AV/I = F()

L (A-8)
o= (@R ,

Since the resistivity is the reciprocal of the conductivity,

- o}
o= /3@%) . (A-9)
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.Appendix B
SPACE CHARGE LIMITED CURRENT AND CONDUCT IVITY

FOR CYLINDRICAL GEOMETRY

In this appendix, expressions for the space charge limited current
and conductivity of a medium with concentric cylindrical electrode geom-
etry are derived. The principal condition assumed here is that the
charge density in the medium is non-zero., It will be assumed that the:
carriers are of a single species with the same charge and that the mean.
distance Io between collisions is the same throughout the medium,

It is.alsq assumed that a single carrier will lose all of its excess
kinetic energy in a collision,

The 5verage maximum kinetic energy that a carrier will acquire

before a collision is then
. 2 —
é;%”‘15w45~— ?’E'//O

where /1 is the mass of the carrier with charge ?. E is the elec-
tric field and has been assumed to vary insignificantly between colli-
sions. Therefore, the average velocity, Q£%¢ /@L , between collisions

will be
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For constant current,
a — N
Eﬁé {

where g' is the charge density of the carriers. This together with

the continuity equationvfor charge implies that

%: 57;‘ (B-1)

where 74 is the current crossing unit area. Using as 7 , the
v

average velocity between collisions,

t=EVEE

Assuming two concentric cylindrical electrodes each having length

T .
f'(ﬂ = vl

where L is the total current. Solving for E; s

(B-2)
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. r; .
where ? is -—f,-fgz,rchJr and is the negative charge needed to
; .
neutralize the positive space charge in the liquid. It is assumed here
that this charge is located on the surface of the center wire, If the

radius of the inner cylinder bounding the region of integration is

chosen to be ] +77 » then the term with the delta function gives
_no contribution and may be ignored if 77 ;ﬁ @) . Poisson's equa-
tion for the region of interest )7+72 o Yy , where ?44 )’I“/rz

then becomés simply
—"‘7Q¥/:Z ég; . - (B-1 a)

This together with (A-2) implies

Since

Rearrangement yields




Integrating from the radius

drical surface between the electrodes,

f 2 yE’:EMI T
L. 2 - =
%(Ma. FL-t > =~ dnr

E:-E'(r,)

Solving for the current gives

5/ z 3/
~mﬂl€ [&ﬁr%’ (t)

Y~iﬂ2

If now the conductivity of the medium is defined as

f: CT‘E

then

o IE

/7; e (rE)”—(E )"
m rE

r2 __Y?WQ

P
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7 of the inner electrode to a cylin-

(B-3)

(B-4)

The numerator of the factor in braces in (B-3) deserves some com-

ment,

electrodes, Laplaces equation may be solved to yield

For the case in which there is no net charge density between the
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rE= k.

is then a measure of the distortion of the

electric field away from its geometric value due to the presence of the

unbalanced space charge density., If the field actually is the one re-

quired for ohmic behavior, i.e., the geometric field, the current given

by (B-3) and the conductivity given by (B-4) would both be zero. For

current as described by (B-3) to appear then

nE, |
rE °

Since the total current passing through a cylindrical surface of radius

r must be constant despite the value of Y , then

" and

where

o

(VE) - (V, E,,);%;: constant == o< (B-5)
W&

"_'[o(rg/lm»'gjx/z (B-5a)
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is constant. X and (3 , however, are functions of the applied voltage. -

The conductivity (B-4) may be now written as

~— QT €
J,‘ L [ 7R 5

(B-6)

From (B-5), it is seen that the space charge limited conductivity
has its maximum value at the surface of the inner electrode and its mini-

mum value at the surface of the outer electrode.



Appendix C

RELATIVE CURRENT INCREASE DUE

TO INSULAT ING PARTICLES

An eipression"Will'be derived in the appendix for the relative
current increase through a dielectric liquid when particles of higher
dielectri; content than that of the liquid are introduced into the region
of the center wire of a concentric cylindrical electrode system. For
simplicitj it will be assumed that the particles are spherical and have
the same diameter, .

It is assumed that the particles have been attfacfed té the center
electréde and have formed pearl strings which are evenly distributed
over the surface of the center wire. It is assumed further that the
same number %@ of particles are in each string. Let éf‘ be the aver-
age cufrent density in the liquid that would occur over a cylindrical
surface oflradius 1éél-+ 77 if the spherical shape of the particles
had no effect. Here, ﬁ‘ is as usual the radius of the center electrode.
Let if be the current density in the liquid occurring at the tip of a
string when the geometry of the particles is accounted for. Since, .in
general, the current density is‘defined to be the conductivity G~ tiﬁes

the electric field & s

/

£ TEE
7  OT(E)E "
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Because of the electrode geometry - and the assumptions made about
charge carrier production, the conductivity must be space-charge-
limited such as the expression given by equation (B-6) of Appendix B.

Using this expression

/T e (E)"e)”

2 rE ¥ -y f
;ﬂ CEfA-(nE )™ ff:
rE . 3’/‘2 (-\::/Z
'

Simplifying,

T4 . )
The total current <7 eminating from the string will then be 7i/times

an effective surface area

= pyp = 24 F 4 = B ¥ 7

where { is dimensionless and has a value between O and 1, and represents
the fraction (judged to be about %) of the area in the most effective

field.
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The number of strings present will be

M_. |
TH a7
J?EQ %

where M is the total mass of the powder sample and X is the density

of the solid,

The total current ZP eminating from all the strings is then

jo— _IM ﬁ:’ _5’4"7__9
Z?”Tmmf& ’C? ‘.

The total cureent 1%3 for the system will then be

L=y lnthe +n)l - ]

where L_ is the length of the electrode system.

Then,

-y g 3ME
L=anthati)ly +io— Frag

The total current for the case when no account is taken of the

particle geometry, i.e., where jﬁ is the current density over all the

surface of the sheath, is



Therefore,

EN® e VR
IME <E;) ‘(ra 3NE
— ek LI ~(FE )" ] gwoj

21 (ba + Y?)L(?

g
- / 16 Naf/’aa(z(y L (-

If now £'/E is approximated by the solution of the problem of the

neutral dielectric sphere in a uniform field and letting 4%&+Y}= ﬂfb

‘In«—,*_ sl Ee) 1]
= g et L= (e )]

where E) and €, are the dielectric constants of the liquid and solid
respectively,

Using equation (B-5) of Appendix B, it is easily shown that

- e
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so that

T /+5y M () 1)+ £

i G AL (n=1) n v, 2 (07 -1)

_ /+ 3/‘47@[(&?;1 ? /][ 0(( 3/:/20 (C-2)
= n

e dl (n-lin 52

Now the simplifying approximation is made that the conductivity of

' 7| e
the sheath may be represented by the ohmic expression -pOE +(/’ £ )07
where (, is the conductivity of the solid, ﬁf is the space aver-

/

aged conductivity of the liquid in the sheath and " is an average
cross sectional fraction of sheath as particles and (1-f') is the average
cross section fraction as liquid.

The relation between L and j:o’ the current with no particles

in the system, can be calculated using the relation

.,1..:;‘.“_'; E.. (c-3)
T~ R

since total voltage applied to the whole gystem is the same. R and RL
are the effective resistances corresponding respectively to 1 and :fo.

Using equations (4-1) and (4-2)

(C-4)




where 57/ is the spaced averaged resistivity for the region between
v =nn and Y = Y, . Both U and &7/ will be functions of

the total applied voltage. Similarly,
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and using (C-2), (C-4), (C-5), and simplifying,

I, [en dlnln-l)n? 2.
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