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ABSTRACT

ELECTROFLUIDMECHANICS

M. F. Italiano, Jr.
Master of Science in Engineering

Youngstown State University, 1977

The fundamental interactions of electrofluidmechanics
are explored. A review of the necessary elements of electri-
cal theory along with the specific effects of electric fields
on fluids is pfesented. A review of the research is also un-

dertaken for some specific processes affected by fields.

An unsuccessful attempt to measure the body force
produced by a specific electrode geometry is presented. The
use of high AC fields and very small pressures generated by

the body force hampered the investigation.

WILLIAM F. mMAAG 11BRARY
YOUNGSTOWI Sidic UNIVERSITY
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CHAPTER I

INTRCDUCTION

The purpose of this thesis i

n

to explore the fund-
amental interactions between electric fields and fluids,

known as, electrofluidmechanics. These interactions prove

of consequence in such areas as fluid flow, hezt transfer and
combustion. One such phenomena is investigzted experimentally.
Althouzh the experimental aspect proved unsuccessful, it pro-

vided insight as to the nzature and complexity of electrofluid-

It is known that zn electric field will influence

both charged and uncharged particles. This influence leads

=0
8]

to 2 controllable body force acting on the fluid as a whol

(D

Along with this body force, properties of fluids such as
viscosity c=an be appreciably affected. The changing of pro-
perties, of course, leads to changes in fluid flow behavior,
boiling, heat transfer and thermodynamic properties.

The fact that electric fields exert some type of in-
fluence on fluids has been known for over one hundred years.
It has only been during the last thirty years that researchers
have had success explaining and putting to use the forces
involved.

A review of the nécessary elements of electrical

theory i

0]
o)

resented to provide a bzckground for a study of

electrofluidmechanics, A survey covering some of the many



e

nvolved is undertaken. Descriptions, explan-
are presented when possible.



ELECTRICITY

For a better understan

some fundamental concepts of electricity

This is not intended

electrical attractions

Th

®

?=(%1z/4wéorl7ﬁ.

Where:
F =
eo =

CHAPTER II

REVIEW

Basic Concepts

Qu

[de

0
(q

will be reviewed.

to cover all topics of electricity, but
to provide bzckground for discussing

Augustin de Coulomb that first measured

and repulsions quantitatively in 1785.

familiar law bearing his name for point charges is:

electric force (newtons)

permittivity (farad/meter)

9, 4992= charge (coulomb)

r =4

s
+

s

n

A coulomb is defined as the

flows through a given cross sect

when there is a

Thus:

ance betweesn charges

(meter)

unit vector

amount of charge that

on of wire in one second

pode

steady current of one ampere in the wire,



Where:

current (ampere)

s
I

time (seconds)

rrj

ng from Coulomb®s Law is the definition of the

[
)
P

ol

w

electric field, By placing a test charge, q, 2t 2 point in
space and measuring the electric force that a2cts upon it,

the electric field strength,'g, 2t the point is defined as:

—E“l—:./cL. (2)

Thus the force on a chzrge in an electric field is
F o= qﬁ. Since this is 3 vector equation the force is in the
csame direction as the field.

Thinking of the electric field in terms of lines of
force rather than as a vector is a convenient way of visualiz-
ing electric field patterns. The relationship between these
two concepts is that at any instant in time, E is tangent to
and in the direction of the lines of force. The density of
the lines of force is proportional to the magnitude of E. Thus
the lines of force give a2 physical significance to the elec-
tric field and helps one to visuzalize the effects of the
field on its surroundings. As an example, consider 2 uniform

field such as that found between a parallel plate capacitor

as shown in figure 1.

N ; ¥
+ S =
+ L. -
+ >~ -
+ > =




This simple system represents an electric fi=ld that is in a
single direction; and, since the lines of force are equally
spaced, of constant magnitude. Note that the lines of force
are directed from positive to negative for convention.
Intimately related to the electric field strength is
the electric potential difference, V. The electric potential

is fundamentally defined as:

Vg =¥y F WAB/‘LO . (3)

This eauation states that a test charge g, is moved

from point A to point B being kept at equilibrium at all times.

(%

=

The work mezsured in moving the test charge from A to B is
Wage Thus the potential difference between A and B is the
work divided by the charge.

The electric field strength can be determined from

the potential by the use of:
aib -
E=-VV . (L)

Now consider the electric dipole. The interaction of
the dipole and the electric field is of fundamental importance
in electrofluidmechanics. Two equal charges, of opposite
sign, separated by a distance 2a define a dipole. Figure 2
illustrates the nonuniform field associzated with the dipole.
As can be seen the lines of force zre not uniform and are

much closer together in the vicinity of either charge.
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the product of the charge and the distance
Thus the dipole moment is p = 2ag. There 1
potential, V, at any point in space due to

potential at some point in space resulting

point charges can be found using the follow

V=2 Vs (l/‘?‘ﬂ%)% aubBrn

where V, is the potential due to each charg
is the value of the nth charge and R, is th

the point in question to the charge.

(8

near either charge.
with it equal to
separating them.

s also an electric
the dipole. The
from a group of

ing relation:

(5)

e separately, 9y

e distance from

Using this to determine the potential due to the

dipole at point M in figure 2:

V=% Vo=V, + V= ( l/4n€°)<{/R;‘ﬁ_/Rz)-

>
]

suming point M to be far from the dipole,

to the approximate relations:

or R7723' leads




2
R,-R, % Zacos® =nd R,R %R,
These lead to,

V=Lg/(awe VJ(R-R /R Ry % [qv/(chreo)] 2a. coso/R®
and r
V= pcose/4ug, R
To obtain the electric field intensity, it is necessary to

evaluate the gradient of the potential:

RGP0 — 54
b R R oe Rsine ¢’

[\

— el 1 ™ .
we ¢ ¢ being unit vectors.

Evaluating the partial derivatives gives,

Thus,
SLE
F 5, =y

4ne. RS (2cose = + S'\V\e'é).
[~

The dipole then has an electric potential and field intensity

associated with it. It is noted that the rotential varies

inversely as the square of the distance from the dipole while

1 o] 1

the field intensity varies inversely as the cube of this sam

When a dipole is under the influence of a uniform

WILLIAM F. MAAG LIBRARY
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external electric field the result is that it will orient
itself in the direction of the field.

s N,
o =
Al T B g
>
/Cfg;// =
¥ §>(>/ g
F—(/ _
Fig. 3. Dipole in an Electric Field
As seen in figure 3, using vector notation the dipole ex-
periences a torgue tending to align it with the field. This
torque is:
— = -_—
T=pXE (6)

T being the dipole moment.

As long as a collection of charges behaves like and
exhibits the properties of a dipole, it can be treated as
such., In this vein, many molecules have electric dipole
moments. Molecules and atoms not having permanent dipoles
can be induced to exhibit dipole bhehavior by placing them in
an external electric field. This is known as polarization,
the field tending to sepafate the negative and positive
charece., This induced electric dipole moment is present only
when thes electric field is applied, and is proportional to

the field strength.




Capacitance

3

wo insulated conductors carrying equal and cpposite

citor

AY)

charges define 2 c= , 25 shown in figure 4.

H

4 Y

Fig. 4, Capacitor

The capacitance, C, of any capacitor in equaticn form is,

c=q/V. (7)

ot

Where q is the charge on either insulated conductor and V is
the potential difference between them.

Consider the parallel plate capacitor shown below.

+a | ]

> TN

Fig. 5. Parallel Plate Capacitor

=

From Gauss' Law the charge on either plate is g = €_EA, A being
the area of one of the plates. The voltage is V = Ed.

Thus the capacitance is:

C=€,EA/Ed" €.A/d. (8)

)

Each capacitor of different geometry will have a different

0

relation descriting its capacitance.
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Equation 8 is valid only when the capacitor is in
a vacuum, When a dielectric is placed in the field of a
capacitor, the capacitance increases. A dielectric is gen-
erally considered any insulator. Thus, it can be a solid,
liouid or gas. As referred to here, unless otherwise stated,
the term dielectric will refer to liauid dieleétrics which
are linear and isotropic. The molecules of dielectrics, such
as water, having permanent dipole meoments, tend to align

themselves with an external field. The degree of alignment

Hh

will increase as the fi

(D

1d strength increases or as the tem-

ielectrics having molecules without

g
0]
2]
A
24
S
0]
Qs
@D
)
]
D
jak)
0
D
)]
)}

permanent dipole moments acauire them by induction upon being
exposed to such a field. When a dielectric is placed in an
electric field, induced surface charges form which weaken the
original field within the dielectric. Referring to figure 6,
2 dielectric between two parallel plates has an internal
field set up, Ed, by the induced surface charges. This op-

poses the external field, ﬁo.

b, d1 TR, r 43101 ety
+ o +' =
+|-— — ’I +|_.
N | . | Y | .
+|- I +|_

$ o ¥
+| !Eo +:
+ - T 4».',.__

B e T, o o T e L 2

Fig., 6. Dielectrie in a Uniform Electric Field

The resultant field in the dielectric is then Eo - id = E.




1l

The ratio of the external field to the resultant field is the

dielectric constant, K:
K=€/€e

The wezkening of the electric field by the dielectric
is evident when measuring the potential between two parallel-
plate capacitors, one capacitor having no dielectric present
and the other with a dielectric of constant K. This is

illustrated in Figure 7,

puerea N WA W .

Dielectric

Vd < Vo

Fig. 7. Two Identical Paralilel-plate
Capacitors, except for the presence of
the dielectric.

where it is shown th2t the introduction of a dielectric re-

duces the potential difference, thus,

E,JE = Yo /Vy=K.

For the parallel-plate capacitor the capacitance becomes,

C = KEA/M.

Equation 8 is a special case of equation 11 where K = 1 for
a vacuum,
In general, experiment shows that capacitance of all

types of capacitors will increase when a dielectric is present,




12

leading to a general equation governing capacitance of any

capacitor,
C=Ke L, (12)

where L is dependent on the geometric configuration of the
capacitor and has dimensions of length.
The polarization of a dielectric, which is the dipole

moment per unit volume, is defined as,
P=(Zaq/v)n. (13)

The polarization coming about when the dielectric is sub-

H

jected to an electric field.

o

The electric displacement, B, is defined as,
- Ea ok
D=¢e,E +P.
The electric displacement is associated with the free charge
in a dielectric, the polarization with the polarization charge
and €,E is associated with all charges.
The electric displacement is also equal to K€,E thus,
D=Ke,E =¢ E + P
seclving this for P yvields,

P=eECK-). (14)

Of course all interactions involving electric fields
will be governed by Maxwells' equations of electromagnetism,

These relations are as follows:




VE - Q/eo
-
v-D=2¢
VKE = -3B/9t
VxH=J +9D/9t
JT=0(E+VYxBIt qVY
E = + TXEB
E q'—h - -
D=€E=¢gE +P
e -
B =/ALP{
Where:
E = electric field strength (volts/meter)
@ = total charge density (coul/meter3)
D= electric displacement (coul/inch?)
B = magnetic flux density (weber/meter?)
H = magnetic field (amp-turn/meter)
J = current density (amp/meterg)
6 = electric conductivity (ohm-meter)-l
V¥ = velocity of charge (meter/second)
-
F = force (newtons)
€ = permittivity (farad/meter)
€,= permittivit¥ constant (farad/meter) =
8.84 x 10 =12 farad/meter
P = electric digole moment per unit volume
(coul~-cm/cm3)
In the area of study defined as electrofluidmechanics
there are no applied magnetic fields, and the magnetic fields

produced by moving charges are very small, Therefore, as
contrasted tc magnetohydrodynamics the forces due to magnetic

fields are negligibly small compared tec electric forces. Thus
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the equations governing electrofluidmechanics are listed below

in their "reduced" form:

1]

-
g

<l < <L

D
'
O=9J
R .

D=€ec¢E =€E + P (15)

(o)

1 Y]
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CHAPTER IITI
EFFECTS OF ELECTRIC FIELDS

Electric fields can produce an sffect on both charged
and neutral particles., The most elementary action of the

tric field is the force it imparts on a single charged

D
=
®
o
e

(1]
=
v
(@)
ct
5
O
)
12
i
Y]
=Y
e
s
5
)
3
> |
[
gV
4
» 7
g
n
(9)]
<
=3
(&)
t
)
$3
ot
+

the space considered

is a vacuum, i.e. there are no collisions with other particles

The electron, with an initial velocity V,, is z2cted upon

: . . . = =
by the electric field with a force, F = gqE. The charge,
a, is the charge of the electron, e. Considering only the

force imparted by the electric field, and using Newton's

wecond Law,

1

Tl
\
3
Sl
"
75
"
M
mi
[
(O




with the boundary conditions at time zero of,
Vot Bt wh o B0 X
VY=V° .y= Y°
Thus the differential sauation md = eF can be solved yielding

two scalar equations of motion:
z =MQx=O
ZF =\May-eE.
The equations of motion are:

X
y=(e/2m)Et + Vy bt +Y,.

This simple case is similar to the firing of a projectile
horizontally in the earth's gravitational field. Many par-

ticles can be influenced in this manner. Microscopically,

there are electrons and positive and negative ions, Macro-
such as dust, carbon in flames, liouid drops and impurities

The effect that an electric field will have on a
charged macroscopic particle varies considerably with the
type of particle, size, charge and shape. Each would have
to be considered separately for a detailed analysis. Of
course, no matter what the particle, it will follow the basic
law of being attracted or repelled by unlike and like charges

respectively.




As an example of 2 macroscopic particle in an elec-
tric field, consider a spherical drop in an alternating field,

U1
ol

3
—+

Fig., 9. Spherical Drop in 2
Uniform AC Field

Unlike the previous example, the electric
ternating with a
drop due to the field is F, = qE,sin(wt). The force of gravity
will be neglected, but a drag force, Fq, opposing Fg, will be
taken into account.

Thus
ZF""FC‘-F; = Mo
using Stoke's Law,
FD=CDVQ

Wher

D

L
Cp = drag coefficient
V = velocity.

This results in the differential equation,
Cl_EanV\wt ~Co V= ma
where,

t = time




This equation can be solved using 2 complimentary solution

"th/W‘
V.= g8 - -

w
-
o
44

particular solution of the form,
Vp = Acos(wt) + Bsin(wt).

These lead to a final solution of,

Cot

ViV rVp=Ce /W‘+ (E.q /CCy + wé )2 150 (ot - )

p
techninoue where:

Xe =Cq
Xp = Ae—cot/M+ Bsin(wt-¢) + Ceos(wt - ¢).

This yields the final equation of motion,
Zz 2
X=C,-(C,mfey)e - E,q_CoS(w‘t-(D)/w[Coi-mw]a
= .
where ¢= Tan (Mw/cb)-
The constants in these equations will depend upon the boundary
conditions, The equations illustrate the influsnce of the

parameters involved on the drop while in the electric field,

widely researched area as will be noted later.

In the previous example, the drag on a macroscopic
particle was considered. Microscopic particles, such as
ions, will also experience this drag in a dense fluid, due

to collisions wi

|
~+
:)_.

neutral molecules, Thus collisions with

other particles must be tzken into account, As was stated
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in equation 16, an ion with the charge of one slectron in 2an

electric field will have its motion described by,

—

cE

F=wma

in a vacuum. In 2 dense gas the ions will undergo numarous

j
Hy

collisions causing a loss of 2snergy and continuous changes

in direction. Between collisions the acceleration of the
ion is, a = eE/h' where e/m is the charge to mass ratio of
the ion. Assuming the ion is subjected to a large number of
collisions, it will have an average drift velocity proportional
to the fi2ld strength and the density of the gas., This drift
velocity is determined to be
Vy=€eEL/mT
(17)
where the terms not previously defined are:
LL = mean free path of the ion

C = average thermal velocity of the gas
particle.

Several simplifying assumptions are made in the derivation of
equation 17, they are:
1. Perfectly elastic collisions occur.

2. Ions do not exert forces on neutral
particles,

3., The mass of the ion is equal to the
mass of the gas particles.

4, The concentration is uniform.

5. The energy gained by an ion between
collisions is small compared to the
average energy of agitation of the
gas particles,
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It has also been determined experimentally that the drift

velocity remains directly proportional to the field strength

n

only when the ion velocity due to the field is less than the
average thermal velocity of the gas.

From the drift velocity is defined ion mobility, a
reference velocity which is characteristic of the gas through
which the ion moves.

Ton Mobility = k = vg4/E (18)
or k¥ = eL/mC. (18za)

imate with more exact ones =zvailable,.l

wd
v

This expression is appro

hat impurities have a pronounced effect on

®
-
@]
o
D
Qu
ot

b
reducing the value of k,
Even though not indicated by equation 18, it has been
noted experimentally that mobilities of positive and negative
ions of the same molecule are not the same, Negative ions
usually move more quickly through a given field than positive
ions, Thus the distribution in a uniform field will not be

symmetric as may be expected.? Also, the purity of a gas

&5

a5 a large effect on the ion mobility, the greater the im-

urities the smaller the value of k obtained, as would be

3
3
[¢%]

expected.
The concept of ion mobility is vital to the explan-
ation of phenomena concerning electrically augmented flames.
Assuming the concept of ion mobility to be valid, that
gives the ionic wind velocity as expressed in equation 18, as

V4 = kE,. Applying this to the positive and negative ions




V+=k+E and - Vo =K_E . (19)

These equations are va2lid for field strengths from zero to
approximately 38,100 volts/inch for ions and up to approxi-
mately 5,000 volts/inch for electrons, both at 1 atm.
pressure, 3

The forces acting on a dipole in 2 uniform field have
been discussed. The uniform field will exert a torque on the
dipole but there is no net force acting on it. This is not
true of 2 dipole in 2 nonuniform field, where 2 direct force
will 2ct upon the dipole. The nature of this force is now
investigated. b A dipole in 2 nonuniform field will tend to
orient itself in the direction of the field as shown in

figure 10.

Fi

]_l

g. 10, Dipole in a Divergent Field
Summing the forces acting on the dipole in the x- direction,

per unit volume, gives:

= ~qEy + (qE« +CLA" Sx),
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this reduces to
L SER
F;( ‘%—ax' S¥X. (20)

It is obvious here that the force actirg on the dipocle is due
to 2 change in E in the x- direction, i.e., the divergence
preduces the force on the dipole, The distance x between the

charges of the dipole is 2a, Equation 20 becomes,

where Fy is the force per unit volume acting on the dipole.
The gquantity 2aq is the dipole moment, Since this is on a
ver unit volume basis this is the polarization as defined in

equation 13:

E
s b S

This equation extended to three dimensions is:

_ d EL Q E. T —t -
- —
or F=P-NE (per unit volume), (21)
Equation 21 demonstrates that there is 2 net force on dipoles
and thus on the total volume containing them, i.e, on di-
electrics, This force is due to the fact that the field

diverges and one end of the dipole is in = stronger field

=

than the opposite end,

is that the force acting on the dielectric is independent
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of the direction of the field. This is more readily 'seen by

substituting equation 14 intc equation 21:
.—-\ —
F=€,(K-1)E-VE
which can be rewritten as5
\ <

Here it is seen that the force depends upon EZ2, thus the
direction of the field is not a factor. Thus, a time depen-
dent and steady nonuniform field will have the same effect on

dielectric. The force will always be directed to the region

w

of highest intensity.
In the same way that a single dipole is affected by
an electric field, so is a polarized particle. Consider a

spherical particle in a nonuniform field.6

= ) .
il _'_l i
~ ——

Fig. 11, Spherical Particle in Nonuniform Field

For a spherical particle the dipole moment is:

P= vP = 4/3“'&.3?

where, VY = volume
a = radius of the particle,
Assuming the particle is in a dielectric liquid,
K= dielectric constant of the liquid

K,= dielectric constant of the sphere,




2L

The excess polarization in the sphere is the,

P=eE (K, =KD (22)

internal field in the sphere in
the direction of the external
field

3K -
Kt+zi:",5== external field. (23)

Thus the dipole moment becomes,

- 3K e
4 3 (
P= I |le. —  E(K,-
3 o[ K.+ 2K, ( K')

3

il

substituting this in equation 21 gives the total force on

the particle due to the field as,

P—

hee ‘“Tas(xc +u< ke E-VE

or,

e 2““(|< +z\<>K €. Ve

The same dependence is found,
i.e. the force on it is independent

as it should be, for

the spherical particle,

of the direction of the field. As would be expected, the

polarized sphere exhibits the properties of a dipole.
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CHAPTER IV
BODY FORCES ON FLUIDS

As has already been discussed, 2 body force exists in
a fluid when there is a gradient in the applied electric field.
Neglecting gravity; this then is the only force acting on the
liquid dielectric. A more rigorous derivation than thzt of-

fered earlier is given by Stratton.’ This is;

BOret e PReeteSE) ¢ €8 gy
where T is the density of the liquid. The first two terms
on the right hand side represent the nonuniform effects and
the third term is due to the free charges present in the
.liquid. This equation has been derived with the assumntion
that € is a function of position and density alone. This

is valid for liquids and gases but not necessarily in the

case of solids.

For an ide2l fluid, the equation of equilibrium is,

E‘:%? (25)

‘s

where p is pressure.8 Substituting equation 24 into eaquation

25 yields,

- ik JE .~
) ¢ \ a2 - P =
=28 VEé « z‘V’(EE € It ) + ?EE P=0

Assuming there are no free charge effects present, such as

in an oscillating field or simply no free charges present,
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then, eE = 0., Thus the relation between pressure and fluid

intensity at any point in the fluid is,

n

- \ 2 == Tl = 2 ae

- o— .‘- =
Ve TIE- E ¥ 5 V(EC at>- (26)
The Clausius-Mossotti law gives, to 2 good approximation, the
relation between the dielectric constent, K, and density. This

- relation holds for gases, liguids and some solids,

Kol . 3cT
Eﬁ."cc i K-l = T (27)

This leads to,

€5
= _3_c1<~|)Ct<+13 (28)
using K = €ZE°'
Thus,
VP =-+E°Te + £ TE" %:(K-IYKn)

or

éo

Ve = Ceerik + STLEG-NkeD ] (209
Assuming the dielectric constant, K, uniform through the liquid:

— eo -t

VP = 7 VECK-NY(Kr2)

PR %—VEZCK-D(KH)

Assuming p = o then,

p=—VE 2Ck-1Y K+2). (30)

This equation now provides a theoretical pressure produced
by an electric field. As an example consider the parallel
pPlate capacitor where V = Ed, V being the applied voltage,

E the electric field and 4 is the distance between the plates.
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Assuming p = o, the pressure generated between the electrodes
of the capacitor will be,

P-= %EZ(K-)7(K+Z)9

or

P= € ¥ (o(ke2) (2
eas

Thus knowing d and K, the dielectric constant, and by measur-
ing the aﬁplied voltage the pressure produced on the liguid
can be determined.,

If the licuid between the electrodes is transformer
0il (K = 2,5) and a potential of 20,000 volts is applied
across two centimeters the pressure induced is,

6.85x10 " (20009)" (, < \yp 542
A TAC (2.5~ 1X2.542)

-4
9.9¢ nt /m® = 14.5x 10 psi

As can be seen by the previous example, the pressure
generated by the electric field is quite small, This is in-
dicative of most interactions between dielectrics and electric
fields, the effects being quite subtle, Alcsoc note that free
charge effects are neglected, which in the case of a par-
allel plate capacitor could prove large, This would depend

upon the free charge density of the dielectric present.
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CHAPTER V
PHORXSIS

Phoresis is a derivative of the Greek work for motion.
In the present context, phoresis refers to the motion of par-
ticles in conjunction with an electric field. One such
phoretic effect has already been described in detail, the
effect of a nonuniform field on a fluid dielectric being
dielectrophoresis. In contrast to this are the phoretic
phenomenon explained by the double layer theory. This double
layer occurs at the boundary between two phases. Consider
the boundary between a solid and a liquid. Referring to
figure 12, assume the solid has a positive charge built on
its surface, The negatively charged particles in the 1liguid

are attracted through Coulombic forces to the surface of the

solid.
e @! & &
: Hoeo ! @
+@®|@@6 Z—-—'quUld
+92:@© ®
: ? (O
9
Bound Layer DYffuse Layer

Fig. 12. Boundary Between Solid & Liquid
This forms a bound layer of negative charge at the phase
boundary. A diffuse layer of predominantly positive particles
is induced by the bound layer of negative charge. The diffuse
layer diminishes and becomes neutral. further into the ligquid.

The bound and diffuse layers result in the formation of an
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elsctrical double layer. This double layer is neutral as a
whole and may be several hundred Angstroms or more thick.
The diffuse layer can be separated from the bound layer
causing the liquid to acquire the charge of the diffuse
layer. The bound charge remains at the surface thus causing
a charge difference which is dissipated quickly or slowly,
depending upon the conductivity of the liquid.

The charge per unit area of the double layer is

given Dby:

Vel
oz € —

&

where © 1is the thickness of the double layer,

|
[ eKT l2
9 = Znze®
the remaining quantities are,
o< = charge per unit area
N = potential across double layer

Boltzman's constant = 1.38 x 10'23joule/°K

~ 7
i i

temperature

N = number of dissociated molecules per unit
volume

Z = valency of ions
€ = unit charege,
The potential, V4, is usually given as the electrokinetic or

Zeta potential defined as,

4mrSec

Jres v T
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Electrophoretic mobility, similar to ion mobility, is
given E&,
g€
T Frw

where e« denotes viscosity.

K

Also the electrophoretic velocity is given by,

U =K&E

Most phoretic phenomenon can be explained in terms of
the double layer. Two such phenomenon are the Dorn effect and
streaming potential. The Dorn effect is due to the settling
of large cquantities of suspended particles in a nonconducting
fluid., The particles have their double layers sheared as they
settle, causing a potential difference. This potential dif-
ference can be large and neutralizes with time depending
.upon the conductivity of the fluid.

The streaming potential occurs when a fluid of low
conductivity flows through a tube. Analagous to the Dorn
effect, the double layer is again sheared from the surface of
particles causing a2 charge separation in the tube. This
pheanomenon has been blamed in causing fires where flammable
liquids are transported in hoses.

Electrophoresis, sometimes known as cataphoresis;
describes a motion which arises due to the attraction of
charged electrodes for charged particles. The particles have
a double layer associated with them at their surface, An
electric field causes the outer, diffuse layer, to migrate

toward the opposite electrode. The motion in the case of
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electrophoresis is dependent upon the direction of the ap-
plied field. Thus, in a uniform alternating field the par-
ticles would oscillate back and forth never migrating to
either electrode. This is not always the cacse, however,
Charged particles have been observed to migrate to sharp
electrodes in rapidly alternating fields of high strength.lo
Electrophoresis can be observed in either divergent or uniform
fields with particles of any molecular size and requires re-
latively small charges and low voltages.

In contrast to electrophoresis is dielectrophoresis
which is not cdue to 2ction on the double layer., Dielectro-
nhoresis is due to the body force imposed upon the dielectric
by the electric field. As discussed earler, this force is
proportional to the gradient of the square of the field
strength. Thus, the particle motion is independent of the
direction of the field and should be most apparent in highly
divergent fields. The effect will not only be felt in liquids
with permanent dipoles but in others where polarization may
result either in neutral molecules or by displacement of the
double layer thus providing induced dipoles, Dielectrophoresis
is a weak effect generally needing relatively large particles
and higzh field strengths (e.g., 2,000 volts/cm). Also the
viscosity of the ligquid is a factor, lower viscosity ligquids
showing greater reactions to dielectrophoresis than more
viscous ones. Dielectrophoresis can also be used to move
materials in relation to each other, providing that there
is a large difference in their dielectric constants, either

induced or natural (e.z., K] - K2 = 2 to 100),%%
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CHAPTER VI
EXAMPLES OF PHYSICAL PROCESSES AFFECTED BY FIELDS

The amount of research done pertaining to physical
processes effected by fields is voluminous. The effects are
quite varied and range from simple to complex. It is not
intended to cover all such processes here, but rather to
give an overview. Such an overview will emphasize the diver-
sity of the effects of electric fields, Five g

aQre ranre
== B I LS ULS

{I’]

ented, scme of which cross boundries. These
eral areas are:
1. Dielectrophoresis and electrophoresis

2. Aerosols

D

. Heat transfer

Ly, Piuid flow
5

. Combustion

Dielectrophoresis and Electrophoresis

An excellent introduction to dielectrophoretic and
electrophoretic effects are three papers by H. A. Pohl and
one by Pohl and J, P, Schwar. Pohl shows theoretically how
physical parameters effect a spherical pazrticle in a nonuniform

field, 12
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Polarigzable
Molecule

Outer Electrode

High Voltzge
(AC or DC)

Fig. 13. Diagram of Forces Acting on Dipoles
and Induced Dipoles Suspended in zn Inhomo-

. - 3
geneous Electric Field~®

4H, A, Pohl, “"Some Effects of Nonuniform Fields on
Dielectrics", Journal of Avpplied Phvsics, XXIX (Aug., 1958),
p. 1182

For the field shown above the dielectrophoretic force

on a spherical particle in a dielectric medium is,

3 Ke =K\ z
F=2me’Kieo | grpe | VES

Where: &= particle radius
Ki= dielectric constznt of the
medium
Ky= dielectric constant of the
particle
E = electric field strength
€,= permittivity of free space

9]
(_*.

This equation reveals that the force is preoportionzl

)

ot

s and to the difference

B
[\Y]
Q.
e
-

to the cube of the particle

between its dielectric constant znd that of the medium. The
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E2 term also shows that the force is the same if the field

With this electrode geometry in mind, Pohl and

Schwar built a2 dielectrophoretic separator as shown below:

Feed Rinse

Y - High Voltage
¥ _ Teflon Plug

“«> _ Cell

‘ = Ground
Central Electrode -

_)ﬁ Teflon Strut

(> Collector

Fig., 14, Apparatus of Pohl and Schwar?

PH, A, Pohl and J. P, Schwar, "Factors Affecting Sep-
arations of Suspensions in Nonuniform Electric Fields", Journal
of Aoplied Physics, XXX (Jan., 1959), P. 70.

Using this apparatus they were able to seperate polar poly-

vinyl chloride from a nonpolar mixture of carbon tetrachloride

and benzene. Using both direct and alternating voltages the

PV C powder shimmed down the central electrode toward the




collecting port.l3 Their tests showed the same yield of PV C

for direct voltages and rms alternating voltages, as shown

-

in Figure 15.

o
=L = 100
Lo 1 3

1 1634 xals 1274
y 90 B Qe o
SL A ¥
o[ 10
: 3 _
1 J | |
o TR T I VN W O W = PR W \ (WY \ ' |
0 Kilovolts, AC 10 U Kilovolts, DC 0

Fig, 15. Precipitation Yield as Affect=d by

Particle Size, AC and DC field®

CPohl zrnd Schwar, "Affecting Nonuniform Electric
Fielda", p. 71.

Pohl also describes a numher of other phenomenom.l4
Four of these are shown in figure 16.

In figure 162 liquid is "pumped" out by a combination
of dielectrophoretic and electrophoretic forces. A voltage
of 10,000 V, 'DC was applied., In figure 16b & ¢ the same
electrode geometry provides two different effects. Pohl at-
tributes the repulsion to the charging of air molecules. He
assumes dielectrophoretic forcec attract z2ir molecules to the
point, then charged at the electrode, they are subsequently
repelled strongly causing the liquid to be pushed aside.

E. T. Piercel5 disputes this theory, saying that the repulsion
is primarily electrophoretic in nature due to conventional

corona discharge, That is, ions are accelerated toward the




36

High Voltaze [Z—Bent Center
Electrode Pointed Center
_=Liquid Electrode
£ — /4  being
l ‘\\\‘V pumped
; /'V S AT T TR R / out ( .
letal L—-Liquid being
Glass Liquid being Dish repelled to

Dish circulated

Grounded Outer
Electrode
.,
T Pointed Center
Electrode
High
Voltage k{,Liquid

Being Attracted

_Metal Dish

Fi

electrode

b.

Ehlgh Voltage

*Ligquid Drops
Spiralling
About Wire

Drops Thrown
From Liquid
Surface

g. 16. Actions of Strong Divergent Fields?

dPohl "Effects of Nonuniform Fields on Dielectrics",

pp. 1186 - 1187,

sharp point, thus producing more ions by collision and ul-

timately being repelled causing the

upon impact.

"repulsion" of the liquid

By moving the pointed electrode closer the liquid is

now attracted as shown in figure 16c,

Figure 16d shows drors
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leaving the dish and “hanging" in the air around the electrode.
Individuzl drops sometimes stayed suspended for a2s long as 15
seconds.

Hans Schott and W. S. Kaghan did experimental work
that parallels that of H. A. Pohl. They used an apparatus
as shown in figure 17, and molten polymers of high viscosity

to supress electrophoretic motion,

= , DC

Fig. 17. Apparatus of Schott and Kaghan

They also observed attraction of various liquids to
the upper electrode and repulsion, at high fields, of the
liquids. They attribute repulsion to "the lines of force bulg-
ing out beyond the Qolume between the twe electrodes a2s their
number increased and they became more crowded. Since the
dipoles are always oriented parallel to the lines of force,
they would finally be tilted at such angles with»respect to
the surface that the melt below the top electrode would be
pushed aside."16

E. P, Damm, Jr. investigated the attraction of
liguids by electric fieldsl? which was demonstrated by Pohl.
Damm used response time to measure the effects of various
system parzmeters. Response time as defined by Damm is the

time between application of the electric field and liquid




contact with the electrode. The test electrode geometry is

shown in figure 18.

Voltage

_ Supply
Q Oscilloscovpe
Attraction
Electrode <:>
T

ound
actrode

m
-
)

¥
1

Fig. 18. Responsometer®

®g,., P. Damm, Jr., "Attractions of Liguids by Electric
“, Dielectrophoretic Devosition (New York: Electrode-
on Division Electrochemical Society, 1969) pp. 96 - 101.

Damm found that surface tension and viscosity were deter-

=
+
2y

actors up to a point. However, above certain field

in

=

ng

5

trengths this d4id not prove to be true. Liguids with high

0

)

dielectric constants had lower response times than those with
low dielectric constants. Also, the evaporation rate appeared
to increase response time, Damm found that electrical polar-
ity within the liquid had little effect on response time,
based upon this and the other results Damm concluded the
phenomenon involved was largely dielectrophoretic.

Whereas Pohl and Schwar experimented with seperating

mixtures using dielectrophoresis, W, P. Cropper and H. S. Seelig18
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turned their attention to the mixing process affected by this

phenomenon., They used two types of cells to study the effects.

Flow experiments were carried out in the cell shown in figure 19a
and batch experiments in cell 19b.
?
|

) [
End View p
L Hydrocarbon ogwei
R — (]
—” Hydrocarbon — e
—
— »olvent
solvent Hydrocarbon |
| Power == = Solvent
Supply Mercury

a,
Fig. 19. Mixing cellsf

W. P, Cropper and H., S. Seelig, "Mixing With an
Flectrostatic Field", I & EC Fundamentals, I (Feb., 1962),
.n . “O >

Cropper and Sz2elig found the nonhomogeneous fieladas were
particularly effective in mixing hydrocarbons and nonaqueous
solvents. In small scale apparatus, power consumption is
similar to that of conventional mixers but with the ad-
vantoee of no moving parts. For both types of mixing, AC
voltage was applied leaving the possibility that both elec-

| trophoretic and dielectrophoretic forces are involved, Field

strengths ranged from 4.5 to 11.5 Kv depending upon the liquids
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involved. Also of interest is the fact that Pohl and Schwar's
investigation centered on macroscopic particles (P V C)

interacting with nonhomogeneous fields while Cropper 2and

e

Seelig produced their mixing with 2an interac*ticn hetween
molecules and nonhomogeneous fields.

D. R. Brovnl9 noted 2 swirling of liquids while under
the influence of a uniform DC field. Experiment showed that

the swirling increased, for thz same field strengths, with

Fe

increasing dipole moment. Although Brown could not fully
account for the phenomenon it 3pperars to have its orisgins
in electrophoresis. This conclusion is drawn since the con-

mencing of the swirling begins at different electrodes for

J9

different liquids and 2lso bec2use AC fields could not produce

the same effect.
Aerosols

The increased rate of disintegration of a liguid jet
while under the influence of electrostatic fields can find
an application whenever atomization of a liguid is important.
According to Drozin?0 this phenomenom was discovered by Bose
in 1745, and rediscovered in 1914 by Zeleny. Drozin also re-
vorted the stages of dispersion shown in figure 20 by in-
creasing the applied potential from zero to 12 Kv,

This same type of dispersion was reéorted by Vonnegut
and Neutauer?l using both AC and DC potentials. Thay also
noted sn interesting result. The stream of drops formed by

the DC field were charged while those formed by the AC field

were not.
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€¥adim G, Drozin, "Th2 Electrical Dispersion of
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inuids as Aerosols", Journzl of Collnid Science, X (1955),

Fs J s Weinberg22 reports on the control over the
formation and behavior of aerosols. He uses this phenomenom

to control fuel dispersion and the solid and intermediate

products of combustion. Along these same lines Fujimoto,

et 2123 reported on the atomization Qf distilled water in an
electrostatic field. Hogan and Hendricls 24 present the
complex nature of the electrical atomization of liguids

and analyze the factors contributing to radius and specific

charge of emitted particles.

£

Heat Transfer

Electric fields can effect heat transfer in many
different ways, Watson?5 reports of increasing heat transfer
by using nonuniform fields 2nd inhomogeneous dielectric

liouids. He increased the heat transfer from a hot wire
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to an insulating liguid, hexane, using the electrode geometry

shown Delow.

*—

High
Voltage

H Wi - i
ot Wire Coaxial Cell

Fig. 21. Apparatus of Watson
Gross and Porterzé 2lso increased heat transfer with the

following electrode geometry.

Heater

§ e s B il

Transformer 0il High Vol bage
——

Fig. 22, Apparatﬁs bf Gross and Porter
Without an electric field, heating the upper plate produced
no convection. With a positive potential applied at the
lower plate convection patterns appeared in the transformer
0il. The patterns were visable with the aid of a Schlieren
system.

H. R. Velkoff?’ and M, E, Franke?8 both showed that
convective heat transfer could be appreciably increased from
a flat plate. The primary cause is the corona wind from the
various electrode geometries used,

As would be expected electric fields also effect

such phenomenom as condensation and boiling. Velkoff and
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Miller?9 found a large increase in heat transfer with a 150%
increase in cooling on a copper plate. Choil® found the
same results using vertical “tubes.,

Bonjour, Verdier =znd Weil3l also report=d an improve-
ment in the thermal exchanges in boiling liquids, under the

influence of an electric field.’

Fluid Flow

Some of the most interesting phenomenom produced by
the interaction of electric fields and fluids have been
brought to light by J. R. Melcher., Devitt and Melcher3?
demonstrated the prescence of field-coupled surface waves.
When an interface between fluids having different electrical
properties is subjected to an electric field the waves result.
Using AC fields with a frequency of 50 Kc/sec waves were in-
-duced at liquid dielectric and air interfaces. Also using
high frequencies they showed that in this limit the dynamics
of the surface waves are predicted by using rms fields with
theory based on constant fields. Melcher, Guttman and
Hurwitz33 extended this phenomenom to the control of ligquids
in low-gravity environments. The electric field essentiélly
replacing gravity. They show that it would be possible to
supﬁress slosh of liquids, orient iiquids and pump liauids,
Melcher, Hurwitz and Fax3% demonstrated the practicality of

a light weight pump that could be used in space missions.,
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Combustion

Hainsohn's and Becker's35 paper is an excellent
introduction to the electrical aspects of combustion. In
it they d~eceribe three ways in which fields may influence
flames:

1. Since positive and negative ions are
formed during combustion, the mig-
ration of positive particles toward
the cathode produces an "electric
wind" .

2. On a microscopic scale the wind may
alter the concentrations of neutral
species and thus change combusticn
chemistry.

3. The combustion chemistry may also
be influenced by the initiation of
new reactions.
The paper also reviews historical and up-to-date

research in this area,




CHARTER VII
EXPERIMENTAL INVESTIGATTION

With the body forece produced by a2 divergent field
apparent, its demonstration and prediction was attempted ex-
perimentally. First the theoretical model is reviewed, then

an exparimental apparatus built to deliver a high voltage

The measurement of the body force produced by an
electric field on a liquid dielectric imposes two major
problems, First, the voltage must be very high and second,
~even with high voltage, only a very small effect, detzcted
as a pressure change, could be expected. With this and the
dislectric itself in mind, the following characteristics were
considered necessary for successful testing:

1, The liquid dielectric should have a

high dielectric constant and be re-
latively pure, i

2., Both AC and DC fields would be ad-

vantageous, and possibly a combin-

ation of the two.

3. A simple electrode geometry to produce
a divergent field would be convenient.

L, An accurate measurement of the force
produced by the field is necessary,

5. An accurate measurement of the applied
voltage is necessary.
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The design -of the apparatus followed these desirable char-

acteristics, beginning with the dielectric liquid. The
dielsctric constant is of prime importance since any pressure
generated will be proportional to it. -Also of importance is
availability.

The dielesctrics were thus narrowed to the fol-
lowing:

Dielectric
Dielectric Constant

Acetone 2153

Silicone 0il 2.5

Toluene 2 b

Carbon Tetrachloride 2.3

Transformer 0il =8

At first glance, acetone appears to be a good candidate but

e

in actual practice it proved unsafe. Since it is highly

o

"flammable any arcing across the electrodes, will and did,

te it. Carbon tetrachloride was ruled out for the same

Hc

ign
reason and because of the noxious fumes produced. Silicone
0il proved to he expensive and in short supply. Also, its
exact dielectric constant could not be verified. Toluene
fails since it attacked the plastic tubing to be used elsewhere
in the =2pparatus. Thus, transformsr o0il smerges as the test
liquid., It is safe to work with, abundant and relatively
inexpensive., It also has no visible impurities.

The high voltage power supply was initially conceived

as having both an AC and DC component which would combine
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to give a higher voltage than either acting alone, as shown

bel OW o

1A\ A WA NI
£ oae =
I MVAVAY,
-
AC Component DC Component High Voltage

Since a DC power supply was available attention was turned to
an AC supply. Two factors were considered important here
being used to eliminate the effect of charged particles, thus
dielectrophoresis would predominats. Fig

m2tically the AC source.

T i

Coil
o -8 o 1
Oscil- Ampli- :
Iator fier High Voltage
- - 1
Fig. 23. High Voltage AC Source
The oscillator is a Hewlett-Packard, Model 200C, audio

oscillator. It has a frequency range of 20 to 200,000
ecycles/sec., The signal from the oscillator is amplified by
a Marantz, Model 5, power amplifier and then fed into a

Bendix Tgnition Coil, Model UC-45X, The coil was a standard
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0il. An audio transformer was tried

lace of the coil., The transformer had a fre-

dquency response of 20, to 20,000 cycles/sec., and a maximum
audio power of 50 watts, In its "step up" mode the trans-

b

former could produce no more than 5,000 volts. The coil,
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(4]

though, vroduced Vpltages in the range of 20,000 to 25,000
volts.— An oscilloscope, Hewlett-Packard, Model 175A, with
Model 1755A Dual Trace Vertical Amplifier, was used to check
the frequency 2and amplitude controls of the oscillator. The
scope and oscillator checked within 1.5% of each other for
frequencias from 20 to 8,000 cycles/sec. Maximun voltéges
were reached at just over 8,000 cycles/sec. The scope in
conjunction with a voltagse divider was used for voltage
readings.

The electrode configuration and manometer to measure
nrezsuras 2re shown in figure 24, The two cells, connected
by 066 inches I.D., clear tubing, 2ct as a manometer. The
‘left cell is a dummy and the right contains the electrodes,
The bottom electrode is brass with a polished surface to

eliminate discontinuities in the electric field. It is 1.75

“inches in diameter and 0.50 inch thick, "Theve is a ,031 inch

diameter hole in the center of the electrode. It is fitted
into a clear Plexiglas tube and sealed against leaks from the
outside with Dow Corning Silicone Rubber Sealer. Glass tub-
ing was originally used in place of the Plexiglas but proved
too fragile. The dummy cell is constructed the same except

clas inste

'..Jo
2

C
o

the bottom is made of Plex d of brass. The upper
elactrode in the test cell is 2 ballbearing, 0.125 inch in
diameter, soldered to a steel rod which is then connected

to the power supply. The distance between the two elactrodes
is adjusted by mezns of a set screw in the cap of the test

cell, Th2 ca2p in both cells is made of Plexiglas. By in-

ducing a bubble in the tubing joining the two cells, any
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Fig. 24, Electrode and Manometer Apparatus
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2

pressure difference could be detected and read on a rule

calibrated in ,02 inches, The sensitivity of the manometer

is proportional to the scuare of the ratio of the inside

iameters of the tubes, For transformer oil, 8.94 x 10~7psi

d
is the smzllest measurable pressure (see Appendix A) assuming

the movement of the bubble can be read accurately to .02 inch.

Experimentz]l Results

An accurate determinztion of the voltage applied to

the test cell turned out to be more difficult than expected,

AC Test v
Supply Cell app

The problem is shown schematically below,

The applied voltage, Vopn», wWas expected to be in the 20,000

to 25,000 volt range peak to peak, To determine the accuracy

of any voltzge rezdings 2 known load is used in place of the
test cell., Using a microammeter to measure current and then
convert to voltage proved futile, The meter was erratic due
to the noise, random signals, produced by the test set up.

Shielding the meter also proved inadeqgu=ate,

=1

der, chown in figure 25, was incorpor-

e

A voltage div
ated using high precision resistors.,

For this circuit,




R2 T

Vapp
AC
Supply : R1.,Vy l
L
L

Scope

Fig. 25. Voltage Divider

Using low voltage, so that Vgpn, could be measured directly,

two tests were run. One with an 11 to 1 division and the
other 112 to 1. For low voltage, less than 330 volts, both
dividers checked out. To check the divider at higher voltages,
where Vapp could not be measured directly, the circuit was

set up as shown bhelow, where Ry replaces the test cell.

R2
AC <
Supply L
R1,V1 o Vipp

By measuring Vi again, the applied voltage could be calculated.

Now, a ratio can be introduced using Rq,

Wi 1ol R, +R
e ;‘L)

V3 and Vi can he measured directly and their ratio can be used

as a check on voltags measurements.
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A low voltage setup was tried first using the fol-

lowing resistances,

Ris='140.1 VA
Ry = 11,1 Ma.
R3 = 0.1 M.
Ry = 11.1 M- |

The results are shown in Table 1 in Appendix B, The ratio
of V3 to V1 is very good but the applied voltage begins to
deviate from that calculated, as the frequency increases,
by as much as 32%.

Table 2 shows the same circuit with Ry increased to
22,2 Ma. and V3/V1 = ,502, Here the V3/V) ratio isvwithin
experimental 1limits and the actual and calculated voltages
compare favorably at low voltage and frequency. As the fre-
auency and voltage increase the V3/V1 ratio becomes erratic
and the per cent of error is too high to be reliable.

‘Once more increasing Ry to 50.22 Ma. and changing Rq

to 1 gives a V3/Vy of 2.19. Table 3 shows V3/V1 again in-
creasing with frequency and voltage.

Table 4 shows the same circuit as Table 3 except R3
has been increased to 4 Ma., Thus V3/Vy is 8.26. This time the
V3/V1 ratio decreases with frequency and generally increases
with voltage, although the voltages at Ry are not off by

that much,
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Using low voltages and removing Ry and R3 from the
circui®, the applied and calculatzd voltages deviated con-
siderably as shown in Table “5.

Tests were also run for the circuit in figure 26,

AC e Rl
Supply i Vapp

Fig, 26. Test Circuit
The position of Rq was changed just to see how the results
would compare with »nrevious tests. Azain, the same problem
occurred.
Voltages were 2l1so read on a Honeywell Digitest
voltmeter and they agreed with the oscilloscope readings,
Three steps were taken to alleviate the problem of
- inconsistant readings. First, all grounds were double checked
and found to be adeaguate, Second, in an attempt to eliminate
noise, the coil was shislded. This was not successful since
an appreciable amount of noise was still picked up by the
scope. Third, all wires were made as short as possible to

eliminate noise and showed no effect.

As a final check, the apparatus was set up and a
test was run to see how the actual and theoretical pressure
values would compare., To do this, two parallel plate elec-
trodes were used., The 112 to 1 voltage divider was used to
determine the applied voltage and the manometer, to measure
the pressure, as shown in figure 27. A photograph of

the parallel plates 2and test cells appears in Appendix C,




Electrodes

N

<
AC f?%
Supply :

Manometer

Scope

Fig, 27, Pressure Measurement
The distance between the plates was set at 0.75 inch, Using
transformer oil, with a specific gravity of 0,87 and a dielec-

tric constant of 2.5, the results are shown below,

Indicated Bubble Actual Calculated
Voltage Displacement Pressure Pressure
(rms) (inch) (psi) (psi)
7,071 .10 b7 x 106 | 2.0 x 10°#
10,607 .10 b7 x 10°6 | 4,5 x 10-4
14,142 .16 7.15 x 106 | 8,0 x 10-%

The pressures are errant by as much as 10-2 psi. The measured
pressures also do not indicate the fact that the pressure is
proportional to V2, This reinforces the fact that the voltage
measurements are in error.

Although the attempt to measure the body force due
to dielectrophoresis proved to be futile, some other phenomena
were observed, The first of which is shown in figure 28. The

upper electrode is spherical and the lower is a plate., Upon
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High Voltage
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Fig. 28. Sphere and Plate Electrodes.
applyving a high AC voltage (approximately 20,000 volts at
8,000 cycles/sec), repulsion of the transformer oil appeared
to occur. This is shown in figure 29 and by a photograph in

Appendix C, This appears to be an attraction caused by the

r
High Voltage

_
R\
%%%ﬂ“i\\}s

Fig. 29. Sphere and Plate
Electrodes with Applied Field

divergent field, rather than a repulsion of the liquid as one

migzht expect from a DC source as reported by H. A. Pohl36

and E. T. Pierce3’. The crater being created, as the liquid
is dieslectrophoretically attracted towards the sphericzal
electrode, Thus the rim of the crater is actually rising
creating the crater rather than there being a force on the
ligquid creating the rim. The fact that the licuid level ap-

pears to be the same on either side of the rim verifies
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this, It should also be noted that the rim rose as the
voltage increased.

Another phenomenom observed is that investigated
extensively by E. P. Damm, Jr.38 and also noted by H., A. Ponh139,
The electrode geometry is the same as the previous example,

The upper electrode is now lowered until the liquid jumps

the gap and clings to the electrode., This is shown by a photo=-
graph in Appendix C. Gaps of up to .50 inch were jumped in
this manner using transformer oil, H. A, Pohl also reported

a pumping action using the electrode geometry shown below.

High Voltage
=) \ ==

—
d_n'_

| L= Ring Made of Wire

llpon the application of 10,000 volts DC, he observed the
dielectric liquid being pumped out of the dish, Using trans-
former o0il and high AC voltage (approximately 20,000 volts),

this could not be duplicated.
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Summary

Although the experimental aspect proved unsuccessful,
considerable insight was gained as to the nature of electro-
fluidmechanics, The field is very diverse and consists of
very simple to very complex and subtle reactions. The specific
problem encountered here, that of inaccurate measurements,
with more time, better eguipment and expertise can be over-
come, Measuring the body force by means of a pressure dif-
ference hazs not been attempted in as much as I have been able
to determine, That such a force exists was apparent by move-
ment of the manometer bubble using the sphere-plane electrode

geometry,
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APPENDIX A

Pressure Calculation

The manometer sensitivity is determined as follows:

7 b

| (=)

G

hy, Ag
he = Change in liguid level in cell
ht = Distance bubble moves in tube

As = Area of test cell

AL = Arez of tube

il

Dy = I.D, of tube ,066 inch

Do = I,D, of cell = 1,75 inches

Knowing Ayhy = Aghé
3 2
MO he _ ThDhy
4 =

h De N\~
o= (50

Thus

\

h, L0606 \* -3 i
( 75 J T .42z e




The increase in pressure from that at the free
surface is,
P = ,036 sh, PSI
S = Specific Gravity,
For transformer oil,
S = .,87
he = 1.422 x 1073 x hy
thus,
P = ,03611 x .87 x 1.422 x 1073 x hy
P = L,467 x 1075 x hy PSI
Assuming hi can be read accurately to .02 inch the smallest
detectable pressure is,

P = 4,467 x 1075 x ,02

P= 8,93 x 107 PSI.



APPENDIX B

Tatles

60




61

AC 7

&
Supply : <;>

-4

Scope
. Ko [RdRL]V Ry = .1 Me Ry=11,1 Mo
Rgfgq R '
) Ko, = 1l Maa. Vy = 331 Vq
Vi R3 R, +R
. ! A Ry = 1 M. V3/vy = 1
4 Ret Re R, 3 3/V1
TABLE 1
Frea, Vi v V3/V1 Vi Vi 5 Error
(Hertz) (Volts)(vo%ts) > (Calec.) | (Act.)] In Vg
2000 L 1.42 1 L2 .30 - 4.8
2000 LD 235 2 261 270 - 3.4
4000 1.35 LS 1 150 160 - 6,7
6500 p2% | 2.7% 1 250 o5 | -22
6750 5. 2.3 ] pke 310 | <2146
8000 %5 3eh 1 389 300 +2249
8000 oW 3.6 1 400 300 +2.5. 0
8250 L,2 L,2 1 LE6 15 R D ikl
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2
o L
.»'r'xC ;
Supprlyv
1
4 !
Scope
o Do Rt Ry = .1Ma Ry =222HNa
4 Ry = 11,1 Ma Vi = 111 Vi

V, R R, + R

— — [_‘____5] DB = o1 Ma V3/V1 = B0

V‘ R,Q' R.‘_ R| TABLE 2 .
Freq. Vi Va Va/V Vi Vy |% Error
(Hertz) |(volts)|(volts)]| ~ x (cale, )] (act.)]|In Vyu
1000 1.04 . 54 o 52 115 118 -2,6
1000 2ok ) e .5 2L 255 wlp o5
1000 2455 143 5 o4 283 295 -2
2000 , 84 . 5L 6L Q3 122 -31.,2
2000 1.6 e « 53 178 190 -6,7
2000 2.55 L8 el 283 295 -4 ,2
LLP/OO ..133 '?? 955 1[4"["? ".—C:L‘) "','7¢f.{‘
4000 1.95 1,04 «53 216 230 -6.5
L0OO00 255 1635 o« S 278 295 -6,1
8000 5.8 A | 21 €Ll #* o
8000 11.0 T .71 1221 3 -
8000 340 92,5 .73 | 3441 * -

*¥Readings out of range of scope
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" < 2
AC < 4
Supply
e
N O AJ%F_
’ ( 3
d 4
Scope
o R« [Rli‘ R,_]V Ry = .1 Ma Ry = 50,22 Aha.
+ Rg.\.g‘(_ . 1
Rr = 11,1 M Vy = 110 Vy

v R

3= : [R.+ R+ R3 = 1 Ma V3/vl =12319

Vl R;f R4 R TABLE 3
Freq, Vi V3 Va/Vq vy vu¥* |% Error
(Hertz)[Volts) [(Volts) J (Calc.) (Act.)|In Vg
1000 25 53 2,12 2750
1000 49 110 2.24 5390
1000 82 200 2. 4L 9020
1000 96 2440 2.50 | 10560
2000 [2.25 It ,8 2.13 248
2000 9 20 222 Ga0
2000 13 29 24253 1430
2000 20 L5 2,25 2200
4000 10,8 29 2,67 1188
L4000 21 54 2. 57 2310
4000 34 88 2459 3740
1000 L7 130 I,9 5170
6000 20 62 Re 1.0 2200
6000 27 8L G o 2970
6000 35 110 3.14 3850
£000 L8 155 Tl ) 5280




6k

o 2
A e ) LL
3upp1y ‘ : <<;>
1
> -
|’ 3
p S
Scope
R R, = T - B m
v . R ?R [R‘_'_ Rzl \/l ql e L ”-SZ R[l- = 30:22 M s2..
¥ TR, Ry = 11.1 ML Vy = 104 V;
V
___‘i - ___RB [ R' t RZ R){ = L4oM S J VB’/Vl = 8.26
V. Rs+Rq Ri  ~oaBiE 4
Freq, v V3 V3/V1 vy, | vy % Error
(Hertz ) [Volts)|(Volts) (Calc.] (Act.)|In &
1000 1.08 6.2 5a7 1312 125 -11.6
1000 2al 10.4 5.0 218 240 =30 J1
1000 2.0h5 14 5e7 2585 285 -11.8
2000 1.04 6.6 Ee3 108 120 -11.1
2000 1.85 102 545 192 215 -12.0
2000 2.45 130 543 255 290 =13 &7
L000 el 5¢7 ol 135 150 s R
6000 2 74 PV 208 250 -20,2
6000 2.35 8.8 B 7 2404 300 -23.0
8000 6 22,5 3.8 624 # .
8000 14,5 52 3.6 1508 *® -
8000 Lg 165 Fe? LAE80 5 -

*Readings out of range of scope
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1l.1 Mae Vi = 112 1y

N
o0

N0 O

=
N

e Ne

N
ENOF W

N =

NN

=
Vi Vy |% Erronm
(Cale,)| (Act.)|In Vy
117 120 -2,5
230 2LLO -ILOB
291 305 -b,5
B 130 -6,9
223 | 225 | -0.8
201 305 -4.5
134 145 -8.2
224 240 ~7 ol
280 300 -7 ol
156 175 |=12.2
227 235 -5,
274 300 -3,5
130 150 [ =15.4
179 200 -11,7
230 260 |-13.,0
263 300 |-17.9
112 130 {1641
179 205 | =1k,5




TABLE
“req, Vi v Va/Vy Vy Vi Error
(Hertz)| (Volts (Vogts) 3 (Calec. ) (Act.)| In vy
6500 1,16 130 155 -19,2
6500 1.9 223 2ER w1dh, B
6500 2o 258 305 18,0
7000 1.4 156 200 -28,2
2000 ok L 201 200 ~20 e
7500 1.85 207 275 -32.9
7500 2L 246 320 -30.1
8000 2l 269 320 -19,0
8500 9.5 403 305 +24,3
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