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Abstract
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An electrohydrodynamic traveling-wave induction interaction
is shown to pump slightly conducting liquids (electrical conducti-
vities 10-5 to 10-15 (_Il-m)"1 ) without electrical contact with the ¢
flow. A gradient in fluid conductivity perpendicular to the direc-
tion of flow is required. Here, this is provided by a liquid inter-
face, which is exposed to a traveling potential wave imposed by
means of a seémented electrode parallel to the interface. Induced
charges relax through the liquid to form a traveling-wave of sur-
face-charge on the interface which lags the wave of image surface-
charges on the electrode. Hence, a time-average electrical sur-
face-traction is produced tending to make the fluid move with the
traveling-wave. Expressions for the fields, the time average
electric traction and the fluid velocity (in plane flow) are derived
and discussed. Experiments illustrate the validity of these
equations, and tend to support the model used for the interfacial

conduction process. ' ﬁﬁdkx\
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AN ELECTROHYDRODYNAMIC INDUCTION PUMP

By
James R. Melcher

Department of Electrical Engineering
. Massachusetts Institute of Technology
Cambridge, Massachusetts

I. Introduction

Electrohydrodynamic pumping of liquids and gases by means of

ion drag effects has received considerable attention in the litera-

(1,2)

ture. These effects, which can also be used to generate elec-

(3,4)

of electrical charge is introduced into a highly insulating fluid.

trical power, take advantage of the drag produced when a carrier
Devices incorporating ion-drag effects require that electrical con- -
tact be made with the working fluid to implement the transfer of
charge. In this sense, they can be referred to as conduction type
devices, in that they are analogous to conduction magnetohydro-

(5)

Another class of magnetic field devices makes use of induced

dynamic pumps and generators.

currents to produce an electromechanical interaction. These induc-

(6)

and have been
(7,8)

tion machines are the most common rotating device,
widely studied as magnetohydrodynamic pumps and generators

An electrohydrodynamic pump is described here which makes use
of induced charges to produce the basic electromechanical inter- -
action, Like its magnetic analogue, it has the advantage that no
electrical contact with the moving fluid is required, with no"
foreign particles or carriers introduced into the fluid.

This study has basic, as well as practical, implication.
Stuetzer(g) has shown the usefulness of using electromechanical

effects to study ion-drag conduction processes. Induction pump-




ing provides a means of studying natural conduction processes, in
particular as they occur in the absence of electrode-liquid con-
tacts, and as they are modeled at a free liquid-gas interface.

The induction pumping results when a wave of imposed potential
travels in the direction of flow and perpendicular to a gradient
in fluid conductivity. Here this gradient exists at the inter-
face of a slightiy conducting liquid and air, as shown in Fig. 1.
For purposes of discussion, (and later experiments) the liquid is
shown resting on a highly conducting plate, although this plate
could just as well be insulating. The traveling potential wave
is imposed by means of a segmented electrode parallel to the inter-
face. 1Induced charges relax through the liquid to form a travel-
ing-wave of surface charge on the interface, and this wave of charge
lags the wave of image surface-charge on the.electrode. Hence, a
time-average electrical surface-traction is produced tending to
make the fluid move with the traveling wave. Two points are
essential: the : . bulk charge ié zeroA(even though there are con-
duction currents within the volume of the fluid) and the net surface
charge on the interface is zero. In the simple free-surface situa-
tion conSidered, all of the electromechanics occurs at the inter-
face where there is a singularity in the grédient of the conducti-
vity. There will be no interaction if the fluid is of wuniform
conductivity everywhere. These points will be discussed in Section
II,, where the theoretical model is introduced. 1In Section II,,
expressions for the fields, the time average electric traction and
the fluid velocity are derived and discussed. In Section III, .
experiments illustrate the validity of these equations, and tend

to support the model used for the interfacial conduction process.



II. Theoretical Model

Electric Fields and Charge Reélaxation

The electric field E will be considered irrotational; since
there are no large currents which would give rise to a significant

magnetic induction. Hence,
VxE-=0 (1)
V-eE = q , (2)

where q is the free-charge density and € is the permittivity.

Conservation of free charge requires that

(3)

The conduction process that gives rise to the free current J is
most commonly represented by ohﬁs law, which attributes a constant
conductivity o to the material. Hence, in a frame moving with the
fluid J' = oE'. Galilean transformations for J' and E' to a fixed
(unprimed) frame are J' = J - qv and E' =E (implied by Eqs. (1),
(2) and (3) ). 1t follows that the appropriate form of ohms law
for the moving fluid is

T =oE+qv | (4)

This constitutive law implies that unless net free-charge is sup-
plied to the‘fluid, the charge density q in the bulk of the fluid
will decay. To see this, suppose that the fluid is incompressible.
Then Eqs. (2), (3) and (4) combine to become

N9, + v 0o
Se FgatvVvqg = . (5)



This equation is satisfied if the charge density decays to q = 0.
The effect of the velocity on the charge relaxation is apparent if
plane flow is considered, as an example, so that v = vx(y). Then,
it follows from Eg. (5) that an initial charge density qo(x,y)
will subsequently be given by

g

=t
q = q, [x - vx(y)t,y]e €

(6)
The convection redistributes the charge but does not alter the
relaxation time €/0 for the decay of the charge density. Considera-
tion is given here to sinusoidal steady-state phenomena, and so
the charge density q in the bulk of the fluid is taken as zero.

Of course,. there is a charge on the liquid interface and this

fact is accounted for in the boundary conditions. These are,

<@ -EY =0 | - 7)

= J

=¥
VY
om
=
]
m
=1

E’) =qQ (8)
dt | dx X - | (9

on the interface at y = 0. The first and second of these conditions
arise from the integration of Eqs. (1) and (2) across the inter-
face, while the third results from an integration of Eqs. (3) and
(4) across the interface. Here, Q is the surface charge density,
and it has been assumed that fluid at the interface moves in the

X direction and is bounded from above by a nonconducfing gas. It

is significant also that Eq. (9) does not include the possibility
that an éppreciable conduction of charge (due to a ''surface don-
ductivity') occurs within the interface. The only surface cur-

rents in this model arise from the convection of free surface charge.



Two additional boundary conditions on the electric field arise

from the potential wave at y = d and the perfectly conducting plate
at y = -a.

JE

.—x.=_ O - . =

= Re V exp j(wt-kx); y = d (10)
E =03 y=-a (11)

Traveling-Wave Solutions

The electrical equations are linear, and hence it is reason-
able to look for traveling electric field solutions by assuming -

that E = Re E(y) exp j(ot-kx). Then, Egqs. (1) and (2) have the
solution,

| E = -V [Re @(y) exp j(ot-kx)] (12)

A

@

- (A-cosh ky + B sinh ky)/k

both above and below the liquid interface. To designate the solu-
tion above the interface, the constants A and B will be called Au

and Bu' Similarly the constants below the interface are AZ and Bz

These four constants are determined by the four boundary condi-
tions. Two of these arise because of the constraints placed on the
potential at y = d (Eq. 10)

A cosh kd + B_ sinh kd = - KV (13)
and at y = -a (Eq. 11).

A cosh ka - B, sinh ka = 0 (14)




A third condition follows from Eq. (7)

u / (15)

while Eqs. (8) and (9) combine to give the last condition,

£ . -
Bu B Bﬂ ( €5 - 38) 0 (16)

with S = o/eo (w-kU).

Here, U is the x component of the fluid velocity taken as constant
in time and evaluated at the interface. The electric fields both
above and below the interface are now known as a function of the
interface velocity U and the amplitude V of the imposed potential

wave.

The Electric Surface Shear

The electric force density in a dielectric liquid arises from
free charges (qE) and from polarization charges (- % EZVe).(lO)
It has already been concluded that the simple Ohm§ law conduction
model used here requires that the first of these only exists as a
transient. So long aé the permittivity does not vary within the
liquid, it is clear that the polarization force density in the
bulk is also zero. That is, there are no electrical forces
in the bulk of the liquid. All of the electromechanical coupling
occurs at the interface, where there are both free- and polariza-

tion-charges.



Motions of the liquid in the x direction result because there
1s a net shearing traction on the interface which can be computed
by integrating the free charge and polarization force densities
across the interface (where they are singular). This is most con-

veniently done by expressing the total electric force density as

V-% , where the stress tensor Tij is(ll)
= -1 2
TlJ EEiEj 2 6ijeE (17

It follows that the net force per unit area in the x direction on
a section of the interface is

T, = (e Ey - eEﬁ)E:‘{ (18)

| : |
where the fields are evaluated just above and below the interface.

The surface force is the product of sinusoidally varying elec-

tric fields. Hence, it has two components; one constant and the
other varying at twice the frequency o of the imposed traveling
wave. The effect of the pulsating part of the electric traction
will be ignored, with interest confined to the effect of the time
average shearing force. From Eq.:(18), this is

1 .au auk afk au¥ au Aly
= — ; - + T -
< Tx > A [Ex(eoEy‘ eEy ) E- (e E €E) ]

oy (19)

e ~ ,
where indicates the complex conjugate. Because Ex(O) = -jA and

ﬁy(O)‘= B, the 'time average surface- traction is

~ *
k2 § ¥ tanh ka S
(tanh ka cosh kd + £~ sinh kd)? +(S sinh kd)Z 20,
e,

=1



Several limiting cases serve to illustrate the physical nature of
the relaxation process which is responsible for this shearing trac-
tion. Note that if the conductivity o is very large, so that charges
can relax instantaneously from one point on the interface to
another, there is no shear. 1In this limit the electric field is
perpendicular to the interface and therefore exerts no force in the
x direction. Similarly, if the conductivity is too small so that
no charges relax to the interface, the shear is small. This illus-
trates that there can be no surface force on an interface that does
not support free-charge. Finally, if the phase vélocity w/k of
the traveling wave of electric field is equal to the velocity U of
the fluid at the interface, there is no shear. Pumping will take
place only if there is a slip between the traveling wave and the
fluid. These are all characteristics of induction type electro-
mechanical devices.

The simple mechanism responsible for the surface traction of
Eq. (20) is apparent from plots pf the traveling fields, as shown
in Fig. 2. Here, the distribution of potential resulting from the
imposed potential wave on the electrode, is shown in Fig. 2a at an
instant in time. The fields travel to the right, with charges
induced on the electrode surface leading surface charges of oppo-
site polarity on the interface (interface charges lag because they
require time to relax to the interface). The resulting lines of
electric field intensity are sketched in Fig. 2b. Here the elec-
tric field is skewed so as to produce a net shearing traction on
the interface.

The induction mechanism does not depend on there being a con-
ducting plate at y= -a, as shown in Fig. 1. This is illustrated by
the field plots of Fig. 2, where the limit of ka—»e 1is shown to

indicate how the lines of electric field intensity return to the




interface when the distance to the bottom is large compared to the
wavelength 27/k. A similar effect is obtained if the bottom is
insulating, with the shape of the potential distribution distorted
by the condition that no current flow through the insulating bottom.

Fluid Motions

The fluid motions computed here are based on the effect of the
time average traction. It is assumed that the fluid cannot respond
to components of the traction at twice the frequency of the imposed
traveling potential wave. This is an extremely good approximation
unless the electric field participates parametrically in the insta-
bility of the interface. In experiments of the type discussed in
Sec. III, stab;lity of the interface imposes an important limita-
tion on the electric pressure that can be used for pumping. There
is a threshold for instability in a d-c electric field(12’13) that
represents ??Agpper bound on the useful electric pressure at high

frequencies At low frequencies parametric effects can make

(15) and it is in this regard

this limitation even more stringent,
that the pulsating component of the electric traction becomes signi-
ficant. An indication of these limitations will be given in the
next section.

Because there are no electrical forces in the bulk of the fluid,
the well known solutions for laminar flow can be used to describe
the fluid motions. The time average electric traction simply plays
the role of a boundary condition (that depends on the fluid velo-
city). As an example, the experiments of the next section will be
conducted on a feentrant channel, so that there will be no longi-
tudinal gradient in the pressure. Then, assuming that the depth

(a) is small compared to the z dimension of the apparatus, the velo-



city profile is a linear function of y and is given by

= Yy
Ve S UM+ D) (21)
It follows that the viscous shear at the interface is
Bvx pu
T = = = —

where p is the viscosity.

The balance of electric (time average) shear and mechanical shear
at the interface requires that

2 A¥ka
ak-VvVyV eo tanh ka S

1
U..__
ﬁ(sinh kd)“ [(tanh ka coth kd + E—) + ST

o (23)

which for a given value of S can be regarded as the required expres-
sion for the fluid velécity U at the interface. The largest value

of U occurs when

S = tanh ka coth kd + %—
o (24)

in which case Eq. (23) becomes,

2/\/\*
k™ vV V" eo tanh ka

U=4U. 2 e
(sinh kd)~ (tanh ka coth kd + E—)
o - (25)

That ié, the maximum velocity U is independent of the conductivity
and frequency. Once it is evaluated from this expression, the
value of S follows from Eq. (24) and this in turn fixes the possible

values of conductivity and frequency.
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Note that theoretically, the fluid can be propelled by the
traveling field at a velocity given by Eq. (25) even if the con-
ductivity approaches zero. It is simply necessary to provide a
traveling wave in a nearly enough synchronous condition with the
moving fluid that the optimum value of S is maintained. In this
limit the pump becomes analogous to other electromechanical devices
referred to as ''synchronous' machines. The closest magnetic
analogue is a rotating machine with a perfectly conducting (perhaps

)

flux. Here, the surface charge is very nearly conserved, and as

superconduct:ing)(16 rotor, which very nearly conserves a magnetic
with other "synthonous" devices, unless the traveling wave fre-
quency is adjusted as the fluid is set into motion, the time average
traction with the fluid stationary is very small (Eq. 20). To
accrue a significant free surface-charge, the fluid must be -

nearly synchronous with the traveling potential wave so as to

experience a potential frequency which is on the order of -a
reciprocal relaxation time.



III. An Experimental Pump

The Apparatus

An experiment to demonstrate the physical phenomena of electro-
hydrodynamic induction pumping is shown in Fig. 3. The fluid is
contained within am-entrant channel having insulating walls and a,
conducting bottom. Segmented electrodes are then positioned just
above the free surface of the liquid as shown. The segments are
connected individually to segments of a commutator ring, with inter-
connected divider resistors. The constant potentials + Vo are
then connected to graphite commutator contacts through slip rings.
These contacts are mounted on a bar which rotates with the angular
frequeney w. At a given angular position, the divider resistors
provide a potential distribution on the segments which varies
linearly from a'%eak positive amplitude Vo to a peak negative
amplitude'-Vo](ﬁalf way around the channel) and back to the poten-

. tial Vo' Rotation of the commutator bar gives a traveling poten-
tial wave. This rather complicated means of obtaining a traveling
wave was used to make a wave frequency that could be varied from
zero to aboué six cps, while using a relatively simple electrode
structure involving equi-area segments. More practical fully elect-
rical schemes for making the traveling wave will be discussed.

The voltage waveform, taken from one of the segments, is shown
in Fig. 4. The commutator switching is responsible for the high-
frequency ripples in the voltage. In the experiments which follow,
only the component of this wave form at the fundamental frequency
is significant. This component is found (by.numerical integration)
to have an amplitude 0.66V°, where Vo is the peak voltage of the

"almost triangular' wave, shown in Fig. 4.
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The mean circumference of the channel L was 0.886 m., with
the electrode composed of 40 segments having the width of the chan-
nel (5.1 cm.) in the x (azimuthal) direction. The fluid (Monsanto
Aroclor 1232, € = 5.7 and o = 10-9 (f),-m)-l ranged 1h depth from
0.5 to 4 cm and the electrode interface spacing d varied from 0.5
to 2 cm.

Frequency and Voltage Dependence

Experiments wer conducted to compare the dependence of the
fluid velocity U as given by Eq. (23) on the applied potential V°
and the frequency w. Under the optimum conditions represented by
Eq. (24) the traveling wave of potential had a much larger velocity
than that of the fluid, and hence, S = o/w €y Then, Eq. (23) not
only shows that, at a given frequency, U should be proportional to
the squére of the peak potential Vo’ but that at a given potential,
U should have the frequency dependence

- Af
U= 2

B+ f i - (26)

where A and B are constants.
The measured dependence on Vo of the fluid velocity U is shown in
Fig. 5, where the solid line is the quadratic function of Vo pre-
dicted by Eq. (23). The theoretical curve has been scaled to pass
through the 8 kv. data points. A discussion of theory and. experi-
ment in predicting the absolute flow velocity is in the next sec-
tion. :

The experimental velocity U is shown as'a function of freqﬁéncy
in Fig. 6. Here, the solid 1ine'has the freguency deﬁéhdence of
Eq. (26), again normalized to fit the data. This data clearly demon-
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strates the optimum traveling wave condition given by Eq. (24).
The velocities U in both Figs. 5 and 6 were measured by observing
grains of plastic (having a density slightly 1less than that of
the liquid) floating in the interface.

The conduction process in slightly conducting liquids is often
dependent on the experimental history of the fluid. In the first
hour of pumping under conditions of constant frequency and applied
voltage, measurements of the type shown in Figs. 5 and 6 were found
to drift. However, after about 2 hours, it was found that the
experiments were reproducible. As an example, in Fig. 5, the multi-
ple data points (at a given V ) were taken in consecutive runs up
and down the curve (over a perlod of two hours), -with no trend
observed in the data taken at a given voltage.

The upper limlt in voltage, shown in Fig. 5, is imposed by
the stability of the interface. At lower frequencies than about
2 cps, this limitation is more stringent because the sinusoidally
varying electric traction leads to a parametric instability of the
interface. In this case, small oscillations on the fluid inter-
face are "pumped up" in synchronism with the surface tractionm,
until the liquid interface begins to make contact with the elec-
trode. At higher frequencies than about 2 cps, the impending insta-
bility appeared very much as observed in other experiments using 4

(17)

ing monitonically with time until spikes were formed on the inter-

d-c applied voltages, with the interface deflection increas-

-

face.
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Optimum Velocity

A quantitative comparison of the predicted and experimental
magnitude of the optimum velocity was carried out using a thin
layer of fluid (a = 0.75 cm.). This thin layer was used to make
the aspect ratio (channel width/a) as large as possible in accor-
dance with the assumptions for the fluid flow.

In the théofy of Sec. II, it is implied that the electrode
interface spacing is large enough compared to the x dimension of
the segments (16 mm) to make the imposed potential at the inter-
face appear essentially sinusoidal in space. Fig. 7 shows the
measured dependence of the optimum velocity U on the electrode-

. interface spacing d with the electric field Vo/d held constant.:
Under these conditions the theoretically predicted optimum velo-
city also has.a dependence on d, as can be seen by taking the

(appropriate) limit of Eq. (25) where kd < <1 and ka < <1. Then,

azeok(V/d)2

U=‘ a €
u( 3+ )
o

(27)

The theoretical curve in Fig. 7 is predicted by Eq. (27) with

V = 0.66V_ and Vo/d - 10° v/m. As would be expected, the agreement
of theory and experiment improves as the spacing (d) becomes on the
order of the segment dimension of 16 mm. Here, the fluid viscosity
was 1.7 x 10-2 N-sec/mz. The accuracy of the theory in predicting
the experimental velocity U at d = 16 mm is better than would be
ekpected from the experimental control over such parameters as the
voltage Vo’ the spacing d and the viscosity, and it appears that
the data are approaching a somewhat higher asymptotic wvalue than

indicated by theory. At larger spacings, fringing of the electrode
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fields becomes significant. 1In any case, electrical break-down
in the traveling-wave mechanism limited the range of d that could
be investigated at this electric field.

At a spacing of 16 mm, the frequency which gave the largest
velocity was 3.4 cps, and from Eq. (24) it follows that the fluid
conductivity was about 1.2 x 10-9[§1-nq7} This is about twice the
apparent conductivity of a new sample of fluid measured using a

conductivity cell under essentially the conditions used in the

pump.

IV. Conclusions and Observations

It is clear that the simple theory of induction pumping pre-
sented here is highly successful in predicting the dynamics of at
least the oné fluid used in the experiments. It appears from the
theory that the 'electromechanical mechanism that has been demonstra-
ted can be used"with a wide range of 1iquidé. In the limit where
the conductivity is very small, the liquid can be pumped synchron-
ously, with the practical limitation that the fluid be set into
motion ih synchronism with the traveling potential wave. 'To
establish a sinusoidal distribution of static surface charge before
the potential wave begins to travel would require about an hour
with olenls(n-m)-l. This value of the conductivity seems to
be a practical lower bound. The pumping of fluids having a con-
ductivity greater than that used here also appears feasible. In
this extreme, short relaxation times require that high frequency
traveling waves be used. As the frequency is raised, magnetic
induction effects eventually become importént, and the electrohy-
drodynamic model introduced with Eq. (1) becomes invalid. An
estimate of the'highest conductivity of a liquid that can be moti-
vated electrohydrodynamically is obtained by requiring that (for
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example) a device one meter long be 1/10' of an (electromagnetic)
wavelength at the frequency of the potential wave. That is, a

30 Mc/sec traveling wave can be used in such a device with no
appreciable effect from magnetic induction. Then, for the elec-
tric induction interaction, we/o % 1, and it follows that fluids
having a conductivity less than about 10-5 (Kj.ﬂn)-l can be
induction pumped using the electrohydrodynamic scheme described
here. Of course, it is possible to use a hybred magnetic and
electric induction, and use still larger conductivities.

The pumping mechanism does not require that there be a free
surface. For example, a transverse gradient in conductivity'could
be produced in a closed insulating conduit by cooling one of the
walls. 1In this case, free charges would be induced by the tra-
veling potential wave in the bulk of the liquid. This interaction
is now under investigation.

For flexibility, a mechanical commutator was used here to
make a traveling potential wave. In practice, two or three phase
generators could be used to make a traveling wave by superimposing
out-of-phase standing waves. Of course, this would necessitate
using electrode segments of varying widths. However, the only
mechanical motion in the resulting device would be that due to the:
fluid.

. An attractive application of the induction process is not only
to the pumping of liquids, but also to the measurement of fluid
flow. Here, the fact that the induction prbcess requires no
electrical contact with the fluid is also a distinct advantage.
Work concerned with electrohydrodynamic induction flow-meters will
be reported.
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Figure Captions

Figure 1. Cross-sectional view of pump, showing a slightly con-
ducting liquid of depth (a) resting on a rigid conducting plate.
The interface (at y = 0) is exposed to a traveling potential wave
imposed by a segmented electrode at y = d. A traveling wave of

surface charge is induced on the interface.

Figure 2. Cross-sectional view of the segmented electrode with the
imposed potential wave v = Re v exp j (ot-kx). For these sketches

it is assumed that e/so =1, S =1, kd = 0.5 and ka—>% . a) Equipo-
tential lines and net surface charges induced on the electrode and

on the liquid surface. Note that charges on the interface lag their
images on the electrode. b) Lines of electric field intensity,

showing a net surface traction in the x direction.

Figure 3. The experimental apparatus, showing both the pump and

the mechanism for making the traveling potential wave. The slightly
conducting liquid is contained in a channel having insulating walls

and a conducting bottom. Segmented electrodes just above the inter-
face are connected to d-c voltage sources through divider resistors

so that there is a ''saw-tooth' distribution of potential around the

channel. This distribution is made to travel byvrotating the com-

mutator bar at the frequency w.

Figure 4. The voltage, as a function of time, recorded on one of
the segments shown in Fig. 3. High-frequency components of the
wave-form are due to commutator sparking. The fundamental com-

ponent is 0.66Vo, where Vo is the peak voltage.

Figure 5. The liquid velocity U (at the channel center) as a func-
tion of the peak electrode potential Vo. The solid curve has the
theoretical quadratic dependence on Vo and is normalized to the

8 kv data point. The data was taken up and down the curve over a




Figure Captions (cont.)

period of two hours after the liquid had been "aged'" for about two
hours. (The fluid was Monsanto Aryclor -1232, with d =1 em., a = 3.5
cm. and £ = 2 cps.).

Figure 6., Liquid velocity U as a function of the potential fre-
quency f£. Because the traveling wave velocity was considerably
greater than U, the data should take the form of the solid line,
as predicted by Eq. (26) normalized to pass through the peak velo-

city point. Experimental conditions are as in Fig. 5.

Figure 7. Absolute velocity U as a function of the electrode-inter-
face spacing d, with Vo/d held fixed. The solid line is theore-
tical. The data shows how the degrading effect of the finite seg-
ment size (16 mm) diminishes as the electrode-interface spacing

increases.
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Figure 3. The experimental apparatus, showing both the pump and

the mechanism for making the traveling potential wave. The slightly
conducting liquid is contained in a channel having insulating walls
and a conducting bottom. Segmented electrodes just above the inter-
face are connected to d-c voltage sources through divider resistors
so chat there is a '"saw-tooth' distribution of potential around the
charnel. This distribution is made to travel by rotating the com-

mutator bar at the frequency w.



Figure 4. The voltage, as a function of time, recorded on one of
the segments shown in Fig. 5. High-frequency components of the
wave-form are due to commutator sparking. The fundamental com-

ponent is 0.66Vo, where Vo is the peak voltage.
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Figure 5. The liquid velocity U (at the channel center) as a func-
tion of the peak electrode potential Vo' The solid curve has thc
theoretical quadratic dependence on Vo and is normalized to the

8 kv data point. The data was taken up and down the curve over a
period of two hours after the liquid had been "aged" for about two

hcourg. (The fluid was Monsanto Aryclor -1232, with d =1 cm., a = 3.5

cm and f = 2 cps.).
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- Figure 6, Liquid velocity U 'es a function of the potential fre-
quency f£. Becauae-the traveling wave velocityfwas considerably
greater than U, the data should take the formféf the solid line,
as predicted by Eq. (26) normalized to pass through the peak velo-

city point. Experimental conditions are as in Fig. 5.
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“Ejgggg_l. Absolute velocity U as a function of the electrode-inter-
face spacing d, with V_/d held fixed. The solid line is theore-
tical. The data shows how the degrading effect of the finite seg-
nert size (16_mm) diminishes as the electrode-interface spacing

increases.



