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ABSTRACT 

Several different electrode configurations have a voltage 

applied to them. The region between the electrodes is assumed to 

be free of charges. 

The differential equation for these configurations, Laplace's 

equation, is solved in each case either analytically or with an 

I.B.M. 7040 computer using finite difference techniques. These re¬ 

sults are then used to find the available body forces along a flat 

plate placed between the electrodes. The results are non¬ 

dimens ionalized and an attempt is made to determine the possible 

value of each configuration in condensing heat transfer. 
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INTRODUCTION 

A large portion of the work done in heat transfer concerning 

the effect of an electric field has been devoted to studies of 

heat transfer from a wire or a tube. For both boiling and convec¬ 

tive heat transfer between a wire or a tube and an ambient fluid, 

information is available for several fluids and a variety of tube 

and wire diameters. Experimental tfork in this area is reported in 

references 1-7? while theoretical work is reported in references 

8, 9 and 10* More general work is found in references 11—32, 

where the equations for the forces and pressures in fluids due to 

electric fields are developed, and the current carried by dielec¬ 

tric fluids is studied. Blackmon has done a great deal of work in 

the use of a non-uniform electric field to control dielectric 

liquids (Reference 42). 

In the present work, the case of condensing a dielectric 

vapor on a vertical flat plate in the presence of a non-uniform 

electric field is considered. The body forces available (reference 

29) can be combined with gravity, or used in the place of gravity, 

to remove the condensed liquid from the surface of the plate. In 

this work the condensing plate will be a non-conductor. Velkoff 

and Miller have done work on the case when the condensing plate is 

one of the electrodes (reference 37). 
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DISCUSSION 

The goal set forth when the present work was undertaken was 

to verify the usefulness of an electric field in removing a con¬ 

densed vapor from a flat plate with the aid of a non-uniform elec¬ 

tric field. The experimental apparatus was set up for the experi¬ 

ment and several trial runs were made. The idea in mind was to 

obtain body forces which were parallel to the surface of the con¬ 

densing plate. These body forces need to be of sufficient magni¬ 

tude so that when they are applied parallel to the gravity forces, 

the change in the condensation rate will be a measurable amount. 

It was hoped that concentric cylinders with a slot cut in each of 

them in which to place the plate would provide the necessary field 

(see figure l). It was decided, however, that this particular con¬ 

figuration was not producing the desired effect. With this in 

mind, it became necessary to do a more extensive analytical study. 

The remainder of this work will be concerned with such an analyti¬ 

cal study. 

Basic Relations for the Body Force 

The body force developed using the electric field will be used 

to remove a condensed liquid from a condensing plate. Since the 

volume of the liquid involved is small compared with that of the 

vapor, the body forces available will be the forces acting on a 

liquid particle which is embedded in the vapor. A brief discussion 

of these forces is given at this point. For more detail, one 

should see reference (29). 

The force due to an electric field acting on a fluid particle 
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is given by: (see nomenclature at the end of paper) 

Fg = (u*v)£ (l) 

where u = vol p (2) 

For a particle with no permanent polarization, one can assume that 

the induced polarization is proportional to the electric field and 

is given by: 

P = (Kx - 1) eD fi i3 (3) 

The next step will be to determine E^. is proportional 

to the external field. 

*13 = (4) 

The constant, C^, depends on the dielectric constant of the 

fluid particle and that of the material surrounding the particle, 

the geometry of the boundary between them, and the direction of the 

boundary with respect to the electric field fi. For a slender cavi¬ 

ty parallel to the direction of the electric field, C^= 1. 

Equation (l) may now be written: 

f = Vol (Kn - 1) Cn e (fi .v) fi (5) e ± lo 

The force per unit volume is: 

F e 
Vol = (Kx - 1) €o C1 i5 (B)2 (6) 

For the case of a liquid surrounded by a vapor, the effective 

translational force acting on the liquid per unit volume is: 

fn - (V V °1 eo I 5 (E)2 (7) 
where fi = - v $ 

<f> is the electric field potential. In the absence of charges the 

electric field potential obeys Laplace's equation, 
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V20 = o (8) 

It is, therefore, necessary to solve Laplace’s equation for the 

various boundary conditions in which one is interested. 

Electric Field Distribution for Specific Geometries 

Three basic electrode configurations will be examined. These 

three will be, concentric cylinders with a slot cut in them (figure 

l), parallel plates with a slot cut in them (figures 2 and 3)5 and 

slant plates (figure 4). 

The first electrode configuration examined was that of the 

concentric cylinders with a slot cut in them (figure l). Since 

analytic solutions to this problem are not readily obtainable, 

numerical solutions were used. The method used was a finite dif¬ 

ference technique. An I.B.M. 7040 digital computer was used to do 

the work. 

The assumption was made that the electrodes were infinite in 

length, normal to the plane of the paper, and that the material be¬ 

tween them was of a uniform dielectric constant. Assuming that the 

electrodes are of infinite length should give results which are 

good except in a small region near the ends of the plates. The 

assumption of a uniform medium will lead to errors in certain cases; 

however it appears that any changes due to changes in the dielectric 

constant of the medium can be considered more easily after the sim¬ 

ple case of a uniform medium is solved. 

In order to fit the problem into the computer storage and at 

the same time maintain a grid small enough to give the desired 

accuracy, it is necessary to limit the size of the problem con- 



5 

s idler ably. This limitation also is necessary in order to obtain 

convergence in a reasonable length of time. The region considered 

will be that area which is shown by the shaded portion of figure 1. 

The boundaries of the region were formed as follows: 

The voltage on the cylinders 'was held constant with the 

applied voltage alternating from cylinder to cylinder. The poten¬ 

tial on the top and the bottom boundaries was assumed to be half 

way between that on the cylinders above and below them. 

Since one of the cylinders is maintained at 0 - 0, this means 

0, = ^o where 0, is the potential assigned the top and bottom boun- 
b g- b 

daries. The remainder of the boundaries were formed by assuming 

that the rate of change of 0 normal to the boundary is equal to 0. 

One should note the possible error which results from these boun¬ 

dary conditions. The only location where the boundary condition is ex 

act is along the line through center of the slot. The rate of 

change of 0 normal to this center line is exactly equal to 0 from 

symmetry conditions. The potential along the cylinders is the ex¬ 

act value which the cylinders have on them; however the edges of 

the cylinders must be approximated by a series of straight lines. 

This leads to error in the field near the cylinders. This error 

should be negligible when the point considered is greater than a 

distance of 5 times the grid size from the cylinders. 

The condition that the rate of change of 0 is equal 0 normal 
to lines A and B, (figures 1 and 5), is an approximation in three 

ways. First, the lines A and B must be approximated by a series 

of short line segments which follow the grid system set up for the 

problem. The error in this is similar to that discussed for the 
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cylinders. The lines A and B are also assumed to be normal to the 

cylinders and at a sufficient distance from the slot so that the 

effect of the slot is no longer experienced. The lines, in fact, 

are not exactly normal to the cylinders and the effect of the slot 

will disappear only at a distance of infinity from it. If these 

2 
conditions were met exactly, the lines of constant E in figure 5 

would approach lines A and B at right angles. The lines of con- 

2 
stant E seem to do this fairly well which leads to the conclu¬ 

sion that the boundary conditions on lines A and B have led to no 

major error. The condition that the potential on the top and 

$ 
bottom boundaries is _o is indeed a large error. The error created 

2 
here is of such an order of magnitude that any values of the elec¬ 

tric field above the top cylinder or below the bottom cylinder will 

probably be incorrect. The values around the middle cylinder should 

remain correct, however. If convergence is to be obtained in a 

reasonable length of time, it is necessary to read in initial values 

of <f> as accurately as possible. 

The results of the computations are shown in figure (4) where 

2 
lines of constant E are shown around the center cylinder. The 

2 
lines of constant E were shown because the body forces are normal 

to these lines and they are proportional to the density of them 

(equation 7). In the area very close to the cylinder, the lines 

have not been drawn because of the fact that they may be in error 

due to the approximate boundary conditions at the cylinder. 

Similar calculations have been made for a series of flat 

plates. Results have been obtained for a variety of plate spac- 

ings, d, and plate thicknesses. The case has been considered when 
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the plates directly across from each other have the same voltage 

(figure 2) and when they have a voltage applied "between them (fig¬ 

ure 3)' In each case the applied voltage will he the same bn 

alternating plates. It is only necessary to consider one side of 

one plate. This is equivalent to the shaded area in figures(2 and 

3). The plate can be placed at 

0 = 0 or 0 = 0Q 

The stripe of boundary labeled "e" between the plate and the cen¬ 

ter line must obey the condition that the rate of change of 0 nor¬ 

mal to the line "e" is zero. For the lower boundary, one has 

2 (9) 

Along the center of the slot the rate of change of 0 normal to the 

boundary is equal to zero when there is no voltage applied between 

the plates directly across from each other. When the voltage is 

applied between these two plates, the boundary condition which exists 

A 0 
along the center of the slot is that p, = _o. All of the preceding 

D 2 
boundary conditions for a flat plate are exact. For the boundary 

along the line c, one must assume that the rate of change of 0 nor¬ 

mal to line c is zero. Since the area under consideration is small, 

it is simple to put the line far enough from the slot for this approxi¬ 

mation to be sufficiently accurate. The initial values for 0 can 

be read in with much less accuracy than in the case of the concen¬ 

tric cylinders and convergence will still be obtained in the matter 

of a few minutes. 

Lines of constant E are plotted in figure 6 for the case of 

a thin flat plate with the plates directly across from each other 

at the same voltage. 
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The body force Fm can now be nondimensionalized by multiply- 

the system. In the cases considered here, "s" is the distance be¬ 

tween the parallel plates or the distance between the concentric 

cylinders (figures 1, 2 and 3)* This distance is the shortest dis¬ 

tance from one surface to the other, not the distance between the 

mid-points of the plates. One reason for this is that arcing will 

probably occur first along this path and this distance will thus 

determine the size restriction placed on a particular configuration 

for a certain voltage. Denoting this nondimensionalized body 

force by B, one has: 

A Cartesian coordinate system will be defined with the x and 

y direction as shown in figures 1, 2 and 3> that is, the y axis is 

parallel to the condensing plate. The distances in the x direction 

will be nondimensionalized by dividing them by "s". The plate thick¬ 

ness "t" will be nondimensionalized with respect to "s". The dis¬ 

tance along the condensing plate will be nondimensionalized by 

dividing it by l/2 (s + t). The nondimensionalized body force B is 

shown in figure 7 as a function of distance down the plate for 

several configurations. The point y = 1 is the y coordinate at 

the center of the electrode. Smaller values of y are progressively 

farther from this point either up or down as the case may be. The 

x coordinate is taken to be zero at the tip of the electrode. In 

all cases shown, the nondimensionalized x coordinate for the curves 

ing it by r 2's M ft 
s is some characteristic length of 

(10) 
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5 
shown is approximately gg-. 

The following conclusions can thus he drawn: 

In all cases the body force B is approximately the same. 

In all cases the body force acts primarily in the negative x 

direction. The concentric cylinders do not produce the desired 

body force component down the plate but instead produce body 

forces similar to flat plates except that the direction and loca¬ 

tion of the body forces are slightly skewed. The body force is 

slightly increased when the voltage is applied between plates 

directly across from each other, but this effect does not appear 

to be of major significance. It appears that there is an optimum 

thickness for the electrodes. The best nondimensionalized plate 

thickness would probably lie between 0.1 and 0.3 with any value 

in this range doing very well. If the condensing plate were to be 

placed farther from the electrode, a thicker electrode would proba¬ 

bly be preferred. If it were closer, a thinner electrode might 

work better. The body forces one is capable of producing in this 

C 

manner are very large. For instance, for s = .2 inches, = 10^ 

volts and C^K^-K^.) = 2, one obtains body forces from 500 to 2000 

pounds per cubic foot. 

The next configuration considered was that of two flat plates 

making an angle 0Q with each other (figure 4). This time the 

plates will be assumed to be infinite in length and width. The 

solution obtained in this manner will, therefore, only be valid at 

some distance from the edges of the plates. In practice this would 

mean the electrodes would need to be larger than the condensing 

surface. 
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This configuration can be handled analytically in the following 

manner. One applies the transformation: 

w = log 3 

u + iv = log p + 10 

The electrodes in the new plane correspond to v = 0 and v = 0q. 

Solving Laplace's equation in this region, one finds that 

0 = ^o (v + 0 ) (12) 

0 0 

o 
Transforming back to the 3 plane, one obtains 

0 
0-s

2
(e) (13) 

or 

V0 
or r o0 

(14) 

Substituting equation (q^^in equation (l4), one obtains 

*-iSi # 
r 0 

o 

or putting this in equation (7) 

F„ = (KL - Ky) Cl co -2—2 l (15) 

o 

It will be noted that for a given 0Q, the body forces available 
in this case are much smaller than in the preceding cases. The 

major component of the body force is, however, parallel to the con¬ 

densing plate and for this reason it will be given further considera¬ 

tion later. 

Heat Transfer Considerations 

In order to determine the condensation rate for the problem 

under consideration, Nusselt's equation for condensation on a ver¬ 

tical surface in the presence of only a gravity field will be used. 
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The necessary corrections to obtain results to fit the case at 

hand will be made. Nusselt's equation is (reference 4l) 

h = .943 
(pL ~ 

py) PL "I 1//lt' 

\i L A T -* 
(16) 

The above equation is subject, to the following assumptions: 

film condensation occurs, laminar flow exists in the film, the 

condensing surface temperature is uniform, only latent heat is 

transported through the film by pure conduction, and the only 

force action on the liquid is that of gravity. 

The case of a dielectric condensing on a vertical flat plate 

in the presence of a non-uniform electric field seems to obey all 

of the above assumptions, except two, reasonably well. The two 

assumptions which are violated is that of uniform surface tempera¬ 

ture and that of gravity's being the only force acting on the fluid. 

Note that by definition: 

L W A T 

Combining equations (l6) and (17): 

<1 0.943 
r^L ~ pv} PL s X 

(iLfiT 

L W A T (16b) 

By studying the nature of this equation, one observes that if 

L is replaced by a variable length x (figure 8), then qx will rep¬ 

resent the total heat transferred by that portion of the plate be¬ 

tween x = 0 and x = x. 

<jc |K [ATX]* C(pL " Pv) gc] 
(18) 



where 

K = *(.c*3>[ J W (19) 

V> 

Differentiating qXwith respect to x, 

i 
4 

(20) 

The heat transferred over a small stripe Ax can now he written: 

It can now he assumed that inertia forces are small with re¬ 

spect to gravity and with respect to viscous forces because of the 

low accelerations and velocities involved. For a given force then, 

the thickness of the liquid film, f, is a function of only the quan¬ 

tity of liquid flowing across it; however the quantity of fluid 

flowing across a particular point is directly proportional to the 

fluid condensed on the plate above this point and thus is propor¬ 

tional to the heat, q, transferred above the point, (reference 4l). 

One may write the film thickness, f, as a function of q and the 

force only. To derive this function consider the equation for pure 

conduction: 

while 

<1 (22) 

(23) 

where K' is the thermal conductivity of the liquid. 

Combining equations (23), (2l), and (l8): 
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f 
K’ 

T 

f 
K' *1/3 

-1/3 
(24) 

One should now note that [<PL - Pv> fl 
is the body force due to gravity which is acting parallel to the 

condensing plate. If gravity is not the only body force acting 

parallel to the condensing plate then the additional body force 

must be added or subtracted, depending on its direction with re¬ 

spect to gravity, to the force of gravity in order to obtain the 

net body force. 

If one returns to the case of the non-uniform electric field 

applied between the two slant plates (figure 4), the total body 

force is that due to the electric field (equation 10) plus that 

due to gravity. If this value is substituted in equation (24) for 

the body force, one obtains: 

o 
At this point attention will be directed to the cooling plate 

used for the experimental work. The plate must be a non-conductor 

of electricity. It will be hollow on the inside and will be cooled 

internally by flowing a cool fluid through it. Since materials 

which are non-conductors of electricity are poor thermal conductors, 

the condensing plate will probably have a high thermal resistance, 

r . Assuming r contains not only the thermal resistance of the 
P P 

plate proper but also contains any other resistance other than that 

’I' 

U
O

 |
H
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of the liquid film due to the condensing vapor. In this case r would 

include the resistance of the plate and the film resistance of the 

cooling fluid. The total thermal r^ is then: 

f 
rt rp + K' 

(26) 

Because of the high thermal resistance of the condensing plate 

to assume a uniform AT across the condensing film could lead to 

error. The assumption made here will be that AT' is uniform where 

AT' is the temperature difference between the cooling fluid and the 

condensing gas. One now finds with the aid of equation (23); 

Sg = El ar , i- ar (27) 

Combining equations (25), (26), and (27) and taking the 

limit, one obtains 

dqx 
dx “ 

A T' 

r + q 
P u 

1/3Q)V3k'‘‘/3 >L - PT> t + "l (KL ' Kv> % 0 2,3 0 0 fcr” 
o 

As can be seen from figure 4, r is a known function of x. It is 

desired to obtain q as a function of L. To do this one must inte¬ 

grate (28) from 0 to L so that: 

L 

o 

AT ' dx 

r + 
P . 

(28) 

l/W, /, <f * 
  \ + C (KL - K ) e -2—1 v) gc 1 li v' O 0 2r3 J 

Integration of equation (29) does not appear to be a simple 

(2 

matter. Since this is the case, numerical integration is prob¬ 

ably the fastest method. To do this numerical integration, one 

must break the plate into sections of length Ax. "r^" will be 

assumed constant over each of these sections. To begin with, 
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as stune that 

!■= ° 

thus over the top section. This gives r^ = r . A value of is 

obtained. With this value of q^3 one should be able to assume 

an appropriate value of q for the next section. With the aid of 

equations (25) and (26), a new r^ is found. Putting this value of 

r^. into equation (27), one obtains a new q^x- This value of q^x 

can then be added to q^ This value of q^^ then enables one to 

choose q for the next section. When the bottom of the plate is 

reached one has obtained q^. 



Nondimensionalized body force 

Constant relating electric fields in two mediums 

Electric field 

Internal electric field in a particle in the direction 

of the external field 

Film thickness of condensing liquid 

Electric field force acting on a fluid particle 

Electric field force acting on the condensed liquid 

per unit volume which is effective in causing 

translational accelerations 

The gravitation force per unit mass 

HD f 
Gravitational constant (32 2 m ) 

IV 
2 

lb^sec 

Film conductance of condensed liquid 

Constant defined by equation (19) page 12 

Dielectric constant of material 1 with respect to 

free space 

Dielectric constant of material 2 with respect to 

free space 

Dielectric constant of condensed liquid 

Dielectric constant of vapor 

Thermal conductivity of condensed liquid 

Thermal conductivity of condensed liquid 

Height of the condensing surface 

Polarization, or moment, per unit volume 

Heat transferred per unit time 
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^Ax 

r 

lT 

A T 

A T' 

u 

Vol 

t 
ro 

M- 

e 
o 

p 
L 

P v 

Heat transferred from a strip of width Ax per unit 

time 

Radial distance from the point where the two plates 

would intersect 

Unit vector in radial direction 

Thermal resistance of condensing plate 

Total thermal resistance between coolant and 

condensing gas 

Temperature difference across liquid film 

Difference in temperature between coolant and 

condensing gas 

Dipole of a particle 

Volume 

Dielectric constant of free space 

Latent heat of condensing fluid 

Electric field potential 

The difference in r.m.s. voltage between the electrodes 

Viscosity 

Unit vector in 9 direction 

Angle between the two electrodes 

Density of condensed liquid 

Density of vapor 
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FIGURE 1 

Concentric Cylinderical Electrodes 
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Figure 4 

Slant Plate Electrodes 
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Lines of Constant E^ Around Thin 
Flat Plate Electro 

Distance Across Slot d = 2s 

Plates on opposite sides of slot for condensing 
surface have the same voltage. l»See Figure 2) 
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Figure 8 

Condensing Plate 


