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Preface 

I was first introduced to the field of electrohydrodynamics 

by Dr. Hans Von Ohain, of the Aeronautical Research Laboratory, 

during his presentation of thesis topics to students of the Air 

Force Institute of Technology. Since then, it has been a great 

pleasure for me to work with the subject and with him. 

The purpose of this thesis is to present the characteristics 

of ion production and flow in an electrohydrodynamic generator 

which was designed and built, in nearly its present configuration, 

by the Aeronautical Research Laboratory. Much of my work toward 

that end, however, consisted of acquiring and setting up suitable 

instrumentation and test equipment. The overall approach I 

used was almost entirely experimental and practical: ideas and 

methods which did not work were discarded, and alternate ones 

were tried. This led, finally, to the results presented herein. 

I wish to gratefully acknowledge the guidance and help of 

Dr. Von Ohain and my thesis advisor, Major Hamilton. Mr. David 

Murray of the Aeronautical Research Laboratory, busy as he was, 

could always be called upon for assistance, and Mr. Jack McClary 

was very cooperative in providing the high pressure air supply. 

Captain H. P. Wheeler, Jr., with whom I shared the apparatus, 

was extremely helpful in all ways, and it would have been impossible 

ii 



GA/toE/62-3 

to conduct the experimental procedure without hin. I would also 

like to thank my wife for her understanding, patience, and help 

during the many hectic days of manuscript preparation. 

Terry N. Lauritsen 
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Abstract 

Electrohydrodynamic (EHD) power generation is a procese for 

converting dynamic energy of a flowing fluid directly into electrical 

power. It differs from magnetohydrodynamlos in that only externally 

applied electric .fields are used to interact with the fluid. An 

experimental EHD generator was built by the Aeronautical Research 

Laboratory of the Office of Aerospace Research, USAT. It used air 

for the working fluid, and partially ionised it through the use of 

multiple corona discharge needles. The objective of this study was 

to determine the characteristics and trends of ion production and 

flow in that generator. 

The experimental apparatus consisted of the cylindrical EHD 

generator itself (4-1/2 inches in diameter, 5 inches long), a high 

voltage source for the corona discharge, and instrumentation. The 

geometry of the ionisation region of the generator was variable: 

ten different configurations were evaluated for their current- 

producing capability. In addition, the most favorable configuration 

was further investigated in regard to the effects of air density, 

distance of ion transport, and polarity of the ions. 

The results of the experimentation shoved that the generator 

was successful in accomplishing EHD power conversion. Currents 

on the order of 500 microamperes were produced when an air supply 

pressure of 200 psig was used. The most favorable ionisation 
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configuration was found to be the one in which each grounded needle 

point was axially (and, of course, radially) centered within a high 

potential circular electrode. The air density, or total pressure, 

was the prime factor in determining the magnitude of current which 

could be produced. A distance of ion transport of more than half an 

inch had a detrimental effect on the output current, but a grounded 

electrode between the ionization and transport regions shielded the 

corona needles from this effect. The generator was able to produce 

ion currents of either polarity, although its performance visas better 

with the negative ions. 

This study showed that EHD conversion of fluid flow energy 

to electrical power is possible, and that multiple needle corona 

discharge is a practical method of ionization for the process. 

Further investigation of EHD power conversion, and further 

improvement and testing of the generator used in this study, are 

recommended. 

xiii 
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ION PRODUCTION AND PLOW IN AN 

ELECTROHIDRODYNAMIC GENERATOR 

I« Introduction 

Background 

Conversion of energy fro« one form to another is a familiar, 

necessary process. Of the many different conversions that are 

accomplished, perhaps the most common is that from the thermal energy 

of a gas to electrical power. This process, as accomplished in 

modern fossil fuel power stations, has an efficiency of only about 

35$ (Ref 5:1), with large losses occurring in the turbine element. 

This has led to much effort toward obtaining a more direct energy 

conversion process: one that would bypass mechanical energy, and 

thereby eliminate the need for a conventional turbine and generator. 

Aside from the possible gain in efficiency, the elimination of the 

turbine and generator in such a process would likely result in lighter 

equipment. This would be a particular advantage in a system to be 

used on space missions. 

Two approaches presently being studied are magnetohydrodynamics 

(MHD) and electrohydrodynaraics (EHD). The first of these involves 

interaction of partially ionized flowing fluids with externally applied 

magnetic fields, and results in charge separation and electrical output. 

The other approach, EHD, also uses a partially ionized flowing fluid, 
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but the necessary charge separation is accomplished through the use 

of externally applied electric fields only. There are considerations 

and problem areas common to both processes, as well as significant 

differences between them. Good discussions and comparisons can be 

found in References 5 and 9, pages 1-7 and 102-104, respectively. 

Since this report deals with EHD exclusively, no attempt has been made 

to include in the bibliography any of the large number of possible 

references on MHD alone. The field of EHD has received much less study 

(because it has appeared to be less promising), and a fairly compre¬ 

hensive list of references can be given: 

A broad discussion of possible electrostatic interactions is 

presented in Reference 12, and several other sources outline veil the 

theoretical work that has been done specifically concerning EHD power 

generation (Refs 4, 6, 10, and 11). 

The experimental work that has been done is limited. Stuetzer, of 

General Mills, has conducted what is probably the most extensive test 

program to date, using various liquids as the working fluid (Ref 11)• 

Very limited investigations of gaseous working fluids have been made 

by Gourdine (Ref 4:5), Petruzzella (Ref 7), and Smith (Ref 9:74-84), 

all of whom used a single free stream of atmospheric air. 

Other related theoretical and experimental work includes that on 

the corona discharge mechanism (Ref 13:1-28), which can be used for 

the necessary ionization; and on the "electric wind" (Ref 8), which is 

essentially the reverse of EHD power generation as discussed in this 

report. 

2 
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Electrohvdrodynamlc Power Generation 

The basic principle of an EHD generator is physical separation 

of electric charge. The operation is very similar to that of a Van 

de Graff generator, except that the charge is moved by the action of a 

fluid rather than by a solid belt. Figure 1 is a simple illustration 

of the process, (in this report, all figures are grouped together in 

Appendix A, which begins on page 38.) A neutral fluid flowing through 

an insulating channel is partially ionized, or has ions injected into 

it, at the plane of ionization. This is done in such a way that ions 

of one sign only are permitted to be swept through the transport region 

by the action of the fluid. The charges are thus separated, and a 

potential difference builds up. When the ions reach the plane of 

neutralization, the conducting path through the load resistor allows 

neutralization to occur. That is, while the ions are formed and carried 

through the channel, electrons flow through the external load circuit 

to neutralize them again. Of course, in practice, both ionization and 

neutralization must take place over a finite distance, and aerodynamic 

losses must be minimized by proper design of the entire flow channel. 

One of the necessary conditions for the achievement of an accept¬ 

able output voltage by the EHD generation process is that energy be 

transferred from the large number of neutral fluid particles to the 

relatively few charged particles in the flow (Ref 6:8). There are two 

possible methods for accomplishing this. One, as implied by Figure 1 

is to use the viscous interaction between the fluid molecules and the 

ions, with the coupling of momentum and energy resulting from collisions 

3 
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of the particles, (it is apparent that there is some slippage in 

this case, as the electric field in the transport region polls back 

on the charged particles. This will be described later throogh the 

concept of "mobility".) The other method of coupling is to conrert 

the available energy of the fluid medium into kinetic energy of high 

speed charged droplets (particles larger than ions) which then are 

allowed to follow a ballistic path through a similar transport region. 

An excellent discussion of these two types of EHD coupling processes 

can be found in the work by Lawson et al. (Ref 6:8-9, 14-23). 

An area of fundamental importance in the successful operation of 

an EHD generator, and one which is usually neglected in theoretical 

studies (Refs 3:2, 4*1, 10:1), is the method of obtaining the charged 

particles in the fluid flow. Several possibilities which have been 

considered are as follows: 

a. Radiation 
b. Thermal ionisation 
c. Surface contact ionisation 
d. Direct injection of particles 
e. Action of electric fields 

Of these, the action of an electric field, or corona discharge, has 

been the method used for the published experimentation to date, and 

was the method used in the work covered by this thesis. In fact, 

determination of the feasibility and characteristics of this method 

of ionisation were a major part of the study, as indicated below. 

Objective o£ the Study 

During I960 and 1961, under the authority and documentation of 

Project Ho. 7116-03, the Aeronautical Research Laboratory of the Office 

4 
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of Aerospace Research, USAF, designed and built a prototype electro- 

hydrodynamic generator. The design, based both on theoretical work 

(Refs 3, 4, and 6) and on preliminary experimental findings of 

If* L* Petrussella (Ref 7), specified air as the working fluid, incor¬ 

porated a multiple electrode corona discharge arrangement for the 

source of ionisation, and allowed for Tarious changes of geometry* 

The purpose of this study was to determine, as completely as possible, 

the characteristics and trends of ion production and flow in that 

generator. 

Another study (Ref 14), conducted concurrently with this one, 

evaluated the volt-ampere, or power, characteristics of the same 

generator. 

5 
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1 

II. PeBcrlption of Apparatus 

The experimental apparatus, two overall views of which are 

presented in Figure 2, consisted of the EHD generator itself, and 

various other equipment for its operation. These will be described 

in turn. 

The Electrohydrodmaalc Generator 

An EHD generator is a flow-through device for obtaining electrical 

power directly from the dynamic energy of a moving fluid. The basic 

principle of operation has already been illustrated in Figure 1. 

Overall Description. As has been previously stated, the generator 

studied for this thesis used air as the working fluid, and ionised 

it by the corona discharge method. The unit was cylindrical, with 

outside dimensions of 4-1/2 inches (diameter) by 5 inches (length). 

It was made of plexiglass and steel, with its several disk-like sections 

held together by a peripheral circle of sixteen 5/l6-inch bolts. 

Figure 3 shows two external views of the generator. The internal 

flow channel varied from about 0.3 to 1.0 square inch. Figure 4 is 

a full size sectional side view, and Appendix B contains a complete 

set of engineering drawings for the device. 

The principle areas of interest within the generator were the 

ionization region, the transport region, and the neutralization region. 

These are further described on the following pages. 

6 
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Ionization Region« The region where ion formation occurred was 

of foremost importance in the study. It was a composite region, con¬ 

sisting of 25 parallel convergent-divergent plexiglass nozzles arranged 

in a square« Centered in each nozzle was a sharp needle electrode. 

The other electrode (the "attractor plate") for producing the necessary 

corona was around the circumference of each nozzle as can be seen, 

in one of its two possible locations, in Figure 4 (item 5). An actual 

attractor plate, attached to the exit plane of a plastic nozzle disk 

(the other possible location), and partially coated with insulating 

lacquer, is shown in Figure 5. 

The geometry of the ionization region was a primary variable in 

the study. In all cases, the nozzles themselves remained the same, 

each of them having an exit diameter of 0.147 inch, a throat diameter 

of 0,125 inch (with the throat area further reduced by the needle 

shaft), and an expansion half angle of 3°. Tvo locations for the steel 

attractor plate were possible, however (compare Figures 4 and 5), and 

the axial coordinate of the needle points was variable. (The position 

of the needle points was determined by plastic spacers, which are Item 

3 in Figure 4* and which are shown separately in Figure 6.) In all, 

ten different configurations of the ionization region were selected 

for study. They are shown, with pertinent dimensions, in Figure 7. 

It also can be seen from Figure 7 that when the attractor plate was 

located in mid-nozzle, an essentially identical "ground plate" was 

used at the nozzle exit to act as a shield between the ionization 

region and the transport region. Table I gives all appropriate areas 

7 
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and area ratios for the nozzles, individually and collectively, and 

for the transport and neutralization regions as well. (Tables I-IV 

are in Appendix A, pages 65-68.) 

Transport Region. The transport region (Item 9, Figure 4) was 

a single one-inch-square channel of variable length (zero to one inch) 

having plexiglass sides. It was bounded on the upstream end by either 

the ground plate (Configurations IV-X) or the attractor plate (Config¬ 

urations I-III), and on the other end by the ion collector (see below). 

For most of the work discussed in this thesis the length of the trans¬ 

port region was one-half inch. 

Neutralization Region. Neutralization of the ions took place in 

the "collector" electrode, two views of which are shown in Figure 8. 

The electrode was a steel gridwork that was held in position in the 

flow channel by four setscrews (item 8, Figure 4)» allowing the length 

of the transport region to be varied as mentioned above. The collector 

was 2.25 inches long, with the internal grid breaking the flow channel 

into 25 sections that had length-to-diameter ratios of approximately 10. 

A stainless steel screen was soldered on the upstream end to act as an 

effective end plane for the field lines in the transport region. The 

available flow area through this screen is shown as station 5 in 

Table I, and the main part of the collector is station 6. 

Other Equipment 

A complete schematic diagram of the experimental equipment is 

given in Figure 9, and Figure 10 is a photograph of the power supply 

and electrical instrumentation. 

8 
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High Voltage Power Supply, The ionizing potential to the 

attractor plate vas prorided by a "Beta Series 201 Portable High 

Voltage D.C, Power Supply", It was capable of supplying 0-30,000 

volts at a raaxiaum current of 1 aa, and could be wired for either 

positive or negative polarity. It was found necessary to isolate the 

power supply from building ground by use of the isolation transformer 

shown in the schenatlc diagram. The 30-megohm resistance in series 

with the supply was protection against a short circuit or severe 

sparkover in the EHD generator. 

Instrumentation. Two gas properties and five electrical param¬ 

eters were measured to evaluate the performance of the generator. 

Total pressure (P0) was measured with a Bourdon tube pressure 

gage* Range: 0-300 psig. Probable error: + 1 psi. 

Total temperature (T0) was measured with an iron-constantan 

thermocouple, type T, and read directly from a Brown potentiometer 

recorder calibrated specifically for type T iron-constantan. Range: 

-100 to +300 °F, Probable error: + 2°, 

The potential on the attractor (Va) was read on a Sensitive 

Research Model ESH electrostatic voltmeter. Ranges: 0-5000, 0-10,000, 

0-20,000, and 0-30,000 volts. Probable error: + 0.55É. 

The needle current (ln) and the collector current (lc) were meas¬ 

ured on identical Weston Model 911 multiple-range ammeters. Ranges: 

0-0.1, 0-0.3, 0-1,0, 0-3.0, 0-10, 0-30, 0-100 ma. Probable error: + lí. 

The attractor current (la) was measured on one of three ammeters 

in series: 

9 
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Ranges: 
0-30 pa 
0-100 pa 
0-500 pa 

Probable errors: 
+ 356 
+ 3Í 
+ 356 

When a ground plate was used, its current (igp) was also, read 

on one of three ammeters In series: 

Ranges: 
0-50 pa 
0-200 pa 
0—1 *0 ubl 

Probable errors: 
± 356 
+ 356 
+ 356 

10 
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III. Theoretical Conalderatlona 

Although the work cowered by thie thesis was essentially exper- 

laental, som theoretical considerations were necessary or relevant. 

These Included determination of the gas properties in the nossles, 

understanding of corona discharge ionisation, and estimation of the 

path of the ions in the nossles. The specific numerical work done 

in this section was based on the geometry of Configuration VII, 

because it was the one selected for detailed analysis in this study 

and in Captain Wheeler*s work (Ref U). 

Gas Flow in the Rosales 

Ronsally, isentropic flow would be assumed through conrergent- 

dirergent nossles of the type used in the ionisation region of the 

EHD generator, and calculations of gas properties would be based on 

the physical area ratios. However, due to the very small sise of 

these nossles, it was considered possible that the boundary layer might 

significantly alter the effective area ratios. Therefore, a rough 

analysis was made to determine the probable displacement thickness of 

the boundary layer, using the simplified relationships of Eckert and 

Drake (Ref 2:129-144). It was found that the worst conditions con¬ 

sidered possible resulted in an effective exit area reduction of only 

3$. Since this was not out of line with the general experimental 

accuracy, the boundary layer was neglected in computing gas properties 

in the nozzles. 

11 
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Tabl« II sumaarizes the necessary flow paraaeters in the 

nozsles for Configuration VII, based on three different total pressures 

and a typical total teaperature of 0° P, Supersonic flow tables 

(Ref 1:21-22) vere used* 

Corona Discharge Ionization 

The following brief discussion, in conjunction with Figure 11, 

presents the fundaaentals of the corona discharge aethod of farming 

ions* This aethod was used in the EHD generator studied* 

When a controlled potential difference is applied between the 

needle and attractor electrodes, a non-unifora electric field is 

created* The strong field in the Tlcinity of the needle point Is 

able to ionise the air in that laaedlate region* (Technically, 

ionisation occurs if the product of the mean free path and the 

electric field intensity exceeds the ionisation potential of a 

molecule.) Farther fron the point, however, the field is weaker, 

and an avalanche (complete breakdown) cannot occur* 

This process can take place with either polarity of the applied 

field, and although there are significant microscopic differences 

between positive and negative corona mechanisms (Ref 13:6-10), the 

macroscopic effects during ion formation are the same* With the 

polarity shown in Figure 11, the negative ions remain at the needle 

(and release their extra electrons to the external circuit), while 

the positive ions are attracted outward into the gas stream* Their 

path is discussed on the following pages* 

12 
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Ion Flow from the Corona 

The movement of ions in a gas is governed by the concept of 

mobility, which is defined in the following quotation (Ref 13s2)t 

When an ion in a gas is in the presence of an 
electric field, it is subject to the usual electrostatic 
force laws. In the resulting motion, it frequently 
collides with neighboring molecules. Therefore, it 
cannot accelerate indefinitely but quickly reaches an 
average velocity analogous to the terminal velocity of 
a particle falling through a viscous medium under the 
influence of gravity. This average velocity due to the 
electric field is given by the product of the mobility k 
of the gas, and the field strength E: 

u = kE (1) 

where k has the defining equation: 

k = K |°./p (*) (2) 

where f> is the density of air, and ft. (*) is the density 
of air at 0° C and 760-mm of Hg. 

On the same page, the value of K in (m/sec) / (volt/m) is given 

as 1.6 X 10"4 for positive ions and 2.2 x 10"4 for negative ions, in 

pure dry air. If free electrons exist in the gas, their mobility is 

of the order of 104 greater than that of the ions (Ref 13:3), but 

they quickly attach themselves to a neutral molecule to form a nega¬ 

tive ion. 

In this thesis, ps is used instead of p0 for standard conditions. 
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The ions that are created in the nozzle by the corona are acted 

upon by the fluid flow and two electric fields. One field is that 

which is set up by the attractor potential, and the other is that due 

to the space charge of the ions themselves. Of course, the space 

charge field tends to shield the needle from the attractor, but to a 

rough approximation the effects can be studied independently. 

Effect of the Attractor. An approximate determination of the 

effect of the attractor can be made by use of the following assump¬ 

tions: 

1. The field due to space charge is neglected. 
2. The field due to the attractor is radial only, and exists 

only inside the cylindrical section defined by the attractor. 
3. The grounded needle can be approximated by a grounded wire 

(of radius r0) along the axis of the cylinder. 
4. The gas velocity is axial only. 
5. The gas velocity and density are constant over the length 

of the cylinder. 
6. Induced magnetic fields are neglected. 

These assumptions result in the following equation for the out¬ 

side radius of a positive ion cloud as a function of the axial 

distance from the needle point (see Appendix C): 

2 k Vfl 
V In (ra / r0) 

X (3) 

where X 

ri 
k 
Va 
V 

r„ 

X 

= radius of ion cloud at station x 
= assumed initial radius of ion cloud 
= ion mobility 
= attractor voltage (a negative value) 
= gas velocity 
= radius of attractor 
= assumed radius of grounded wire 

along axis (assumption 3) 
= axial distance from needle point 

(ra) 
(ra) 
(m2/volt-sec) 
(volts) 
(m/sec) 
(m) 

(m) 

(ra) 
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Substitution of Eq (2) for the ion mobility k shows that, in 

addition to r^, Va /p is a controlling parameter# 

rx2 = rj2-1LA-- (Va/p) X (4) 
V In (ra / r0) 

where K = a constant defined under Eq (2) 
9S = standard atmospheric density 
9 = actual gas density 

Experimentally, it was determined that, for any p, Va/p attained 

practically the same value just before sparkorer. Therefore, Eq (4) 

can be plotted simply as rx vs# x with rj as a parameter. This is 

done, for Configuration VII, in Figure 12# A positive ion cloud was 

assumed, and ra/rQ was taken to be 25. It can be seen that the field 

weakens rapidly away from the cylinder axis, and the ions should not 

reach the attractor before being swept downstream# 

Effect of the Space Charge. Of major interest in predicting 

the path of the ions is the field due to the ion cloud itself, since 

this effect, while similar to that of the attractor in the region 

of the attractor, is present throughout the entire nozzle. The 

assumptions listed below lead to an approximation of the path of 

ion flow through the nozzle. 

1. The gas velocity is axial only. 
2« The gas velocity and density are constant over the 

length of the nozzle. (This assumption is discussed 
in detail in Appendix D.) 

3. The charge density is constant over any one cross section. 
4. The ion stream is nearly cylindrical; thus the electric 

field due to the space charge is radial only. 
5. The field due to the attractor is neglected. 
6. Induced magnetic fields are neglected. 

15 
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Appendix D contains a derivation, based on the above assunp- 

tions, for the following equation, which is the profile of the ion 

cloud in the nozzle* 

Tx = ri2 + —k In , 
25 eQirv2^ 

(5) X 

where rx = radius of ion cloud at station x 
rj = assumed initial radius of ion cloud 
k = ion mobility 
In = total needle current 
e0 = permittivity of free space 
v = gas velocity 
x = axial distance from needle point 

(«) 
(m) 

(m2/volt-sec) 
(amps) 
(farad/m) 
(m/seo) 
(m) 

Again, substitution of Eq (2) for the ion mobility k shows the 

parameter of interest, this time In/P# 

Figure 13 is based on Eq (6), and shows the appearance of the 

expanding ion cloud as it flows down the nozzle* It is plotted 

for Configuration VII with a positive space charge, as was Figure 12* 

Upon consideration of the effect of the attractor, as presented 

in Eq (4) and Figure 12, the initial radius of the ion cloud at 

the needle point in Figure 13 was taken to be half the radius 

of the attractor; i.e., r^ = ra/2. Profiles are shown for various 

values of ^/p, with the line \/f> = 1.5 x 10*3 amp/(lbm/ft3) 

representing a typical high pressure run as accomplished experimentally. 

It can again be noted that the field weakens as the radius 

of the cloud increases* This effect is pronounced at a small radius, 
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of course, and tends to degrade the Importance of the assumed value 

of rj. This fact is illustrated by the single dashed curve plotted 

for Tj = 0. 
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IV. Experimental Scope and Procedure 

The experimental work for this thesis consisted of two separate 

phases. First was a determination of the current-producing capability 

of the EHD generator with each of the ten nossle configurations 

shown in Figure 6. The second phase was additional investigation 

of the generator, under new-conditions, using one particular nozale 

configuration. 

Evaluation of Nozzle Configurations 

Scope. Complete current characteristics were determined for 

each of the ten nozzle configurations. Current characteristics are 

defined to be the curves of attractor current Ia, ground plate current 

Igp (when a ground plate is used), and collector current Ic, plotted 

against the attractor voltage Va. The parameters held constant for 

a given set of characteristics were total pressure Pp, total tempera¬ 

ture T0 (approximately), and transport region length L. 

Characteristics were determined for three different total 

pressures: 100 psig, 150 psig, and 200 psig. These pressures were 

chosen for the following reasons: The lowest was high enough to assure 

full expansion in the nozzles; the highest approached the probable 

pressure limitation of the generator and the available capacity of 

the air supply; the third pressure was the midpoint between the high 

and the low. 
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The total temperature actually could not be controlled# Over 

the experimental period, it varied (depending on the outdoor ambient 

temperature) between extremes of -25° F and +52° F. However, as will 

be seen in the results, the variation of T0 in any one set of curves 

or experiments was much smaller than this. 

Preliminary trial runs indicated that a transport region length 

of 0.5 inch was satisfactory. This was the middle of the range of 

available lengths, and was used for all current characteristics. 

A negatively charged attractor was used for all runs in this 

series of tests. This had the effect of creating positive ions, which 

have a lower mobility than negative ions. At the time, this was 

thought to be desirable, since it would minimize the attractor and 

ground plate currents. 

Procedure. The procedure for obtaining the current character¬ 

istics was as follows: First, the generator was assembled with the 

desired nozzle configuration. This involved selecting one of the two 

main nozzle types (attractor at exit plane, or attractor near the 

throat), and the proper number of spacers to correctly position the 

needle points. Next, the distance L was set at 0.5 inch, and flow 

was established with the first value of P0. Va was then raised in 

appropriate increments until sparkover occurred (if any), and Va, Ia, 

Igp> Ic> an<* T0 were recorded at each step.* 

g 
Not mentioned here is the total needle current, In. It could 

not be measured at the time of these runs (but could later) because 
the needles were directly grounded through the generator support 
stand. r 
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The raising of Va and the recording of data were then repeated 

for the other two values of P0. 

Further Investigation of One Nozzle Configuration 

After current characteristics had been found for all ten config¬ 

urations, it was determined that the volt-ampere characteristics of 

the generator would be studied for Configuration VII. This study was 

accomplished by Captain H, P, Wheeler, and required extensive and 

careful insulation of the ion collector region (Ref 14:9). Following 

his work, further tests regarding ion flow were accomplished with 

Configuration VII. 

Sc°Pe« Three additional investigations were made. They were 

as follows: the effect of density on the maximum currents obtained 

(P0 was varied from 80 psig to 240 psig); the effect of transport 

region length on the maximum currents obtained (L was varied from 

1/8 inch to 1 inch); and a comparison of current characteristics for 

positive and negative ion flow. 

Procedure. The effect of density was determined with L set at 

0.5 inch, as before. With air flow established at one value of P0, 

va w®3 raised to a value close to sparkover voltage. The resulting 

values of Ia, igp> Ic, and were recorded, as well as T0. This 

was then repeated for the other desired values of P0. 

The effect of the length of the transport region was studied at 

both 150 psig and 200 psig. For a certain length L, and for the two 

ft 
By this time, an insulator had been built into the generator 

support stand, allowing direct measurement of the total needle current. 
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pressures in turn, Va was raised to Just below sparkover voltage. 

T0 and the resulting values of Ia, Igp, Ic, and In were recorded. 

The generator was then shut down, the collector reset to provide a 

new L, and the above procedure repeated* 

For a comparison of positive and negative ion flow, the procedure 

already described for obtaining current characteristics was again 

followed. It was necessary first to run new characteristics for 

positive ion flow to avoid the effects of a large difference in T0. 

Then the Beta power supply was rewired to furnish a positive potential 

Va, yielding a negative ion flow through the generator. For these 

runs, the polarity of all ammeters had to be reversed. 
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V, Results and Discuss-ton 

This chapter presents and discusses the results of the exper¬ 

imental work, primarily by graphical means (Figures U through 26). 

All the original data for the curves, and some data which is not 

plotted, is tabulated in Appendix E, 

Evaluation of Nozzle Configurations 

Configurations J, I£, and III. Complete current characteristics 

for Configurations I, II, and III are shown in Figures U, 15, and 

16 for the three different total pressures used (IOO, 150, and 200 

paig). At any one pressure, the only significant difference among 

the configurations was the magnitude of attractor voltage required to 

obtain a given current. With increased pressure, all maximum collector 

currents increased, and relative to them, the attractor currents 

decreased. Also, the peak collector currents occurred at higher 

attractor voltages. 

The attractor potential was not raised to the sparkorer roltage 

for these configurations, because as V, was Increased, Ic tended to 

reach or approach a maxim» walue while I, Increased very rapidly. 

Since Ia represents the electrical Input, its high value and 

steep slope Indicate that a generator using this type of nossle design 

would have a large input power which would also be very sensitive to 

a change in attractor potential. 
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It is probable that the performance voold have been improved 

by a needle point position farther forward than any of those used, 

but the location in Configuration I was the limit of the available 

geometry. 

Configurations IV - X. Because of the large attractor current 

indicated above, and because of the desirability of a ground plate 

for the mechanism of power production (Ref U:7), the type of nozzle 

represented by Configurations IV - X was adopted. 

It was found that TV and V, where the needles were far forward, 

were completely unsatisfactory: spaTkover from the attractor to the 

needle shaft occurred before any (IV) or almost any (V) current was 

produced. The other configurations all yielded significant currents, 

and their current characteristics (except for X) are presented in 

Figures 17, 18, and 19 for the same total pressures as for I - III. 

Configuration X was omitted for the sake of clarity; it continued the 

downward performance trend of IX. 

For each characteristic shown (except that of IX at 100 psig, 

for which no sparking was visible), Vft was raised until field breakdown 

occurred. This was at progressively higher voltages for the higher 

pressures, which was expected from the normal breakdown voltage vs. 

pressure relationship, or Paschen curve (Ref 6:54). The location of 

the sparke»er varied: It was from the attractor to the needle in VI 

and the two lower pressures of VII, while in the high pressure of VII 

and in VIII and IX it was from the attractor to the ground plate. 
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The outstanding result shown by this group of current charac¬ 

teristics was the high collector current (potential power output) 

which could be obtained with a very small attractor current (power 

input) by the proper combination of pressure, nozsle configuration, 

and attractor voltage. Also, the ground plate current, which was 

a loss of ions successfully produced by the needles, could be held 

to a reasonably low value. 

Figure 20, a cross-plotting of the current characteristic 

data, summarises most of the above information. The maximum collec¬ 

tor current obtained is plotted against the nozzle configuration, 

with pressure as a parameter. The factor that limited the current 

is indicated: field breakdown from attractor to needle, field 

breakdown from attractor to ground plate, or a peaking of current 

before a breakdown occurred. Also shown are two arbitrary practical 

limitations where Ia became a certain percentage of the value of Ic. 

It easily can be seen that the optimum configuration for P0 = 100 

psig and P0 = 150 psig lay somewhere between VII and VIII. Similarly, 

a design between VI and VII was probably most favorable for P0 = 200 

psig. Therefore, of the actual configurations available, VII was 

considered to be the most favorable overall, and was selected for 

further study. This was an interesting contrast with the results 

reported by Petruzzella: his most closely comparable geometry obtained 

the highest current when the needle protruded slightly through the 

attractor (Ref 7:4). 
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Furths Invegtlgatlon of Configuration VU 

Effgct of Density« Figure 21 shovs the effect of the air 

density (or total pressure) on the maximum currents created In the 

generator. Plotted against P0 are In# Ic, Igp, and Ift, as well as 

a previously undefined current, Iesc. Iesc i8 the current which 

escaped through the collector due to Incomplete neutralisation of 

the ion stream. Its relative magnitude is known to depend largely 

on the effective length-to-dlameter ratio of the collector passages, 

because of the mutual repulsion of the flowing ions. The escaping 

current could not be measured directly, but since In was the total 

current through the needles, could be computed from 

iesc = in ” (ic + Igp + Ia) (7) 

For the collector used, Iesc was found to be about 15$ of Ic in the 

higher current ranges. 

The behavior of the needle current was worth noting. Up to a 

total pressure of approximately 160 psig, In increased rapidly with 

density, and was limited in each run by breakdown from the attractor 

to the needles. Beyond P0 = 160 psig, In was limited by breakdown 

from the attractor to the ground plate. In this regime, the rate of 

increase of In decreased, and it appeared that a pressure could be 

reached beyond which In would remain constant. 

The In vs P relationship was reflected in the ground plate current, 

which built up to a maximum value at 160 psig total pressure and then 

decreased. It can be recalled from Eq (6) that the spreading of the 
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ion stream in the nozzle depends on the ratio In /P• Thus In /P® 

should have increased at first, attained a maximum value at P0 = 160 

psig, and decreased thereafter. Table III indicates that this was 

indeed true. 

Effect of Length of Transport Region. The same maximum currents 

as above, In, Ic, Igp, lese* and Ia (negligible), are plotted against 

L in Figures 22 and 23 for P0 = 150 psig and P0 = 200 psig respectively. 

The data was more scattered than in previous investigations, but the 

trends discussed below were readily apparent. 

The production of total current (ln) was unaffected by the length 

of the transport region. This desirable characteristic indicated that 

the ground plate did in fact serve as an effective shield between the 

ionization region and the electric field of the transport region. 

An increase of L, especially at longer distances, caused a con¬ 

siderable shift of current from the collector to the ground plate. 

This was probably due to the following effects: The axial electric 

field in the transport region, caused by the space charge, increased 

with length. This retarded the ion flow more strongly. At the same 

time, the ion stream had a longer period in which to expand laterally 

under the influence of the radial field. This allowed more ions to 

find their way into the boundary layer and other comparatively stagnant 

regions of gas flow, in which they migrated back to the ground plate. 

The escaping current remained constant as L increased, even 

though Ic decreased. This indicated that the larger the current was 

through the ion collector, the greater was the neutralization efficiency. 

26 



GA/taE/62-3 

The ratio Iesc / Ic varied from 0,13 to 0,25 over the range involved 

in Figure 22, and from 0.10 to 0.20 in Figure 23. 

Comparison of Positive and Negative Ion Flows. The current 

characteristics for Configuration VII for both positive and negative 

ion flows are presented in Figures 24, 25, and 26. (Except for a 

higher T0, the curves for positive ions are the same as for VII in 

Figures 17, 18, and 19.) 

The most apparent contrast was the significantly higher currents 

that were obtained with negative ions. This was also reported by 

Petruzzella (Ref 7:5), and was because the greater mobility of nega¬ 

tive ions allowed a more rapid expansion of the original clouds of 

charge at the needle points. The greater mobility of negative ions 

was also reflected by the much higher percentage of negative current 

which reached the ground plate. 

The attractor voltage for field breakdown (sparkover to the 

needle) appeared to depend on the ion polarity to some degree. At 

P0 = 100 psig, the breakdown voltages for positive and negative ion 

flows were about the same. At P0 = 150 psig, breakdown occurred at 

a higher Va for negative ions, and the difference was even larger at 

P0 = 200 psig. 

These comparisons are summarized in Table IV. 

Other General Discussion 

It is interesting to compare the experimental values of In /p 

to Figure 13, which shows profiles of ion stream expansion in the 

nozzle. From Table III, the maximum value of In /P0 obtained 
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experimentally was 64O pa/(lbm/ft^). This corresponds to 

In/^aVg(2_3) = 1.7 X 10-3 amp/(lbra/ft3), which lies Just above 

curve 3 on Figure 13* It can be seen that the profiles give only a 

qualitative indication of the true path of the ions, since a signif¬ 

icant ground plate current actually existed at this current-density 

ratio. 

General Electric Company has stated that the major limitation 

of the corona discharge technique of ionization is the limited 

current (about 10 pa) which a corona point can produce (Ref 9:76). 

However, Petruzzella achieved a maximum current of I6O pa from a 

single needle (Ref 7:42). His diameter of flow at the needle point 

was double that used by General Electric. On the other hand, the 

flow diameter at a needle point of the generator tested for this 

thesis was only half of the diameter used by General Electric, and 

with Configuration VII, at P0 = 200 psig, each needle produced 

roughly 28 pa. At the highest pressure used (P0 = 240 psig), the 

current per needle was 30 pa. (Data taken from Figure 21, divided 

by the number of needles, 25.) This certainly shows that geometry 

and gas flow properties have a great influence on the output of a 

corona discharge needle. 

Of greater interest and validity than absolute current output 

is the average ion concentration, N, that is furnished by the 

ionization region of a generator. This can be determined (with a 

change of units) from Eq (D-9) of Appendix D by using the radius of 

the nozzle exit instead of the radius of the ion stream. The ion 
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concentration ia directly proportional to the needle current, and 

for Configuration VII ia given numerically by 

N^S.OóxIO^xIjj iona/cm^ (8) 

where ^ ia the total needle current in amperea. Again from 

Figure 21, = 710 x 10"6 amperea for P0 = 200 psig. Thia yielda 

an ion concentration of 3.6 x 1010 iona/cm3. For compariaon, 

Gourdine's initial experiment (Ref 4:5) produced an eatimated 106 

iona/cm3, General Electric obtained approximately 5 x 109 iona/cm^ 

(Ref 9:78), and Petruzzella’s data (Ref 7:11,42) indicated a maximum 

of about 2 x 10^® iona/cm3« 

Succesaful production of iona must be accompanied by a satis¬ 

factory flow pattern. That is, flow to the attractor must be 

minimized while flow to the collector is maximized. All configura¬ 

tions of the type using a ground plate could be operated successfully 

in this regard as can be seen in Figures 17-19, and as is shown more 

explicitly in Figure 20 by the Ia = 5% Ic and Ia = 10$ ic lines. In 

fact, for Configuration VII (using accurate Ia data from Appendix E), 

it was found that at the three nominal total pressures of 100, 150, 

and 200 psig, Ia was in the range of 1.1$ to 1.4$ of Ic at the maximum 

level of current production. 

Although investigation of power characteristics was outside the 

scope of this study (Wheeler covers it thoroughly, Ref 14), it is 

certainly worth noting that the ion flow patterns discussed above 

were very favorable for net electrical power production. For example, 
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at P0 = 200 paig, the electrical input power to Configuration VII 

(through the attractor, given by Va Ia) was about 0.09 watt. At 

the same time, the output power delivered to an appropriate load 

resistor was approximately 9.0 watts. In other words, an electrical 

power feedback of 1.0% of the output would have been sufficient for 

self-excitation of the generator. The unquestionably large aero¬ 

dynamic losses in the gas flow were not investigated by this author 

or by Wheeler. 
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VI. Conclusions 

The following conclusions can be drawn fron this study of 

ion production and flow in an EHD generator. The first three are 

general in nature. The remainder apply specifically to the 

generator investigated, but should be valid and useful for any 

similar type of machine. 

1. Direct conversion of fluid flow energy to electrical power 

through the use of an electrohydrodynamio generator ig, possible. 

2. Corona discharge is a practical method of ionisation. A 

proper configuration of electrodes can hold the attractor current, 

or electrical power input, to an essentially negligible value. 

3» The concept of multiple corona discharge needles, located 

in a group of parallel nozzles, is good. Compared to a single needle, 

multiple needles provide more nearly one-dimensional electric and 

fluid flow fields in the transport region, and also furnish a larger 

current for investigation. 

4« All the basic requirements of the EHD energy conversion 

process were fulfilled very well by the generator tested, 

5. It was desirable to have the attractor plate located some 

distance upstream from the nozzle exit plane, as in Configurations 

IV - X. This removed it from the effects of turbulence and boundary 

layer in the transport region, and allowed only a minimum attractor 

current. 
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6. Particularly in the higher pressure ranges, Configuration VII 

(in which the needle points were located at the axial midpoint of 

the attractor plate) was the most favorable of all those tested. 

However, Figure 20 shows that it was not the optimum at any of the 

specific pressures used. At P0 = 100 psig and 150 psig, a more 

upstream needle position was best, and at P0 = 200 psig, the optimum 

needle position appeared to be somewhat downstream from that of VII. 

7. The density of the flowing gas was of prime importance in 

the performance of the generator. Figure 21 shows that the collector 

current increased greatly with increasing gas density. 

8. The length of the transport region did not affect the pro¬ 

duction of ions in the ionization nozzles, but did affect the resulting 

ion flow. Figures 22 and 23 indicate this. The ground plate 

apparently served as an effective shield between the ionization and 

transport regions. 

9. Figures 24 through 26 show that the generator operated with 

potential of either polarity applied to the attractor. The resulting 

ion production, however, was higher for a positive attractor; that 

is, when the ions carried through the generator were negative. 
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VII. Recommendations 

It appears certain that more work should be done in regard 

to electrohydrodynaraic energy conversion. Many broad areas 

for further investigation and study are well outlined by Lawson 

(Ref 6:13-23), and will not be repeated here. However, findings 

from this study seem to warrant several recommendations relative 

to the design and further testing of the specific type of generator 

used in this work. They are as follows: 

1. Since the needle point location was most favorable in 

the region limited by Configurations VI and VIII, it would be 

desirable to investigate the effect of several additional positions 

within that region. This could be done easily by obtaining one 

or more new, thinner, needle position spacers of the type shown 

in Figure 6, and would furnish more accurate information regard¬ 

ing the current maximums shown in Figure 20. 

2. The breakdowns which occurred between the attractor and 

the needle shaft in the more forward needle positions might be 

avoided if a method were devised to insulate the body of the needle, 

leaving only the tip exposed. 

3. To help avoid concentration of electric field lines, and 

the resultant early sparkover, all exposed edges of the attractor 

and ground plate should be well rounded. Also, the holes through 

the ground plate should continue the divergence of the nozzle 
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In order to minimize further the ground plate current. 

4* The ion collector could be lengthened to reduce the 

number of ions that escape without being neutralized, or a variable- 

length collector could be built to study the actual relation between 

collector length and the escaping current. Also, the present 

collector could be tested without the screen on the upstream end 

(it is a serious flow restriction) to determine its relative 

effectiveness. 

5. If it were determined that the present generator could 

safely take a higher total pressure, tests should be made with P0 

in the range of 300 to 400 psig. This would indicate the higher 

pressure trends that can only be inferred from Figure 21. It would 

be well to design any new generator for such pressures. 

6. The generator has a demonstrated capability of operating 

with a potential of either polarity on the attractor, A logical 

and important next step would be to apply an alternating potential 

in order to study the alternating current possibilities of the EHD 

generation process. 

7. The aerodynamic losses should be studied. In this generator, 

they are undoubtedly large, as it was designed primarily according 

to electrical criteria. Further designs should incorporate great 

aerodynamic improvements. 

8. One final suggestion, further removed from the presently 

available equipment, is to use a liquid for the working fluid. 

Stuetzer (Ref 11) has done considerable work along this line. He 
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has produced, by the corona discharge method, an ion concentration 

of 6 X 1011 ions/cm3 (a factor of 10 greater than the value reported 

in this work) in kerosene, whose ion mobility is 2 x 10“7 m2/volt-sec 

(1000 times less than that of air at standard conditions) 

(Ref 11:19, 21). 
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Appendix A 

Figures and Tables I, II, III, and IV 

38 



GA/ME/62-3 

39 



GA/ME/62-3

I

BPIs
%

f

FIGURE 2

Experimental Apparatus
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FIGURE 3

The Electrohydrodynamic Generator
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6-inch scale 
Attractor plate
Plastic disk containing nozzles

FIGURE 5

Attractor Plate, Mounted at the Nozzle Exit Plane
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6-inch scale

FIGURE 6

Needle Position Spacers
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i!v''

Upstream end

Downstream end

FIGURE 8 

Ion Collector
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Notes: 
Paths shown are for positive ions. 
Attractor is just below sparkover voltage. 
The field due to space charge is neglected. 

FIGURE 12 

Profile of Ion Cloud Expansion Due to Attractor 
(Configuration VII) 
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Ic and Ia va. Va 

L = 0. 5 inch 

FIGURE 14 

Current Characteristics for Configurations I, II, and LU 
(P0 = 100 psig) 
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Ic and Ia vs. Va 

L * 0.5 inch 

FIGURE 15 

Current Characteristics for Configurations I, II, and III 

(P0 = 150 psig) 
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FIGURE 18 

Current Characteristics for Configurations I, II, and III 

(P0 = 200 psig) 
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Configuration VII T0 * 41 0F 

FIGURE 22 

Effect of Length of Transport Region on Maximum Currents Obtained 
(P0 = 150 psig) 
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Configuration VII T0 * 41 °F 

FIGURE 23 

Effect of Length of Transport Region on Maximum Currents Obtained 
(P0 = 200 psig) 
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Configuration VII 

L = 0. 5 inch 
T0 (Pos. Ions) = 39 #F 
T0 (Neg. Ions) = 43 °F 

FIGURE 24 

Comparison of Current Characteristics 
for Positive and Negative Ion Flow 

(P0 = 100 psig) 
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Configuration VII 

FIGURE 25 

Comparison of Current Characteristics 
for Positive and Negative Ion Flow 

(P0 = 150 psig)_ 
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Configuration VII 

L s 0. 5 inch 
T0 (Pos. Ions) = 44 8F 
T0 (Neg. Ions) = 52 °F 

FIGURE 26 

Comparison of Current Characteristics 
for Positive and Negative Ion Flow 
_(P0 = 200 psig)_ 
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TABLE II 

Nozzle Flow Parameters, Configuration VII 

Station Station Station 
1 2 3 

Pc (psig) 

Tc 

Po 

Mi 

m2 

Mo 

a3 

v2 

v3 

vavg(2-3) 

p2 

p3 

pa\^(2-3) 

m 

(°R) 

(Ibm/ft3) 

(°R) 

(°R) 

(ft/sec) 

(ft/sec) 

(ft/sec) 

(lbm/ft3) 

(lbm/ft3) 

(lbm/ft3) 

(Ibm/sec) 

100 150 

460 460 

0. 675 0. 969 

1.00 1.00 

1.36 1.36 

1.80 1.80 

336 336 

279 279 

1220 1220 

1480 1480 

1350 1350 

0.307 0.441 

0.194 0.278 

0.250 0.360 

0.84 1.21 

200 

460 

1.262 

1.00 

1.36 

1.80 

336 

279 

1220 

1480 

1350 

0. 575 

0.362 

0.468 

1. 57 
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TABLE III 

Total Pressure, Density, and Needle Current 

Relations from Figure 21 

Po 

psig 

80 

100 

120 

140 

160 

180 

200 

220 

240 

Po 
Ibm /ft"- 

0. 53 

0.64 

0. 76 

0.87 

0. 98 

1. 09 

1.20 

1. 32 

1.43 

Ma 

80 

180 

300 

490 

630 

680 

710 

730 

750 

VPo 
Ha/Ubm/ft*3) 

150 

280 

390 

560 

640 

620 

590 

550 

520 

67 



GA/ME/62-3 

t* il 

TABLE IV 

Comparison of Positive and Negative Ion Flows 

(Configuration VU) 

Polarity 
of ions 

Total Pressure, psig 

100 150 200 

max (lia) 

*gp max 

va max <TOl,s> 

80 

156 

14 

50 

0.175 

0. 320 

6350 

6300 

220 

300 

34 

70 

0. 155 

0.233 

8000 

8250 

375 

460 

48 

90 

0.128 

0.196 

9200 

10,000 
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Appendix B 

Complete Engineering Drawings 

for the EHD Generator 

The first four drawings in this appendix (RN-61-D-979, 

RN-61-C-980, RN-61-A-980-6A, and RN-61-B-981) show the EHD 

generator as it was originally designed by the Aeronautical Research 

Laboratory. The other drawing (RN-62-C-1094) indicates changes 

which were made by this author and Captain Wheeler during their 

concurrent work with the generator. 
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Appendix C 

Influence of the Attractor on the Ion Flow from the Corona 

Problem 

Considering only the field due to the attractor, an approximate 

equation is to be derived which will give the outside radius of the 

ion cloud as a function of the axial distance from the needle point. 

The result is to be valid only within the short cylinder defined by 

the attractor ring. 

Assumptions 

1. The field due to space charge is neglected. 
2. The field due to the attractor is radial only, and exists 

only inside the cylindrical section (of radius rQ) defined 
by the attractor. a 

3. The grounded needle can be approximated by a grounded 
wire (of radius r0) along the axis of the cylinder. 

4. The gas velocity is axial only. 
*** £as TOlocity and density are constant over the length 

of the cylinder. 6 
6. Induced magnetic fields are neglected. 

Solution 

The ions, once formed by the corona discharge, move down¬ 

stream with the same axial velocity v as the gas, because there is 

no axial electric field to affect them. Their radial velocity, ur, is 

given by 

u r = k E r (C-l) 
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where k is the ion mobility, and Er is the radial electric field 

which will now be derived. 

Since the space charge is being neglected for the present, 

Laplace's equation is valid; 

V2 V = 0 (02) 

where V is the electric potential. 

With the restrictions and symmetry of this problem, the 

2 ^ ^ » operation V V in cylindrical coordinates reduces to ——(rdV/dr); 
r dr 

therefore, Eq (02) becomes 

d 
— (r dV/dr) = 0 (03) 
dr 

or r dV/dr *C (C-4) 

where C is a constant of integration. 

Rearranging Eq (C-4), 

dV » C dr/r (05) 

and integration from r0 to r and Vn to V yields 

V - Vn = C ln(r/r0) (06) 

Since the needle is grounded (i. e. Vn * 0), the boundary 

condition of the attractor voltage (V = Va at r ■ ra) results in 

Va 
c --   (07) 

ln(ra/r0) 
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Substitution of Eq (C-7) into Eq (C-6), with Vn * 0, yields 

a general expression for V: 

y --2-ln(r/r0) (c-8) 
ln(ra/r0) 

Now, in general, Ë = -VV, where Ë is the electric field 

intensity vector. In the simplified cylindrical coordinates of this 

problem, this reduces to 

Er * - dV/dr (C-9) 

The desired expression for Er is obtained by substituting 

Eq (C-8) into Eq (C-9) and performing the differentiation: 

-Va 

In (ra/ro> 
(1/r) (C-10) 

This expression for Er can be used in Eq (C-l), giving the 

radial velocity of an ion: 

-k V 
uT 

ln(ra/r0) 
(1/r) (C-ll) 

Since ur = dr/dt, Eq (C-ll) can be written as 

-k V„ 
dr/dt 

ln(ra/r0) 
(1/r) (C-12) 

or r dr = 
-k Vc 

in (ra/r0) 
dt (C-13) 
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Time can be related to the axial distance from the needle 

point, X, by the axial velocity v:' 

dt » dx/v (C.14) 

With the substitution of Eq (C-14) for dt, Eq (C-13) becomes 

"k va 
r dr = -dx 

vln(ra/r0) 
(C-15) 

which can be integrated from r^ (the initial radial position of an ion) 

to rx (the radial position at station x) and from 0 to x: 

2kVa 
x 

V In (ra/r0) 
(C-16) 

This, then, is the required approximate equation for the 

effect of the attractor on the radius of the ion cloud at station x. 

(It has been derived for the motion of a positive ion, so that V» is 

a negative potential. If Va is positive, the sign of the fraction mu^i 

be changed. ) It shows that the ion cloud expands within the attractor 

region in the shape of a section of a paraboloid of revolution whose 

axis is the axis of the attractor ring. 
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Appendix D 

Influence of the Space Charge on the Ion Flow from the Corona 

Problem 

Considering only the field due to the space charge, an 

approximate equation is to be derived which will give the outside 

radius of the ion stream as a function of the axial distance from 

the needle point. The result is to be valid throughout the nozzle. 

Assumptions 

1. The gas velocity is axial only. 
2. The gas velocity and density are constant over the 

length of the nozzle. 
3. The charge density is constant over any one cross 

section of the expanding ion cloud. 
4. The ion stream is nearly cylindrical; thus the electric 

field due to the space charge is radial only. 
5. The field due to the attractor is neglected. 
6. Induced magnetic fields are neglected. 

Solution 

As stated in Appendix C, the ions, once formed by the corona, 

move downstream with the same axial velocity v as the gas, because 

there is no axial electric field to affect them. Their radial velocity, 

ur, is given by 

ur = k Er (D-l) 

where k is the ion mobility, and Er is the radial electric field which 
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will now be derived. 
) 

The following is one of Maxwell's four electromagnetic 

equations, written for free space: 

Divergence Ê * Pe/e0 (D-2) 

where Ë is the electric field intensity vector, pe is the charge 

density, and eQ is the permittivity of free space. 

Since ea^r/e0 * 1.0006, Eq (D-2) is a very good approxi¬ 

mation for air. 

With the restrictions and symmetry of this problem, diver¬ 

gence Ë in cylindrical coordinates reduces to (l/r)d/dr(rEr). 

Eq (D-2) then becomes 

(1/r) d/dr(rEr) = pe/e0 (D-3) 

or d(rEr) » ( pe/e0) rdr (D-4) 

Since pe is not a function of r within the ion cloud (by 

assumption 3), both sides of Eq (D-4) can be directly integrated 

from 0 to the outside radius of the ion cloud, rx. 

rxEr*{Qe/eQ)rx2l2 (D-5) 

or Er= (pe/2eo> rx (D"6) 

This expression for Er can be used in Eq (D-l), giving the 
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radial velocity of an ion: 

ur = (kpe/2e0) rx (D-7) 

Howewr, pg must now be related to known constants and rx, 

By continuity, it is known that 

1J25 = Pe(irrx2)v (D-8) 

• o 

where In/25 is the needle current in one nozzle and 7rrx is the 

area of ion flow. Thus, 

V25 

7rrx2 V 
(D-9) 

Substitution of Eq (D-9) into Eq (D-7) results in the following 

expression for ur : 

ur = 
k In/25 

2 e0Tirx v 
(D-10) 

Since ur = drx/dt, Eq (D-10) can be written as 

dr 
k In/25 

2 eo Vr* v 
dt (D-ll) 

and since dt = dx/v, it becomes, with the variables separated. 

k In/25 
r dr = .. dx 

X X 2e07rv2 
(D-12) 
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It is fitting to discuss assumption 2, constant gas density 

and velocity in the nozzle, at this time. It is known that p decreases 

significantly in the nozzle (37%), and v increases a lesser amount 

(21%). However, since Eq (2), page 13, shows that k is inversely 

proportional to p, the real variable on the right hand side of 
o 

Eq (D-12) is 1/p v . This term is essentially constant, since the 
2 

increase of v approximately balances the decrease of p. 

With the coefficient of dx considered constant, Eq (D-12) 

can be integrated from r¡, the initial radius of the cloud at the 

needle point, to rx, and from 0 to x : 

or 

2 2 k V25 rx2/2 - r? 12- 

r * - r.2 + 

* ‘ ff-v2 

(D-13) 

(D-14) 

Eq (D-14) is the required approximate equation for the effect 

of the space charge on the radius of the ion stream at station x. It 

shows that the ion stream takes the shape of a section of a paraboloid 

of revolution whose axis is the axis of the nozzle. 

( A development similar to this can be found in Reference 7, 

pages 9 - 11. ) 

82 



GA/ME/62-3 

Appendix E 

Tables of Original Experimental Data 

In ail tables of this appendix, the units are as follows: 

Attractor potential.kv 

All currents.|ia 

Total temperature.°F 

Total pressure.psig 
(Atmospheric pressure * 15 psia) 

Length of transport region.in. 
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TABLE V 

Current Characteristic Data, Configuration I 
(L * 0.50 inch) 

Va Ia Ic T» 

Po = 100 psig 

-2.50 0.0 0 
-2.80 2.0 48 
-3.00 5.0 80 
-3.15 8.0 112 
-3.25 13 134 
-3.,40 27 182 
-3,50 57 210 
-3.60 125 233 
-3.70 228 234 

(No breakdown) 

8 
8 
9 

10 
10 
10 
10 
10 
10 

Po = 150 psig 

-3.00 0.0 
-3.50 2.0 
-3.83 5.0 
-4.00 8. 5 
-4.20 24 
-4.40 55 
-4.60 128 
-4.78 260 

0 13 
75 13 

134 13 
180 13 
268 13 
320 13 
360 13 
370 13 

(No breakdown) 

Po = 200 psig 

-3.00 
-3.90 
-4.30 
-4.50 
-4.80 
-5.10 
-5.40 
-5.60 
-5. 80 
-5.95 
-6.05 

0.0 
1.3 
6.1 
9.4 

15 
35 
87 

172 
225 
250 
270 

(No breakdown) 

0 
74 

200 
234 
285 
400 
495 
544 
560 
580 
590 

16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
16 
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TABLE VI 

Current Characteristic Data, Configuration II 
(L = 0.50 inch) 

'a a 'c To 

Po « 100 psig 

-2.00 0. 0 0 
-2. 50 0. 1 1 
-3.00 2.0 16 
-3.30 11 80 
-3.50 35 166 
-3.70 81 218 
-3.90 195 235 
-4.00 330 235 

(No breakdown) 

10 
11 
13 
14 
15 
15 
15 
15 

Po = 150 psig 

-3.00 0.0 0 
-3.50 0.7 17 
-3.70 2.2 57 
-4.00 6.0 108 
-4.25 16 202 
-4.50 35 293 
-4.75 82 360 
-5.00 195 385 
-5.20 340 385 

(No breakdown) 

16 
17 
17 
18 
18 
18 
18 
18 
18 

Pp = 200 psig 

-3. 50 0.0 0 
-4. 00 0. 3 13 
-4. 50 2. 6 82 
-4.90 8.0 166 
-5.20 19 290 
-5.50 50 440 
-5.78 100 510 
-6.00 170 540 
-6.30 300 545 

(No breakdown) 

20 
20 
21 
21 
22 
22 
22 
22 
22 
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TABLE VII 

Current Characteristic Data, Configuration III 
(L = 0. 50 inch) 

'a To 

Po = 100 psig 

-3.10 0.0 0 
-3,60 0.4 5 
-4.03 10 42 
-4.11 27 94 
-4.23 65 168 
-4.35 150 230 
-4.43 215 240 
-4.52 308 250 

(No breakdown) 

16 
16 
16 
16 
16 
16 
16 
16 

Po = 150 psig 

-3.00 
-3.50 
-4. 00 
-4.50 
-4.84 
-5.00 
-5.20 
-5.60 
-5.80 
-6.18 
-6.43 

0.0 
0.1 
0.3 
1.3 
6.5 

11 
25 
66 

100 
200 
340 

(No breakdown) 

0 
5 

11 
27 
94 

139 
265 
380 
408 
415 
395 

19 
19 
18 
18 
18 
18 
19 
19 
19 
19 
19 

Po = 200 psig 

-3.50 
-4.00 
-4.50 
-5.00 
-5.50 
-6.00 
-6.33 
-6.65 
-7.13 
-7.62 
-7.95 

0.0 
0. 1 
0.3 
0.6 
8.0 

16 
28 
50 

100 
190 
300 

(No breakdown) 

0 
5 

15 
90 

202 
310 
372 
455 
535 
565 
565 

14 
14 
14 
15 
15 
15 
15 
15 
15 
15 
15 
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TABLE VIH 

Current Characteristic Data, Configuration IV 
(L = 0. 50 inch) 

a To 

-6.00 
-6.50 
-7.00 
-8.00 
-8.50 
-9.00 
-9.40 

-9.00 
-10.0 
-11.0 
-11.5 
-12.0 

Po = 100 psig 

0.0 0 0 
0.0 o o 
0.0 0 o 
0.0 o o 
0.0 o o 
0.0 o o 
Breakdown, attractor to needle 

Pq= 150 psig 

0.0 0 0 
0.0 0 0 
0.0 0 0 
0.1 o o 
Breakdown, attractor to needle 

-11.0 
-12.0 
-12.6 
-13.0 
-13.5 
-14.0 
-14.6 
-15.1 

Pp = 200 psig 

0.0 0 0 
0.1 0 0 
0.2 0 0 
0.2 0 0 
0.2 0 0 
0.2 0 0 
0.3 0 0 
Breakdown, attractor to needle 

-16 
-16 
-16 
-16 
-16 
-16 

-14 
-14 
-13 
-12 

-10 
-10 
-10 
-10 
-10 
-10 
-10 
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TABLE K 

Current Characteristic Data, Configuration V 
(L » 0.50 Inch) 

a To 

Po = 100 psig 

-6.50 
-7.00 
-7.50 
-7.90 

0.0 0 0 
0.0 0 0 
0.0 0 0 
Breakdown, attractor to needle 

8 
8 
8 

Po » 150 psig 

-7. 50 
-8.00 
-9.00 
-9.50 
-9.70 

0.0 0 0 
0.1 0 0 
0.2 0 0 
0.2 0 0 
Breakdown, attractor to needle 

8 
8 
8 
8 

-8.00 
-9.00 

-10.0 
-11.0 
-11.5 
-11.7 
-12.0 
-12.0 

Pp = 200 psig 

0.2 0 0 
0.3 0 0 
0.4 0 0 
0.4 0 0 
0.4 0 0 
0.4 0 7 
0.4 0 20 
Breakdown, attractor to needle 

10 
10 
10 
10 
10 
10 
10 
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TABLE X 

Current Characteristic Data, Configuration VI 
(L = 0. 50 inch) 

a To 

Pp = 100 psig 

-5.00 
-6.00 
-6.50 
-7.00 
-7.30 
-7. 50 

0.0 0 0 
0.1 0 13 
0.1 1 15 
0.1 1 16 
0.1 1 16 
Breakdown, attractor to needle 

-7 
-7 
-7 
-7 
-7 

Po = 150 psig 

-6.50 
-7.00 
-8.00 
-8.50 
-9.00 
-9.50 
-9.70 

-10.0 

0.0 0 0 
0.0 0 7 
0.0 1 18 
0.0 2 48 
0. 0 5 90 
0.1 6 106 
0.1 8 108 
Breakdown, attractor to needle 

-6 
-5 
-5 
-6 
-6 
-6 
-6 

Pp = 200 psig 

-6.00 
-7.00 
-8.00 
-9.00 

-10.0 
-11.0 
-11.7 
-11.9 

0.0 0 0 
0.0 0 2 
0.0 0 23 
0.0 2 68 
0.0 6 152 
0.0 11 218 
0.1 20 325 
Breakdown, attractor to needle 

-4 
-4 
-4 
-4 
-4 
-4 
-4 
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TABLE XI 

Current Characteristic Data, Configuration VII 
(L = 0.50 inch) 

'a T0 

Pp » 100 psig 

-4.00 
-5.00 
-5.50 
-6.00 
-6.50 
-7.00 
-7.00 

0.0 0 0 
0.0 0 5 
0.1 1 34 
0.2 2 40 
0.5 9 81 
1.5 23 123 
Breakdown, attractor to needle 

5 
6 
6 
7 
8 
8 

Po g 150 psig 

-6.50 
-7.00 
-8.00 
-8.50 
-9.00 
-9.50 

-10.0 
-10.5 
-10.5 

0.0 0 0 
0.0 0 2 
0.4 3 64 
1.8 27 210 
2.0 58 280 
2.4 92 325 
3.0 114 345 
4.0 160 360 
Breakdown, attractor to needle 

9 
9 
9 
9 
9 
9 
9 
9 

Pp = 200 psig 

-6.50 
-7.00 
-8.00 
-9.00 

-10.0 
-11.0 
-12.0 
-13.0 
-13.0 

0.0 0 0 
0.0 0 4 
0.5 1 57 
2.8 14 230 
4.0 39 345 
5.0 75 425 
6.4 153 480 
7.0 240 500 
Breakdown, attractor to ground plate 

10 
10 
10 
10 
10 
10 
10 
10 
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TABLE XII 

Current Characteristic Data, Configuration VIII 
(L = 0.50 inch) 

Va T» 

Po = 100 psig 

-5.00 
-6.00 
-7.00 
-8.00 
-8.50 
-9.00 
-9.27 
-9.27 

0.2 2 54 
1.2 24 150 

15 125 248 
94 250 272 

195 300 270 
350 330 267 
500 340 257 
Breakdown, attractor to ground plate 

-14 
-15 
-15 
-15 
-15 
-15 
-15 

Pp = 150 psig 

-6.00 
-7.00 
-8.00 
-9. 00 

-10.0 
-10.5 
-10.5 

0.0 0 9 
1.2 1 57 
4.5 30 232 
7.2 114 355 

25 225 400 
40 260 400 

Breakdown, attractor to ground plate 

-14 
-14 
-14 
-14 
-14 
-14 

Pp = 200 psig 

-6.00 
-7.00 
-8.00 
-9.00 

-10.0 
-11.0 
-11.0 

0.1 0 22 
1.3 1 61 
5.5 10 204 
7.5 40 350 
9.0 80 420 

10 123 455 
Breakdown, attractor to ground plate 

-19 
-19 
-19 
-18 
-17 
-16 
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TABLE XIII 

Current Characteristic Data, Configuration IX 
(L = 0.50 inch) 

a I a IgP To 

-4.00 
-4.50 
-5.00 
-5.50 
-6.00 
-6.50 
-7. 00 
-7.50 
-8.00 
-8.44 

-5. 00 
-6.00 
-6.50 
-7.10 
-8.00 
-8.60 
-9.30 

-10. 0 
-10.2 

-5.00 
-6.00 
-7.00 
-7.50 
-8.00 
-8.50 
-9.00 
-9.50 

-10.0 
-10.2 

Po = 100 pslg 

0. 0 
0. 0 
0.3 
1.4 
7.8 

30 
89 

190 
340 
500 

0 
1 
5 

29 
106 
200 
270 
310 
330 
340 

(No breakdown) 

Po = 150 psig 

0.2 
0.4 
1.2 
3.1 
7.5 

20 
55 

130 
Breakdown, 

0 
1 
7 

35 
136 — 
230 
320 
420 

attractor to 

Po = 200 psig 

0. 6 
0.8 
2.5 
5.0 
7.5 
9.5 

11 
14 
16 

Breakdown, 

0 
0 
3 

15 
30 
60 
93 

130 
180 

attractor to 

0 
17 
45 

103 
168 
220 
225 
225 
225 
225 

0 
27 
88 

200 
300 
325 
340 
340 

ground plate 

0 
22 
77 

180 
254 
310 
360 
390 
410 

ground plate 

-16 
-17 
-17 
-17 
-17 
-17 
-17 
-17 
-17 
-17 

-16 
-16 
-16 
-16 
-16 
-16 
-16 
-16 

-14 
-14 
-15 
-15 
-15 
-15 
-15 
-15 
-15 
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TABLE XIV 

Current Characteristic Data, Configuration X 
(L = 0.50 inch) 

V„ To 

Po = 100 psig 

-4.00 
-4.50 
-5.00 
-5. 50 
-6.00 
-6.50 
-7.00 
-7.50 
-8.00 
-8.50 
-9.00 
-9.10 

-5.00 
-6.00 
-7.00 
-7.50 
-8.00 
-8. 50 
-9. 00 
-9. 50 

-10.0 
-10.5 
-11.0 
-11.0 

-6.00 
-7.00 
-8.00 
-9.00 

-10. 0 
-10.5 
-11.0 
-11. 0 

0.0 0 0 
0.1 1 13 
0.3 3 31 
2.3 16 94 
8.8 52 163 

30 110 210 
76 169 226 

136 200 231 
230 220 232 
350 240 235 
485 250 236 
500 250 235 

(No breakdown) 

Po = 150 psig 
0.0 0 0 
0.0 0 5 
1. 5 4 55 
4.0 18 136 
7. 8 59 230 

19 119 282 
44 184 310 
76 230 325 
87 240 330 

130 260 330 
210 300 335 
Breakdown, attractor to ground plate 

Po = 200 psig 

0.0 0 0 
0.0 1 22 
3.5 14 148 
8.0 77 310 

19 163 365 
26 175 375 
51 245 395 

Breakdown, attractor to ground plate 

-27 
-28 
-28 
-28 
-28 
-27 
-27 
-26 
-26 
-26 
-26 
-25 

-22 
-22 
-22 
-21 
-20 
-20 
-20 
-19 
-18 
-18 
-18 

-18 
-18 
-18 
-18 
-18 
-18 
-18 
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TABLE XVII 

Data for Comparison of Positive and Negative Ion Flows: Positive Flow 
(Configuration VU, L » 0. 50 inch) 

'a a în T0 

Pp * 100 psig 

-4.10 
-4.30 
-4.50 
-4.80 
-5.20 
-5.70 
-5.90 
-6.10 
-6.35 
-6.35 

0.0 0 0 
0.0 0 13 
0.0 1 21 
0. 0 2 26 
0.0 4 40 
0. 0 6 46 
0.0 8 62 
0.1 11 76 
1.0 14 77 
Breakdown, attractor to needle 

0 
20 
30 
37 
54 
61 
81 
98 

106 

35 
37 
38 
38 
38 
39 
39 
39 
39 

-5.20 0.0 
-5.70 0.0 
-6.46 0.0 
-7.00 0.0 
-7.35 0.0 
-7.60 0.1 
-7.92 0.2 
-8.00 Breakdown, 

Po = 150 pslg 

0 0 0 
0 18 28 
3 38 55 
7 70 95 

13 107 144 
21 159 206 
32 212 276 
attractor to needle 

40 
41 
41 
42 
42 
42 
42 

P0 = 200 psig 

-6.00 
-6.60 
-7.20 
-7.80 
-8.15 
-8.50 
-9.00 
-9.20 
-9.20 

0.0 0 0 
0.0 0 14 
0.1 2 42 
0.1 5 67 
0.1 12 157 
0.1 20 210 
0.4 39 300 
0.5 48 375 
Breakdown, attractor to needle 

0 
22 
63 
95 

204 
270 
385 
470 

42 
42 
43 
43 
44 
44 
44 
44 
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TABLE XVIII 

Data for Comparison of Positive and Negative Ion Flows: Negative Flow 

(Configuration VII, L = 0. 50 inch) 

'a a In To 

Pp = 100 psig 

+3.60 0. 0 
+4. 00 0. 0 
+4.51 0.0 
+■5. 00 0.1 
+•5. 50 0. 6 
+-6. 00 3. 2 
+6. 30 7. 0 
+6.40 Breakdown 

0 0 0 
0 3 5 
1 12 16 
5 35 47 

13 65 90 
31 112 160 
50 156 225 
attractor to needle 

42 
42 
42 
43 
43 
43 
43 

Po = 150 psig 

+-5. 50 0. 0 
+6. 00 0. 0 
+6. 50 0. 0 
+-7.00 0.1 
+7. 50 0.4 
+8. 00 1. 0 
+8.15 1.5 
+8.25 2.8 
+8.25 Breakdown, 

0 0 0 
0 8 12 
3 45 60 

14 98 130 
36 226 285 
50 280 360 
60 295 390 
70 300 410 
attractor to needle 

44 
45 
46 
46 
46 
46 
46 
46 

P0 = 200 psig 

+6.00 
+6.50 
+7.00 
+-7. 50 
+8.00 
+8.50 
+9.00 
+9.50 

+10.0 
+10.0 

0.0 0 7 
0.0 1 31 
0.0 3 68 
0.1 13 168 
0.1 31 300 
0.2 50 390 
0.3 65 430 
0.5 90 450 
2.0 90 460 
Breakdown, attractor to needle 

10 
45 
90 

210 
375 
480 
540 
580 
600 

51 
51 
51 
51 
51 
52 
52 
52 
52 
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