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CHAPTER 1

INTRODUCTION 

The rectification or valve action of aluminum has been 

known for many years and it is well known that aluminum 

electrodes in solutions of borates, phos phates, oxalates, 

citrates, tartrates and carbonates conduct well as a cathode, 

but when an aluminum anode is used, the conduct ion is very 

poor if the voltage is applied slowly to about 100 volts. 1'2'3 

This action is due to a film of oxide that forms on the alumi

num which allows anions to pass and causes the film to in

crease in thickness.4 This valve action has been found in 

tantalum, niobium, antimony, bismuth, silver, copper, mag*

nes ium, zinc, and cadmium, although with the latter three 

metals the conditions must be carefully controlled. This 

property has been used in commercial aluminum electrolytic 

1. Glasstone, The Electrochemist r of Solutions, 
Methuen and Co., LTD. (190>p4 ~ 

2V. A. Suydam, Electricity and Electromagnetism, 
. Van Nos t rand, (1940 , . 264-.  

. E. Holland, "A Commercial Aluminum Electrolytic 
Rectifier", Transactions of the American Electrochemical 
Society, Vol. LIII, (192877 p.~3195-2m T7 

3tlasstone, Of. ct. p. 434.,
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rectifiers and was used in the advent of radio for charging 

of wet batteries. This same effect is also used in aluminum 

electrolytic condensers. 5 

The effect that a magnetic field would have on the recti

fication action of aluminum in an aluminum sulfate solution 

has been investigated by George Antonoff and Anne Rowley, 

Ferdham University, in an article "Anodic Behavior of Aluminumrr 

in a Magnetic Field" which is reproduced in its entirety in 

the Appendix. This article was printed in Acta Physica.  

Austriaca, July, 1948, and also in Journal of Physical and 

Colloid Chemistry, June, 1948, This article claims that the 

forming of an oxide film on aluminum and its disappearance 

must take time, and that the current will not flow in one 

direction, but immediately upon changing the connections the 

current would flow in the opposite direction. They maintain 

that this indicates some special electronic structure, such 

that an electron under an electric field can move in one 

direction and not in the other. This being the case, a mag

netic field should produce an effect. Antonoff and Rowley 

set up a test electro lyt ic cell with an aluminum cathode in 

a magnetic field of about 2000 gauss . The cell cont ained.a 

saturated solution of aluminum sulfate with a platinum wire 

as the anode and this was connected to a 45 volt battery.  

There was no current in the circuit without the magnetic 

field, but as the field was established the potential fell 

5lbid.

.
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to 10 volts and passage of current was evident. At the same 

time it was observed that the aluminum strip was covered with 

a deposit having the appearance of a molten mass, and the 

shape of a disc of the same diameter as the iron rod facing 

it. Palumbo et al.6 have investigated cells containing two 

electrodes of the same metal immersed in an electrolyte con

sisting of a salt of the metal. The action of a magnetic 

field in generating an electromotive force was investigated 

with negative results.  

The present investigation is an attempt to verify the 

original work done by Antonoff and Rowley' and to contribute 

specific data on the action of a magnetic field on aluminum 

cells. Experiments of the type they described have been per

formed and an extensive set of data has been collected. It 

was thought that if the results of Antonoff and Rowley could 

be duplicated, further investigation would be warranted.  

However, the experiments have produced negative results.  

Various conditions have been tried with an especial attempt 

to get the molten mass-like deposit, to no avail. These 

condition and results are described in detail in subsequent 

chapters.  

6b. Palumbo and G. Riccobone, Ricerca Scientifica, 
Vol. 18, (July, 1948), p. 821-3.  

7 
Antonoff and Rowley, .of.. c.t." p. 1105.



CHAPTER II

DESCRIPTION OF EQUIPMENT 

The equipment used had to be of a type that could produce 

a strong concentrated magnetic field that could be varied 

easily and constructed so that an electrolytic cell could be 

placed between the poles of the magnet with a strip of the 

metal in the solution. One such electromagnet was constructed 

which used high current and few turns of wire, but it was 

found by checking with a General Electric Light Beam Type, 

Fluxmeter, Catalog No. 32CZ47 Gr. 7, Reg. Da191087, that the 

strongest field that could be produced with this magnet was 

4000 gauss, and this only for short periods due to the tre

mendous current of 700 amperes required, which caused the 

brushes of the motor-generator to arc. This source was fed 

directly into the magnetic field coils of the electromagnet 

which were two coils taken from a similar arc welder motor

generator. These coils were connected in series aiding with 

a core of iron bolted together to form a single yoke with 

1.19 centimeters diameter pole faces. The gap could be con

trolled by the bolted connection of the top pole face. Some 

tests were run with this equipment but they were of no sig

nificance.  

The data reported in this thesis were obtained with a.  

double yoke, army surplus, magnetron electromagnet with the

A



5

original pole faces removed. The bottom adjustable core 

served as one pole face. The top core was removed and 

replaced by another core of approximately the same type 

material as the original. This core was 15 cm. in length 

and 3 cm. in diameter. The increased length allowed smaller 

gaps. The magnet is shown in Fig. 1. The power furnished 

to coils was from a variable power supply of 0-1000 volts, 

300 millamperes, direct current. The Flux density in the 

gap of the electromagnet is shown in Table 1I and Fig. 2.  

These readings are for a gap of 0.71 centimeters which was 

used throughout this experimental work.  

The magnetic flux reading were made with a General 

Electric Light Beam Type Fluxmeter, Catalog No. 320247, Or. 7, 

Req Dal 91087, using a search coil that had a deflection 

factor of 60.7 gauss per millimeter of deflection. It can be 

seen by Fig. 2 that with a voltage of 1000 volts and current 

of 300 milliamperes the core was running close to saturation.  

Higher voltages caused internal heating of the coils and 

were not used.  

The electrolytic cell was a 150 milliliter pyrex beaker 

with a 50 milliliter pyrex beaker tied to the inside pole 

with rubber bands to protect the pole face and to keep from 

contaminating the electrolyte with the iron pole. For the 

test in the magnetic field the alvminu electrode was placed 

in the bottom of the large beaker so that its plane was 

1A11 tables are in the appendix.

- .. 
,.
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perpendicular to the magnetic field. The other electrode of 

platinum was placed in the solution to the side and not in 

the magnetic field. For the electrolysis tests these 

electrodes were connected to a 45 volt "B" battery through 

a double pole, double throw reversing switch. An ammeter 

was used to read electrode current and a voltmeter to read 

the potential difference applied to the electrolysis cell.  

For the electromotive force test a Leeds and Northrup Co.  

No. 7552, Serial No. 63037, potentiometer was used. This 

potentiometer was checked against an Eppley standard cell 

No. 436337 which has an emf. of 1.01930 absolute volts 

at 230 C.



CHAPTER 111

EXPERIMENTAL DATA AND RESULTS 

Two Aluminum Electrodes in Aluminum Sulfate 

Three tests were made using two electrodes of aluminum 

in a concentrated solution consisting of 300 grams of 

AL2(S04 )3 . 18 H20 in 300 milliliters of distilled water.  

In the first test the electrodes were 8 millimeters wide and 

of aluminum metal, light sheet 1/64 inch thick, Lot No. 62448, 

J. T. Baker Chemical Co.. All of the aluminum used in this 

work except one strip was of this type. These electrodes 

were placed in a test tube in such a way that both electrodes 

ran the complete length of the tube parallel to each other, 

and the electrolyte was poured in the tube until it was 

three-fourths full. The electrodes were connected to a 45 

volt battery and the current read 2 amperes with a voltage 

drop to 20 volts. It was observed that the anode gassed 

vigorously while no apparent reaction was evident at the 

cathode. The magnetic field was then applied and observed for 

a period of five minutes and there was no change in the gassing 

at the anode. The cathode showed no change from the magnetic 

field. There was no change in current except a momentary 

flicker when the field was applied. The current density was 

0.143 amperes per square centimeter at the electrode surfaces.

9
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In the second test the two aluminum strips of 6 milli

meters width were mounted in such a way that the bottoms of 

the strips were just above the pole face and.the electrolyte 

level was just below the top of the pole face so that the 

region of electrolysis was completely in the magnetic field.  

The electrode current read a minimum of 40 milliamperes 

after it stabilized. The voltage was 39 volts and there was 

no change in reaction with the magnetic field. This test 

was run for ten minutes and the current density was 0.0179 

amperes per square centimeter.  

The third test was like the second except that the 

width was reduced to 2 millimeters and as soon as the cell 

was connected the magnetic field was applied. The results 

were the same as the first except that the current started 

out at 0.35 amperes and steadily dropped to 0.080 amperes, 

the same as if the magnetic field were not present. It was 

found that every time a potential was applied, the electrode: 

current started off high and slowly receded to a minimum 

value. The current density of this test was 0.432 to 0.10 

amperes per square centimeter and this test was run for 

20 minutes.  

It is conclusive that these tests do not agree with a 

similar one reported by Antonoff and Rowley. 1 

The potential difference of the third cell was measured 

with an RCA Ultra-sensitive Microammeter, Model WJ-84A, 

1Antonoff and Rowley, o. cit.
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before the cell was used in the current test. The potential 

difference was 0.05 volt and did not change immediately 

upon applying a magnetic field of about 6000 gauss. Changes 

smaller than 0.001 volt could not have been observed with 

the instrument.  

Electromotive Force of a Cell with Aluminum Electrodes 

A cell was constructed with the aluminum electrode be

tween the pole faces of the electromagnet, and the magnetic 

field was applied at various times to see if there would be 

any change in the electromotive force of the cell. The other 

electrode was platinum. The data in Table 2 were taken with 

the aluminum electrode in place: in the cell, but without a 

magnetic field. The electromotive force was measured with a 

Leeds and Northrup Type K Potentiometer. There was a pulsating 

effect with the electromotive force, which was probably due 

to polarization and the giving off of gas bubbles. The 

electrolyte had a concentration of 135 grains of A1 2 (S04 )1m.  

18 1120 in 200 milliliters of distilled 1120.  

The second emf. test was made using this same concen

tration for a total of 39 minutes by varying the voltage 

applied to the electromagnet coil in 100 volt steps every two 

minutes. By looking at the data from this test in Table 3 

one would be led at first to think that the emf. Increased 

with the magnetic field, but the same rate of change of emf.  

continued even after the magnetic field was removed. The 

cell was heated by heat conduction from the pole faces
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and the solution became quite warm every time the magnetic 

field was applied for this reason.  

Another test was run 58 minutes using this same electrode 

and a fresh solution of the same concentration as shown in 

Table 4. The results of this test show that the ernf. steadily 

increased up to the 33rd minute, when it started down for no 

apparent reason and continued to decrease at about the same 

rate as the previous increase. The variation of emf. with 

and without the magnetic field forces the conclusion that any 

possible magnetic effect is small compared with polarization 

and other effects which tend to change the emf..  

In the test that is shown in Table 5, the concentration 

was 50 grams of Al2(So4 ) * 18 H 20 to 400 milliliters of 

distilled water. The magnetic field was changed every two 

minutes. There was only one change in the emf. during this 

test and that was at the beginning of the 6th minute when 

the electromagnet voltage was changed to 300 volts. This 

change could have been due to the magnetic field, but it is 

doubtful as on the other test there were no extreme changes 

at this point.  

The last emf. test was run for a period of 35 minutes.  

The magnetic coil voltage was varied in steps of 100 volts 

at two minute intervals, as is shown in Table 6. In this 

test the emf. of the cell appeared to be increasing because 

of its own internal action and the application of and changes 

in the applied field apparently had little if any effect.
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Electrode Current of a Cell with Various Concentrations of 

Electrolyte 

This series of experiments was made with various concen

trations of solutions to try to determine the effect which the 

concentration of electrolyte would have upon the reaction in 

a field. The cell was set up with a strip of aluminum 

between the pole faces of the electromagnet. The other 

electrode was of platinum and these two electrodes were con

nected to a 45 volt battery through a double pole, double 

throw reversing switch in order that the polarity could be 

changed quickly. On all of these tests the switch was in 

position to make the aluminum electrode the anode and the 

platinum the cathode. The reversing of the switch simply 

changed this connection to make the aluminum the cathode and 

the platinum the anode.  

The first test was with a concentration of 25 grams of 

Alz(SO 4 ) 3 " 18 H2 0 and 200 milliliters of distilled H20.  

The voltage was varied in steps of 100 volts each minute for 

a period of 10 minutes until maximum field strength was 

reached. This test was run for 12 minutes and with no sig

nificant results as is shown in Table 7.  

The next test was run for a period of 46 minutes with 

alternately no field and maximum field at three minute 

intervals. The voltage was increased by 5 volts immediately 

after the field was removed each t ime . The voltage was 

raised to the maximum for the batteries, and then tie
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polarity was reversed and decreased in steps of 5 volts at 

one minute intervals. The concentration of this solution 

was 300 grams A12 (SO4 )z * 18 H2 O and 400 milliliters of 

distilled HZQ, and was used as a standard for the two 

following tests. In this test as Is shown in Table 8 there 

was no apparent magnetic effect.  

The standard solution was diluted with equal parts of 

distilled H2O and the test just described was run on this 

solution with the exception that when polarity was reversed 

the readings were made instantaneously to see If there was 

an appreciable change. The tests show no visible effect due 

to the magnetic field, as is shown by Table 9. This same 

test was repeated with exception that the standard solution 

was diluted with two parts distilled H2 0 to one part solution.  

The results were the same as all of the above and are shown 

in Table 10.  

These four tests show that there is not any change in 

the reaction caused by the concentration of the solution.  

The only change noticeable is that the internal resistance 

of the cell is changed and it draws less current as the 

concentration decreases. These tests do show the recti

fication property of aluminum but also show that aluminum 

sulfate has a tendency to inhibit the property.  

De position the Aluminum Electrode 

Throughout this experimental work particular attention 

was paid to any deposits that might appear on the aluminum
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electrode. There were only four electrodes that showed 

any significant deposits, and these were of a minor nature 

and could not be duplicated. Approximately fifty tests of 

various kinds were run and these four showed a few minor 

spots which could be due to contamination of the electrolyte 

as duplication was attempted and could not be accomplished.  

Impurities in the electrode and surface conditions could also 

explain the occasional deposits obtained.  

The first of these deposits is shown in Figures 3 and 4.  

These tests show that on the top side, which was next to the 

north magnetic pole, strip A was corroded and had a slight 

amount of pitting. This pitting showed up in cases where 

the current density was high but no constructive data is 

available on this as it turned up in the beginning of this 

experiments and it could not be duplicated. At shows the 

bottom of this same electrode, which was next to the south 

pole. It shows more corrosion but is of no consequence.  

B showed some definite deposits in about four spots the size 

of pin points located on the periphery of a corroded spot 

that is about the size of a match head. This particular 

experiment was also made in the beginning and no actual data 

is available and could not be repeated. B', the bottom of 

B, showed a little corrosion around the edges and nothing 

more. All of the photographs are approximately eight tenths 

normal size.  

Figures 5 and 6 show two other tests on which the data 

is available, but could not be duplicated. C is the test
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strip of a 10 minute test with a magnetic field of 8040 

gauss and a current oft0.8 amperes in the cell. It is 

believed that the large circle was caused by the top pole 

face glass protector lying against the strip. This strip 

shows quite a lot of corrosion, but it is believed that the 

circles in it and in C' were caused by the container or by 

the circular motion of the solution that was always present 

when the magnetic field was applied, due to the rotation of 

the charged gas bubbles in the magnetic field.  

In Figure 5, D shows the side of a strip against the 

north pole of the magnet. There were approximately 50 black 

spots which might contain some deposits, put on close exami

nation they appear to be principally corrosion spots. The 

electrolyte in this test was Z5 grams of A12(S0 4)3 " 18 1 2a 

and zoo milliliters of distilled H20. This test was run for 

approximately 3 minutes and when the maximum magnetic field 

was applied the current was fair, constant at 0.020 amperes 

and slowly increased to about 1.5 amperes in about three 

minutes. This result of the test Is believed to have been 

due to a slight amount of Cu SO4 from a copper wire inside 

a broken glass support for the platinum pole. The Cu S04 

came from an electrolytic action of copper wire and aluminum 

sulfate. The black deposits are probably cupric oxide.2 

D' is the bottom of this strip, and does not show anything.  

2olland, 22. cit., pp. 198-199.
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This experimental work failed to show any molten like 

masses on the aluminum as was mentioned by Antonoff and 

Rowley. 3 

3Antonoff and Rowley,



CHAPTER IV

SIGNIFICANCE OF RESULTS AND SUGGESTIONS FOR FURTHER WORK 

The results obtained in the investigation reported here 

do not support the work of Antonoff and Rowley. 1  On the basis 

of these results, it seems probable that either (a) Antonoff 

and Rowley misinterpreted their own results, or (b) the results 

they got, in particular the formation of the molten like mass 

on the aluminum electrode during electrolysis in a magnetic 

field, were due to some factor or factors unknown by them. In 

only one case, discussed in Chapter III, was a deposit obtained 

in the present investigation which remotely resembled the one 

described by Antonoff and Rowley, and this result could not 

be duplicated in an exhaustive series of tests. Therefore if 

one does an experiment of this type with a magnetic field, and 

then tries to repeat it with the same conditions except for 

the absence of the field, the results are likely to be incon

clusive because the successive performance of two experiments 

indentical in all respects, including the presence of the 

field, failed to produce consistent results.  

Therefore, if the effect described by Antonoff and Rowley 

exists, it exists only under a very special set of conditions 

1Antonoff and Rowley,o cit.  

20
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which were not duplicated in the numerous tests conducted in 

the present research. It can be said that the effect is not 

pronounced or far-reaching.  

It was thought that impurities in the aluminum electrode 

might be responsible for Antonoff and Rowley's results.  

Antonoff 2 has said that this is probably a factor. A series 

of tests with Aluminum Company of America alloy 24-ST
3 

failed to produce results any different from those obtained 

with pure Sargent aluminum used In the other tests. It is 

possible that a particular combination or concentration of 

impurities is necessary, of course, but the means were not 

available for extending the investigation along these lines, 

so that the main effort was concentrated on pure aluminum 

with the thought that the effect, If it exists with pure 

aluminum, might be more readily explained theoretically. The 

negative results obtained precluded the necessity of investi

gating various aspects of the effect, which had been contem

plated in the initial stages of the investigation.  

The electromotive force test, of the type described in 

Chapter III, is probably a more sensitive indicator of the 

effect of magnetic fields on electrolytic properties of 

metals than the deposition test. The main effort in the 

present work was not put into emf. tests, however, and 

although it can be stated that under the various conditions 

2George Antonoff, personal communication.  

3 The composition of 24-ST alloy is as follows: copper, 

445 per cent by weight; manganese, 0.6; magnesium, 1.5; rest, 

aluminum. This information was obtained from Stock List No. 15,

New York, Whitehead Metal Products, Inc., 1947.



prevailing in the tests there is no pronounced effect due to 

the magnetic field, more refined tests under carefully con

trolled conditions would be necessary to define the extent of 

the effect, if it exists. In fact, the work of Palumbo and 

Riccobono 4 has established that the change in emf. of a cell 

with like electrodes changes by less than 0.001 volt upon 

application of the magnetic field, and that this result can 

be explained as a thermal effect. Their work is closely 

related to the present investigation, and the one sub

stantiates the other.  

5uggestions for Further Work 

It is possible that the magnetic effect on aluminum 

electrodes during electrolysis, under special conditions of 

impurities and surface properties, is very pronounced. It 

appears that an attempt to find the exact conditions under 

which the deposition of the molten-like mass described by 

Antonoff and Rowley5 is deposited reproducibly would consti

tute a worthwhile investigation. It might even have commercial 

applications. Many different types of electrolytes and 

electrodes, with controlled amounts of impurities in both the 

electrolytes and the electrodes; could:be tried. It is 

probable that the magnetic effect is closely related to the 

rectification property of the electrode. Therefore the 

4 Palumbo and Riccobono, cit.  

5Antonoff and Rowley, op. cit.
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effect might exist with tantalum, columbium, antiomony, 

bismuth, and other metals which exhibit the rectification 

property.6 

No reference has been found in the literature to a 

possible magnetic effect with ferromagnetic electrodes, 

such as iron, nickel, or cobalt, in electrolytic cells, 

but such an effect might exist and its investigation 

would be worthwhile.  

6Glasstone, op. cit., p. 434.



APPENDIX

TABLE I 

MAGNET IC CHARACTERIST ICS OF ELECTROMAGNET

Col Voltage Current Deflection Magnetic Flux 
Dens ity 

(Volts) (Milliamperes) (Millimeters) (Gauss) 

100 30 40 2430 
ZOO 60 61.5 3730 
300 90 76 4620 
400 120 86 5220 
500 150 97 5890 
600 180 108 6480 
700 210 115 6900 
800 240 120 7200 
900 270 130 7800 

1000 300 136 8160 

TABLE 2 

ELECTROMOTIVE FORCE WITH TIME ONLY 
(EME. TEST NO. 1) 

Time Electromotive Force Time Electromotive Force 
(Min.) (Absolute Volts) (Min.) (Absolute Volts) 

0 1.1352 8 1.1691 
1 1.1509 9 1.1707 
2 1.1578 10 1.1690 
3 1.1628 11 1.1639 
4 1.1658 12 1.1618 
5 1.1741 13 1.1600 
6 1.1688 14 1.1587 
7 1.1688

24



TABLE a

ELECTROMT lVE FORCE WITH FLUX DENS ITY 
(EMF. TEST NO. 2)

T ime Coil Coil F lux Electromotive 
Voltage Current Density Force 

(Min.) (Volts) (Ma.) (Gauss) (Absolute Volts) 

0 0 0 0 0.89722 
1 100 30 2430 .89722 
a 100 30 2430 .89510 
3 100 30 2430 .90205 
4 200 6G 3730 .94508 
5 zoo 60f 3730 .94508 
6 20O 60 3730 .94508 
7 300 90 4620 .94508 
8 300 90 4620 .94536 
9 300 90 4620 .94536 

10 400 120 5220 .94636 
11 400 120 5220 .94717 
12 400 120 5220 .94979 
13 500 150 5890 .95506 
14 500 150 5890 .95580 
15 500 150 5890 .95580 
16 600 180 6480 .95838 
17 600 180 6480 .96705 
18 600 180 6480 .97031 
19 700 200 6800 .97904 
20 700 200 6800 .97153 
21 700 200 6800 .97625 
22 800 230 7300 .98630 
23 800 230 7300 .98630 
24 800 230 7300 .98910 
25 900 250 7600 .99329 
26 900 250 7600 .99520 
27 900 250 7600 .99616 
28 1000 260 7700 1.00513 
29 1000 260 7700 1.01169 
30 1000 260 7700 1.01588 
31 1000 260 7700 1.01610 
32 1000 260 7700 1.01771 
33 0 0 0 1.01979 
34 0 0 0 1.02856 
35 0 0 0 1.03173 
36 0 0 0 1.03960 
37 0 0 0 1.04366 
38 0 0 0 1.04640 
39 0 0 0 1.05458
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TABLE 4 

ELECTROMOTIVE FORCE WITH FLUX DENSITY 
(EMF. TEST NO. 3)

T ime 

(Mmn.) 

10 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22: 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

35 
36 
37

movies 

od_

I

WANNOMM 

... w,.,

,..

IgirM/. A M

Coil 
Voltage 
(Volts) 

0 
0.  
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

100 
100 
ZOO 
ZOO 
300 
300 
400 
400 
500 
500 
600 
600 
700 
700 
800 
800 
900 
900 

1000 
1000 
1000 
1000 
1000

mommom 

mommom

Coil 
Current 

(Ma.) 

0 
0 
0 
G 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

30 

30 
60 
60 
90 
90 

110 
110 
140 
140 
175 
175 

zoo 
200 zz0 
220 
240 
240 
265 
265 
265 
265 
265

woom"Aw 

.,...,

Flux 
Density 
(Gauss) 

0.  
0 
0 
0 
0 

0 
0 
0 
0 
0 
0 
0 
0 
0 
0 

2430 
2430 
3730 
3730 
4620 
4620 
5000 
5000 
5800 
5800 
6350 
6350 
6800-.  
6800 
7100 
7100 
7200 
7200 
7750 
7750 
7750 
7750 
7750

E lectromotive 
Force 

(Absolute Volts) 

1.05585 
1.05712 
1.05840 
1.06012 
1.06073 
1.06062 
1.06041 
1.06050 
1.06041 
1.06041 
1.06394 
1.06369 
1.06244 
1.06220 
1.06220 
1.06233 
1.06198 
1.06198 
1.06231 
1.06377 
1.06158 
1.06122 
1.06097 
1.06116 
1.06098 
1.06204 
1.06169 
1.06401 
1.06486 
1.06612 
1.06618 
1.07004 
1.06843 
1.10059 
1.09283 
1.08150 
1.08018 
1.07872:
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TABLE 4---Continued

Time Coil Coil Flux Electromotive 
Voltage Current Density Force 

(Min.) (Volts) (Ma.) (Gauss) (Absolute Volts) 

38 1000 265 7750 1.06743 
39 1000 265 7750 1.05836 
40 1000 265 7750 1.05511 
41 1000 265 7750 1.05318 
42 1000 265 7750 1.05124 
43 0 0 0 1.05124 
44 0 0 0 1.05124 
45 0 0 0 1.05065 
46 0 0 0 1.05051 
47 0 0 0 1.05097 
48 0 0 0 1.05442 
49 0 0 0 1.05078 
50 0 0 0 1.04725 
51 0 0 0 1.04725 
52 0 0 0 1.04725 

0 0 0 1.04681 
54 0 0 0 1.04524 
55 0 0 0 1.04524 
56 0 0 0 1.04585 
57 0 0 0 1.04718 
58 0 0 0 1.04387
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TABLE 5 

ELECTROMoT IVE FORCE WITH FLUX DENS ITY 
(EMF. TEST NO. 4)

T ime Coil Coil Flux Electromotive 
Voltage Current Dens ity Force (Mm.) (Volts) (Ma:.) (Gauss-) (Absolute Volts) 

0 0 0 0 0.95044 
1 0 0 0 .95044 2' 100 30 2430 .95044 
3 100 30 2430 .95044 4 200 60 3730 .95044 
5 200 60 3730 .95044 6 300 90 46Z0 .95654 7 300 90 4620 .94654 8 400 120 5220 .94654 9 400 120 5220 .94654 10 500 150 5980 .94654 

11 500 150 5980 .94654 12 600 180 6480 .94654 13 600 180 6480 .94654 
14 700 210 6900 .94654 
15 700 210 6900 .94654 16 800 240 7Z00 .94654 17 800 240 7200 .94654 18 900 270 7800 .94654 
19 900 c7* 7800 .94654 
Z0 1000 295 8100 .94654 
21 1000 295 8100 .94654 22. 0 0 0 0.94654
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TABLE 6 

ELECT ROMOT IWE FORCE WITH FLUX DENS ITY 
(EMF. TEST NO. 5)

Time Coil 
Vo lt age 

(Min.) (volts):

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
34

0 
100 
100 
zoo 
200 
30G 
300 
400 
400 
500 
500 
600 
600 
700 
700 
800 
800 
900 
900 

1000 
1000 
1000 
-500 

0' 
0 
0

Coil Flux 
Current Density 

(Ma.) (Gauss)

0O! 
30 2430 
30 2430 
60 3730 
60 3730 
90 4620 
90 4620 

1.10 5000 
110 5000 
140 5800 
140 5800 
170 6300 
170 6300 
200 6800 
Zoo 6800 
210 6900 
210 6900 
240 7Z0o 
240 7200 
270 7800 
270 7800 
270 7800 
120 5300 

0 0 
0 0 0 Oh

Electromotive 
Force 

(Abso luteVolts)

10.06750i 

1006750 
1.06750 
1.06750 
1.06750 
1.06983 
1.07089 
1.07230 
1.07230 
1.07Z230 

1.07297 
1.07297 
1.c72Z7 
1.07297 
1.07569 
1007706 
1.07706 
1.07706 
1.07706 
1. 08142 
1.08142 
1.08142 
1.08142 
1.08142 
1.08142 
1.08142
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TABLE 7

ELECTRODE CURRENT WITH FLUX 
(CURRENT TEST NO.

DENSITY 
1)

09 ~00 

Time 4J -V 

(onts4(olts) ( tMa.) (Gauss) 
0 0*000 

0 0.5 36 0 0 0 
1 .45 36 100 2600 2430 
2 .42 36 2-00 4300 3730 
3 .40 36 300 4800 4620 
4 .42 36 400 5300 5220 
5 .38 36 500 5900 5890 
6 .38 36 600 _6480 6480 
7 438 36 700 6800 6900 
8 .34 36 800 7300 7200 
9 45 36 900 7700 7800 

1 .34 36 1000 8100 8160 

Reversed polarity 

11 1.25 30 1000 8100 8160 
12 .64 31.5 1000 8100 8160
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TABLE 8 

ELECTRCDE CURRENT WITH FLUX DENSITY 
(CURRENT TEST NO. 2) 

(Min.e) (Amip.) (Vo lt s) (Vo lt s) (Ma. ) (Gaus s) (0C.') 

0 0.021 5 0 0 0 31 
1 0006 5 130 0 8160 31 

2 .006 5 1000 300 8160 31 
3 .006 5 1000 300 8160 31 
4 0014 5 0 0 0 31 
5 .060 14 0 

31 

6 .010 10 0 0 0 31 
7 .018 10 1000 300 8160 32 
8 .020 10 1000 300 8160 32 9 030 10 1000 300 8160 33 10 .043 10 0 0 0 34 11 .067 15 0 0 0 35 

12 067 15 0 0 0 35 13 .086 15 1000 300 8160 35 14 .086 15 1000 300 8160 35 15 .094 15 1000 300 8160 36 
16 .160 20 0 0 0 37 17 .160 20 0 0 0 37 18 .200 20 1000 290 8050 38 
19 .240 20 1000 290 8050 39 
20 . .240 20 1000 390 8150 39 
16 .240 20 0 0 0 40 

22 400 25 0 0 0 40 
23 .480 25 0 0 0 41 
24 440 25 1000 280 8000 42 
25 .460 25 1000 280 8000 43 
26 .460 25 1000 280 8000 47 
27 .460 25 0 0 0 49 
28 1.200 30 0 0 0 53 
29 1.280 30 0 0 0 55
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TABLE 8---Continued

1i1 - LaWm m~

+ 00.  T.# W 

0s4

1.200 
I 260 
1.260 
1.260 
S940 
.900

cn 

00 

do 

(Volts)

0 

0 

(Volts)

C

(MW.)
I I ~-~--~--F--------1 -.-..-..- 4

30 
30 
30 
30 
30 
30

Reversed polarity

2,000 
2.000 
1.500 
1.200 
*650 

0.28

30 
25 
20 
15 
10 
5

1000 
1000 
1000 

0 
0 
0 

0 
0 
0 
0 
0 
0

280 
Z80 
280 
0 
0 
0 

0 
0" 
0 
0 
0 
0

4 ~W to

Time 

(Min.)

30 
31 
32 
33 
34 
35

(Gauss):

0 
$4 

4) 
di 
$4 
0 
ci.  
S 
0) 
H.  

(C.)

41 
42 
43 
44 
45 
46

8000 
8000 
8000 

0 
0 
0 

0 
0 
0 
0 
0 
0

58 
61 
64 
67 
71 
72 

66 
66 
66 
66 
66 
65
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TABLE 9 

ELECTRODE CURRENT WITH FLUX DENS ITY 
(CURRENT TEST NO. 3)

a n i i a nTii: :I

U 4+ 

(Amp.)

0.018 
.003 
.003 
.004 
.004 
.004 
.003 
.015 
.018 
.018 
.018 
.018 
.018 
.032 
.042 
.048 
.058 
.058 
.058 
.010 
.010 
.012 
.012 
.012 
.012 
.020 
.023 
.030 
.030 
.028

0 
b0( 

0 0) 

(Volts)

5 
5 
5 
5 
5 
5 
5 

10 
10 
10 
10 
10 
10 
15 
15 
15 
15 
15 
15 
20 
20 
20 
20 
20 
20 
25 
25 
25 
25 
25

0 

"4 

00 

(Volts)

0 
0 
0 

1000 
1000 
1000 

0 
0 
0 
0 

1000 
1000 
1000 

0 
0 
0 

1000 
1000 
1000 

0 
0 
0 

1000 
1000 
1000 

0 
0 

1000 
1000

* 4-) 

.94 $4 
Or..  
0, 

0

(Ma.)

0 
0 
0 

300 
300 
300 

0 
0 
0 
0 

300 
300 
300 

0 

0 
290 
290 
290 

0 
0 
0 

290 
280 
280 

0 
0 
0 

280 
280

Time

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29

(eatis s

0 
0 
0 

8160 
8160 
8160 

0 
0 
0 
0 

8160 
8160 
8160 

0 

0 0 
8050 
8050 
8050 

0 
0 
0 

8050 
8000 
8000 

0 
0 
0 

8000 
8000

0 

1 $4+

26 
26 

26 
26 
26 
26 
26 
26 

27 
27 

27 27 
27 

28 
Zte 
28 
28 
28 
2$ 
2$ 
28 
29 
29 
29 
30 
31 
31 
32

--- - - I - a a S i
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TABLE 9---Continued

-______I I_ ___ I I______I____

T ime 

(Min.)

00 

V04) 

$40 

4)14p

9I 4E4 I

30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41

.052 

.059 

.064 
.050 
.050 
.050 
.054 

.060 

.060

Reversed polarity 
Time instantaneous

.900 
.950 
. 700 
.480 
. 300 

0.102

'00) 

Uc" 

(Volts)

00 

(Volts)

U 

(M.)

4) 

(Gauss)

20 
30 

3)0 
30 
30 
30 
30 
30 
30 
30 
30 
30

0i 

+a 

4) 

o$O

33 
34 
3,5 
36 
37 
38 
39 
40 
41 
42 
43 
44 

45 
45 
45 
45 
45 
45

1000 
0 
0 
0 

1000 
1000 
1000 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0

280 
0 
0 
0 

280 
280" 
280 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 
0

8000 
0 
0 
0 

8000 
8000 
8000 

0 
0 
0 
0 
0 

0 
0^ 
0 
0 
0 
0

30 
25 
20 
15 
10 

5
afto -- ON "I I i - - .- -9 --I-,- - - 11 1 - -- 2, - ---. ---. -- - A - I

. __ . . ,. a _ ,
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TABLE 10 

ELECTRODE CURRENT WITH FLUX DENSITY 
(CURRENT TEST NO. 4)

O0 

4Q3r#4 O.4J-4 
0 

0 
Q" 

(Mir..) (np.)_ (Volts) (Volts) (Ma.) (Gauss) ( C.)

0 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
2a 
23 
24 
25 
26 

28 
29

0.090 
.002 
.002 
. 002.  
.002 
.002 
* 003 
.022.  
.014 
.024 
.024 
.024 
.024 
.036 
.036 
.036 
.036 
.036 
.03*3 
.066 
.088 
.088 
.078 
.078 
.078 
.140 
.150 
. 170 
.131 

0.136

5 
5 
5 
5 
5 
5 
5 

10 
10 
10 
10 
10 
10 
15 
15 
15 
15 
15 
15 
20 
20 
20 
20 
20 
20 
25 
25 
25 
25 
25

0 
0 
0 
0 

1000 
1000 
1000 

0 
0 
0 

1000 
1000 
1000 

0 
0 
0 

1000 
1000 
1000 

0 
0 
0 

1000 
1000 
1000 

0 
0 

00 
1000 
1000

0 
0 
0 
0 

300 
300 
300 

0 
0 
0 

300 
300 
300 

0 
0 
0 

280 
280 
280 

0 
0 
0 

280 
280 
280 

0 
0 
0 

280 
280

0 
0 
0 
0 

8160 
8160 
8160 

0 
0 
0 

8160 
8160 
8160 

0 
0 
0 

8000 
8000 
8000 

0 
0" 
0 

8000 
8000 
8000 

0 
0 
0 

8000 
8000

28 
28 
28 
28 
28 
Z8 
28 
28 
28 
28 
Z8 
29 
29 
29 
29 
29 
29 
29 
30 
30 
30 
30 
30 
30 
30 
30 
30 
31 
31 
32
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TABLE 10---Cont inued

41 

00 00) 0 

(Mir.) (Amnp.) (Volts) (Volts) (M. (Gauss) (C..) 

30 T.140 100080 8000 32 
31 .300 30 0 0 0 32 
3 .430 03 
33 .450 30 0 0 0 33 
34 .450 30 1000 26 000 33 
34 .450 30 1000 20 000 34 

35 .450 30 1000 280 8000 35 
36 .450 30 0 0 0 36 

Reversed polarity 
T ime ins tant ane ous 

1.00 2 0 0 0 33 
.760 0 0 0 0 33 
.580 15 0 0 0 36 
.300 10 0 0 0 36 0.066 0 0 0 36 

.760 200 0 0I3
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