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STO RrI-STATI C RPDIO I NTERFERE TICE PHENOME1'A 
ORIGINATING ON AIRCRAFT 

by 

E. C. Starr 

A dependable system of moderate-range communication 

is essential to the success of modern, scheduled aerial 

transportation. The radio telephone, utilizin control-. 

led electromannetic radiations for the transmission of 

intelligence, is highly successful under most flight 

conditïons. All airplanes used in regular passenger 

transportation in the United States are equipped with 

two-way radio telephone apparatus. This equipment is 

employed not o nly for iroje communication between 

the airplanes and ground stations, but also as an aid to 

navigation when visibility is poor and "contact" fliht 

is not feasible. The navigatimnal aids are of extreme 

importance when lihts are to be made in heavy weather 

and the compasses, altimeters, air speed indicators and 

chronometers are not alone adequate for the positive de- 

termination of the course of flight. 

The radio aids fall in three general classes, 
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uccessfu1 voice conixiunicatjcn with 3round observers 

enables the pilot to allow for approximate wind errors 

and to Imow the limits of visibility from the ground. 

The radio compass, utilizing the well-known directional 

properities of the loop antenna, can be used as a"homing" 

device or to chec-t location by trianulation. The radio 

range, or beam, can be employed as a continuous course 

marker making possible the flight of an exact course 

between two terminals. 

These aids are successful in their operation during 

normal weather conditions but at times when they are 

most needed, during heavy weather with low visibility, 

they may become useless. Flight research has shown that 

certain precipitation conditions accompanying atmospheric 

storms cause large, high-speed, all-metal airpl:nes to 

become charged electrically and, subsequently, to dis- 

chare to the surrounding atmosphere producing local 

radio disturbances of severe intensity. It has been 

found that these charges are accumulated by a number of 

different mechanisms, and that the discharge is a process 

of maintaining the potential of the airplane at a value 

not greatly different from that of its surroundings. 

Tests in flight and on the ground have indicated 

that these discharges are the ssie as those which can be 

created by high, direct volta':es impressed upon point 
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electrodes. An extensive study was made of the nature 

of these discharges and of means available for controlling 

them. 

The nature of the radio interference accompanying 

point discharges was investigated both experimentally 

and mathematically,and good correlation was obtained 

between the experimental and predicted results. 

The shielded-loop radio receivin antenna was found 

to exhibit, under most storm-static conditions, a notable 

property of rejecting interference and accepting desired 

sinals. This characteristic was investigated experiment- 

ally and mathematic1ly and aain the experimental and 

theoretical pei'fonnances checked closely. 

It is suggested that a systematic electrical discharg- 

ing arrangement can be installed on airplones to control 

effectively the accumulated charges and reduce the radio 

interference resultincr from their dissipation to the atmos- 

rhere. In a limited form such discharging equipment has 

been tested in flight and has been found to pive promise 

of a high degree of success, 



TI; RADIO COMPASS 

In conuon with the magnetic and yroscopic cornpasses, 

the radio compass alone is not adequate for successful in- 

strurient or "blind" flying. When it is used as a "homing" 

device the nose of the plane will be maintained in such 

a position as constantly to point toward the radio trans- 

mitter, However, in the presence of a cross wind, a 

rather devious route may bo flown resulting in the air- 

plane arriving at its destination in a direction differ- 

ont from normal. If the magnitude of the cross wind is 

known, the resultant drift can be compensated aì. the plane 

will remain on its normal course. An off-course condition 

of serious character may arise due to unreported, heavy 

cross winds, 

A method has been developed for the combned use 

of the magnetic or gyro aì. radio compasses. This method 

is illustrated on page 5 The co rse is to be flown in 

such a manner as to maintain a constant angular relation- 

ship between the radio compass and the magnetic or gyro 

compass. This angle is set when the airplane is in some 

known position on the course and held constant throughout 

the fliht. It will be observed that if the actual course 

of flight deviates to right or left of the true course, 
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the difference an1e between the radio and yro or magne- 

tic compass will change, indicatin an off-courBe condi- 

tion. This :ethod can be used to best advantae only 

when the radio compass is being used as a "homing" device, 

that is, when the airplane is flyin directly toward 

the radio trnsmitter 

If two or more radio transmitters, located at some 

dìstance apart, can be received on the radio compass, 

it is. rossible by triangulation to locate the position 

of the receiver with a fair degree o accuracy. However, 

since the airplane is changinr' its position rapidly, such 

observations must be taien in rapid succession if they 

arc to give satisfactory results. 

Due to reflections from the wings and fuselage of 

metal airplanes, the radio compass requires a calibration 

chart showinc the errors introduced when receiving from 

different directions with respect to the axis of the air- 

plane. Such a calibration curve is shown on pae 7. 

It will he noted that maximum corrections of the order 

of six degrees are necessory in certain positions and 

also that the farthest experimental point from the mean 

curve is aprroximately two This would tend 

to i:Tdicate that the radio compass may be depended upon 

to ive indications having maximum error, when corrected 

for direction with respect to the axis of the airplane, 
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of approximately two derrees. 

Several modific7tions of the i'adio compass are now 

available and a few of them.are quite hich1y developed. 

The simplest compass makes use of the well-known di- 

rectiial properties of the loop antennae. Then a 

bearing is being taken, the loop is so oriented as to 

give a null reading, this position being considerably 

more accurate than tt for a reading of maximum signal 
intensity. 
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ThE RADIO RANGE 

In the previ;us section it was indicated that it is 

possible to ernloy the corrtbined rnanetic or 'yro and radio 

compass to fly a true course regai'dless of cross winds, 

The technique involved, however, is not simple, and the 

desired radio transmitters, upon which "horning" directions 

can be taken, are not frequently available, 

A radio rane or beacon system has been developed 

which, to a large extent, eliminates these objections. 

The type of range which at present is instalied,or is 

superseding others, on the major a:rways of the United 

States employs vertical-tower radiators so combined into 

an antennae system as to produce definite directional 

patterns. 

j7ith reference to the diaiam of page T1.O , if two 

vertical radiators, a, and b, are spaced apart adistance 

d and driven in phase opposition, a useful radiation pat- 

tern is obtained. In the illustratin referred to the 

towers are spaced one-quarter wave lenth and. the maximum 

resultant radiation is, therefore, 41 per cent greater 

tI:an that resulting from either radiator independently. 

It will be noted also that at a point midway between the 

two towers there is zero radiation, and since vertical 
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towers Dropaate a verticnily polarizêd wave, the area 

immediately above the pair o towers is devoid of radia- 

tion. This point, therefore, may serve as a marker and 

is known as the 11cone of silence.11 

It will be observed that the waves combine as they 

do because of two factors. They are first, the separa- 

tion between the radiators and second, the Phase differ- 

ence between the driving voltages of the two radiators. 

For the condition shown on page 10 , it is obvious that 

if both waves were traveling in a direction normal to 

the niane of the towers, they viould have equal distances 

to travel in arriving at any given point, and hence, 

would cancel each other completely. The result would be 

a line of zero radiation intensity. 

The field pattern obtained by such a pair of radiators 

is illustrated on pac 12 In this case the point p 

is any point on the horizon, the locus of which is a cir- 

ele with center at the radiators. The radius vector of 

each of the curves is proportional to the field strength 

radiated by the ontenna in the direction of that vector. 

It will be noted that for tower separations closer than 

approximately one-quater wve lenyth, the field patterns 

are essentially circular. In every case the radiation in 

the 90-degree and 270-degree directions is of zero intensity. 
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If the two radiators are not driven in exact phase 

opposition, a field pattern such as that illustrated on 

rage - - , may be obtained. In this case the tower se- 

paration is one-quarter wave le ngth and the driving phase 

difference is 150 degrees. Equal currents are supplied 

to both radiators. It will be observed that the' radia- 

tion in the zero-degree direction is now much stronger 

than th.t in the 180-degree diretion and the axes of 

zero field strength have been shifted from their former 

90-degree arti 270-degree positions. As a means of corn- 

psrison, the dashed circle indicates the relative field 

strength of ¿ne radiator alone drawing the sme current 

as is supplied to each radiator in the combined pattern. 

These directinnal patterns are readily analyzed. and their 

equations are developed in appendix I. It should be noted 

that the se equations apply exactly only when the radiators 

are operating on a flat, rerfectly-conducting plane . The 

presence of bui1dTh;:s, towers, and mountains tends to 

alter considerably the patterns obtained. 

In the United States Department of Commerce Type 

TL radio range, the above patterns ai1e combined in pairs 

to obtin the desired courses. Four radiators are erected 

on the corners of a rectangle in such a position that 
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their normal patterns lie at 90 degrees with respect to 

each other. The resultant field pattern is that illustra- 

ted on pase 16. In this case diagonally oposite towers 

are driven in phase oìposition and the driving energy 

is alternately switched from one pair of radiators to 

the other. The radio carrier wave is modulated at a 

freauency of the order of 1000 cycles per second, and s 

so 1:eyed ordinarily that one pair of toweis radiates an 

tIA!? signal and the other 'adiates an interlockinç 'IN". 

An airplane, then, in position i would receive a strong 

signai from the radiators transmitting the "Ti', and no 

signal at all frani the other pair of radiators. If this 

airplane were moved around to osition 2, it would re- 

ceive substantially the same signal from the "N" radia- 

tors as in the first position and also wak signals 
from the ttAtt radiators. When in positi'-n 3, the plane 

would be receiving signals of equal intensity from both 

sets of radiators. Si:ce the dot and dash of the "A" 

are interlocked with the dash and dot of the "N", the 

si::nal received in this position would be essentially a 

continuous note of modulation frequency. This is the on- 

conrse signal and is easily differentiated from the off- 

course p:edominant "T.." on one side changing to the "A" 

on the other side. 

It is obvious that if simple equal-current, phase- 

oppos- tian radiators were employed for such a radio range 
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ti'ansrnitter, the co'rses would lie at 90 degrees with. 

respect to each other ar. would, in general, be useful only 

in one direction. Howeve, by driving the opposite towers 

in some phase Jifference other than 180 degrees, as indica- 

ted on nage i. and also by changing the signal strength 

in certain radiators by insertion of i'esistances, it is 

ossible to shift or bend these equisignal courses to any 

desired Tosition, In order to make possible the accurate 

finìl adjustment of the course position, the ener;y is 

usually fed. from the transmitter to the radiators throu.:h 

a movable-primary transformer Thown as a goiicmietor. This 

device enables the proper distribut i on of energy between 

the two sets of radiators to obtaii the exact course posi- 

tion desired. 

The above type of radio range is extremely successful 

over flat terrain and gives a beam width of from 100 to 

200 yards per mile of distance from the radiators. Under 

normal conditions, the range signals with the present 

amount of power are intelligible over distances of at 

least lOO miles. The equisignal cours, however, tend 

at times to bend in mountainous terrain due to reflections 

and they may even break up into multiple courses, Thj 

feature is, of course, highly undesirable, and the major 

course must be flown enough times in good visibility to 



enable the differentiation between the main and f1se 

courses. Certain weather coiditions have also been known 

to produce perceptible shifts in the range courses. 

It is evident thst a satisfactorily operating radio 

range would enable the accurate flight of a gi en course 

under conditions of zero visibility. The t?cone 0: silence" 

markers together with the low-power localizers enable the 

flight personnel to determine their exact position as well 

as course of flight. The only other equipment then nec- 

essary to make complete instrument fiyin successful is 

an adequate lending system. These devices are now being 

developed and will be in general use within the r xt few 

years. 
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RADIO INTER FERENCE 

In heavy weather, particu1ary in violent squalls 

and in air mass fronts, it is especially important that 

the radio ranges be operative. Under these conditions 

local cross winds of severe intensity may tend to drive 

the airplane far from its course unless the range signals 

can be received satisfactorily. Unfortunately, such 

weather conditions are usually accompanied by some form 

of precipitation. There may be snow, rain or frost cry- 

stals in the air. Experience has shown that an airplane 

flying at seeds materially above 100 miles per hour into 

such precipitation, in general, has its radio reception 

very seriously impaired. The interference may appear 

in any one of, or in a coibination of severni different 

forms. 

It has ben known since the early days of radio corn- 

municatior. that ele etrical discharges from conductors, 

either of low or hir:h voltaTe, will produce interference 

in receiving equioment. The making or breaking of a low- 

voltae circuit will produce a shock disturbance in the 

receiver. Low-voltage vibrating type interruptors and 

machine commutators may produce such a rapid succession 

of these shock disturbances as to create a musical note 
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in the receiver, High-voltage corona discharges on conduc- 

tors and insulators are known to create serious radio 

interference. On the airplane the high-voltage ignition 

system of the engine must be very carefully shielded 

to avoid the introduction of heavy shock interference 

into the receiving equipment, 

In many of the above types of interference, the ac- 

tuai disturbance occupies a relatively small prt of the 

total time, Even though the disturbing impulses may occur 

in rapid succession, their individual duration is so 

small as to leave relatively long intervals during which 

no disturbance occurs, In the case of vibrating interrup- 

tors, commutators,. and alternating-current corona dis- 

charges, the undisturbed interval may be of considerable 

magnitude relative to the distrubed interval. In such 

cases it is possible to build into the receiving equipment 

a very rapid automatic volume control which will tend to 

bias the receiver to zero gain during the interval for 

which the disturbance level is higher than that of the 

carrier wave of the desired signal. (B 
4)* The distur-. 

bance is thereby caused essentially "to conimit suicide" 

within the receiving set, in that the set is effectively 

turned off at the moment a noise impulse arrives and is 

turned back on again during intervals between successive 

noise impulses. The desired signal, therefore, comes 

* Bibliographical reference number. 
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through in an inte11i4b1e form. 

Same of the radio interference created by an air- 

plone flying at high speed into an area of precipitation 

is of such a type as to be susceptible to improvement by 

noise-suppressor circuits. Tcìen the airp1ne is in a 

light snow of relatively large individual flakes, the 

interference created is genea11y of a tyrical low-frequency 

vibrator type. Such interference could be removed by 

noise-suppressor circuits. However, when the flight is 

through most forms of precipitation of normal density, 

the interference created is of such a continuous charac- 

ter that no noise-suppressor circuit at present available 

has sny beneficial effect. The interference ranges in 

character from a harsh, rasping sound in the head phones 

to a varyinf high-pitched musical note. The intensity 

frequently becomes so hih as to make necessary the re- 

duction of receiver nain to a point where the normal radio 

range station, in the absence of interference, corad be 

read only a very short distance from the transmitter. 

Such storm-static conditiens may exist for only brief 

periods during the passage through a precipitation area 

or, in the event of flht alon[, an sii mass front, they 

may exist for a matter of 30 minutes or more. Under such 

conditions the radio range cainot be read, and no reception 



22 

of voice communication from the round or other airpisnes 

is .nssible. The flight personnel must, therefore, resort 

to de-d reckoning to maintain the course at a time when 

the radio navi;able aids are most essential, 
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STORIT-STATIC FLIGHT HEEARCH 

As airplanes became larger and speeds became hi-er, 

the storm-static interference problem became moi'e acute. 

A number of accidents were directly attributable to 

airplanes beinr off-cou'se due to their having lost the 

radio range under storm conditions, and then havin: en- 

countered unreported squa11 s whi ch drove them unknowingly 

into darì'erous terrain, The hazard was recognized by 

pilots as well as b aduinistrative personnel and efforts 

were started to attempt to solve the problem. At first 

it was thought that the interference was due to charged 

particles of precipitation impinging upon tha exposed 

radio antennae. In an effort to eliminate this difficulty 

the ant nae conductors were covered with rubber insula- 

tion but no improvement was obtained. It wan reported 

by a number of pilots that under certain cold, dry-snow 

and frost-crjstal conditions, the airplane wind shields 

had been seen to glow with abrush dischar.re. At times 

these brushes were reported to become so severe as to 

give the appearance of the wird shield sparking over 

completely. Under these saine conditions, the rubber deicers 

on the leading edr'es of the airplane.wings were observed 

to Tlow with. brush discharges, and at times to appear proc- 

tically to spak completely across. The tips of the 



propellers were observed to ':10w at times with a typical 

st. Elmo's Fire. 

These reoorts definiteJy established the fact that 

an electric.l charging mechanism was taking place which 

was causing insulated areas on the airplane to attain 

very high potentials with respect to the ship itself. 

If that were the case, it was reasonable to assume that 

by the same mechanism th entire airpisne was being charged 

to potentials considerably above that of the surrounding 

atmosphere. It was further evident, since the insulated 

surfaces such as nd shields and rubber Jeicers were 

being charged to potentials considerably above those of 

the airplane proper, that the potential of the ship was 

being held dawn by sorne form . of discharge mechanism. In 

other words, it appearod that the wind shields and deicers 

were discharging to the ship, acding to the charge it was 

receivin; by similar action, and the whole was discharging 

to the atmosphere. If such were the case, at least one 

source of the observed radio interference was the direct- 

current brush or corona discharge from sharp extremities 

of the airplane to the atmosphere. 

Recognizing this possibility, the United Air Lines 

Transport Corporation undertook a systematic study of the 

problem. regular ten-passenger, two-motor Boeing 
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Type 247-D transport airplane was withdrawn from passenger 

service and made available as a research ship. A number 

of the seats were renoved and a test bench for scientific 

instruments was installed in their place. A partial view 

of the arrangemen is shown on page 2& 

The exterior' the plane was equipped with a number 

of charge- and discharge-measuring electrodes. The 

electrodes which gave the most interesting results were 

as follows: 

(1) A short rod projectin from the side 
of the fuselage directly behind the 
left propeller tips. 

(2) A sphere supported below the fuse- 
lace and behind the pitot stub. 

(3) ft 30-inch poInted rod projecting 
from the nose of the planea 3ad into 
undisturbed air. 

(4) An insulated plate in the form of 
a hollow disk, conformin to the 
st.reanilind shape f the nose of 
the plane. 

(5) Three pointed rods, each approxima- 
tely 12 inches long, projecting from 
each wing tip. 

(6) A 30-inch pointed retractable rod 
e::tending rearward from the tail of 
the ship. 
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INTIOR VIEtV OF STORM-STATIC RESEARCH AIRPLANE 
SHOWING SYNCHRONIZ GRAPHIC-RECORDING 
MILLIAMME2ERS AND CUR RENT AMPLIFIERS 
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The nose electrode and ose plate, wing tip electrodes 

and til electrode are illustrated on pages 21 , 

and 30 Each of the various electrodes was well insula- 

ted from the airplane sud was connected throu:h conduc- 

tors to a terminal board beneath the test bench inside 

th cabin. 

The instruments used in determining the currents of 

charre and discharge, and the polarity and character of 

these quantities viere as follows 

(1 
) Tvo h- ghly-sensitive vacuum-tube 
electrometers 

(2) An R.C.A. cathode-ray osdll'oraph. 

(3) Three syncronized Esterline-Ânr,us 
r;raphic recordin milliameters, dri- 
ven by a three-1ement vaQuum-tube 
anime ter. 

(4) k standard U.A.L.T.C. beacon receiver. 

(5) A special Bell Telephone Labora- 
tories receiver equiLped with noise- 
suppresin circuit. 

( 
6) Various microameters and auxiliary 

equipment. 

The crnhic recording instruments from whicI the most 

orerÏy data were obtained, together with their drLrinr: 

vacuum-tube anijeter are shown on page 26 



NOSE ELECTRODE AND NOSE PLATE 
INSTALL ON BOEING TYPE 247-D AIRPLANE 

FOR STORM-STATIC RESEARCH 



LEFT WING-TIP ECTROD 

INSTALLED ON BOEING TYPE 247-D AIRPLANE 

FOR STORM-STATIC RESEARCH 



RE'I'RACTABLE, POINTED TAIL ELECTRODE 
INSTALLED ON BOEING TYPE 247-D AIRPLANE 

FOR STORM-STATIC RESEARCH 
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The airplane was also equipped with an intercommuni- 

cation telephone system which could be connected to the 

output of a radio receiving set being driven b any one 

of the following antennae: 

(1) The standard "Belly V" beacon re- 
ceiver antenna. 

(2) The short-wave transmitting antenna. 

(3) A shielded loop projecting beneath 
the fuselare of the plane and located 
approximately on a line between the 
two engines. 

(4) A shielded loop in a streamlined 
housing above the nose of the air- 
plane. 

(5) A diagonal antenna extending from 
the end of horizontal fin to a posi- 
tion approximately mid-way of the 
fuselage of the ship. 

(6) An interchangeable shielded ioop or 
crossed dipole projecting forward from 
the nose of the ship. 

Neither of the last-named antennae could be employed at 

the time the nose electrode and nose plate were in use. 

Most of these antennae are illustrated on pages 

and 5 . For a time a straiyht wire antenna indo sed 

in a non-conducting tube coated with a high-resistance 
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conducting compound was installed beneath and parallel 

to the fuselage of the airplane. 

In the early work an attempt was made to observe 

the charge and dis charge currents on indicating instruments 

and to correlate these currents with the radio interference 

observed on the different antennae. It was soon learned, 

however, that the coiitions change so very rapidly that 

it was not possible to make notes fast enough to obtain 

an accurate record. 

Before many tests had been made it was observed that 

all of the wire antennae gave approximately smilaì' re- 

suits. The one exception was the antennae extending toward 

the rear of the ship and this one was found to have a 

consistently hirher noise pick-up property than the others. 

It was also observed that the shielded loop antennae, 

in agreement with previous tests, gave a noticeably higher 

signal-to-noise pick-up ratio than any of the wire anten- 

na e. 

Since the standard "Belly V" beacon receiver antenna 

gave results essentially as good as any of the wire anten- 

nae, it was used as the comparison standard throughout most 

of the tests. It as found that the interference picked 

up by this antenna, as soon as any of the pointed elec- 

trodes began to pass an appreciable current, became severe. 
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'fthen the electrode currents passed the order of 5 to 

15 microarnpeis, the interference ir the "Belly V" became 

so intense as to make impossible the inception of radio 

ran:e signals even when relati-ely nea2 the range trans- 

mitter. 

The discharge interference picked up by the shielded 

loop antennwas noticeably much less than that picked up 

by the "Belly V", but when the electrode currents approached 

orders of magnitude of 50 microamperes or more, the loop 

interference became excesive 
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KLECTRICAL CHARGE AND DISCHARGE RECORDS 

In order to determine something of the mechanism 

of the airplane charge and discharge phenomena, the graphic 

recording milliameters were so connected as to obtiìin 

similtaneous records of three phenomena. For some of 

the tests, the nose plate, nose and tail electrodes were 

used, and for other tests the wing tip and tail electrodes 

were employed. 

A great number of records were obtained by flights 

in different types of prcipitation in various cloud 

formations, and exaaiples of these records are giveñ on 

pages 3 to 40 :.nclusive. The record on page 35 

:is typical of those obtained under dry snow conditions. 

It will be noted that the nose plate charged negatively, 

whereas the nose and tail pointed elctrodes discharged 

positively. That 5s, in the case of ilienose plate. record 

the airplane was positive with respect to the plate, 

while in the case of the nose and tail electrodes, the 

ship was negative with respect to the points. Since no 

appreciable ionization could be taking place from the 

nose pJ,ate, it was obvious that this surface was charged 

negatively by the precipitation in which the airplane was 

flying. The points, however, since they would readily 



PLANE DISCHARGE CURRENTS, NOSE PLATE, NOSE AND TAIL ELECTROCES 
UPPER, NOSE PLATE; CENTER, NOSE ELECTRODE; LOWER, TAIL 

\ \. PRECIPITATION DRY SNOW 

SCALES: UPPER 0.1, OTHERS IO MICROAMPERES PER MAJOR DIVISION; BUNITS PER MIN. 

PLANE NEGATIVE FOR NEGATIVE DEFLECTIONS 

BOEING 247-D 



PLANE DISCHARGE CURRENTS, NOSE AND TAIL ELECTRODES 
ABOVE, NOSE; BELOW, TAIL 

PRECIPITATh)N MODERATE SNOW 
SCALES 4 MICROAMPERES PER MAJOR DIVISION, 8 UNITS PER MINUTE 

PLANE NEGATIVE FOR NEGATIVE DEFLECTION 
BOEING 247-D 
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PLANE DISCHARGE CURRENTS, NOSE AND TAIL ELECTRODES 
A8E, NOSE BEL, TAiL 

PRECIPITATION HElfY SNOW, CENTER OF CL.IO 
SCALES 4 MICROAMPERES PER MAJOR DIVISION, e UNITS PER MINUTE 

PLANE NEGATIVE FOR NEGATIVE DEFLECTION 
BOEING 247-D 





PL.AI DISCHARGE CURRENTS, WING-TV AND TAIL ELECTROOCS 
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PRECIPITATION LIGHT, DRY SNOW 

SCALES: IO MICROAMPERES PER MAJOR DIVISION, A UNITS PER MINUTE 

PLARE NEGATIVE FOR NEGATIVE OEFLECTIONS 

BOEING 247-D 
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admit of ionization, were dischargin this negative elec- 

tricity into the atmosphere. This was a typical condi- 

tion experienced in dry-snow and frost-crystal aroas, 

A somewhat simila record on page 36, giving only 

the nose and tn ii electrode currents, shows the airplane 

discharxìg negative electricity to the atmosphere. In 

this case the airplane was in a condition of moderate 

snow which was not particularly dry. 

An interestinn. condition is indicated by the record 

on pane 37, The plane ws flyinn. in moderate snow and 

then suddenly enten. a region of heavy snow toward the 

center of a cumulus cloud. The tail electrode began 

discharging negative electricity rather heavily and the 

nose electrode inverted its polarity, indicating that 

negative electricity was flowing fron the region ahead 

of the ship, through the longitudinal conductors, and 

out the tail of the airplane. This condition would indi- 

cate the pnesence of a hih electrical voltage gradient 

within the cloud. It will be observed that the airplane 

very suddenly emerged from that region into one of reversed 

gradient, that is, the nose elcodevinapositive re- 

gion and the tail electrode in. a negative region. 

Another slight reversal followed this condition and 

then the airplane settled down to an electrical discharge 
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of negative electricity irom both nose and tall electrodes. 

These rapidlr changing gradient conditions were experienced 

freqently in dl of our work, particularly in cumulus 

or heat clouds. The radio interfe'ence accompanying high 

cloud-rradient conditions was always of such a character 

as to give the effect n the head 'hones of running through 

the entire musical scale. In the background there would 

also usually be a harsh, rasping type of interference 

An interesting case of the airplane discharing heavily 

from all electrodes on ch measurements were being taken 

:is recorded in page . The very consistent character 

of the negative electricity discharge from both wing 

tips and from the tail electrode is shown. It will be 

noted that the change of inT;ensity of the discharge 

from any one electrode is accompanied by a similar change 

in the discharges from the other two electrodes. It is 

obvii- s that the ship was being charged negatively 7ery 

strongly by some acti:n of the precipitation in which it 

was flying. In this case the precipitation was heavy 

snow. The 
unifo-ui vertical deflections present at periodic 

intervals in each grarh were created by a special timing 

device and represent one-minute intervals. The radio 

interference accompanying the discharge in this case was 

very severe and of harsh chaxacte?. 
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An interesting condition f hih traroise gradients 

is illustrated in the record of pa-e 39. In this case 

it will be observed that the rirht wing was in an area 

which was very strongly negative with respect to that 

surrounding the end of the left wins. Transverse cur- 

rents of considerable marnitude were flowing from wine; 

tip to winr tip as a result of this short circuiting 

action. It will be noted that near the end of the re- 

cord a sliht reversal of the gradient occurred. It is 

interesting also that in this case the tail electrode has 

been relatively inactive. Its tendency was to .niternate 

somewhat between negative and positive discharges of 

relatively weak magnitude. 

A condition different from any other so far dis- 

cussed is brought out in the record of page 40. In 

this case the nose plate was receiving positive electri- 

city at a tine when both the nose and tail electrodes 

wee discharging neatvely. A period of longtitudinal 

gradient reversals is also brought out in this record. 

The most interesting feature, h'weve', is that the 

ionization electrodes were ixdicating heavy negative 

discharges at a time when exposed surfaces represented by 

the nose plate, were receivinr positive electricity. 

Ths indicated charging mechanisms that were apparefltly 

considerably different Lrom those in the other reóords. 
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The p?ecipitation into which the plane was fiyin. ws 

evidently positively charged or the impact of the air 

foils with this precipit»tion resulted in a positive 

char;e. The ship, hover, was being charged neratively 

as indicated by the negEtive discharges. This leads to 

the belief that the oropeller action in breaking up the 

heavy snow flakes ws such as to result tn a heavier 

negative charte on the lane than oosìtive charge ac- 

cumulation by contact of the air foils with the charged 

snow flakes. 

A careful study of the discharge records leads to 

several rather definite and other somewhat obscure cn- 

clusions. It is well-known that cloud masses can become 

heavly charged by sorne tye of theinal activity similar 

to thb described by Simpson. (B 5). When an airplane 

flys into one of these charged areas it must r;radually 

attain the potential of that area, first by electrostatic 

induction and later oy actual contact with he charged 

precipitation. A potential gained in sach a manner would 

place the ship at the same :otential as the region in 

which it is flying, and hence would result in no lQcalized 

voltare gradients. that would procace corona discharges. 

It has been thown thab the airplane can bccome charged 
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either positively or nerative1y with respect to its sur- 

roundinc' medium, the negative, however, being predominant. 

This Dhenomenon indicates that the contact with and break- 

ing up of p?rticles of precipitation b the air foils 

and propellers result in charging the plane to a poten- 

tial different from that of the particles themselves. 

The extreme wind-shield and deicer potentials observed at 

times indicate that contact with and breaking up of dry 

snow and frost crystals particles results in extre Ly 

high charge accumulations. The record of page 4) , indi- 

cates that the action of the air foils of the propellers 

may be such as to nroduce neF ative charges on the air- 

plane from positively chargd necipitat.ion. 

In large storni where the p'ecipitation is 

rather general and where the vertical air currents are not 

pronounced, a reasonably uniform charging condition may 

exist. At such times the airplane will attain a high 

negative potential with respect to the surroundin at- 

mosphere and will discharge cr.tinuously. However, in 

squally conditions, notablyin heat clouds, the charged 

areas are not at all uniform. The airplane may, there- 

fore, fly from an arePa of low charge to one of much higher 

potential in a very brief period of time and, in so doing, 

the ship must be broht to the potential of the new 
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region. This chance will result in heavy rona dis- 
charges of short duration between the plane and the 

hiher-potentia1 region into which it is flying. Subse- 

quently,theshp leaves this high-potential region and 

enters or of lower otential, the reverse operation 
villi take place, that is, the ship will discharge its 
hiher voltace to the lower potential reion. Most of 
the hih longtitudinal gradients illustratód in the rcords 
were due to conditions of this character. The so-called 
tTyjflgt or musical-note strtic in the ra4io receivers 
was observed to accompany these particular conditions, 
and it will be shown under "Point Dischae Studies", 
that positive corona dischaGes under many conditions 
characteristically produce this type of ìnteference. 

In order to chec1 the ability of the propellers 
to produce electrical chages by breaking up wet er 

particles, the test plane was subjected to a sìray test 
on the ground. The left motor was allowed to operate at 
approximately normal speed and a stream of water from 

the Portland, Oregon, City supply was directed into 
the propeller. It was observed that the electrode mounted 

behind the propeller indicated the accumulation of a 

positive charge. Then the same test was made at Cheyenne, 

Tyominy, the electrode indicated a charge but this time 



of reversed polarity. This characteristic indicates that 

the breaking up of water particles by propeller action 

may produce charges in a manner similar to that observed 

when drops of water are allowed to fall into a vertically 

rising air current. 

A number of years ago some experiments were performed 

in the Electrical Engineering Laboratories of Oregon State 

College /nich indicated that if the salt content of the 

water which was allowed to drop into the rising air cur- 

rent were less than approximately eight parts per million, 

the spray which was blown from the water drops during 

their fall through the air current would be negatively 

charged. The droplets themselves attained a positive 

charge. !hen the salt content was increased a point was 

reached at which no charging action took place. If the 

salt content were further increased the olarities were 

reversed, that is, the spray woL:1d attain a positive charge 

and the water droplets a negative charge. This experience 

lends strength to the belief that the propellers, in break- 

ing up certain types of precipitatidn, are largely respon- 

sible for th charges accumulated on the airplanes -.Further 

substantition of this belief is brourtht out by the fact 

that a large, all-metal airane in a "power stall" is re- 

ported to give heavy radio interference when in bad static 

regions, whereas a "dead stall" in the same region results 
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in a marked reduction of the radio interference. 

It was found that the discharge currents under prac- 

tically all flight conditions fluctuate very rapidly. 
Some of the observations indicted transverse currts 

as great as one milliampere, and discharges from the 

tail electrode approaching the same order of magnitude 

were recorded on a few rather extrem occasions. 

The characteristic St. mots Fire discharge, so 

frequently reported as being observed during the hours of 

darkenss at the propeller tips, is undoubtedly due to 

two element. The first is that these propeller tips are 

very sharp, and since they extend out a coisiderable dis- 

tance from the shielding influence of the fuselage and 

wings, they constitute excellent discha: ge points. The 

second is that due to the very high peripheral speeds of 

these propellers, as well as' their pitch, a low pressure 

region exists near the tips. Since ionization occurs 

much more readily at low absolute pressures than in the 

normal tmosphere the discharges would take place in these 

regions at reduced potentials. 

Two of the general tyDes of cloud formations in which 

flight tests were made are shown on pges 49 aod 50 The 

cumulo-nim]us or heat cloud on page 49 ias of the violently 

aritated tyDe, resulting in rapid changes from one type 

of charging action to another. Practiclly every t:pe of 



MODFRATELY CHARGED CUMULO-NIMBUS CLOUD 

LOWER WILLAMETTE VALLEY, OREtON 



50 

ßTWEEN TWO MODERATELY HEAVY OVERCASTS 

SISKIYOU MO[J}TAINS, CALIFORNIA 

ALTITUDE 12,000 FEET 
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charge is represented in such a cloud when tests are flown 

at various levels. The heavy rain and snow near the lower 

ede of the cloud is predominately positive, while the 

light crier snow in the upper oait of the cloud usually 
releases negative charges upon contact with the frontal 
surfaces of the airplane. 

The hoto'raph on page 50 ilIusti'atcs a condïtinr 
frequently encountered in cross country flight. The air- 
plane is in a cleai region between two moderL:t9ly heavy 

overcasts. In this position the range signals can be 

received clearly because there is no precipitation, and 

hence no static other than theoccassional crash variety 
due to localized atmospheric discharges more or less dis- 
tant from the plane. In both the lower and upner over- 

casts, however, there was a moderate amount of snow and 

frost and the accomranying radio interference ws consi- 
derabl e. 

The influence of size and sped of aircraft upon the 

charging action observed in precipitation areas and 

hence the influence or these same features upon the r.".dio 

intorference created, is pronounced. The larger and 

faster ships, since their trontal areas are larger and 

since their speeds are greater, make contact with more 

particles of precipitation per unit time than the smaller 
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ships. The reIt is a definitely higher charge and. dis- 
chai'e rate together with a greater volume of interference. 
The broad winc spans and great axial 1enths of the larger 
ships cause them to span sreater areas and hence to create 
greater disturbances in the regions of high voltage grad- 
lents. 

Since various areas on the airplanes experience such 

pronounced charging actions under certain storm conditions, 
it is evident tht very thorough bcning should be prac- 
ticed between all parts of the airplane. Occasions have 

arisen in which the cowling about the enines has become 

Jisconnected electrically from the nacelle. Under this 
conditin radi interference of sevee character is pro- 
duced when the ship is flown through precipitation areas. 
The cowling repeatedly charges up and discharges through 

sparks to nearby bcriìed metsi parts. 
Any exposed insulating surfaces such as ft .vind 

shields, the deicers, insulating housns over radio 
loops and the exposed landing wheel tires, will, under 

certain conditions as outlined previously, accumulate 

el ectrical cha'ges which will dissapate themselves in 
the form of sparks to nearby met.l supports. This candi- 

tion can be slleviatdd only b c.using the surfaces of 

the offending elements to provide a leakage path to nearby 
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bonded metal paií'ts. It is interesting to note tht the 

ice cans which under certain precipitation conditions 

will form on the leadin edges of the air foils, can have 

charges developed on their exposed surfaces, Since the 

ice accumulated at high altitude forms a very excellent 

insulator, the ice cap creates in effect, a localized 

insulatd area similar to the deicer boots and wind shields. 



54 

HIGH-VOLTAGE DIRiT-CURENT GROUID TESTS 

The rapidly fluctuating character of the voltages 

encountered in the fliht tests indicated the desirability 

of making tests on the airplane with more accurately 

controlled voltages. It was felt that flight conditions 

might be simulated by mounting the plane on insulators 

and charging it to a sufficiently high direct potential 

to cnue exposed points to to into corona. Information 

had been obtained on the magnitudes of discharge currents 

to be expected under storm conditions and the type of radi.. 

interference created had been observed carefuliy. It 

was felt that if these ssme conditinns could be developed 

on the ground under accurately controlled conditions, 

much more consistent results could he obtained. 

In line with these thoughts, the research pio ne was 

taken to Oakland, California, and mounted on hich-voltage 

insulatT.ng supports in one of the large hangars at the 

OakThnd Airport, The nhotograoh on pae 5 illustrates 

the ship set up on insulators for the hi;h-voltage direct- 

current tests. Adoqueate insulation was provided to prevent 

the appearance of any brush discharges from the landing 

gear and wheels toward the concrete floor. 

An improvised high-voltage rectifier, utilizing 
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BOEING TYPE 247-D RESEARCH AIRPLANE 
ON INSULATING SUPPORTS FOR HIGH-VOLTAGE 

DIRECT-CURRENT CORONA DISCHARGE TESTS 
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X-ray equipment, was assembled and adjusted to rive a 

maximum aotentiai of the order of 100, 000 volts to ';round. 

The circuit employed for this rectifier is civen on page 

58 It will be observed that with this arrangement it 
is oossible to obtain from a trsformer developing 50 

kv peak, an output voltace, either positive or negative 
with respect to ground, of 100 1cv dc. The principle ad- 

vantage of this circuit is that the maximum inverse po- 

tential applied to either hih-vacuuni tube is the same 

as the output potential, and furthermore, it is necessary 
to use a transformer having a ratin:: of only 50,000 volts 
line to round. 

With a potential of the order of 50,000 volts applied 
to the airpUme, conducting surfaces connected to xound 

we:'e brought up into close proximity to the various dis- 
charge pointsuounted on the airplane. Observers inside 
the cabin of the plane noted that currents of the seme 

order of magnitude could he drawn from these points by 

this arrangement as were obtained in flight. They fur- 
thermore observed that the radio interference created by 

such discharges was of exactly the same character as that 
which had been noted during the fliht tests. 

Following these preliminary tests, arrenements were 

made to suspend conductin points from the tail electrode 



HIGH-VOLTAGE RECT'IER FOR GIZING AIRPLANE 

IN CORONA-DISCHARGE TESTS 

Capacity: 100,000 Volts, Line to Ground 
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of the ship toward the concrete floor for a series of 

discharge tests. It was felt that if the concrete floor 

were used as the ground plane, the currents would distri- 

bute so widely arid xturn to the j-enerator through such 

a broad conductinr medium as to ìrevent th creation of 

isturbances in the radio antennae due to these currents. 

For the first series of tests, a 0.25-inch steel 

rod was sharpened with a rather long taper and was suspended 

11 inches from the concrete floor. High-voltage ignition 

conductor was used for the support in order to eliminate 

the possibility of corona discharges from the conductor 

itself. The tail electrode was well-covered with rubber 

insulating tape to prevent it from going into corona. 

Observations made during the hours of darknes indicated 

that no visible dischares were takiní place from any 

part of the plane other than the point where the discharge 

was desired. For the first tests, no resistance was 

placed in the discharge lead and the radio beacon receiver 

was connected to the ItBelly V entenna. 

A local signal generator was employed to create 

a background carrier wave, for which the beacon receiver 

was tuned, which was modulated at a frequency of anroxìma- 

tely 1000 cycles per second. It was so located, together 

with the gain settin of the radio receiver,as to produce 
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a rectified output in the head-phone circuit of 0.5 micro- 

amperes. For all tests the receiver gain setting was kept 

at app'oximately the same point and a signal of 0.5 micro- 

amperes was obtained by so locating the local signal gen- 

erator as to produce the desired output. 

Since most of the flight work had indicated that the 

ship was discharging negative electricity, the first 

ground tests were made with the point negative with res- 

pect to the concrete floor. The results of the tests 

with this arrnr'ement are given in appendix V, table II, 

and are illustrated by the curves on pages 61 crd 62. 

These curves indicate that the maximum discharge current 

obtained was 110 iThcroamperes and that the accompanying 

radio noise was severe only in the lower regions, This 

characteristic was checked many ti s and it was found that 

even though considerable curra-it was being discharged, 

no appreciable interfernce was produced except at the 

highest values of current and aain for curr -nts of the 

order of less than 20 microamperes. At approximately 13 

microamperes the radio interference ws extremely severe. 
The character of the mise produced in the head'phones 

ws very similar to that which had been observed in flight 

tests. 

The radio receiver was then connected to the lower 

shielded loop antennae and another set of data was taken, 
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AIRPLANE DISCHARGE CHARACTERISTICS 

DISCHARGE ELECTRODE: Vertical rod 0.25 in. dio. 
pointed, II in. from concrete floor. 

POLARITY OF SHIP: Negative 
BACKGROUND NOISE: Locol signal generator, 0.5 
ANTENNA: Lower "V" 
SERIES RESISTANCE: R = O 
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Humid. 66 % 
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AIRPLANE DISCHARGE CHARACTERISTICS 

DISCHARGE ELECTRODE: Vertical rod 0.25 in. dia. 
pointed, II in. from concrete floor. 

POLARITY OF SHIP Negative 
BACKGROUND NOISE: Local signal generator1 0.5. 
ANTENNA: (a) Lower V . (b) Lower ioop (shielded). 
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These data are given in table II and it will be observed 

that no interference was created except at the low-cwrrent 

point referred to above. The interference at this point 
was not of a severe magnitude althow:;h it was definitely 
noticeable. This result again checked the flight-test 
data very accurately. It had been noted in storm flying 
that the shielded lo had much better signal-to-noise 
ratio pick.-'ip characristics than the open antennae, and 

here again exactly the same characteristics were exhibited. 
It was now thought that the ground tests were probably 

a very good check on the flight tests because the ssme 

orders of magnitude of currents, the same tge of inter- 

ference, and the seine selectivity of the shielded loop 

over the open antennae were observed. 

It was felt that the rather large backing of the rod 

point was rroducing a shielding action which was influencing 
the characteristics at the higher voltages. Accordingly, 

a 7,5-inch length of tungsten wire with a diameter of 
0,007 inch was suspended from the same support with the 

spacingS reduced to three inches. The polarity of the ship 

remained negative and the seine local signal generator 

output was maintained as previously. The results of the 

tests on this electrode are given in tables III and IV. 

It will be observed that the maximum currents were of the 

order of 580 rviicroarnperes and the radio interference as 
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obtained from the lower or tiBelly V antenna was severe 

throughout the entire voltage ranje. The shield&loop 

in this case also 4'ave considerable interference for the 

hther current values, tapering down to relatively low 

interference at the lower voltages. The curves of pages 

65 and 66, illustre these data 'raphicaly. Again 

it will be noted that the shielded loop provides a very 

favorable signal-to-noise ratio over the open antennae. 

By charging the airplane to a relatively high poten- 

tial, and then cutting off the rectifier, it was possible 

to show the charge to leak down slowly and thereby to 

obtain a number of points for currents lower than those 

obtained for the lowest voltage setting of the rectif 

These points are presented granhically on page 70 

and it will be noted that below 50 niicroamperes the in- 

terference on the open antenna decays to zero with. no 

characteristic high peaks as were observed in the case 

of the pointed rod. 

A resistance of 28 megohms was now connected in 

series with the discharge point and further tests were 

made. The data obtained with this arranet are pro- 
sented in tables III and IV, pendix 1, and in the 

curves of page66 It will be observed that the inser- 

tion of resistance reduced the interference for a aiven 

discharge current to a marked degree. The interference 
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pick-up or tho shielded loop was actually reduced to 

zero througt the entire range of currents observed. Al- 

thourth some interference was still obtained from the open 

antenna, a marked imporvement in its performance was pro- 

duced. 

These results immediately suggested the possibility 

of using in fliht sorne type of trailing dischaìge conduc- 

tor. The flipht tests had indicated that the interfer- 

ence problem could be solved only by preventing the charg- 

ing of the plane to potentials greatly different from those 

of the surrounding atmosphere,or by d:ssipating these 

charges without disturbing the radio receiver. It was 

obvious that if the potential of the plane, by means of 

some discharging device, could be maintained at a value 

near that of the surrounding atmosphere, then no corona 

discharges could take place except in the event of passing 

through high-gradient regions where the plane is effectively 

short-circuiting high differences of potential.Since 

these latter conditions are only transient in their char- 

acter, they are not particularly objectionatle. This 

trailing-wire discharger, 'iith high-resistance noise sup- 

pressors, has been tried in flight end found to he very 

beneficial under certain conditions. 

After a satisfactory iount of negative-polarity 

data had been obtained, the rectifier vas reversed 
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and pxovisions were made for obtaining positive-discharge 

data. Because of the very much reater sparking distance 

of point-to-plane electrodes with point Dositive than 

with ooint negative, it was necessary to increase the 

space between the end of the ftne tungsten wire and the 

concrete floor from theree inches to '7.5 inches, Other- 

wise . the set-up employed was exactly the same as for 

the egative tests. The data obtained from thes tests 

are given in table V and VI, appendix T. Some very pe- 

culiar characteristics were noted, Reference to the curves 

of page 69 will ShOW that as the potential of the ship 

was raised slowly from 30 1:v to 75 kv, the interference 

received by the open antennae, reardless of the fact that 

the current had risen to over 120 microamperes, was prac 

tically zero. Then very suddenly the interference jumped 

to a high value, and as the voltage was further increased, 

continued on to still higher values. Observations of 

the discharge point indicated that prior to the sudden 

burst of interference the discharge was in the form of 

a very fine point of localized ionization. At the instant 

the interference started, a long ionized streamer as ob- 

served to burst out from the end of the discharge electrode. 

Again the shielded loop gave results similar to its 

previous performance in that its noise pick-up was vastly 
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less than that of the open antennae. No positive-polarity 

data were taken on the pointed-rod electrode. 

A different analysis of the . .itive-discharge data 

is given by the curves of page 71 It will be noted that 

in this case the interference picked up by the open-wire 

antenna jumped from practically nothing at all to a very 

high value at approximately 110 nicroamperes. As the cur- 

rent was further increased to 190 microalmDeres, the in- 

terference followed a rather devious but increasing path. 

Then the current was allowed to die out, by reducing the 

voltage on the ship, the interference remained at a fairly 

high value on dovin to low values of discharge current. 

These characteristics brouht out the fact that the pre- 

sence of ionization streamers was responsible to a consi- 

derable extent for the radio interference produced by the 

positive corona dtscham'ges. 

Again the insertion of a discharge resistance of 

28 megohms resulted in a marked improvement i trie radio 

noise characteuistics, Curve A-2 of page 1 illustrates 

the improvement obtained by the use of resistance. This 

curve is for decaying; currents and represents ionizea:treen 

discharges from the highest to the lowest values, 1; 

will again be observed from curve B-2 of ' 
/1, that 

the resistance completely eliminated the noise ?ick-up of 

the shielded loop. 



AIRPLANE DISCHARGE CHARACTERISTICS 

bi 

9 

L&i7 
u) 
o 26 
o 
4 

w 
> 
I- 
4 
-J 
Lü 

2 

DISCHARGE ELECTRODE: Vertical wire 7.5 in. long, 
0.007 in. dia,, 7.5 in. from concrete floor. 

POLARITY OF SHIP: Positive 

BACKGROUND NOISE: Local signal generator, 0.5. 
ANTENNA. (a) Lower V (b) Lowør loop (shielded). 

SERIES RESISTANCE: (I) R 0 (2) R = 28 meg. 

Temp. 60° F 

Bar. 29.8 in. 

Humid. 61 % 

Streamers 
start 

(a-2) 

(o-l) 

1h 

(b-I) 

20 40 60 80 lOO 20 4 60 180 200 

DISCHARGE CURRENT IN MICROAMPERES 



72 

COORDINATED LABORATORY STUDIES 

The data obtained from the ground tests on the re- 

search airplane emphasized the necessityof additional basic 

studies in three different fields. The first subject re- 

quiring investigation was that of the character of high- 

voltape direct-current point discharges. The data so far 

obtained had indicated an erratic behavior of the inter- 

ference produced by point discharges. It was felt that a 

comprehensive study of the subject should be made in order 

to understand better the nature of the controlling factors 

in this type of discharge. 

The second subject requiring intensive study was the 

mechanism of the radio interference produced by corona 

discharges from point electrodes arid the nature of the 

noise-suppressing influence of resistances in discharge 

circuit3, The third subject was an extensive study of 

the characteristics of the shielded loop antenna with a 

view to determining the reason for its noise rejecting 

properties and further improving upon this property if 

possible. These subjects were taken up in the above order 

and they will be discussed in subsequent sections of this 

report. 
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HIGH-VOLTAGE DIRT-CURRENT 
POINT DISCHARGES 

The point discharge study was made in considerable 

detail. 't was soon learned that the tîpe o discharge 

obtained was dependent very largely upon the geometry of 

the ooint employed, end that the radiointerference accom- 

panying the ionization was ve-y definitely a function of 

the discharge characteristics. The maximum potentials 

required were of the order of 50 kv dc and it was es- 

sential that the voltage riprle be reduced to a minimum. 

The currents involved were of the order of microamperes 

and, since it was desired to record by means of the Duddell 

oscillograph both the discharge current and the accompany- 

ini radio interference, it was necessary that a current am- 

plifier be employed. In recording the radio interference 

on this oscillograph, it was necessary only to provide an 

impedance-matching transformer between the low-frequency 

output of the radio set and the vibrator cicuit. 

The renerl test circuit used is given on page 74 

A full-wave high-vacuum rectifier was employed for the 

high-voltage generator, and a loading capacitance of one 

microfarad was used to reduce the voltae ripple. The 

output voltge of the rectifier was .etermined by sphere 

gaps used within their proper polarity range and correlated 

with the voltmeter-coil instrument, designated as V on 



( 

RESISTANCE-COUPLED LINEAR AMPLIFIER 
FOR OSCILLOGRAPHIC STUDY OF 

HIGH-VOLTAGE DC POINT DISCHARGES 

57 FPIIO 

A1=I5Opa Eb=315v R=S000-25000..n.. 

A2= 5mo Eb= 25v R2=o.smeg. 
A3=2soma E= 6V R3t200..n.. 

C1 = ouf E= 90V C2=o25pf 

E3= 113v 

E 



75 
the diagrnm. 

A two-stage linear vacuum-tube amplifier employing 

a Type 57 and a GE Type FP 110 tube was constxucted. This 

is a resistance-coupled amplifier, and by means of a proper 

setting of the bias voltage Eit is possible to utilize 
the anpiifierover its entire range for either positive 

or negative polarities on the point P. It was convenient, 

by connecting the deflector-plates of a cathode-ray oscil- 

lograph across R1 or across R, to obtain wave-Corn-i checks 

against the indicntions of the Duddell osdillograph. 

These checìs, as given in table XV, indicate that the 

Duddell osciliograph was responding with a satisfacto-'y 

degree of accuracy. In the case of steep-front impulses 

of current or radio output, this oscilloraph gave some- 

what erroneous reak indications, and the vibrators dis- 

played a minor tendency to fall into damped oscillations 

at their natural period. These characteistics, however, 

were not at all disturbing. 

The capacitance C2 was necessary to prevent feed back 

and consequent oscillations in the amplifier circuit. 

To examine the radio interference created b dis- 

charges from the point P to a plane, the conductor con- 

necting the plane to the short-circuiting switch around A1 

and R was carried once around the loop antenna of a 
1 

Western Electric radio field-strength measuring set. (B 7) 
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The position of this coupling loop was so adjusted that 

no difference in rad output was observed when R was 

introduced or short-circuited. The coupling was suffi- 

ciently loose to prevent the oscillations et-up in the an- 

tenna circuit of the field strength set from feeding ck 

into the current amplifier and giving erroneous indications 

in the amplifier output. 

Types of Discharge 

Early in the point discharge studies it was observed 

that when the point is oositive with respect to the ground 

plane, there are three distinct types of discharges to be 

obtained. These discharge types are dependent upon the 

geometry of the point employed and are illustrated on page 

81. Type I is characteristic of thedischarge obtained 

throughout the range of voltages available, from a shax'p, 

slender point. In total darkness a siñall bead of ioniza- 

tion :is visible at the end of the point snd a tapering 

sheath of ionization extends for a short distance back up 

from the point. An extremely interesting characteris- 

Mc of this type of dîschage is that no radio interfer- 

ence accompanies it. 

The discharge indicated as Type II is characteristic 

of that obtained from points which have a rather acute angle 



TYPE I TYPE 2 TYPE 3 
Point. Sharp, s/ende, Point. No.0 steel needle. Point: Sixty degree con/cal 

Current: 42.5 MUA Current: 40 MUA Current: 415 MUA 

DIRECT-CURRENT CORONA DISCHARGES 
ELECTRODES:POINT TO PLANE. POLARITY:POSITIVE. 
SPACING: 10.2 cm. VOLTAGE: 44.0 KV 
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of bnckinc. That is, in ;eneral, if the angle made by the 

surface of the point with its center line is aproximate1y 

30 derees or less, and the point is carefilly polished, 

tis type of discharge will alost always occur. It ay 

be described as a lon, sharp ionized needle extendinr a 

considerable part of the distance between the point and 

the plane, and the current accompanyin it for a given 

voltare is characteristically high. The radio interference 

produced by this type of discharc is severe and is charac- 

teì'istically harsh. 

The trpe of discha:ge practically always obtained from 

a rau:'h :oint or one which has a rather blunt backinp,, such 

as a conical point with sides makiní an anle of 60 degrees 

with the center line, is that illustrated as Type III on 

pa:e 77. In this case there is a ty:'ical bead of ioni- 

zation adjacent to the point proper, and then a rather 

slender stem extending dow the sad for a short distance 

befo'e the discharge blossoms intoa broad plume. The cur- 

rent drawn by this type of discharge is in general the 

lowest of the three and the radio intefeence prodt;ced 

has a characteristic musicel note. he pitch of this note 

ray run from the order of several thousand cycles pet' 

second down to less than 100 cycles per second, and is 

exactly similar to that described as being observed under 

certain cnditions in airplane flight tests. 
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It would appear then, that at least Type II and Type III 
discharges occur from airplanes in flight under certain 
storm conditions, 

Oscillograrns 

Oscillographic records of point-discharge currents 

and the accompanying radio disturbances are interesting. 
The oscillogram presented on page 80 shows the discharge 

current and radio noise characteristics of a 60-degreè 

positive point, spaced 10.2 centimeters from the ground 

plane and operating at a potential of 15.2 kv. The average 

current, as indicted by a D'Arsonval microamnieter,was 2.0 

microamperes. The scales were such that the current zero 

line blends in with the actual current wave betwen the 

impulse peaks. The tilling wave employed was 1000 cycles 

per second and it will be observed that the average fre- 
quency of the current impulses was apDroximately 500 cycles 

per second. 

It is important to note that the radio noise surges 

occur exactly in synchronism with the current impulses, 

there being no radio output during the intervals of steady 

current flow. These current impulses, when viewed on the 

screen of a cathode-ray oscillograph employing a high-speed 



 

P..- 

H r 

I 

I 

L 

DIRECT-CURRENT CORONA DISCHARGE CHARACTERISTICS 
ELECTRODES: 60° POINT TO PLANE; SPACING, 0.2 CM. 

POINT POSITIVE, PLANE GROUNDED; E: 15.2 KV., ¡: 2.0 MICROAMPS. 
UPPER, RADIO NOISE, LOWER, CURRENT WITH ZERO LINE 

TIMING WAVE: 1000 CYCLES 



sweep, ar very similar to those of an impulse generator. 

Curve I of pare115 is typical of the individual impulses 

superimposed upon the steady direct eu rent. It is obvious 

then that these impulses create the interference response 

in the radio receiving equiment. This subject will be 

treated further in the next section, "Nature of Radio 

Inteì'ference Arising from Corona Discharges.0 The dis- 

charge accompanying this oscillogram was a very small 

Type III. 

'then the voltae on the same point was increased 

to 38 kv, the current increased to 28.3 microamperes, 'md 

the radio noise and current appeared as is shown on the 

oscillogram of page 82 . The individual impulse character 

is still present in the current wave but the impulses are 

spaced much more closely, the frequency now being of the 

order of 2200 cycles per second. The radio interference, 

althouh somewhat irregular in character has the same en- 

eral frequency as the impulses in the discha'ge current. 

The slightly wavy zero line was due to a parasitic voltage 

pdup by the highly sensitive amplifier employed in 
the work, 

When the electrode was changed from a 60-degree to a 

45-degree point, the discharges obtained were somewhat 

unstsble in that they would occasionally shift back and 
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forth from Type II to Type III. The 45-degree point is on 

the border line between the eometrv ich consistently 

gives the Tj-oe ii discharge snd that which gives Type 

II. The oscillo'rarn of page 84 was taken with this point 

operating at 43.5 kv to the rround plane. .t the moment 

the exposure was made an observer reported that the dis- 

charge changed from Type III to Type II and the record 

of this change is given on the oscillogram. The typical 

high-frequency succession of currcnt impulses produiced 

by the Type III discharge is indicated Ìi the first part 

of the oscillo ;ram. On three occasions however, there were 

breaks indicating that a chance n discharge type was 

about to occur. Near the end of the oscilloram this 

change did occur, and the irregular current weve and 

associated radio interference typical of the Type II dis- 

chare is shown in the last one-third of the record. It 

will be noted that there is a distinct change in the char- 

acter of the radio interference in that the definite per- 

iodicity of the output impulses is large'.y gone. It is 

ai-so of interest that the current has risen from 42 micro- 

amperes during the Type III discharge to 47 microamperes 

during the Type II discharge. 

At this point in the work, some question arose as 

to whether or not the high-frequency pulsation character 
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of the currents indicated by the osdll1orarns, foin par- 

ticular types of discharges, actually had occurred in the 

discharges themselves or were a characteristic of the dr- 

cuit used in the measurements, In order to answer this 

question, a double, 60-degree noint was made up in the 

form indicated b the photograph on page 86 The two 

points were simi1a, although not exactly the same, and 

were sufficiently close toether to create a certoin amount 

OEf mutual interference between their individual discharges. 

It was felt that if the circui.t were responsible for 

the definite periodicity of the current impulses, then this 

type of double discharge would ive the same result as a 

single individual discharge. However, the oscìliOram of 

page : , which shows a very definite beat or heterodyne 

action in the current riprlo, indicates that each point 

had its own individual impulse frequency and tht the two 

were sufficiently different to produce a pronounced beat 

in the resultant current ripple. The circuit was thus 

shown to he responding with a good degree of accuracy. 

It has been mentioned that the TeI discharge which 
is obtained from sharp,slender positive ponts is free 

from radio interference. This cheracteristic is illustra- 

ted by the osciliogram of page 88 The radio output is 

seen to contain no interference whatever, whi e the ainnt wave 
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shows a number of very small impulses. Lhese disturbances 
'are evidently not sufficiently great to create any inter- 
fe'ence in the radio receiving set. 

After the earliest types of points had been subjected 
to a rather complete study under positive polarity condi- 

tions, the high voltage generator was rerersed and the 
studies were repeated for negative polarities. It was 

soon learned that all types of points, when of netive 
polarity, give discharges having essentially the same 

appearance. They seem similar to the type obtained for 
a positive sharp, slder point. A comparison between the 

Type I discharge obtiined on ne;ative polarity and the 
Type III obtained when positive, for the same indentical 
point, is given on page 90 It will be noted that the 

giovi at the point of the electrode is very intense in the 
negative case, and that the curr :nt iS approximately 20 

per cent hher than for the same voltage when positive. 
The radio interference produced by the negative 

discharges was very erratic in its character for all types 
of point c:cept the sharp, slender one illustrated on 

page r,r In this case, again, no appreciable interfer- 
ence was produced within the range of voltaes available 
for the test. 

The oscilligram on pac l compares with that of 
page 89 :iith the difference that the former is neative 
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and the latter is positive . The currents and voltages 

were of the same order o magnitude and identical points 

were used for both. It will be observed that the negative 

discharge curreT:t, in common with the positive as illustra- 

ted on page o , is made up of a continuous value with a 

superimposed igh-frequency se'ies of small impulses. The 

freqiency of these impulses is of the order of 2000 cycles 

per second a'T compared with approxim.tely 500 cycles per 

second in the positive case. The amplitude of the nega- 

tive impulses is coïLsideably less than that of the positive. 

Again the radio interference is well synchronized with the 

current impulses lthough somewhat less regularly so than 

in the ositive case. 

For the very low discharge currents it was ocasion- 

ally observed that in the negative case also, a tendency 

toward the musical note was produced by the interference 

in the radio receiver. '.aen the voltage is increased to 

higher values, the negative impulses lose their individual 

distinction, In the case of most types of points, the 

radio interference becomes very erratic sometimes rising 

to h 7alues and then dropuin off to rractically nothing 

only to r:tse again, perhaps to :ntermediate values as the 

voltage is lowly changed. 

The oscil gram of page 93 compares with that of page 

g in that the points and dscarge currents were identical 
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with polarities reversed. It will be noted that in the 

positive case the radio interference peaks were much 

higher than in the negative case although the latter con- 

dition seemed to give the more irregular interference. 

Close observation will brina out the fact that the current 

wave in the negative case is made up of a continuous 

value plus a heterogeneous succession of current impulses. 

A great many of these impulses will be observed to start 

in the rositive direction. In other words, the average 

current is negative but msny of the impulses are in such 

a direction as momentarily to reduce the current rather 

than increase it as is practically always the case with 

positive polaritr. This reversat iaemîenon was particularly 

evident when the oscillograph screens were observed visually. 

In the experimental work with negative discharges, 

he 60-degree point was practically the only one that 

could be depended upon to give finite radio -interference 

characteristics of any regulrity whatever. Furthermore, 

points that were mde of steel or copper were rapidly 

altered in their characteristics by oxidation and positive 

ion bombardment. Points constructed of tungsten gave much 

better results for operation over long periods of time. 

An oscillogram of the sharp, slender point operating 

at 39 microamperes negative is shown on page 95 This 

oscillogram compares with that shown on page E2 , the 
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difference being only in polarity. It will be observed that 

there is practically no radio interference and that the 

current contains no apparent ripple. It should be explained 

that the slight appearance of radio interference was due 

to an extraneous disturbing factor, foreign to the test set-t.p 

Characteristic Curves 

A series of discharge-current and radio-interference 

data was taken on each of several different types of elec- 

trodes. These data are presented in tables VII, VIII, 

Ix, x, xI, XII, XIII, and XIV, aprendix T. The discharge 

characteristics of a 3O-deree conical point to plane are 

shown graphically on page 97 It will be observed that 

the negative currents are considerably hirher throughout 

the entire range than the positive, snd that the negative 

rio interference is very er:-atic. The character of 

discharge occurring during this test was Type I for the 

negative and Type II' for the positive. Trpe II' lt should 

beexplained, is somewhat of a combination of TypeII and 

III, the long ionizationneedle of the Trpe II discharge 

being somewhat shortened and surrounded by a halo approach- 

ing the Type III characteristic. This type of discharge 

occurs frequently in the transitional period between 
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the shorter Type III and Tye II discharge. The radio 
interference produced by the Type II' discharge is of con- 

sistent character and, in gnera1, is much more severe than 
that ohtined from the same point operating at the same 

voltage but of negative polarity. 
The performance of the 45-degree point is shown graph- 

icol7y on page 99 It is similar in most every respect 
to the 30-degree poînt. 'Thepitive charge is again Type II' 
throughout most of the ran-e, although at the lower volt- 

es a Type III' appeared. This type of dischare is some- 

w.t of a combination of the Type I and the Type III dis- 
charges in that the plume forms very close to the point, 
there being only a very short, concentrated streamer con- 

necting the point with the diminutive plume. 

The discharge characteristics of the 60-degree point 
are show- on palC0 The currents and positive noise 
are somehat similar to those given bT the sharper points, 
but the negative radio noise is now reasonably consistent, 
although coosiderably less severe than the positive. he 

types of discharge for this point niere a pure Type III 
for the positive and a Tne I for the negative. 

The very interesting and useful discharge character- 
istics of the sharp, slender point are given on page 104. 

It will be observed that the currents for this lectode 
were the highest of all the different points tested, but 
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the radio interference, with the exceptionof one very 

weak disturbance at a relatively low volt: 'e, was zero 

throughout the entire range. During practically all of 

the tests with this particular point, no interference 

was obtained on either polarity over the entire voltage 

range. The points indicating a small nount of interfer- 

ence were included on this particular curve because on 

one occasion a slight ariount of interference did occur in 

that region. 

echanism of Dis charge 

The foregoing curves ar. ociliograms point clearly 

to the nature and mechanism of high-voltage direct-current 

discharges from points. Again, as in the case of ,alterna- 

ting-current corona discharges from conductors, space- 

charge phenomena are c'mtrolling factors in the point 

discharge mechanism (B 8)(B 9). 

When the discharge electrode is positive, and of 

a blut-backed type such as the 60-degree conical point, 

a general ion migraticn seems to account for a continuous 

flow of current between the point and the ground plane. 

Positive streamers periodicaUy project into space from 
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the point, creating 'cositive space chaiges which momentarily 

block further ionization until they have become reduced in 

intensity to the point where a succeeding streamer can 

develop. Since the entire point is symmetrical, having 

a region of hi.:th electrical field concentration surrounded 

by a relatively large background shield, the rhenoinena 

repeat with definite regularity. The frequency of repe- 

titian depends largely upon the voltae and, therefore, 

upon the current bein2 discharged from the point. These 

individual eositive streerners are responsible for bhe 

current impulses superimposed upon the otherwise relatively 
steady flow of current. 

In the case of the sharper points with a less effective 
backin, the space charges do not build up with such de- 

finite regularity end the positive streamers are of a more 

random character. The orderly repetition of crrnt 
impulses does not, therefore, occur. 

Surrounding the end of the extremely sharp point with 

a long slender shank, the positive space charge seems to 

build up to a stable equilibrium and remain there over 

a wide range of discha:ge currents. This space charge 

blocks off the development of any positive streamers and 

hence no current impulses occur. 

In the case of the negative rolarity, therositive 
ion space charges are eEtablished in the region of high 

potential gradients arid tend to move in toward the point 
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of d:scharge. As they approach it closely the voltae 
gradients build up to the point where further discha'ges 

occur, This mechanism results in the extraction of 

large numbers of electroms from the electrode and its 
vicinity. For low values of negative dischare currents, 
these electrons move outward with relatively 10W veloci- 
ties and create, momentarily, a negative space surrounding 

the oint, These phenomena result in the negative current 
imp4ses appearinp in the circuit between the plane and 

ground. However, at the higher voltage, t.e clouPs of 

electrons are projected with much higher velocities and 

result in the rapid creation of high positive space 

charges which actually block off, rnomentarilr, the pass- 

age of more electrons out into the inter-electrode space. 

Hence the curent aopearing in the gro':.nd circuit tends 

to dop off abruptly as each of these hiph positive space 

charges is created, thus resulting in apparent positive 
impulses on the neative current flow. As these positive 
space charges move in toward the ionizati:n point, break 

down occurs with great abruptness and hence the fronts of 

the current impulses are exceedingly steep although the 

impulses themselves are not 1age in magnitude. 

Two of the most interesting henemona br:'upht out by 

the above tests are as follows: 
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i. A sharp, slender point can be caused to dis- 
charge positive or negative electricity, in 
amounts up to at least 40 or 50 microamperes 
per point, without creating any appreciable 
radio interference. 

2. Rough points, which microscopically are 
sharp points with rather blunt backing, 
produce the most severe negative radio 
interference and also produce the musical- 
note type of positive interference. 

It is proposed to carry on more extended studies of 

the high-voltage point discharge phenomena. 
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NATURE O F RADIO INTERDRENCE 

ARISING FROM CORONA DISCHARGES 

The nature of hic;h-voltage direct-current point dis- 

charges as brought out by the oscilloaphic study out- 

lined in the previous section, ave a vei'y definite clue 

to the mechanism of the radio interference produced by 

such dischares. It was evident that the disturbances were 

created by the steep-wave-front current impulses. Par- 

ticularly in the low-current ositive dischage studies, 

was it obvious that each current impulse was accompanied 

by a heavy shock in the radio. 

rjhe essentials of the circuit emìloyed in these tests, 

so far s the coupling to the radio field stienrth set is 

concerned, are given in the diagrams on pagelû7 . The 

electrical equivalent of this circuit as it might be set 

up for a delberate low-frequency study is shown on the 

same page. In the actual circuit the input to the radio 

receiver is through an inductive coupling between the 

circuit carrying Doint discharge current and the parallel- 

resonant antenna circuit of the radio receiver. The waves 

at the left of the discharge point indicate what miht be 

expected of the voltage appearing on the point and also 

on the space charge surrounding the point, indicated in the 

diarr b the arc of a circle, as the recurrent impulses 

develop. 
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The impulsive currents, in flowing to ground through 

the circuit which is inductivelr coupled to the radio set, 

induce transient voltages in the antenna circuit of the 

radio receiver. These transient voltages set the tuned 

antenna circuit into oscillation at its natumal period, 

and since the resultant oscillation has a definite decrement 

due to circuit losses, the high-frequency oscillation dri- 

ven into the radio-frequency amplifiers is effectively mod-. 

ulated and appears in the output circuit as a surge of 

energy. The intensity of this surge depends upon the 

amplitude of the oscillation induced in the antenna dr- 

cuit by the steep-wave-front current impulse in the rround 

circuit of the discharge electrodes. Since the induced 

voltage is equal to M, di/dt, the steepness of wave front 

of the current impulse as well as its magnitude, influences 

this voltage. A current impulse of high amplitude and steep 

wave front wd therefore, be expected to induce a severe 

oscillation in the tuned antenna circuit of the radio re- 

ceiver and a resultant heavy surge in the output. 

In many cases of radio disturbances produced by point 

discharges, the couplinp. from the discharqe point and the 

space charge to the radio antennae is capacitir:. This 

type of circuit is illustrated on page 11 It will be 

observed thnt here aain the individual current impulses 
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occurring in the discharge circuit produce similar, although 

much smaller, current impulses in the primary of the anten- 

na-circuit coupling coil. The same mechanism, therefore, 

applies in this case as in the former with respect to the 

transient excitation of the tuned radio-frequency circuits. 

The equivalent circuit for low-frequency studies of this 

type of interference rick-up is given on the same page. 

In the case where the discharge occurs from a grounded 

point toward a 1i :h-volt:ge space or iane, the circuit 

of paro 111 aplies. Jihis is the qondition mos frequently 

encountered in aircraft storm-static radio interference. 

Aain the current impulses occuring in the discharge cir- 

cuit have their counterparts, due to capacitive coupling, 

in the primary of the antenna coupling coil. 

Impulse Excitation of Oscillatory Circuits 

It is evident that in every practical case, the coup- 

ling of the radio receiver to the discha:ge circuit is such 

as to cause steep-wave-frort currents to ss through the 

primary of the antenna coupling, transformer when similar 

currents appear in the corona discharge circuit. 1he sub- 

ject resolves, therefore, into a study of the impulse 

excitation of oscillatory circuits. 
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Ari equivalent ciicuit for stxch a study is given on 

page 113 . I this case the quantities R, L, and C are 

the e stantsof the circuit of an impulse enerator. The 

mutual inductance i,, coup1in the impulse generator to 

the oscillatory circuit, is assumed to be very small 

re1ativ to L, and hence - negligible amount of the 

disturbance created in the Oscillatory circuit is ed 

back, frito the exciting circuit. The quantities R', L' 

and C' are the constants of te oscillatory circuit. 

I.t the key in the excitin circuit is raised to the 

upper position, the capacitor C is charged by means of 

the battery to a certain voltage. If this key is then de- 

pressed, the capacitor will discharge through the circuit 

comoosed of R, L, and M, and if R is greater than the cri- 

tical value, this discharge will be impulsive in character. 

Such an impulsc will cause the sam te of voltae to be 

induced in the oscillatory circuit as the discharge im- 

pu1ss in the hirhvoltage point-discharge circuits cause 

to be induced in the tuned antenna circuit of the radio 

receive'. The oscillatory circuit should, therefore, res- 

pond to the impulse excitation in. a manner exabtly similar 

to th't in which the high-frequency circit of the radio 

receiver respond to the impulses in the antenna circuit. 

The complete circuit of pane 113 has been treated 
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mathematically 1n apoendix II and curves derived from equa- 

tion (1 ) ae given on pa-e 1:L5. These cut've indicate 

the wave shape o c currents oi'eated in the exciting 

circuit of par, 113 for diffe'ent values of the quantities 

R and L. The capacitance C and battery voltaíe remain 

constant. Solid curve number 1 is the result of relatively 

low inductance and low resistance. Solid curve number 

2 is the result of the same inductance as wa used for 

number i hut with R increased by a factor of four. Solid 

curve number 3 is the result of the s.me resistince as 

was emnloyed for number 2, but with the inductance multi- 

plied by eight. 

The dotted curves show the voltages which the respective 

current waves would inject into the oscillatory circu:Lt 

through the mutual inductance LI. It will be observed that 

waves number 1 arid number 2 induce the same maximum volt- 

ages but hre much differ?nt times of duration, number 2 

beins the shorter, Wave number 3 induces a very much 

lower voltage with a relatively long time of duration. 

The general equation of these voltages is (2), aìjendix 

II. 

en such voltages are induced into the oscillatory 

circuit, the potentials resulting at e are given by 

equation (7). So long as the resistance R' is kept below 
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the critici viue, these potentials will be oscillatory 

in character. The aplitude of the oscillation will be 

determined very largely by the character of the voltage 

induced in the oscillatory circuit by the mutual inductance, 

IVI. 

The waves of pn. 117 were calculated b means of 

equation (7), appendix II, and illustrate the pe of 

oscillatory voltage appearing at e whom the three dif- 

ferent impulsive currents of p 115 are caused to flow 

in the exciting circuit. The amplitude of the voltare 

produced by impulse wave number 1 is relatively large. 

'Jave number 2 results in a somewhat smaller voltage at e 

while excitin, wave number 3 produces an oscillation of 

the lowest smpiitude of all. Of particular interest is 

the fact that the introduction of higher resistances in 

the exciting circuit, resultir. in impulse current waves 

of lower amplitude, produces corresrondingly lower am- 

plitudes of oscillation at e. 

Of further interest is the effect of increased indue- 

tance in the exciting circuit. The introduction of this 

higher inductance at L, together with the same resistance 

at R as was employed for impulse wave number 2,rcsults 

in a current wave of essentially the sune a::îrnum amplitude 

but of greatly reduced steepness of front. The relative 
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amplitudes of oscillatory waves number 2 and number 3, 

page 117, illustrate the effectiveness of this reduced 

steepness of front of the excitir.: impulses in producing 

lower amplitudes of oscillation at e (page 113. 

The above analysis indicates that not only resistance 

but also inductance in the high-voltage point-discharge 

circuits should be effective in reducing the impulse 

excitation of the tuned antenna circuit of the radio re- 

ceiver. This analysis also indicates very definitely 

that the type of radio interference produced by these 

high-voltage discharges is of impulse excitation charac- 

ter, the only hi-h-frequency oscillations appearing in 

general being those set-up in the antenna circuit of the 

radio receiver, at the frequency for which it is tuned, 

by the impinging impulse. It is evident,the;efore, that 

any operation upon the interfering circuit which will 

lessen the amplitude and reduce the steepness of wave 

front of the individual current impulses will result in 

improved radio interference characteristics. 

* In certain cnse parts of the circuit carrying the dis- 
charge currents are driven into complex, damped high-fre- 
quency oscillations and interfering energy is radiated 
directly. This mechanism, however, is believed to ue the 
exception rather than the rule, particularly in direct- 
current corona phenomena. 
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The foregoing analysis was checked experimentally 

and the results are given in table XVI. The same data are 

presented graphic11y on ra í 120 A 60-degree conical 

point was employed, and the series resistance changed from 

zero to two rneohms and the series inductance from 7ero 

to 3r7.2 milhihenrys. A reduction of over 50 per cent in 

the radio interference was produced by the two-megobm 

resistor. A further 50 per cent decrease followed the 

introduction of the inductance. The inductance employed 

was not of a particularly good radio-frequency type, but 

it did verify the analysis and result in a definite im- 

provement in the radio interference characteristics. 

It is evident that the introduction of large amounts 

of resistance and inductance, with a minimum of distributed 

or shunt capacitance, in the h:h-voltage discharge dr- 

cuits will result in minimized radio interference charac- 

teristics. Certain precautions, however, must he employed 

in using these reEistor and inductors. heference to the 

circuits of p : i lÇ7 109 , rd iii will show that the 

voltages of the hLschacge points may be expected to change 

abruptly with each impulsive discharge when resistors and 

inductors are incorporated in the discharge circuit. To 

prevent these sudden changes of voltage from înducin cur- 

rent impulses in the radio antenna , some form of shielding 

about the point might be necessary. 
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RADIO RECEIVING ANTENNAE 

ery abstracting: devices for radio receivin equlip- 

ment fall in three general classes: 

1. The extended-conductor or open- 
wire antenna. 

2. The simple loop antenna. 

3. The shielded loop antenna 

The extended-wire type responds to the traveling 

electromagnetic wave and is also sensitive to any electro- 

sttic field in its vicinity. The true wave of 

electromagnetic radiation is composed of equal electric 

and magnetic oomponents and the voltae induced in the 

open antennae is essentially the same as that created in 

space by the passage of the wave. Induction fields, how- 

ever, preponderantly electrostatic or magnetic, can be 

caused to exist but their space coverage is relatively very 

limited. An extended-wire antennae in the presence of 

these induction fields will respond to both types. (Ap- 

pendix III) 

The unshielded loop antenna may be either of a balanced 



122 

or unbalanced type. In the latter case, the loop will 

resond to both mgnetic and electric fields. The mag- 

netic response is essentially by transformer action. 

The electric response is due principally to charging cur- 

rents flowin throuoh the loop circuit to ground. 

The balanced loop responds well to magnetic exci- 

tation, aain by transformer action, but is very insensitive 

to electric excitation. In this case, the charring cur- 

rents due to electric fields flow to rround equally in 

both directions throuh the loop, thus effectively can- 

celling any Tick up which might result. If the mid-point 

of this balanced loop is grounded, a similar cancelling 

of electric-field rick up will occur. 

The shielded radio loop, when shielding is composed 

oí: a broken, metallic tube surrounding the turns of the 

loop and is balanced to groi:nd, is responsive only to the 

magnetic field. In this case, any changing electric 

field terminating on the loop produces currents which are 

conducted to round in practically equal niarnitudes and 

in opposite directions around the two ports of the shield. 

Consequently, no potential i induced in the loop proper 

due to these charging currents flowing to ground. Any 

improvement in the shielding design which will tend to 

maintain a balance between the charging currents flowing 
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to ground through the two sides o the shield, will be 

beneíicial in its rsu1ts. The cross secti:n of the shield 

itself seems to present a short circuited area to the im- 

pinging electromagnetic signal waves and has some undes- 

irable attenuating effects vpon the received signal. 

This condition undoubtedly could be improved considerably 

by properly laminating the shield in a direction parallel 

to its minor axis, 
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THE SHIThDED LOO? ANTEN1A 

It was brought out very definitely in the sections on 

Flight Research and Ground Tests that the shielded loop 

possessed rnar'ked advanta,es overa the extended-wire antenna 

in its ability to discriminate between the desirable sina1 

and undesirable "static't interference. This feature has 

been known for several years, particularly as regards ef- 

fectiveness with certain types of static, nd it has been 

employed advantaeously in a number of f:elds. Its ctiv 

ness in the attenuation of storm static on aircraft is 

due to the fact that this static interference originates 

fundamentally as a high-voltage low-current discharge phen- 

omenon. The electric fields associated with these dis- 

charges are necessarily intense while the magnetic fields, 

due to the relati1ely feeble character of the currents, 

are very weak. 

It has been shown that the discharge currents are 

comosed of steady values with superimposed double-exponen- 

tial imuises. Such currents may be represented by a corn- 

plex series of multiple-frequency waves. These waves will 

produce true electromagnetic radiations. However, since 

the alternating components are ve srnsll, the radiation 

fields, which are functions of the currents, will neces- 

sorily be weak. Th electric induction fields, on the 
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other hand, are intense because the voltages involved 

are of the order of several thousand. An open antenna 

should therefore respond stronT1r to the electrostatic 

fields in the vicinity of the corona discharges, and weakly 

to the magnetic fields accomranying these discharges. 

(Appendix III). 

The properly shielded loop on the other hand, as has 

been shwn in the previous section, rejects the electro- 

static induction interference and accepts only the magne- 

tic field. This magnetic field has essentially two corn- 

ponente. (Appendix IV). The first is that of induction 

which varies directly with the current and inversely as 

the square of the distance from the source. The second 

is that of radiation which not only varies directly with 

the current but also with frequency, and inversely as 

the first power of the distance. The well-known radiation 

and induction equations indicate th3t these two components 

of the field are of equal intensity at a distance from 

the radiator equal to the radia ted wave len.th divided 

by 2n'. (Appendix IV), 

In the case of the beacon receive:s, the wave length 

is of the order of 1000 meters and the distance of equality 

between the magnetic components of the induction and radia- 

tion fields is anproximately 159 meters. At distances of 
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the order of 10 to 50 feet from the source of interference, 

the radiation comronent of the iarnetic field would then. 

be expected to have a value of t order of 2 to 10 per cent 

of tht of the induction component. The shielded loop 

will respond to this resultant magnetic field even though 

it ìs weak, and at short distances the resonse will be 

almost totally to the induction component. The strenrth 

of interference pick-up in the shielded loop should then 

vary almost exactly as the inverse square of these short 

distances from the interference source. (Appendix IV), 

This law has been ond to apply in some tests conducted 

in their Chicago Laboratories by the Communications Staff 

of the United Air Lines. (B 10) 

The interference pick-up of the open antenna due to 

its e::posure to the intense electric fields, should be 

expected to be great. It is shown in appendix III-A that 

the electrostatic pick-up of such an open antenna from an 

essentially localized source sould be a fimction of the 

voltage of the source, and for urmediate distances 

chosen, should be a f:cthn th aroximate inverse ci. e 

of the distance from this source. This prediction is ilso 

borne out b. the results of the United Air Ljnes tests re- 

ferred to above. (B l0) 
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Improvement of Shielded Loofl 

The problem of reducing the interference rick-up 

ai: the shielded loop is primarily one of removing the 

source of disturbance as far as possible from the loop, 

takin advantage of the inverse square law, and of reducing 

as much as possible the amplitude and wave front of the 

individuai current impulses in the discharges. 

The relative sensitivities of the shielded loop ard 

o:en anten:a to corona-discha?ge static sugest a possible 

means of further improvement in the loop characteristics. 

The charging current flowin in the antenna or loop shieic 

due to electrostatic induction is proportional to anca, 

at that point, is in phase with the magnetic field emana- 

ting from the corñrctor inducting ti-ie electric field. Hence, 

the voltage-inducing capacity: 

dt dt 

If an arrangement were established whereby a small emount 

of this charging current were caused, by mutual induction, 

to inject a voltage into the shielded-loop circuit equal 

to and in ±ase opposition with the loop output due to the 

corresponding magnetic field, a complete cancelling action 

would result. 
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A small, open antenna, such as an isolated area in 

the extremity of the ioop shield, could be connected through 

a shielded ead-in and a variable, reversible mutual induc- 

tor to the loop output circuit. Such an antenna could be 

made to hive a very weak signal response while retaining 

its sensitivity to the interfering electrostatic field. 

By proper adjustment of the mutual inductor, the small 

maînetic voltages of the loop could be cancelled in the 

output circuit by the voltages obtained from the charging 

current. 

Since the loop has a definite airectional sense to 

interference as well as to *: s, the above arrangement 

would be most effective *f the source of the principal 

interference could be localized in a definite plane. 

The use of this device in connection with crossed 

loops seems to offer good possibilities. 

It would robably be necessary to control the coup- 

ling inductor from the receiver control panel in order 

to obtain the proper balance for different conditions. 

.txperimental work has shown that the corona-discharge- 

static response of an unshielded, unbalanced loop, with 

one end of the i000 grounded, may be less, for certain loop 

positions, than that of a completely shielded loop (B 10). 
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This characteristic is probably a demonstration of the can- 

ce1.inr action described above. The charging current flow- 

ifl to ;round throuh the boo oenductors induces a voltae 

in phase opposition to that of normal loop pick-up when 

t}.ìis loop has a certain orient.tion with respect to the 

interfering source. If the loop is rotated 180 derees, 

the two voltages are placed in phase conjunction and in- 

creased interference intensity results, 

If the e1ectc and magnetic components of the fields 

impinging upon the loop and antenna arrangement described 

above produce voltares of equal magnitudes, as in the case 

of e1ectromanetic waves, the cance1lin action would re- 

move not only the interference but also the signal, It 

will be shown, however, in the next section, "Electric 

and iIanetic Induction I that at short distances from 

high voltage interferin', sources, the electrostatic corn- 

ponent may be much reated than the manetic and hence only 

a relatively weak open-antenna resnse will be required. 
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ELECTRIC AND MAGNETIC INDUCTION 

Th subject of voltae and energy abstraction by 

electric and magnetic induction, i: the case of conducting 

elements of simple geometries, is one which lends itself 

rather readily to a mathematical analysis. In appendix III 

such an analysis has been made. The simple geometries 

of a straiht, over-head conductor inducin. voltage and 

power in loops and conductors parallel to the first element 

were chosen. These corditiorìs simulate, to a limited 

extent, the case of a loop antenna receiving voltace and 

energy by rnannctic induction from a radiatin conductor, 

as well as the case of an e:tended antenna receivin volt- 

age and energy by electrostatic induction from the se 
conductor. In the final analysis, examples were chosen 

in which the on'y current flowin in the inducing conduc- 

tor was thnt due to its voltage, frequency and capacitance 

to ground. The open-circuit volta:e and maximum energy 

obtainable from the indnctively-coupled circuits were 

then computed. 

In the case of a radio receiven, the antenna circuit 

is one of parallel resonance, and since the rrid circuit 

of the first stage of the radio-frequency amplifier is of 

extremely high irnpedsrce, the oier-all impedance of the 

input circuit is high. Although it takes energy to drive 
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this circuit, the response is more a matter of the voltage 

induced in the input circuit than of the maximum energy 

available at that point. 
For a pick-up loop of the same length as he irueing 

conductor, equation (45) appendix III, page l9 , ives 
the open-circuit voltare of magnetic inductton. It will 
be observed that this voltage is a function of the square 

of the frequoncy. For loops of shorter length than the 

inducing conductor, but 1octsd near the driving end, 

equation (51) appidix III, )lies. Again, the voltage 
is a function of the square 0f the frequency. 

The open-circuit voltae induced electrostatically 
on an extended, parallel conduetor by the potential on an 

inducing conductor, is given in equation (24) apendix III. 
This equation indicates thnt the induced voltase is in- 
dependent of frequency and is dependent only upon the 

voltage of the inducing conductor and upon the inter- 
conductor and ground capacitances. 

The maximum power which can be obt.uined by magnetic 

inducti .. rom the full-length loop illustrated on page 

l5 , is given b equation (47) , appendix III. This 

equation is complex 'out contains factors indicating that 
the power variez; with the cube of the frequency and the 

square of the voltage. For loops of fractional length 

locsted near the driven end of the c'nductor, this equation 
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becomes (53), the power being still a function of the cube 

of the frequency and the square of the voltage. 

In the case of electrostatic induction employing 

the circuit of page 164 , the maximum power available 

is giv-i by equation (40), appendix III. This equation 

indicates that again the power is prorc:tional to the 

square of the voltae, but this time to only the first 

power of the frequency. From the above equations, it is 

evident that at relatively low frequencies the voltage. 

and power induced electrostatically may be much higher 

than that induced magnetically, whereas at high Cre- 

quencies the exact reverse of these conditions may obtain. 

Inpendix III examples were worked out for the 

purpose of determining the voltages and rowers to be 

obtained from certain conductor arrangements and fre- 

quencies. The conditions of the examples are given on 

page »72 For the full-length loop, magnetic pick-up 

at 100 cycles per second, the open-circuit voltage is only 

4.33x105 volts, whereas the electrostatic open-circuit 

voltae is 2.18xl03 volts. With the frequency raised to 

one megacycle, the magnetic voltage becomes 4.33x103 volts, 

and there is no change in the electrostatic potential. 

It is swn that the induced oin-circuit voltages are 

identical at a frequency of 7.08x105 cycles per second. 

If the pick-up loop only is reduced in length to 
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i per cent of its foi'mer value, the magnetic volta::e at 

100 cycles per second is 3.59xi07 volts. At 1 megacycle 

tbi.s voltage becomes 85.9. volts. Under this condition, 

to obtain the same voltages from both electrostatic and 

maaetic inductions the frequency must be raised to 

5.03 megacycies. 

The maximum power obtainable from the full-length 
loop by magnetic induction at 100 cycles per second is 

shown to be 9.4x109 watts, whereas this cower becomes 

9,4x103 watts when the frequency is raised to 1 megacycle. 

The niaximum power obtainable by electrostatic induction 

from the full-length conductors at 100 cycles per second 

is 2,69xi02 watts, and if the frequency is raised to 

1 megacycle this pOwer becomes 269 watts. The frequency 

for equal maximum nowers by both types of induction becomes 

1.69x105 cycles per seco. For the short pick-up conduc- 

tor and loop, but with full-length inducing conductor, 

the maximum powers become equal at l.09x105 cycles per 

second. 

If the short pick-up loop is retained, bue the 

Inducing conductor is reduced to four per cent of its 
original length, namely to four meters, the frequency 

for equal power by both types of induction becomes 

3,11x106 cycles per second. The induction voltages become 

equal at 26.8x106 cycles per second. Arpendix III,uathn(). 
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It !s thus necessary, for this condition, to raise the 

frequency to relatively very high values to bring about 

voltage and power equalities by the two types of induction. 

The foregoing analyses indicate that electrical 

disturbances which are fundament.ly of a high-voltage 

character may be expected to create a much greater res- 

ponse in a radio receiver driven by an open antennae 

than in one which is driven by a shielded or balanced 

loop. As has been noted previously, these conclusions 

are in exact accord with those obtained experimentally. 
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CONTROL OF ECTRICAL DISCHARGES 

FROI.I AIRCRAFT 

Since it is apparently impossible to prevent the 

accumulation of electrical charges during flight throuh 
certain storm conditions, corona discharges from ex- 

tremities of the aircraft ist of necessity occur when 

the potential differenc'tween these extremities and 

the surrounding atmosphere become suf:'icientiy high. It 
has been shown that these discharges will produce inter- 
ference in the radio 11eceivin equipment on board the 

aircraft unless they are so cortro1ied as to prevent the 

appearance of random,steep-wave-front current impulses. 

It is probable that sorne discharging action is 
obtained through the medium of the ionized exhaust as 

from the engines. It has been suggested that further dis- 
charging could be produced by rrojectin: an ionized so- 

lution into the atmosphere from the charged aii'plane. 
Such methods, hewever, at present seem inadequete and it 
is apparently necess ry to resoct to some ionization 
device to maintain the proper potential equilibrium. 

A conductor trailing from the tail of the airplane 

and terminating in one or more sharp, slender points would 

be expected to discharge considerable energy to the region 

immediately surrounding the points. It has been shown 

that such sharp, slender points produce discharges, 
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regardless of 'o1arity, which fori low and intermediate 

v1ues of cu3'rent are free from the disturbing current 

Thipulses. To guard against interference from other types 

of discharges which might form in the vicinity of these 

points, it would be well to sup1y the trailing conductors 

with resistive and inductive wave suDpressors. 

There are many conditions of flight through severe 

storm areas where a sin1e trailing conductor would not 

provide adequate discharging cupacity. In those cases 

it would doubtless he desirable to have point dischargers 

of the sharp, slender variety, with resistive and inductive 

wave suppressors, on the wing tips and probably also on 

the nose of the plane. The wing tip electrodes, and 

also possibly other discharge points at the extremities 

of the vertical and horizontû fins, might be of either 

a trailing or projecting type. Other sharp projecting 

edges and points on exposed parts of the airplene should 

then carefully be removed. 

It is probabl that under some conditions of heavy 

charging, the radio transmitting antenna may go into corona, 

To avoid such possibilities, in a final clean up this 

antenna might he equipped with a moderately heavy rubber 

insulation. Such insulat ion would hv e the affect of 

reducing the potential gradient at the sufaee of the 
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conductor and would thereby increase the voltage requii'ed 

for ionization. 

The end to be woxked toward ou1d be tht of 11owing 

sufficient energy to be discharged fror the controlled 

points to ceep the potential of the plane low enough, 

with respect to the surrounding atrnosphere,to prevent 

dischargs from occuring elcewhere. 

The propellers may be found to be serious offendens. 

In that event it might be necessory to rround the engines 

to the fuseiae of the ship only through high-resistnce 

and inductance suoressors. 

Exposed, normally insulating surfaces such as wind 

shields and deicor boots can be made electrically con- 

ducting and thus prevent the accumulation of sufficient 

charge n such surfaces to cause sparking over to rmtal 

supports. 

It has been suggested tht it mi:ht be beneficial to 

excite all of the controlled discharge points on the air- 

plane by means of a high-voltage oscillator thus causing 

the discharge to occur periodici1y, permitting radio re- 

ception to he effective during the dead periods. The 

actual development of this scheme seems physical*y iffi- 

cult, but it might be expected to give positive results. 
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The incorporation on a test airplane of all the num- 

erous results and suestions outlined in this report 

would entail a ")reat amouìt of time and expense. The 

Droblem must eventually be solved. if the progress of 

aerial navigation is to coìtinue. It is to be hoped 

that through active cooperation of all interested arencies 

this solution viiil be reached in the not-too-distant future. 
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APPENDIX I 

FLEMENTARY DIRECTIVE RADIO AITTENNAE 

The fo1lowin discussion arlies to an antenna corn- 

posed of two equal-height vertical radiators driven at 

the same frequency. 

With reference to the diagram of page 10, the re- 

lative instantarous radiation field strength at point 

P on the horizon under conditions of nerfect trans- 

mission is 

There 

f = b sin Q a sin (G ß- f360) 

= b sin Q 1- a sin ( 
1ß 3í;O - cos O 

) (1) 

f = relative instantaneous field strength. 
p 

b = relative field strength at P from vertical 
radiator ttb? 

a relative field strength at P from vertical 
radiator "a.' 

Q = angle of progression of last positive wave 
front past P ("bt' radiation ), degrees. 

i = phase angle between driving voltages of "a' 
and "b1t, degrees. 

d = distance between radiators, meters. 

)% wave length of radiation, meters. 
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= angle which radius vector joining P and 
center point of line between radiators makes 
with plane of towers; counter-clockwise 
rotation. 

Equation (1) applies accurately only when the dis- 

tance from radiators to point P is great relative to d, 

the tower separation. 

The value of Q for maximum instantaneous resultant 

radiation at P can he obtained by d.ifferentiating (1) 

with respect to Q and equating to zero. 

Then 

df 
___.ì = b cos Q 1- a cos (Q i-ß- 4360) 
dO 

= b cos Q+«os G cos (ß - 360) 

- sin Q sin ( - 36O O (2) 

Equation (2) divided by cos Q gives: 

b I- a cos (f3- 360) 

- a tan O sin ( - 360) 0 (3) 

b a cos( - 360) 

tanQm 
(p_360) a sin 

b 1- a cos(- 360f cos 

a sin (- 360 cos ) (4) 



Where: 

O = Q for maximum resultant radiations 

m 

For equal v3lue9of a and b: 

and: 

= (180 -t 
360 cos) (5) 

f 2bsinQ 
pm ni 

relative maximum instantaneous radiation 
(total) at "P.' 

144 
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APPEIDIX II 

IMPTJLSE EXCITATION OF OSCILLATORY CIRCTIi 

With referenceto the diararn on p o 113, the 

current flowing in the exciting circuit is a duble 

exponential of the form: 

-(bfa)t1 
12. 

t; 

[e('_8t -e J 
amperes (1) . E 

The voltage eg introduced by induction into the os- 

cillatory circuit is of the form: 

Where: 

g dt L 
b-a)e f(bfa)e ] (2) 

e = M ME 
[ 

(b-)t -(b4-a)t 

E = impulse-generator excitation voltage 

e = 2.718 

R 
a 

R2.1 R2 I 
b ( (>iT) 

L> M 

The quantities R, L, and C are the constants of the 
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exciting circuit in ohms, henries, and farads respectively. 
Since the sum of the voltages around the oscillatory 

circuit must equal the applied voltage: 

or 

I-e =e e, I-eL, C' g 

R'iI-LI- (idt=eg 
dt c') 

(3) 

in which R', and C' are the constants of the oscilla- 
tory circuit in ohms, henries, and farads respectively. 

Equation (2) substituted in (3) and diffeientiated 
gives: 

L' d2i R' 2 dt C' 

LOE 2 (b-a)t 2 _(bI-a)tj 
(4) - 

2bL 
- (b-a) e -(bl-a) e 

This equation can be solved by methods given in any stan- 

dard textbook on differential equations CB 6). 

The solution of the above differential eqiation is 

i = 2bLL' __- 
2 (b-a)t .c -(bI-a)tl 

[ (b-aI-a')2 I- b'2 (bI-a-a')2 f b,2J ____ 

e - (bI-a)'e I 
r (ba) 

1 -a't 
1- (KI-IÇ) e sin[blt I- tanl 1 (5) 

K1 



in which 

R' 
= 

i 
i R'2 

b' (L'C' - ____ 
f 

L')? M 

( IJ'C' 4L,2) 

K1 and K2 = constants of integration 
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The voltage appearing across the capacitance of the 

oscillatory circuit (which is usually the voltage applied 

to the grid of the first detector or radio-frequency am- 

plifier in a radio receiving set) may be found from an 

integration of equation (5) thus: 

e0, = f idt (6) 

The result of this integration between the limits indi- 

cated, since at t , e, = O, is: 

(b-a)t 

cl L(b_aa!)2 b'2 

Iv (b-a)e 
e = 2bLL'Cf 

(bI-a)e 

(ba-a' )2 b 
2J 

f (. 
(KfK) e_att 

t 

sinEft tan b'K11-a'K2 

j 
) (7) 

b'K2-a'K1 



From the condition that at t = O, i = O, from 

equation (5) the following expression for the integration 

constant K2 can be obtained: 

K2 
21,IE[at(b2_a2)fa(bt2fat2)J 

LL' [(b_al-at )2fbt2] [(bl-a_a' )21-bf 2] (8) 

Further, from the condition that at t = 
, 
e, O, 

the relation is obtained: 

b' K11-a' K2 

a2 I- b'2 

IvE (b2-a2)f(a'21-b'2) 
(9) 

LL' 
[(b_al-al )2fb12] [(bl-a at )2fb12] 

From these last two relations, K1 and K2 can be computed. 

It can be shown by manipulation of (8) and (9) that 

tana b'K14-a'K2 
t K2 -a' K1 

tan 
bf[(b2_a2)l-(a121-bt2)J 

a' (b2-a2)f(a'24-b'2)(2a-a') 

(10) 
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i 
(K.EK 

) 
b'K1'I-a'K2 cscOC. (11) ,2 1-b2 

Hence the constant in the expression for the capacitor 

voltage e, in equation (7) may be computed by using 

equations (10) and (il). 
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APPENDIX III 

VOLTAE AND ENERGY ABSTRACTIN BY IIDUCTION 

In the analytical study of certain interference- 

refectin, properties of the shielded-loop radio receiving 

antenna, it is helpful to analyze the ceneral uheonomena 

of marnetic and electric induction. The same analysis 

is also helpful in the study of inductive coordination 

between power and telephone e rcuits. 

To a very large extend in the case of radio re- 

ceiving equipment and to a lesser degree in telephone 

circuits, the output resonse is a function of the volt- 

are induced in the innut circuit. A certain amount of 

input power is also necessary. However, in the case of 

radio receivers, the in'-t circuit is one of parallel 

resonance which approaches infinite impedance and zero 

power, The output of th s resonant circuit is to the 

hirh impedance grid of a cuum tube, leaving the overall 

input impdeance very high in its order of marnitude. 

In the followinr analysis the inductin conductor 

is assumed to be parallel to the pick-up conductors. Equa- 

tiens (3), (10), (23), (24), (44), (45), and (51) give In- 

ductiTn volta:es. It will be noted that in the case of 

maneticinduction the voltage is a function of frequency, 

cuirent in the inducing conductor, spacing and length. 
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The magnetically induced voltage (51) due to charging cur- 

rent in the inducing conductor is a function of the fre- 

quency squared, the voltae and length of the inducing con- 

ductor, the length of the uick-up loop and the spacings. 

This latter condition simulates, in a way, the case of a 

radio receiving loop in the field of a high-frequency con- 

ductor.. 

In the case of electrostatic induction, the volt- 

age is independent of frequency ar. 1enth (where the lenh 

is not too small) and is a function of effective inter- 

conductor. These capacitances can be espressed in terms 

of spacings and conductor sizes as in equations (32) and 

(34). 

The maximum power that can be obtained by in- 

duction is c.'iven j equations (20), (21), Ç22), (39), 

(40), (46), (47), (52), and (53). It will be noted that 

the maximum power of magnetic induction is a function of 

the frequency, the square of the len.th of thepick-up 

loop, the square of the current in the inducing conductor, 

the square of a spacing factor and is a reciprocal function 

of the self inductance of the flick-up loop. 

In the case of electrostatic induction the max- 

imum power is a function of the frequency, the voltage of 

the inducing conductor squared, theeffective capacitance 

between the two conductors squared and is a reciprocal 
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function of twice the sum of the effective inter-conductor 

capacitance plus the effective ground capacitance of the 

pick-up conductor, 

The maximum power of magnetic induction due to 

charging current in the inducing conductor is dven by 

equation (53). In this case, which aein simulates in 

a way the case of a radio receiving loop in the field of 

a high-frequency conductor, the power is a function of the 

cube of the frequency, the square of the length of the 

loop, the square of the voltage and length of the inducing 

conductor, the square of a spacing factor and is a reci- 

procal function of the self inductance of the loop. 

It will be noted that the power of electrostatic 

induction varies direct with frequency whereas that of 

magnetic induction due to charging current varies as the 

cube of the frequency. 



Magnetic Induction 

Consider the circuit of pagel54 . The flux in the 

loop D-D' due to the uniform current i In the long, straight 

conductor A is (neglecting ground reflections): 

(Xi 

d' 0.2idx_o2islnx 
Xi 

X. 
= 0,21 5 in - 

Xl- (1) 

Where length of loop is S and induction intensity at point 

X is: 

H 
0.21 -x 

In air: 

B 
0.21 ogs lines/cm2 

Then the voltage induced in the loop is:. 

d 10_8 volts ed - 

x. 
= (0,2 Im cos G in 

-\2'rrf sio8 (2) 

xi, 

(i = 'ITi 
G) 
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0.4 

-I!- . io8 'm in - volts effective (3) Ed_ X1 

(open circuit) 

There I is the crest value of the sinusoidal current in 
In 

conductor A, f is the frequency, and S is the length of 

the loop in centimeters, 

The current in the loop D-D' is: 

Ed Ed 
amperes effective 

Where L3 is the self inductance of the loop. 

V hen: 

'd1L = 'd (2îrfL) = 0.707 Ed (4) 

the power delivered to the resistance, R, is maximum. 

The self inductance of the loop D-D' ls(neglecting 

ground reflections): 

Where: 

L3 = X lo8 henry/cm. 

r b b_rd 

s 
2 I f t 

( f f f t 

( 

i d 
o 

b 

O.21d[ln X' - 1n(b-X) 

L rd 0] 



= 0.21 
r 

dL rd 156 

0.41 ln 

lines per centimeter length of loop (5) 

There rd is the radius of conductors D and D'. 

Hence, when is large(and considering only flux 
b external to the conductors) : 

L = 0.4 in l0 henry/loop cm ,. (6) 
s rd 

Where the length of the loop is not great relative 

to its breadth, an extra terni must be added to (6) to 

care for the inductance of the end connections. Then, 

approximately, for low frequencies: 

L O.40s(2.303 log 
rd 

0.25) 
si 

4- b(2.303 log - 

rd 

henry 

- f 0.25)110_8 
b J 

(7) 

The exact equation for the inductance of a rectangle 

i_n free space is: (B 1)* 

L52 0.921 [( f b) log ! _ log (s f g) 

- b log (b f g)]l0_8 4- 0.40[/iS(S 4- b) 

f 2 (g f rd) - 2 (S f b)] lo8henry (8) 

-* Num5FéTreferences in Bib1iography. 



Where: 

i 

g 
(2 

b2) 

= 0,25 for low frequencies in air. 

Influence of Ground Reflections 

Equations (1), (3), (5), (6), (7), and (8), apply 
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strictly only when the conductors are suspended above a 

ground plane of relatively poor longitudinal conducti- 

vity, that is, when the ground currents resulting from 

magnetic flux penetration are negligible. This candi- 

tion is generally true in nractice. However, if the earth, 

or reference plane, is perfectly conductinc, no flux 

penetration can exist, and reflection occurs from the 

earth surface. This reflection, in its influence upon 

the flux at point X produced by the current in A, can be 

simulated b' the imane conductor A carrying the current 

I in the opposite direction, the whole system being im- 

niersed in free space. 

Then: 
X:. X2 

f = s 
(0.2± (0.2i 

d ,'X 4X 
Xl 

4X2 
= 0,2± 3 in 

X1X (9) 



l&8 

Equation (9) indicates that if h2 and h are small 

cornpaed to h1, approaches two times 
. 

Also, if the 

perfectly-conducting round is fari removed, X2 ap:roaches 

and equation (1) obtains. 

The loop voltare given by equation (3) now becomes: 

E= (O.4irfSI in XLXS) iO..8 volts effective (10) 

xix2 

This is the open-circuit voltage of the loop when conduc- 

tor A is carrying effective current I. 

The self inductsnce of the loop is also influenced 

by its proximity to the conducting3round plane. This 

influence can be simulated by an image loop D-D' carrying 

the current 
'd 

in the opposite direction. The effect is 

again one of magnetic flux reflections. 

The self inductance of a loop, the plane of which is 

normal to the around plane, is then: 

L' = . io8 henry/cm 
s 

Where: 
(b (b_rd 

= 0.24 J , 

dX' ff i 

I b - 

K 10 

-J 

2h34-h ç2h3f2b 

i 
, t 

fi 1 dX 

2h3 2h34-b 

(il) 
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b rd n--in-- = 0.21d[1 rd b 

- ir 2h3 b ir 2h3 i 2b1 
2h3 2h3b J 

0.461 
'd 

lo[(_)2 4h3(h3 f b)1 

(2h3 f 

lines per cm length of loop (12) 

Then, fron (11) and (12) : (considering only flux external 
to conductors before reflection): 

L' = 0.461 log [(b2 4h3(h3 f b) 
s rd (2h9 f 2)j io8 

henrys per loop cm C13) 

If the plane of the 1oo is not normal to the ground 

plane, equation (13) becomes: 

L = 0.461 1 
L' d f (h2 hO)2] 

i08 (14) 
r(b 2 4h2h3 

where d2 is the distance between the vertical projections 

on the ground plane of the two sides of the loop D-D'. 

Unless otherwise noted, the above equations for in- 

duced voltage and self inductance apply with good accuracy 

only when h1, h2, and b are small relatiiie to S and S'. 
Equatìrns ('7) and (8) only, include the influence of 

the internai flux of the conductors. 
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Loop End Effects 

When the loop is short relative to its breadth b an 

end fringing-effect term must be subtracted from equations 

(13) and (14). This term is, approximately: 

r 2 4h3(h.3 1- b)1 
log 

(2h b)2j 
L = 0.4b iO henrys (15) ec 

log (b)2 

Tinder the same conditions an a«Iditional term must 

be added to these same equations to care for the induc- 

tance of the end connections. When the quantities 

b/rd and si/rd ai'e large, this term is approximately: 

(B 2) 

IC = 
[b(o.921 log 0.1) - o.4s'] io henrys(16) 

The sum of equations (13) or (14) and(1), minus 

(15), gives a total inductance which is a slight amount 

too small. A closer approach to the exact value might 

be obtained by using the average of the above sum and 

the value given by equation (8). 

Maximum Power 

The resistance for maximum power abstraction is, 

from (4 ): 



RL = 2TrfL3t l6] 

(17) 

(IdER = max.) 

there: L , the total self inductance of the loop. 
st 

Also, since the negative self inductance drop is one 

component of the total voltage induced in the loop: 

IdRLm = 0.707 Ed 

0.707 d 
d RLrn 

The power Lm dissipated in the resistor is: 

0,5 
= watts 'dLm RL 

'12 

jm 
[O.4Sfff ln 2I io16 

x1J 

(18) 

2P1 [ 

x12 -16 
(19) = 0,4îrfI n - 10 

'Lin 

Then, from (6) and (17): 

X2 
0.723 S f (I log -) 

Lrn = (20) 

log 

for the maximum dissipation condition, 

When the conductors are near a perfectly conducting 

plane, from (10), (14) and (17), equation (20) becomes: 



P' 
Lrn 

xX2 
1.45 f 512(log 

rd d (h2 f h3)2 
log 

[(.)2 4h2 h3 

162 

io8 (21) 
watts 

For any total self inductance L3t of the pick-up loop 

D-D' having length s' parallel to equation (21) becomes: 

P' = 
Lm 

2 0.667 c sf212 (br X1 

Lt 
1O6watts (22) 
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Consider the circuit of page I. iVith switch 

open the voltage induced electrostatically on con- 

ductor B by the potential E on conductor A is: 

E -E 0ab 
b 0b0ab (23) 

This potential is independent of frequency. In the fol- 
lowing analysis, the effective values of 0ab and Cb, for 
switch S open and closed, will be determined. 

From the theory of the potential (B 3) it can be 

shown that: 
Xe 

log - 
E = E 

1 (24) 
D 2h1 log - r 

From (23): 

Eb 0b 
Cab _ -:-ç (25) 

The only dielectric flux emanating from B is that 
which enters B from A. If X1 is large relative to h, 
and h2 large relative to rb the total flux leaving B is: 

f'b = 2rbD coulombs (26) 

where r is the radius of conductor B and D is the flux 

density at B. This statement is true only when the 

potential of B is equal to its space potential due to A. 
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XI 
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h 

Image A 
ELECTROSTATIC INDUCTION 



The field of A is then relatively undisturbd by the 165 

presence of B. The same flux both. enters and 1eavs B. 

The effective capacitance of B to round is then: 

Cb 
'f'b farads (27) 

From the theory of the potential: 

2 h1 (4) 

D = coulonibs/cm2 (28) 

Where: 

Y CE 24lE io3 coulor.ibs (29) 
2h1 

log --- 
-L 

= total flux per cm frori A to around. (neglect- 
ing end effect). 

Then: 

4.82 h1 E -13 (30) D= -'10 
2î-r X1X2 log 

Equations (26) and (30) substituted in (27) give: 

1.53 rb h1E -13 farads/cm (31) . 10 0b 
b X1X1og 

From (24): 

1.53 rb h1 
farads/cm (32) Cb 

xix2 iog 



Equation (31) substituted in (25) gives: 166 

1.53 r h1E 
1O3farads/cm (33) Cab = 2h1 

(E - Eb) x1x2 log 

From (24): 

Wher 

1.53 rb h1 
1O3farads/cm (34) Cab = 

2h1X1 
X1X2 log 

rX2 

X1 = [.i1 - h2)2 f (35) 

X2 = [(h1 f h2)2 f 
2] 

(36) 

The effective capacitances Cb snd Cab remain essen- 

tially constant, when X1 is large compared to h2 and E is 

large compared to Eb, for small chanTes of the potential 

of B from its space potential due to A. It can b shown 

that for this condition, the maiimum ener.y abstraction 

from A, b,r the resistance R connected to B, occurs when: 

R = _____:_ ohms (37) 
C 

2îrf (Cab f Cb) 

For Cb> Cabs R= Xcb and the current in Rc is 

equal to that in Cb. The voltage drop across R is then 

70.7% of the space potential of B. 



The current in the resistor is: 

E 

'Rc = 
(1 2)2 - i - 

i amp. (38) 

ab (2TrfCabY'J 

The maximum power is: 

P 
cm RCC 

E2 

0b 2 1 21 
2uf (Cab f Cb)[ (1 f -) f 

Cab 21TfC)J 

watts (39) 

Then, from (37) and (39): 

21TfCb E2 
cm = 2 (Cf watts (40) 

ab Cb) 

Equation (40) indicates that the maximum power avail- 
able is proportional to the square of the voltage on A and 

to the sqire of the length 3' of the pic1-up conductor B. 
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If the only current f1owin in conductor A is that 

due to its capacitance to ground, a ssuming this current 

to be led away transversely through the ground plane and 

assuminr a "nominal ¶," that is, one half the charging" 

current fed in at each end of A, the approximate current 

active in magnetic induction (3), (10), (20), and (21) is: 

E 2ITfCE 

- 2 
amperes (41) 

where Ca is capacitance to ground of conductor A, is: 

C = 2.41 
10 farads/cm (42) ________ 

_1 3 
a 

log 2h1 

where X1 and X are large relative to h2 and h3. 

Then, when is large: 
h1 - 

- 7.57 fE io- amperes/cm (43) I- 
2 

log 
i. 

The voltage of magnetic induction from charging cur- 

rent is then, from equations (43) and (3): 

2,19 s2f2 E log 
io_20 volts (44) d 

2h1 
log 



In the presence of a Derfectly conducting ground 169 

plane, (43) substituted in (10): 

xx2 
2.19 S2f2 

10 volts (45) 

r 
-20 E' 

2h1 d 

The maximum power from magnetic induction due to 

charging current from equations (43) and (20) is: 

4.14 33f3 E2(log )2 

watts (46) 
x_. 

10 Lm 
b 2h12 

log (log -) 

In the presence of a Derfectly conductinc plane, from 

equations (43) and (21): 

XX2 
2 

8.28 33f3 E2 (log t-) 

_____________________ xix2 
Lm 2h b 2 4hh3 ___ i 

PI = _____________________ _____________ 

(log log [(r) ( 

f (h2h3)2J d d2 

times l0 watts 
C 47) 

Equations (44), (45), (46), and (47) apply to full- 

length ioops wher S/h1 is so large as to make end effects 

negligible. 

For loops of fractional length S' the currant in A 

which is effective in inducing voltage in the loop D-D' 

is very nearly: 
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(4E) 

where c is the capacitance to ground of A over a length 

of (S cm. Hence: 

S'' 2.41 (s 

C' 
= ' 1o13 farads (49) a 

r 

Then: 

, 1.51 f E (S - ) 

-12 
(SO) 

1 10 amp. 
log 

The voltage of magnetic induction due to charging 

current (45) then becomes: 

4.37 f2 E S' (S 
.' xix2 

log - 
2 

_9Q E = -- .l0 d 
2h1 

log - 
r 

volts (51) 

The maximum power of magnetic inducti:n due to 

charging current (47) for a loop of fractional length 

S' is, from equations (50) and (21): 

3.31 f3E2 S' (s - 2 
XX2 

2 (log r) 

Lm = - - 

2 X1X2 
10_32 

( 
2 [(.)2 

( _ 4h2h3 log 
r rd 

(h2 f h3)2 

watts (52) 



Equation (52) indicatss that the maximum reztor. 171 

power is a function of the cube of the frequency, the 

square of the voltage on A, the length of the pick-up 

loop S' end the square of the quantity (S - 0.5 S'). 

Tquatîon (52) aplies to pick-up loops in which the 

ratio of length S' to breadth b is so great as to ake 

end effecs negligible, For anytotal self inductance 

Lt of the loop D-D' having length S' parallel to A, 

equn.tion (52) becomes: 

f 
1.52 3S'2E2 (S 2 L1X2)2 

io_40 
-) (log P= -_____________ 

Lm 
Lt (log 

watts (53) 
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VOLTAGE AND ENERGY ABSTRACTION BY INDUCTION 

Example I Voltage) 

Full-Length Loop, Magnetic 

Assume full-length pic1-up loop (page 15C ) receiving 

voltage are. power inductively due to the charging current 

to ground flowing in the inducing conductor. 

Let: 
h1 = 1100 cm E 100,000 V 

h2 loo cm S 10,000 cm 

h3 lO cm r = 0.5 cm 

xl = 1000 cm rb rd 10 cm 

xvi 
1090 cm b = 90 cm 

X2 =1200 cm d° 
X 1110 cm f 100 cpS 

Assume further: Ground-plane conductivity: infinite. 

Then, from equation (45): 

2.19x108x104x105 log 

E - 

111x104 io20 
log 2200 

= 4.33x10'5 volts (54) 

If the frequency is raised to iO6 cps, (54) becomes: 

4 = 4.33 X io volts (55) 



Ful1-leníth Conductor Electrostatic 73 

If the loop is replaced by a single conductor of 

height h1, the voltage of electrostatic induction equation 

(24), is: 

log 1200 

i=1o5- 1000 

log 
0.5 

= 2.175 x l0 volts 

Hence, if in (55) the frequency is reduced to: 

1 

r2.l?51 6 

J 
lo = 7,08 x 

]0 cps 

the induced voltares are indentical. 

Short Pick-Up Loop, Magnetic and Electrostatic 

(56) 

If the inducing conductor is of length S but the 

length of the loop is reduced to 100 cm S', (pagel54 ) 

the voltage of electrostatic induction remains unchanged 

but that of magnetic induction becomes, from equation 

C 51): 

4.37xl0X10Ii02X9 .95x103 lo 131X10 

E = - ----.. - 111x104 
io_20 

log 2200 
0.5 

= 8.59x107 volts (57) 
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At 10 eps, equation (57) becomes: 

85.9 volts (58) 

To obtain the saine voltage from (57) as from elec- 

trostatic induction (56), the frequency must be raised 

to: 

i 

f' = [2.i75x1031 106 

L 85.9 J 

5.03x106 cpa (59) 
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Full-L enth Loop, netic 

ssume same conditions and circuit dimension as those 

given under Example I. 

Then, from equation (47), the maximum power which 

can be obtained from the Pick-up loop is: 

i3i_1 
2 

8.28x1012XlO6X101OX[l0 
11lxlOJ 

lOP' = ----------- -- - 

Lm r 
22001 2 9O)2, 4x102l0 ogj log 

2j 

4.28 
io 

= 9.4x109 watts (60) 

If the frequency is raised to cps, (60) becomes: 

P' = 9.4xl03 watts (61) 
Lin 

Full-Length Conductor Electrostatic 

If the loop is replaced by a sinle conductor of 

height h1 and length S the maximum power of electro- 

static inductiOn , equation (40), is: 

6 .28xl02Cbx10° 
cm watts (62) 

2(Cab I Cb) 
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Cab 
1.53xl.0xJ..lx10X104 

1,2x106 log 2.2l06 10 

6x102 

3,93x1043 farads (63) 

From (32): 

Cb 
1,53x1.Oxl.1x103x104 

, 
1,2x106 - 1200 iog 1000 

l7,7x1O2 farads (64) 

Then, from (62), (63) and (64): 

P 6,28x15.5 io2 cm 36.2 

2,69x102 watts (65) 

If the frequency is raised to 106 ops, (65) becomes: 

io6 2,69x102 
cm 

= 269 watts (66) 

The frequency f' for equal maximum power by both 

types of induction can be obtained as follows: 

T 2.69x102 = (jx 9.4x109 



2.69x104f' = 9.4xlO15f'3 
2.39xlOf' 

9 ,4x1015 

= 2,86x10'° 

f' l.69x105 Cps (67) 

Short Loop, 

If the inducing conductor remains of length S but 

the loop is shrtened to loo cm = S' (page 154 ) the max- 

imum power that can be obtained by induction due to charg- 

ing current in the inducing conductor is, from equation 

(53): 

P' 
l.52xlO6xlO4101OX9.9x1O?x5.l7x1O3 io40 

Lm 
L5t X 13.26 

watts (68) 

From (13), (15) and (16): 

L3t = [46.1 log (8100x0.33)_32J io8 

1- [90(0.921 log 100 I- 0.1) -40] 108h 

= 2.61x10'6h (69) 

Then, from (68) and (69): 

P' = 2.25x1O watts (70) 
Lm 



For a frequency of iO6 cps, (70) becomes: 178 

Pt = ()x 2.25xlO 
Lm 

= 225 watts (71) 

Short Pick- Conductor Electrostatic 

If the short ioop is replaced by a conductor of length 

and height h1 the maximum power that can be transfer- 

red is, from equation (40): 

6.28x1O2XC2 xiO'0 
P = ------------ watts 
cm 2 (Cab f C) (72) 

From (63): (3' = S x 10_2) 

C) 

C 3.93xi0'Xi0 
ab 

3.93xl05 farads (73) 

And from (64): 

Cb = i7.7xl04 farads (74) 

Then from (72), (73) and (74), 

6.28x102x15,5x10_3OxiOlO 
P = -----_- -------..--- -- IuLS 
cm 

2x18 .1xlO4 

= 2.69xlO4watts (75) 

If the frequency is raised to io6 cps, (75) becomes: 



i io6 
P = - x 2.69x104 watts 179 cm io2 

= 2,69 watts (7G) 

The frequency f' for equal maximum power by both 

tes of induction is a;ain obtained as in (67) and is: 

f' = l.09x105 cps (77) 

Short Inducing Conductor and Short Loo 

As long as the inducing condctor remains substan- 

tially longer than the pick-up 

maximum power of electrostatic 

However, the voltage and power 

pend greatly upon the current 

and hence upon its length, the 

its capacitance to ground. 

conductor, the voltage and 

induction remain unchanged. 

of magnetic induction de- 

n the inducing conductor 

factor that determines 

If the length S is reduced to 400 cm with S' un- 

chsnged at 100 cm, neglecting end effects, the maximum 

power is from (53) and (70): 

P = -fl-..»- ----.- x2.25xl0° watts Lm 
(10,000 - 

= 2.8xl03 watts (78) 

The frequency f' for equal power by both types of 

induction is now, as in (67): 

f' = 3,11x106 cps (79) 



Thus a very high frequency ïs now necessary to 180 

obtain equal induction powers. A similar condition exists 

in the voltages. 

From (51) and (57): 

400_lOO 
E' 

2 
x 8.59x107 volts 

d 
10,000 - 

2 

= 3.02x108 volts 

The frequency f' for equal voltages by both types of 

induction is, as in (59): 

1 

f' o6 

3.02 

= 26,8x106 cps (81 
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THE APPROXIMATE VARIATION 
WITH DISTANCE OF THE POTENTIAL 

INDUCED ELECTROST&TICALLY IN SPACE 
BY AN ELEVATED, CHFLGED DISC 

From (10), Appendix III, for long, straight conduc- 

V 
"-2 

log - 
Xl 

Eb E --.- volts (1) 
2h1 

log - 
r 

If the conductor is curved into a circle to form the 

edge of a disc of major radius R, the dielectric flux 

remains essentially unchanged in the transverse plane, 

but diverges in the horizontal plane according to: 

a 
(2) 

Where is the flux at the induction point from a straight 

conductor and d is the horizontal distance from the ceri- 

ter of the disc to this point. 

Then, approximately: 

X2 
log - 

Xl 
EbE R 

(3) 
2h 

log - 
r 



Let: X1=d450cm 
h1=l2Ocm 

X2 = (4h 1- X) 2 510 cm 

R = 20 cm 

r = 0.5 cm 

Then, from (3): 

log 

E =E- 4x8,8xl04E (4) 
b OA(\ 450 

lorr 
0.5 

For 900 cm 

932 cm: 

loc' 

= E S _! = 1,24x104E (5) 

log 240 
900 

0.5 

For d" 1800 cm 

= 1819 cm: 

= l.78x105E (6) 

t It Ford 225cm 
It' 

X2 = 329 cm: 

= 5.52x103E (7) 

It will be observed that in each case, reducing the 

distance fifty per cent increased the induction voltage 

approximately seven times. Hence, within the range chosen, 



the electrostatic induction pick-up from a concentrated3 

source would be expected to vary inversely as approxima- 

tely the 2.8 power of the distance. Experimental tests 

gave an exponent of approximately 3.2. 
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APPENDIX IV 

ELECTROMAGNETIC RADIATION AD ITDUCTION 

The magnetic potential at a point P in space is: 

F = sin gilberts (1) 

Where M is the magnetic pole strength, d is the distance 

from the pole to point P, i is the current flowing in the 

elemental conductor, L and O is the angle between the 

axis of the conductor and the line jning P and the center 

of iL. 

The magnetic field intensity at P is the rate of 

change of F with respect to d and is: 

= sin G oersted (2) H 
d(F) IAL 

- 

- d2 

'Tnen the alternating frequency of i is great and 

distance d is appreciable, there is a definite lag between 

the current I aìd the magnetic potential at P. Then: 

I sin 2îrf(t - 

F = __________- AL sin Q gilberts (3) 

d 

and 

I = 
d(F) 

dd 



IL sin Gl2rrfd 
2rrf(t - 

d2 
L , vJ 185 

IL jn r 

- d2 
Lsmn 2trf(t - 

= lines per square cm in air (4) 

The first term of (4) is the radiation term end is 

dependent upon the current end the frequency, and inversely 

upon the distance and the velocity y of wave propagation. 

It reduces to: 

2rrfIL sin G 2f(t - (5) 

The second term is the induction term and is inde- 

pendent of frequency. The velocity terni enters only in 

the phase-position factor and distance enters as the in- 

verse square. It is: 

ThL sin 
2îrf(t - iH=_ 

d2 
(6) 

Integration of ILL over the entire conductor (area 

under curve of maximum current distribution along radiator, 

ampere-centimeters), since H = B in space, (assuming all 

current elements in rhase), gives: 

B - 
d 

sin G cos 2i'rf(t - 
) (7) 
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L 

IdL 
d 

i d2 
sin Q sin 2îrf(t - (8) 

The voltage induced by the radiation field in a con- 

ductor parallel to the radiator and in such a position 

that a line centers of radiator and conductor is 

normal to both, in free space is: 

E11 = 108v 

6. 

- ____ ___ 
28f 'e 

lo volts, effective, - 
per meter d 

Where: 

f = cps 

I = effective antennae current in element L 
e 

d = distance in centimeters. 

The induction voltage in the above parallel conductor is: 

E. s 

dt 

pL 
JIdL 

= -2f 
d2 

cos 2îrf(t - ) lO (10) 

J IedL 
= 6.28 f ° 10 volts, effective, 

d2 
per meter (11) 



18? 
It will be noted that at a distance of 1 cm, (as- 

sunmling a radiatinr, cor:'ictor of infinitisimal diameter) 

the radiation and induction voltages are equal. These 

voltages are also mutually ir phase. 

The voltage induced in a loop of n turns, A sq cm 

area, in a line normal to the center of the radiator 

and lying in the plane of the radiator is (sides of loop 

in close proximity compared to X): 

Al so: 

d (Br) .io8 
dt 

(12) 

J 
IdL 

NA 4112f2 
O 

sin 2íf(t - ) 
10 

vd 

L 

2 f iedL 
= 1.31 NA f 

d - 
10 (13) 

volts effective from radiation 

J 

E. 6.28 N f . 1O (14) 
J- 

d2 
volts effective from induction 

For a half-wave dipole in free space, with sinusoi- 

dal current distribution, the radiation term (9) reduces 

to 

60 'e volts per cm 
r d 

(15) 



Where: 
188 

'e = effective current at antinode 

distance in centimeters 



APPENDIX V 

Tables I to XVI inclusive 
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TABLE I 

RADIO COIIPASS CIBRATION ON 

PORTLAND RANGE AT JASHOU GAL, WASH INGTO N 

Boeing 247-D No. 365, Belly Loop, Shielded 
Reference Standard, Gyro Compass 

Gyro Radio 
Compass Compass. Correction 
J:2°) Deg. Deg. 

60 153 -3 
70 162 -2 

80 174 -4 
90 182 -2 

loo 194 -4 

110 198 1-2 

120 207 
130 218 t-2 

140 229 1-j. 

150 238 t-2 

160 21 -1 
170 264 -4 
180 277 _7 

250 342 -2 

260 349 4-1 

270 356 1-4 

280 9 1-1 

290 18 t-2 

300 27 I-3 

310 32 4-8 

320 45 4-5 

330 60 O 

340 70 0 

350 82 - 

360 96 -6 



TABLE II 

AIRPLAEE DISCHARGE CHAR CTERISTICS 
GROUND TESTS 

Discharge Electrode: Vertical rod 0.25 in. diameter 
pointed, 11 in. from concrete floor. 

Polarity of Ship: Negative 

Background Noise: Local signal generator, 0.5 

Series Discharge Resistance: R = O 

Barometer, 29.8 in.; Temp. 60°F; Humid. 66% 

1 Dl 

Antennae of Rridio Receiver 

Lower fiVu Lower Loop, Shielded 

Kilovolts Point Point 
Ship to Discharge Relative Discharge Relative 
Ground Current Radio Current Radio 
(Nominal) Mu a Noise !iu a Noise 

-- 8 2,40 
30 9 2.30 9 .51 
31 10 1.80 10 .50 
32 10 1.60 lO .51 
33 11 2.20 11 .55 

34 12 3.70 12 .50 
35 13 4.50 13 .50 
36 14 2.30 14 .70 
37 15 1.40 15 .53 
38 16 1.10 16 .56 

39 16 0.90 17 .51 
40 18 0,71 18 .50 
50 30 0.52 29 .50 
60 46 0,53 44 .50 
70 64 O..55 64 .50 

80 84 0.65 85 .50 
90 110 0.90 110 .50 
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AIRPLANE DISCHARGE C}LPACTERISTICS 
GROJND TESTS 

Discharge Electrode: Vertical wire 7.5 in. long, 
0.007 in. diameter, 3 in. from concrete floor. 

Polarity of Ship: Negative 

Backromd Noise: Local signal generator, 0.5 

Series Discharge Resistance: R = O and R = 28 megohms 

Antenna of Radio Receiver: Lower "V" 

Barometer 29.8 in.; Temp. 60°F; Humid. 66% 

Kilovolts 
Ship to 
Gro und 
Tominal) 

30 
40 
50 
60 
70 

80 
90 

R=0 
Point 

Discharge Relative 
Current Radio 

R = 28 megohms 

Point 
Discharge Relative 
Current Radio 

58.0 5.1 52 0,8 
114.0 5.4 98 1.1 
184.0 5.6 152 1,F 
260,0 6.0 210 1.9 
340,0 6,3 280 2,1 

460.0 6,5 360 2,4 
580.0 6,7 460 2,6 
50.0* 4.7 
4O.Y' 4.5 
30. 3.6 

2O.O 2.8 
15.0* 2,2 
10.0* 1.7 
6.5* 4.0 
5.0* 1,8 

* Decaying 



TABLE IV 

APLANE DISCHARGE CHARACTRRISTICS 
GROUND TESTS 

Discharge Electrode: Vertical wire 7.5 In. long, 
0.007 in. diameter, 3 in. from concrete floor 

Polarity of Ship: Negative 

Background Noise: Local signal generator, 0.5 
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Series Discharge Resistance: R = O and R = 28 megohms 

Antenna of Radio Receiver: Lower Loop, hie1ded 

Barometer 29.8 in.; Temp. 60°F.; Humid. 66% 

Kilovolts 
Ship to 
Ground 

( Nominal) 

30 
40 
50 
60 
70 

i;- - 

Point 
Discharge Relative 
Current Radio 
Mu a Noise 

60 0,61 
118 0,80 
188 1.10 
260 1.20 
340 1.40 

440 1.65 
560 1.80 
40* 0.55 

* Decaying 

R = 28 megohms 

Point 
Discharge Relative 
Current Radio 

Mu a Noise 

52 0.50 
96 0.50 

157 0.50 
210 0.50 
280 0.50 

360 0,50 
460 0,51 
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A IRPLA NE DI SCHARGE CHARCTERI ST IC S 
GRO UND TEST S 

Discharge Electrode: Vertical wire 7.5 in. long, 
0.007 in. diameter, 7.5 in. from concrete floor. 

Polarity of Ship: Positive 

Background Noise: Local signal generator, 0.5 

Series Discharge Resistance: R = O and R 28 megohms 

Antennae of Radio Receiver: Lower "V" 

Barometer 29.8 in.; Temp. 60°F.; Humid. 61% 

Kilovolts 
Ship to 
Ground 

(Nominal) 

30 
40 
50 
60 
70 

;- -. 
Point 

Discharge Relative 
Current Radio 

- __ Mu a Noise 

14 0.50 
28 0,54 
52 0.58 
80 0.59 

110 0.60 

R = 28 megohms 

Point 
Discharge Relative 

Current Radio 
Mu a Noise 

15 0.5 
30 0.5 
51 0.9 
76 1.1 

101: 1.5 

75 127 6.20 
80 143 7.00 134 1.8 
85 164 8.50 151 2,0 
90 186 . 9.00 166 2.3 

75* 5.00 50* 0.8 

60* 4.00 32* 0.7 
35* 3.00 21* 0.6 
22* 2,00 
14* 1.00 

* De caying 
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TABLE VI 

AIRPLANE DISCHARGE CHARACTERI ST ICS 
GROUND TESTS 

Discharge Electrode: Vertical wire 7.5 in. long, 
0.007 in. diameter, 7.5 in. from concrete floor. 

Polarity of Ship: Positive 

Background Noise: Local signal generator, 0.5 

Series Discharge Resistance: R O and R 28 megohms 

Antenna of Radio Receiver: Lowei' Loop, Shielded 

Barometer 29.8 in.; Temp. 60°F. Humide 61% 

Kilovolt s 
Ship to 
Ground 

( 
Nominal) 

30 
40 
50 
60 
70 

75 
80 
85 
90 

;- -i: 

Point 
Discharge Relative 
Current Radio 

ilu a Noise 

15 0.5 
30 0.5 
52 0,5 
77 0,5 

108 0,5 

122 0,8 
145 0.9 
160 1.1 
180 1.2 
100* 0.7 

84* 0.6 

* Decaying 

R = 28 megohms 

Point 
Discharge Relative 
Current Radio 

Mu a Noise 

14 0,5 
30 0,5 
50 0.5 
74 0,5 

105 0.5 

136 0.5 
150 0.5 
163 0,5 



TABLE VII 

HI cal-VOLTAGE DIRECT -CURRENT 
POINT DISCHARGE CHARACTERISTICS 

Electrodes: 30-degree conical point to plane 

Spacin: 10.2 centimeters 

Polarity: Positive 

Temperature: Dry Bulb: 22.3°C 
Wet Bulb: 18.0°C 

Barometer: 740.4 mm. Mercury 

Voltage Current 
KV DC Mu a 

9.5 0.5 
11.0 1.0 
14.2 2.5 
18.5 5.0 
21.5 7.5 

24.6 10.0 
26.8 12.5 
28.5 15.0 
30,5 17.5 
32.3 20.0 

34.0 22.5 
35,4 25.0 
37.5 28.0 
38.6 30.0 
40.0 32.2 

41.5 35.0 
43.0 37.5 
44.5 40.0 
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Relative Type 
Radio Noise * Discharg 

3,3 2' 

3.3 2' 

3.3 2' 

3.3 2' 

6.0 2' 

13.0 2' 

17.0 2' 

29.0 2' 

39.0 2' 

52.0 2' 

68,0 2' 

82.0 2' 
105.0 2' 

123.0 2' 

143.0 2' 

159.0 2' 

182,0 2' 

200.0 2' 

* Radio gain 0.307 



TABLE VIII 

HIGH-VOLTAGE DIRECT-CURRENT 
POIIT DISCHARGE CHARACTERISTICS 

Electrodes: 30-degree conical point to pltne 

Spacing: 10.2 centimeters 

Polarity: Negative 

Temperature: Dry Bulb: 22.3°C 
Wet Bulb: 18.00 

Barometer: 740.4 mn. Mercury 
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Voltage Current Relative Type 

KV DC ITua Radio Noise Discg 

7.0 0.5 0 1 

9.0 1.0 01- 1 

12.0 2.5 1.5 1 

15.9 5,0 2.5 1 

19.5 7.5 3.5 1 

21.6 10.0 4,5 1 

24.0 12.5 4.0 1 

25.9 15.0 5.0 1 

27.5 17.5 3.5 1 

28.8 20,0 3-30 1 

30.4 22.5 2.0 1 

31.4 24.5 10-40 1 

33,2 27.5 1.0 1 

35.0 30.0 1.0 1 

36.5 32,5 1.0 1 

3,8 35,0 1.0 1 

39.0 37.5 30-150 1 

40.0 39.5 6.0 1 

41.2 42.5 10-100 1 

42,3 45.0 5.0 1 

43.8 48.5 2.0 1 

44.7 50.0 2.0 1 

* 
Radio gain 0.603 



TABLE IX 

HIGH-VOLTAGE DIRECT-OURRE 
POINT DISCHARGE CHACTERISTICS 

Electrodes: 45-degree con 

Spacing: 10.2 centimeters 

Polarity: Positive 

Temperature: Dry 
Wet 

Barometer: 747.6 

tcal point to plane 

Bulb: 22.6°C 
Bulb: 18.0°C 
nm. Mercury 

198 

Voltage Current Relative Type 
KV DC Mu a RadioNoise* Dischar 

12.0 3.0 3' 
12.5 1.0 6,5 3' 
14.5 2.5 16.0 3' 
18.0 5.0 23.0 3' 
21,6 7.5 24,5 3 

24.5 10.0 36,0 2' 
26,5 12.5 52,0 2: 
28.5 15.0 65.0 2, 
30.0 17.5 85.0 2 
32.0 20.0 101.0 2' 

34.0 22.6 124.0 2' 
35,5 25.0 140.0 2' 
37.0 27.5 153.0 2: 
38.5 30.0 169.0 2, 

40.0 32.5 182.0 2 

41.5 35.0 195.0 2' 
43.0 38.0 208.0 2' 
43.7 40.0 218.0 2' 

* Radio gain 0.307 



TABLE X 

HIGH-VOLTAGE DIRECT-CURRENT 
POINT DISCHARGE CFRACTERISTICS 

Electrodes: 45-degree con 

Spacing: 10.2 centimeters 

Polarity: Negative 

Temperature: Dry 
Wet 

Barometer: 747.6 

Lcal point to plane 

Bulb: 22.6°C 
Bulb: 18,0°C 
mm. Mercury 
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Voltage Current Relative Type 
KV DC Mu a Radio Noise* Discharge 

12,5 0,5 1.0 Small 3' 
13.6 1.0 3.5 
15.6 2.5 8.3 H 

18.5 5.0 12.4 t' 

21.2 7.5 15.7 't 

24.0 10.0 16,6 
26.0 1.O 16.6 It 

27.5 15.0 15.7 
28.5 17.5 12.4 It 

30.0 20.0 15.0 

31.5 22.5 16.0 
33.0 25.0 16,0 
34,6 27,5 8.2 
36.0 30.0 50.0 
37.5 32.5 8.5 tI 

38.0 34.2 167.0 
38.5 35.0 1.5 t' 

40.0 3ri5 4.0 't 

41.0 40.0 100.0 It 

44.0 45.2 7.0 H 

44.5 48.0 5.0 I' 

*Radjo c',ain 0.603 



TABLE XI 

HIGH-VOLTAGE DIRECT-CURRENT 
POINT DISCHARGE CHARACTRISTICS 

Electrodes: 60-degree conical point to plane 

Spacin: 10.2 centirieters 

Polarity: Positive 

Temperature: Dry Bulb: 23.000 
Wet Bulb: 18.4°C 

Barometer: 757.1 min. Mercury 
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Voltae Current Relative Type 
KV DC Mua Radio Noise* Discharge 

10.0 0.1 0 3 
13.5 1.4 15.5 3 
15.5 2,8 34.0 3 
22,3 7.3 53.0 3 
28,1 14.5 75.0 3 

32.5 19,7 90,0 3 
35.8 24.5 96.0 3 
38.3 30.6 97.0 3 
40.5 33.0 97.0 3 

* Radio ain 0.307 



TABLE XII 

HIGH-VOLTAGE D IRECT -CURRENT 
POINT DISCHARGE CHARACTERISTICS 

Electrodes: 6O-deree conical point to plane 

Spacing: 10.2 centimeters 

Polarity: Neative 

Temperature: Dry Bulb: 23.0°C 
Wet Bulb: 18.4°C 

Barometer: 757.1 mm. Mercury 
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Voltage Current Relative Type 
KV DC Eu a Radio Noise* Discharge 

10.0 0.1 0 1 
15.5 2,0 5.5 1 
00 'z 
'-.- . t_i 

r r 
( . ç) .L. L) 

28.1 17.5 25.0 1 
32,5 23.8 O,O 1 

35.8 28.8 30.0 1 
38.3 35.0 30.0 1 

40,5 37.3 40,0 1 

*Radjo sain 0.603 



TABLE XIII 

HIGH-VOLTAGE DIRECT-CURRENT 
POINT DISCHARGE CHARACTERISTICS 

Electrodes: Sharp, slender point to plane 

Spacing: 10.2 centimeters 

Polarity: Positive 

Temperature: Dry Bulb: 23.8g0 
Wet Bulb: 18.2 C 

Barometer: 745.1 rrri. Mercury 

202 

Voltage Current Relative Type 
KV DC IJiu a Radio Noise* Djschar 

7.0 0.5 0 1 
8.8 1.0 0 1 

11.2 2.0 0 1 
13.5 3.0 0 1 

16.5 5.0 0 1 

19.7 7.5 0 1 
23.2 10,0 0 1 

26,0 12.5 0 1 
28.0 15.0 0 1 
29.8 17.5 0 1 

31.5 20.0 0 1 
34.8 25.0 0 1 
37.0 30.0 0 1 

40.5 35.0 0 1 
43.6 40.0 0 1 

*Radio gain 1.75 



203 

TABLE XIV 

HI H-V0LTAGE DIRECT-CURRENT 
Po TNT D1 j ARGE CH2RACTERIST lOS 

Electrodes: Sharp, slender point to plane 

Spacing: 10.2 etimeters 

Polarity: Negative 

Temperature: Dry Bulb: 23.8°C 
1et Bulb: 18,2°C 

Barometer: 745.1 mm. Mercury 

Voltage Current Relative Type 
KV DC Mu a Radio_NOiSe Dis char0 

4.5 0.5 0 1 
6.8 1.0 0 1 
9.8 2.0 0 1 

11.0 3.0 0 1 
12.7 4.0 01- 1 

14.2 5.0 0 1 
16.5 7.0 1 1 
18.7 9.0 5 1 
20.0 10.0 2 1 
22,7 12.5 01- 1 

24,8 15.0 0 
26.5 17.5 0 1 
280 20.0 0 1 
29.5 22.3 0 1 
30,7 25.0 0 1 

32.2 27.6 0 1 
33.8 30.0 0 1 
35,4 33,0 0 1 
36,5 35.0 0 1 
39.0 40.0 0 1 

40,7 44.0 0 1 
41.3 45.0 0 1 
43.0 50.0 0 1 
45.1 55.0 0 1 

*fladio gain 1.75 



Frequency 

60 Ut* 
LJ,J. I 

60 
H.F.* 

60 
TTtl* 
.L.L.J. 

TABLE XV 

DUDD11L 0 SC ]ILO GRAPH 
AMPLITUDE RESPONSE CHECK 

Duddell 
Oscillograph 

4 50 
2.00 

1.75 
1,60 

1,75 
3.65 

Cathode 
Ray 

0sci11ograph 

2.45 
1.00 

1.35 
1.15 

1.25 
2 70 

* DC corona discharge from 
60° conical point - - - 
various voltages. 

Ratio: 
Duddell to 

C. R. Response 

1.09 

1.07 

0.97 
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TABLE XVI 

HIGH-VOLTAGE DIRECT-CURRENT 
POINT DISOHARGE CHARACTISTICS 

INFLUENCE 0F SERIES RESISTANCE AND INDUCTANCE 
UPON INDUCED RIO INTFRENCE 

Electrodes: 60-degree con 

Spacing: 10.2 centimeters 

Polarity: Positive 

Temperature: Dry 
We t 

Barometer: 745.0 

Lcal point to plane 

Bulb: 22.40C 
Bulb: 18.1°C 
mm. Mercury 

O5 

Di s charge 
Resistance 

Voltage Current Relative and 
KV DC Mu a Radio Noise Inductance 

16.8 3.9 42.3 
27.9 13.5 71.0 (R = 0, L = O 

33.5 21.0 89.0 
41.0 33.5 119.0 

16.6 3.7 11.1 ( 

27.9 13.5 22,2 (R=2 megohms 
33.7 21.0 34.5 ( 

L = O 

41.2 33.5 55.5 

16.8 4.0 4.4 C 

28.0 13.5 9.4 (R=2 megohms 
33.7 21,0 14.4 ( 

L=37.2 mli 

41.2 33.5 26.6 C 


